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Intermixing and Ordering at Metallic Interfaces

ty

Paul Steadm an 

Abstract

U sing surface X-ray diffraction and synchrotron radiation  the g row th  

m odes and  structures of the metallic system s Cr on  Cu(OOl), Cr on  Ag(OOl) and Fe 

on Cu(OOl) have been studied.

The grow th of Cr on Cu(OOl) w as found to be disordered at all substrate 

tem peratures. The growth at 100K and 300K w as consistent w ith a ran d o m  

deposition m odel. In contrast the grow th perform ed at higher substrate 

tem peratures is consistent with significant surface diffusion allowing in terlayer 

m ass transport. The growth of Cr on Ag(OOl) is highly sensitive to the sam ple  

tem perature. At 100K a poorly defined layer-by-layer grow th m ode is found and at 

300K disordered grow th takes place. At h igher substrate tem peratures coating of 

adsorbate atom s by substrate atoms describes the data. The grow th of Fe o n  

Cu(OOl) proceeds as layer-by-layer w ith  som e atoms sitting in  non-epitaxial 

positions. The lateral order of the Fe islands oscillate in phase w ith  the coverage.

In  the case of Fe grown on Cu(OOl) at room  tem perature interm ixing of th e  

two atom ic species takes place up to 4ML. After 6.2ML no interm ixing could be 

detected. A 1.0ML Cr film grown on Ag(OOl) at 440K consists of an a lm ost 

complete Ag film  on top of an almost com plete Cr film. A 2 and 5ML coverage of 

Cr on Ag(OOl) grow n at 100K had only 50 and 80% of atom s respectively in  

epitaxial positions. In all of the films studied changes in the spacings of the film  

was found com pared to a model w hich assum es the pseudom orphic packing of 

hard  sphere radii.
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Chapter 1

Introduction

The bulk properties of a crystal strongly depend on the position of the 

atoms in the lattice and the type of atom s m aking up  the structure. It is, therefore, 

not surprising that the properties of the crystal at the surface, w hich has a low er 

sym m etry and atom ic coordination num ber, are different from those of the bulk. 

The form ation of a surface is often accom panied by a relaxation, w here the layer 

spacings near the surface differ from  those of the bulk, or a reconstruction, in  

w hich atoms m ove parallel to the surface to create a periodicity different to that of 

the bulk. A thin film of one or two m onolayers supported on a substrate w ill also 

have properties w hich can differ substantially to that of the bulk  m aterial.

The study of such systems has been m ade possible by the huge 

developm ents in surface science techniques. Remarkable im provem ents in  

vacuum  systems m eant that by 1971 systems could be operated at 10'10 Torr 

(Patrician and W ym an 1971) allow ing the study of systems in a clean 

environm ent over a period of several hours. Developm ents in M olecular Beam  

Epitaxy (MBE) allows the option of grow ing thin films one layer at a tim e. 

Synchrotron radiation offers a highly collimated, highly intense and tuneab le  

beam  of radiation. Over the last tw enty years there has also been a huge increase 

in com puting pow er enabling m ore com plex systems to be m odelled w ith  the  

pow erful theoretical techniques now  available.

The electronic structure of a m aterial depends on the local env ironm ent of 

the atom . An atom  in the surface region of a solid will have a lower coord ination  

num ber than a corresponding atom in the bulk. This will result in a lower orbital 

overlap and a narrow ing  of the valence band electron bands. In a m agnetic 

m aterial this can be accom panied by enhanced magnetism.

W ith a good choice of lattice param eter the grow th of metallic th in  film s 

offers the opportunity  to study the epitaxial growth of m etastable phases w hich  

are no t norm ally observed at room  tem perature. Such phases are accom panied by 

other phenom enon such as novel m agnetic phases. W ith increasing thickness 

the strain  energy associated w ith the lattice m ism atch or the difference in energy
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associated w ith the metastable phase w ill overcome the energy associated w ith  

dislocations and therefore the structure will relax to a low er energy structure.

It is now  well known that interm ixing of m etal adsorbate atom s w ith  those 

of the substrate form ing a surface alloy can take place. This adds to the classical 

g row th  m odes of Frank-van der M erwe (layer-by-layer), S transki-K rastanov 

(initial complete layer growth followed by islanding), Volm er-W eber (Islanding) 

an d  sim ultaneous m ultilayer.

This thesis is a study of the systems Cr on Cu(OOl), Cr on Ag(OOl) and Fe o n  

Cu(OOl) using the technique of surface X-ray diffraction. Cu and Ag were used as 

substrate as they are inert and should therefore form  a stable interface w ith  

ano ther m aterial. In addition to this is the close lattice m atching of fee Fe w ith  

Cu(OOl) and bcc Cr w ith  Ag(OOl) and the m utual immiscibility both systems. Cr o n  

Cu(OOl) serves to highlight the difference from the Fe on Cu(OOl) even though Cr 

and  Fe are structurally very similar. M oreover, both also have very sim ilar h ig h  

tem perature phase fee structures.

Surface X-ray diffraction is a pow erful tool for surface crystallography. The 

w eak  scattering of the radiation allows the use of the kinem atical approxim ation  

w here  scattering from  indiv idual atom s th roughout the lattice is sim ply added. 

M oreover^he  technique has now  been extended to the m onitoring of grow th in - 

s i tu .

This thesis begins w ith a sum m ary of m etal grow th on m etal surfaces 

h igh ligh ting  existing knowledge; chapter 3 describes the theory of X-ray 

diffraction, chapter 4 is an overview  of the experim ent. The grow th and  

structures of Cr on Cu(OOl), Cr on Ag(OOl) and Fe on Cu(OOl) are discussed in  

chapters 5, 6 and 7 respectively. Finally chapter 8 is a sum m ary chapter w ith  som e 

suggestions for fu ture work.
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Chapter 2

Metallic Thin Films 

2.1 Introduction

The w ork contained in this thesis concerns the transition m etals, Cr and  Fe 

deposited on the (001) surfaces of the noble m etals Cu and Ag. Such system s are 

interesting since the 3d metals exist in a variety of crystallographic and m agnetic 

phases and it is though t that with careful lattice m atching well ordered layers can 

be grown. Since noble metals are relatively inert a stable sharp interface sh o u ld  

result. If this can be achieved then the m agnetic properties of u ltra th in  layers 

w hich are strained and are possibly m etastable phases, can be studied and  

com pared to their respective bulk properties. It is possible to m odel such system s 

w ith  the pow erful theoretical techniques available. This chapter begins w ith  a 

discussion on grow th  introducing the classical picture. Following this m o re  

com plex growth m odes are considered w ith  some results from experim ents. A lso 

discussed is the epitaxial growth of high tem perature phases of m aterials o n  

suitable substrates at room  tem perature. The rest of the chapter exam ines the  

m agnetic theory of surfaces and interfaces and the link betw een m agnetism  and 

structure.

2.2 The Growth of Metallic Films

The grow th of a m aterial on a substrate is usually classified as one of th ree  

m odes: Frank-van der M erwe (or layer-by-layer), Stranski-Krastanov, w here there 

is initial layer-by-layer grow th followed by islanding and Volm er-W eber w here  

three dim ensional islands form on the surface. Bauer (1958) introduced a

param eter A such that A = 7 /  + y/n- y 5 w here  Yf is the surface free energy of the

film, Yin is the energy associated w ith the interface betw een the adsorbate film  and

the substrate surface and ys is the surface free energy of the substrate. V o lm er-

W eber growth w ould , therefore, be satisfied if A>0 and either S transki-K rastanov
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or Frank-van der M erwe w ould be satisfied if A<0. M oreover, for Frank-van der 

M erw e grow th this condition m ust be fulfilled for each layer. For this to occur 

Yf=ys and yin ~0, that is, the substrate and  the film are very  sim ilar and th is 

condition can only be rigorously fulfilled for hom oepitaxial grow th w here yy=-ys 

and  y„ =0. In a practical situation a system  which does grow layer-by-layer w ill 

eventually  get to a certain thickness and start islanding so that Stranski- 

K rastanov grow th will prevail. In practice it is difficult to predict the grow th 

m ode from the above considerations. To begin w ith using bulk  values of th e  

surface free energy for th in  films is a poor approxim ation to the real case. For 

instance in a th in  film the electronic structure will differ from  the bulk, due to 

the different physical environm ent, and  could be m odified significantly by 

interaction w ith  the substrate. In add ition  to this the interface energy betw een 

tw o lattices is not well know n. A nother problem  is that in the above we h a v e  

treated  the grow th as an  equilibrium  process. In reality the diffusion of adatom s 

on a substrate surface is so small tha t the equilibrium  configuration is n o t 

achieved.

2.3 Intermixing, Segregation and Surface Alloys

W hen a m etal film  is grown one m ay expect one of the three classic 

grow th  m odes m entioned above. It is often desirable to have a layer-by-layer 

m ode as the electronic states can be m odelled theoretically. Recent interest in  

m agnetism  has provoked the study of m agnetic metal overlayers supported on a 

noble m etal substrate. The noble m etal substrate is desirable due to its in e rt

nature . The problem  w ith  this, how ever, is that in m any cases yf >ys and energy 

considerations favour Volm er-W eber growth. This is because islanding w ill 

m inim ise some of the surface free energy by keeping som e of the substrate 

uncovered .

The above picture is som ew hat sim plified and other grow th m odes h a v e  

been found to be favourable to islanding.

A n  interesting grow th m ode has been reported for Rh on Ag(001) (Smitz et 

al 1989). Here the surface free energy of Rh (2.83J/m2) is m ore than  twice that of 

Ag (1.30J/m2) so that islanding w ould  be expected. The growth, how ever,



proceeds so that a Ag/Rh/Ag(001) sandw ich is produced at a m onolayer of Ag. 

The mobility of the Ag atom s at the surface is sufficient to allow diffusion on to  

the  adsorbate structure. This will result in a low ering of the surface free energy. 

This m ode is represented in figure 2.1.

Fe deposited on Au(OOl) is also found to naturally  form  a A u/Fe/A u(001) 

sandw ich structure (Bader et al 1987). By m onitoring  their A uger signal they 

found  that after depositing some Fe, the Au Auger signal stays constant 

indicating that a certain am ount of Au has segregated from the bulk  on to the top 

of the Fe overlayer. The Au signal w as found to correspond to a monolayer.

Intermixing is another departure from  the three classical grow th m odels. 

Since A u and Ni are immiscible in the bulk  it w ould be thought that Au w ould  

grow  on Ni such that a sharp interface w ould result. Au on Ni(llO), how ever, 

(Pleth N ielson et al 1993) has been found to grow in an unusual m anner. A u  

atom s replace Ni atom s in the surface region only. The N i atom s which are 

squeezed out agglomerate into islands on the surface. Even though the atoms do 

n o t mix in the bulk the surface region is still susceptible to alloying. This effect 

serves to highlight the contrasting natu re  of the physics of the surface and the  

bu lk  region of the solid. Such an effect m ay be explained by the electron density 

su rround ing  the Au atoms. In the Ni(llO) surface a Au atom  experiences the  

electron density from 8 N i atoms as opposed to 12 if it was situated in the bulk N  i 

environm ent. Since the N i atoms are closer together than the Au atom s in bulk  

A u the electron density felt by a Au atom  in the surface region of the N i substrate 

is closer to that experienced by a Au atom  in a A u lattice than a Au atom  situated 

in  the N i bulk. Figure 2.1 shows a schematic of this grow th m ode.

M n on Cu(OOl) forms m any different structures depending on the  

tem perature  of the substrate during deposition and the coverage. If 0.5 

m onolayers of Mn is deposited at a substrate tem perature of 270K, an ordered 

c(2x2) surface alloy has been found to exist (W uttig et al 1993, Flores et al 1992). A 

representation of this structure is show n in figure 2.2. Two sim ilar alloy systems 

are Cu(100)c(2x2)Au (W ang et al 1987) and Cu(100)c(2x2)Pd (Wu et al 1988). The 

Cu(100)c(2x2)Mn system is unusual due to the large outw ards relaxation of the  

M n atom s of 0.30±0.02A compared to O.lA for Au and 0.03A for Pd. From an  

argum ent based purely on the bulk hard  sphere radius Mn should relax less th an  

Pd and Au. This effect has been explained in term s of a m agnetic stabilisation.
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Figure 2.1. Three models for growth up to a monolayer equivalent. The classical 

Frank-van der Merwe or layer-by-layer growth is shown in a). Intermixing is 

shown in b) and coating o f the depositedfilm by substrate atoms is shown in c).
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Figure 2.2. In-plane and out-of-plane structure o f Cu(100)c(2x2)-Mn.



Calculations show that a ferromagnetic M nCu layer is energetically more stable 

than  a param agnetic layer. The calculations show  that a ferromagnetic system

will have a giant m agnetic m oment of 3.64|iB per M n atom. Such a large m o m e n t 

m eans that the spin up and spin dow n bands are alm ost entirely separated 

m eaning that the num bers of bonding and antibonding electrons are alm ost 

identical so that d cohesion is small com pared to the param agnetic case. The M n 

atom s therefore relax outw ards.

In a study of the Cr on Au(OOl) system H anf et al (1989) have in terpreted  

the narrow  w idth  of their Cr 3d peak , the non-uniform  attenuation of the Au 5d 

intensity and their w ork function m easurem ents in term s of an interfacial alloy. 

This is despite earlier assum ptions that the interface betw een the two m aterials is 

sharp (Zajac et al 1985). Rouyer et al (1993) also find, from their photoelectron  

diffraction results, tha t during  the initial stages of grow th Cr incorporates itself 

into fee sites w ithin the A u substrate.

Fe on Cu(OOl) has been found, using surface X-ray diffraction, (James et al 

1995) to alloy at the interface region. Again w e have a system where the tw o 

atom s are m utually  imm iscible in the bulk  bu t the surface free energy of Fe 

(2150m J/m 2) is larger than  that of Cu (1850m J/m 2). By interm ixing a 

m inim isation of the surface free energy can be achieved w hich is allowed for by 

the m obility of the Cu atom s at the surface. This supports the interpretation of 

the scanning tunnelling microscopy (STM) results of Johnson et al (1993) w here  

they find that Fe inclusions in the Cu substrate surface initiate growth. After a 

coverage of 2.8ML the growth proceeds by layer-by-layer. Earlier results by 

Steigerwald et al (1987, 1988) also suggest that interm ixing takes place.

2.4 Metastability in Epitaxial Magnetic Films.

A careful choice of a substrate w ith  a suitable lattice param eter m akes 

possible the grow th of h igh tem perature phases at room  tem perature.

Bulk Fe can exist in several phases depending on the tem perature and  

pressure. Figure 2.3 show s a therm odynam ic phase diagram of Fe (after

Takahashi and Basset 1964). The well know n ferrom agnetic bcc a  phase of Fe 

exists up  to 910°C. A n antiferromagnetic fee y  phase then exists up to 1390°C. T his
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is then  followed by a non-m agnetic bcc 8 phase. In addition to this at h ig h

tem peratures a non-m agnetic hep e phase can be induced at high pressures.

If w e can find a substrate w ith a suitable lattice param eter it w ould be 

expected that one of the high tem perature phases could be supported at room  

tem perature. The phase diagram  in figure 2.3 concerns a bulk m aterial which is 

subject to  a hydrostatic pressure. O n a substrate surface a film w ould  only have a 

pressure  exerted at the interface. The film w ould therefore be free to undergo a 

d istortion  perpendicular to the surface so that the energy could be m inim ised by 

m ain tain ing  the volum e of the bulk unit cell. The resulting th in  film structure 

does no t necessarily have to lie in a global m inim um  of total energy but could lie 

in a h igher local m inim um  i.e. it may be a m etastable state.

The thickness that a uniaxially distorted film can grow to depends on the  

relative values of the energy associated w ith  the bonding at the interface, the  

energy associated w ith  stra in  relieving defects and the energy linked to the  

tetragonal uniaxial distortion. The value of the uniaxial d istortion energy 

increases w ith the thickness of the film and w hen its value exceeds that of the  

o ther tw o energy contributions the structure of the film will relax to its bu lk  

value. Even if we find a m etastable film w hich is perfectly m atched w ith the  

lattice of the supporting substrate the accum ulation of the energy associated w ith  

the higher energy m etastable structure w ith  film thickness will surm ount the  

energy needed to introduce defects or break bonds at the interface. The system  

will therefore relax to the lower energy structure of the m aterial after a certain 

thickness.

Extrapolating the h igh  tem perature fee Fe lattice constant dow n to room  

tem perature yields a value of 3.59A. This is very close to the lattice constant of Cu

w hich has a value of 3.6lA. It w ould therefore be expected that the fee y  Fe phase 

can be supported on the Cu(OOl) surface. There is also only a very small energy 

difference betw een the bcc a  Fe and fee y  Fe phases w hich is probably m u ch  

sm aller than the strain energy required to grow  the bcc phase on Cu(OOl).

Shown in figure 2.4 is the calculated total energy of the fee Fe as a function  

of the lattice param eter a0 (after Moruzzi et al 1989). At the lattice param eter of Cu 

(a0=3.6lA) three different phases coincide w ith  each other. This is a possible 

explanation for d isagreem ent between experiments. The existence of a

7
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ferrom agnetic fee phase in some experim ents is surprising since no  know n h igh  

tem perature  equivalent exists.

2.5 The Correlation between Structure and Magnetism.

In  supported thin magnetic films a m odification of the structural and 

m agnetic properties is often found especially w hen the overlayer consists of a 

m aterial that is weakly magnetic in its bulk form (W uttig et al 1995). S im ilar 

m odifications are found at the surfaces of m agnetic m aterials indicating that the  

lower coordination num ber and lower sym m etry are responsible.

The electronic structure of a ferromagnetic and a param agnetic solid w ith a 

half filled d band are show n in figure 2.5. In the m agnetic case the spin up and 

spin dow n electronic bands do not overlap. This is of course a sim plification of 

the actual situation w here the bands will overlap. In the param agnetic case both 

the sp in  up  and spin  dow n bands are equally occupied. However, the antibonding 

states are totally em pty. In the magnetic case the spin up band  is completely 

occupied w hilst the spin dow n band is totally empty. The com plete separation of 

the spin  up  and spin dow n bands now m eans that the bonding and  antibonding 

states are equally occupied. As a result of this the cohesive force betw een atoms is 

stronger for the non-m agnetic case than  it is for the m agnetic case. The lattice 

spacing in the latter will therefore be larger. This is a sim ple case w hich  

dem onstrates that m agnetism  can play an im portant role in the spacing betw een 

atom s.

The real case is quite different to the above. Figure 2.6 show s a m ore  

realistic picture of the electronic states of a collection of atoms in the bulk and in  

the surface region of a solid that is ferromagnetic. The spin up  and spin dow n 

bands now  overlap slightly. It can now be seen that if the solid is a w eak m agnet 

rather than  a strong one then  strong m odifications of the popu lation  of the sp in  

up  and sp in  dow n bands is possible. A m ove from the bulk env ironm en t to the  

surface region of a solid is accompanied by a reduction in coordination  num ber. 

The bands will therefore become smaller i.e. there is a narrow ing of the density of 

states. This narrow ing could in turn  m odify the relative popu lations of the  

bonding and antibonding states w hich w ould influence changes in the  

interatom ic spacings.
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Figure 2.5. Schematic o f the d-bands for the spin up and spin down electrons for a 

paramagnetic and a ferromagnetic solid. The lighter (darker) shaded area 

represent antibonding (bonding) states. EF denotes the Fermi energy.
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Figure 2.6. Comparison o f the d bands for electrons in a ferromagnetic solid and 

a ferromagnetic surface.



The change in env ironm ent can also lead to changes in the m agnetism  

itself. As transition m etals become m ore diluted their m agnetic m o m e n ts  

approach the atomic limit w here all the electronic spins are aligned according to  

H und 's rule. In the solid the increased overlap between the atomic orbitals 

disallows this configuration. At the surface of a magnetic m aterial enhanced  

m agnetism  is therefore expected (Freeman and Fu 1987, Freem an and W u 1991, 

Fu et al 1985, 1987). M oreover, this effect should be m ore pronounced for 

m onolayer films w here the coordination num ber is even sm aller. Calculations 

for overlayers and sandw ich structures are show n in table 2.1 (after Fu et al 1985). 

A good example of this effect is Cr. As w e go from  the bulk to the surface of th e  

bu lk  then to a m onolayer of Cr we approach the free atom lim it where H u n d 's

rules predict a m agnetic m om ent of 5pB. There is qualitative agreem ent betw een 

experim ent and theory to support this. Cr in the bulk is an incom m ensu ra te  

antiferrom agnetic spin w ave w ith a m agnetic m om ent per atom  of 0.45fiB (Bacon 

1961). However, theoretical calculations of the (001) surface have predicted 

m om ents of 2.8|XB (Alan 1978, 1979), 2 .6jxb  (Grempel 1981), 3|lib (Victoria and

Falicov 1985, Klebanoff et al 1985). This com pares to values of 2.4^ib found from  

angle-resolved photoem ission results (Klebanoff et al 1984). For a m onolayer of 

Cr on Ag(001) a tight binding approxim ation has predicted a value of 3.6jib (A lan 

1991). W hether or not a m onolayer of Cr can be grown supported  on Ag (001) 

rem ains controversial (see chapter 6 of this thesis) but overlayers of Cr have been  

found to have enhanced m om ents (N ew stead 1987, Johnson 1988).

Magnetic order can also be enhanced at the surfaces of m agnetic solids. 

M oreover, m aterials that are non-m agnetic can have m agnetic surfaces. For a

solid to be ferrom agnetic the Stoner criterion Up(EF)> l m ust be satisfied. W h e n  

th is condition is satisfied one spin popu lation  dom inates another and th e  

param agnetic system becomes unstable tow ards ferrom agnetism . The density of

states at the Fermi energy p(EF)  will vary w ith  lattice spacing (M oruzzi et al 1988). 

If w e imagine a situation w here we can vary  the atomic separation of a p rim arily  

param agnetic m aterial as the lattice spacing becomes larger, and the electronic

bands narrow, p(EF)  increases. Eventually the Stoner criterion w ill be satisfied so 

tha t ferromagnetism sets in. Changes in sym m etry and coordination num ber also
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effect p(EF). Calculations for Cr(OOl) (G. A llan 1979), Mo(OOl) (Kerker et al 1978)

and W(001) (Postem ak et al 1980) show  how  p(EF) at the surface can differ 

substantially  from the bulk  value. Since the bands narrow  at the  surface the local 

density  of states at the Fermi energy will increase and ferrom agnetism  is then a 

possibility. For W(001) and Mo(001) it is believed that the surface states at EF d rive  

the observed surface reconstructions. The m echanism  involves the forming of a 

charge density wave. In response to the charge density w ave the lattice 

spontaneously  distorts. The corresponding redistribution of the  electron density 

is such  that the Fermi energy, EF, resides in a m inim um  betw een two local 

m axim um  in the local density of states (Postem ak et al 1980, Tosatti 1978). Such a 

structure  will be energetically favourable because the energies of occupied states 

w ill be lowered w hilst unoccupied states will be raised. The Cr(001) surface, 

how ever, has no observed reconstruction and there is now  evidence that there is 

a ferrom agnetic surface layer which has an enhanced o rdering  tem perature  

relative to the bulk N eel tem perature (Klebanoff et al 1984, 1985) w hich is 

supported  by theoretical calculations (Grempel 1981).

The above results have also been applied to 4d and 5d m etals w hich are 

norm ally  not magnetic in the bulk. Theoretical work has predicted that a R h  

m onolayer on Au (001) is a ferrom agnetic layer with an enhanced m o m e n t 

(M ing et al 1991). Blugel (1992) has predicted m agnetism  in  some 4d and 5d 

m etals.
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Cr E(para.)-E(spin-pol.)

Cr m onolayer 4.12 ... 1.69

1 Cr/Au(001) 3.70 0.14 0.78

2 Cr/Au(001) 2.90 (S) -0.08 0.60

-2.30 (S-l)

A u/C r/A u(001) 3.10 0.14 (S) 0.38

0.13 (S-2)

( lx l)A u /C r CMS 2.95 0.10 0.25

Fe m onolayer 3.20 ... 1.34

lFe/Cu(001) 2.85 0.04 0.70

IFe/Ag(OOl) 2.96 0 1.14

2Fe/Ag(001) 2.94 (S-l) 0.05 1.15

2.63 (S-l)

A g/Fe/A g 2.80 0 0.88

A u /F e /A u 2.92 0.08 0.97

lV /A u(001) 1.75 0.04 0.10

lV/Ag(001) 1.98 0.06 0.14

2V/Ag(001) 1.15 (S) 0 0

<0.05 (S-l)

A g/V /A g 0 0 ...

Cr/Fe/A u(001) 3.10 (Cr) -0.04 -0.04

-1.96 (Fe)

Fe/Cr/Ag(001) 2.30 (Fe) -0.09 -0.09

-2.40 (Cr)

Table 2.1. Calculations o f magnetic moments (in Hb)- S and S-l indicate surface and 

subsurface layers. The Third column is the moment transferred to the substrate. The fourth 

column is the spin-polarisation energy (from Fu et al 1985).

11



Chapter 3

Theory 

3.1 Introduction

In this chapter an outline of the theory of surface X-ray diffraction is 

presented. The w ave equation describing the scattering process is solved using  

the single scattering or Bom approxim ation which leads to the k inem atical 

theory for X-ray diffraction. In this way it is seen that X-ray diffraction m easures 

the Fourier transform  of the electron density. This result is then  applied to 

calculate an expression describing the scattering from an infinite single crystal. By 

truncating  the crystal a two dim ensional flat surface is form ed and th e  

m odification of the scattering is deduced. Finally, the expression for the in tensity  

is used to derive the integrated intensity, the quantity that is actually m easured in 

experim ent. More complete accounts of the theory are presented in the lite ra tu re  

(Cowley 1984, W arren 1969, Robinson and Tw eet 1992, Feidenhans'l 1989).

3.2 The Fundamental Wave Equation

W hen an X-ray beam  illum inates a crystal the oscillatory electric field is 

absorbed by the electrons. Since these electrons are being accelerated they will in  

tu rn  em it radiation, that is they will produce a scattered beam. In the crystal th e  

displacem ent field D is given by

D = e 0E + P = EqEjE  (3.1)

w here E is the electric field of the incident X-ray beam, P and e r are th e

polarisation and relative perm ittivity of the m edium  respectively and £0 is the  

perm ittivity  of free space. Using the Maxwell equations and the relations
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D = £0e rE 

B = jU0jU,H (3 .2)

w here B is the magnetic flux density, H is the magnetic field strength, /ir is the  

relative perm eability of the m edium  and fiQ is the perm eability of free space, we 

obtain  the equation of a wave travelling th rough  the m edium

d 2
V2E (r,0  = e 0e ^ o M ,p -E (r ,r )  (3.3)

Since the speed of light in a vacuum  c is given by

(3.4)

equation  (3.3) can be rew ritten as

V2E (r,0  = ^ - - £ - E ( r , 0  (3.5)
c a

This is the equation describing the X-ray beam  inside the crystal. It has the general 

form  of the wave equation w ith the speed of the waves given by cj-^er[Lr . A  

sim ilar equation could be derived for H bu t the interaction of the m agnetic part 

of the  wave w ith  the magnetic properties of the electrons is so small we w ill 

ignore it (Bruckel et al 1993, Blume 1985).

From now  on E will be treated as a scalar quantity and we allow for this by 

m ultip lying the final result by a polarisation factor. To further the analysis, only a 

single frequency co will be used. This is justified since before analysis the inelastic 

background is subtracted from the data. Using this result and  splitting up the  

tim e and  space dependence of the electric field we obtain

E(r,t)= E ^e -* 01 (3.6)

c =
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If w e now  substitute equation (3.6) into (3.5) and use the relation k 2 = erjirco2 / c2, 

w here k  is the wave num ber of the X-ray radiation inside the material, w e get

[V2 + k2]E(r) = 0 (3.7)

This is a sim plified version of equation (3.5) w ithout the tim e dependence of th e  

w ave am plitude. The next step is to find an expression for the wave num ber in  

term s of the electron density of the system w hich the wave has entered.

We now  need to consider the polarisation of a collection of charges. For a 

system  w ith  an electron density p(r) w here each electron has a dipole m o m e n t 

—e x , the polarisation (i.e. the dipole m om ent per unit volume) is

x , the electron displacem ent during absorption of the X-ray, is obtained using th e  

equation of m otion of the electron in the electric field E .

m  being the electronic mass. Assum ing that the electron vibrates w ith the sam e 

frequency as the im pinging wave we get

P = -ep (r)x (3.8)

d 2xm ^ -  = -e E e 'li 
dt

(3.9)

(3.10)

Substituting equation (3.10) into (3.8) yields

mco (3.11)

so that equation (3.1) can be rewritten by using this expression for the polarisation 

w hich will then give an  equation for the relative perm ittivity



£0mco2
(3.12)

This equation gives us the variation of e r w ith  the electron density. The X-ray 

radiation has a w avelength comparable to the spacing of atom s in a crystal lattice 

so we can no longer assum e that the perm ittivity is a constant for a g iven  

m aterial. The perm ittiv ity  will vary w ith  r .  This sensitivity to the electron 

density  is w hat makes X-ray diffraction so useful in deducing the arrangem ent of 

the atom s in a material.

Putting equation (3.12) into (3.7) reveals

G reen's function G (r,r’) . The appropriate form of the Green's function is

(3.13)

w here  k0 =co/c= 2k/X  , the wave num ber of the incident X-ray beam, and 

re = e2/ An e0mc2 the classical electron radius. This is the fundam ental equation that

w e need to solve for the crystal in order to obtain the diffracted intensities.

3.3 The Bom Approximation

The solution to the equation 3.13 is

(3.14)

w here Ei (r) is the electric field of the incom ing beam and thus the solution of

[v2 + k \Jis(r) = 0 and the last term is the particular integral containing a suitable

(3.15)

w here k is the wave num ber of the scattered beam. 

The incident w ave is a plane w ave
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E ,{ t )  = E0e - ^ r (3.16)

The form of the scattered part of the w ave is difficult to solve because w e 

need  to know  the solution before we can calculate the integral. It is found by a 

successive approxim ation procedure. The incident w ave solution (the zero th  

o rder solution) is p u t into the integral and then solved giving the first o rder 

solution. In principle this m ethod can now  be iterated i.e. w e pu t the first o rder 

so lu tion  into the equation to get a second order solution etc. If we make use of 

the  fact that X-rays are only scattered by m atter very weakly then we can justify 

only  taking the series to first order. This is know n as the first B orn 

approxim ation. W hat we are essentially doing is assum ing that X-rays are only  

scattered once w hich is w hy the approxim ation is also know n as the single 

scattering approxim ation. By taking h igher order term s out of the B orn 

approxim ation we are neglecting the higher order effects that arise from m ultip le  

scattering. This m ethod is know n as the kinem atical theory for X-ray diffraction. 

By substituting equations (3.15) and (3.16) into the general solution (3.14) we get 

the  result

- i k \ r - r ' \

. E,(r) + Es{r) = E f * ' *  - reEQ\  ------ - p ( r ’)e~ik-r’clr' (3.17)
J | r  — r  I

In an experim ent the point of observation will be at a distance large 

com pared w ith the dim ensions of the sample. We can approxim ate the Green's 

function  exponential so that the scattered part of the w ave can be expressed as 

(see appendix A)

e~ikr r .
EXr) = ~reE0 J e'q J p(r’ )dr' (3.18)

r J

w here  q = kf -  k; the m om entum  transfer vector, and kj and  k f are the incident 

and  scattered wave vectors.

Equation (3.18) describes what happens w hen an incom ing X-ray beam is 

scattered by a collection of charges. Thus the Bom approxim ation allows us to
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express the scattering from a distribution of charge as the sum  of the scattering 

from the indiv idual elements. The integral is just the Fourier transform  of the  

electron density. The term  before the integral describes the scattering from  a 

single electron, the Thom pson expression. Since the value of r e has an extremely

sm all value of 3xlO~I5m  the scattering from  a single electron is indeed very 

weak. Even w hen the integral is evaluated for the large num ber of electrons in a 

crystal the total scattering cross section is still quite small. The l/r  dependence in  

equation (3.18) arises from the fact that a plane wave is incident on the electrons 

w hilst a spherical w ave is emitted.

3.4 Scattering from the Bulk Crystal

For a crystal m ade up of regularly repeating unit cells defined by the base 

vectors a 1? a2 and a3 equation 3.18 becomes

-Her Nx- 1 N 2 -1  N3- l
Es = -reE0- —  \p (r )e v d r ^  £  £<,*,.(*■.+»>•,+<*•.> (3 19)

^  unitcell nx=0 n2= 0 =0

w here N\ is the num ber of unit cells along the direction parallel to the vector aj. 

The integral over the unit cell is the structure factor F(q)

F (q )=  j  p O y ’V r (3.20)
unitcell

w hich can alternatively and conveniently be expressed as a sum  over the  

contribution from the individual atoms w ith in  the cell.

F(q) = ' £ f J(q)e'q-r‘ (3.21)
7=1

w here^(q ) is the atomic form factor for atom j.
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This is the Fourier transform  of the electron density for the single atom. It is only 

w ritten  as the m agnitude of the m om entum  transfer vector, independent of 

direction, because in m ost cases the atom  is spherically symmetric. We have 

assum ed, in the above expression, that the electrons are free w hich is a 

sim plification of the real situation w here the electrons are bound. If the X-rays 

are absorbed, or the X-ray is near a resonant frequency i.e. it excites electronic 

transitions, the polarisation is no longer described by equation (3.11). These 

problem s are overcome by forming atomic scattering factors that are complex and 

w avelength dependent i.e.

/ = / 0 + 4 f- tf4 T  (3.23)

The term  f 0 is constant w hilst A/1 and A/”  are w avelength dependent 

d ispersion corrections.

In an experim ent w e m easure the intensity which is the square of the 

m odulus of the above:

\ 2  JV.-1 N 2- l  JVj-1 AT,-1 tf2 - l  N 3- \

/ s = / 0[-L F (q )F (q )* £  £  (3 24)
'  7?i=0 « 2 =  0  « 3 = 0  «1= 0 « 2 = 0  773=0

W here I 0 = EQE*Q is the intensity of the incident beam. Each sum m ation  is a 

sim ple geometric sum  and can be evaluated

A M J q  .Afc
X  iq.7ja _  1

1 -  eiq71=0 I t ?
(3.25)

Equation (3.25) will contain the square m odulus of the above result w hich will be

N —l /q.
72=0

sin2(A^q.a/2)

sin2(q .a /2)
(3.26)

In the lim it of large N  this will give us a series of delta functions that occur when 

the condition q. a = 2 m  is satisfied, w here n is an integer, i.e.

18



q. aj = 2nh 

q. a 3 = In k  

q. a3 = 2nl

(3.27)

w hich are the Laue conditions for diffraction w here /z, k and / are integers. T he 

general condition q. r  = 2m  is satisfied if

q = hbx + Ab2 + /b3 (3.28)

where the bi ’s are defined by

a, .bj = 2n8iJ (3.29)

where 8 iJ is the Kronecker delta. Equations (3.28) and (3.29) define the Miller indices h ,k , I  

and the reciprocal lattice parameters b„, b2, b3. It follows that the reciprocal lattice 

parameters must have the form

a, x a , , a, x a , , ,  a, x a ,
b, =2k —  -----—  b2 = 2 /r—   l-— b3 = 2k — -------— (3.30)

a,. a 2 x a 3 a, • a 2 x a3 a , . a 2x a 3

The above vectors form an array of points in k space. W hen the m o m e n tu m  

transfer vector q = k f -  touches one of these points the condition for diffraction 

will be met.

3.5 Finite Temperature Effects

In the above derivation we have so far assum ed that the atoms occupy 

definite positions in the crystal lattice. At finite tem peratures, however, the  

atom s will vibrate about their equilibrium  positions. This causes the peak 

intensity to decrease as some of the intensity will disappear into a therm ally  

diffuse background. This drop in intensity is described by the Debye-W aller factor 

in the structure factor
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F(q) = X / / q ) e - 8//,6* > '
M

(3.31)

The Debye-W aller param eter B is related to the mean square therm al v ib rational 

am plitude (u2̂  by

B = fcr^u2) (3.32)

The Debye-Waller param eter is actually dependent upon direction although here  

it is w ritten as though it is isotropic. The structure factor represented in equation  

(3.31) is the form that is used w hen analysing data. Values of B are obtained from  

the International Tables for X-ray crystallography (1974, 1983).

3.6 Surface X-ray Diffraction

3.6.1 The Truncated Bulk Crystal

M athem atically a surface can be form ed by truncating an infinite crystal. 

Equation (3.19) can be expressed separately into in-plane and out-of-plane parts as

- ik r  N r 1 N 2- 1 JVj-1

Es{r) = -reE0------ F ( q ) £  ^ e* '*  (3.33)
«« <mmif Am  AM

rt\=0 «2=0 «3=0

Since a scale factor is used in X-ray diffraction data analysis and w hat we m easure  

is the m odulus squared of the above all of the term s before F(q) can be ignored. 

M oreover, if w e analyse the above expression for the specular reflectivity (h=0 

and k= 0), so that w e are only examining the profile of the am plitude in a d irection 

perpendicular to the surface, the double sum m ation involving the in p lane 

param eters a t and a2 can also be ignored. Equation (3.33) can therefore be 

sim plified to
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EAr) = E C q /fe" 1̂
«3=0

(3.34)

If w e m ake use of equations (3.27) this can be rewritten in the form

(3.35)

Since the X-ray beam  will be attenuated the expression is m odified. The resu lt 

using the linear absorption coefficient fi is

The attenuation factor makes the above series convergent. If w e let N 3 tend to 00 

the result for a geometric progression gives

This is the general equation for the specularly reflected am plitude as a function of 

/  for a bulk term inated crystal. Equation (3.37) tells us that there is always a 

scattered am plitude betw een Bragg reflections in a direction perpendicular to the  

surface.

Since the absorption coefficient fi is m uch larger than  the lattice 

param eter perpendicular to the surface a3. Equation (3.37) can be w ritten as

^oo(0 = ^oo(OX
gilrd  ./j,a3 g-n,s»3/V (3.36)

(3.37)

£M(0 = ^oo(0 — 11-7 l — e
(3.38)

or as

E00(i) = F00(iy
2 sin nl

(3.39)
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This form ula is clearly incorrect at integer values of /  w here Ehk(l) tends to 

infinity. At these points, w hich correspond to Bragg points, we need to take in to  

account the absorption i.e. we need to use equation (3.37). Equation (3.39) is, 

how ever, accurate away from integer values of / .  A t a position halfway betw een 

two Bragg peaks (/=0.5, 1.5 ...) the scattering is equivalent to 0.5 monolayers. It is 

this position, know n as the anti-Bragg or antiphase condition, which offers 

m axim um  sensitivity to the presence of m onolayer islands on the surface and is 

used in the m onitoring of epitaxial grow th in real tim e (Norris 1993).

The modification of the scattering in betw een the Bragg peaks is n o t 

lim ited to the specular reflectivity. Diffuse streaks perpendicular to the surface 

will connect all of the Bragg points. These streaks are all a result of the surface. In  

reciprocal space the streaks form a series of rods w hich are perpendicular to the  

surface. These rods are know n as crystal truncation  rods (CTRs). An infin ite  

crystal and a sem i-infinite crystal in real and  reciprocal space are illustrated in  

figure 3.1.

3.6.2 Surfaces

If the surface of a crystal has a different periodicity to the bulk or relaxes 

norm ally to the surface then we have a m odification of the scattering along the  

crystal truncation rods. If the periodicity of the surface is a m ultip le to that of the  

bulk, fractional order rods occur as well as the CTRs. These fractional order rods 

do not interfere w ith the bulk scattering and only give inform ation on the  

surface structure and not on its registry w ith the bulk  crystal. The (00/) rod due to 

the surface can be described by a summation.

£ “*■“ (!) = F(7 * "  ( / ) £  e.e-2**-1* (3.40)
n=1

W here N  is the num ber of surface layers, Zn is the height of each layer from the

bulk truncated crystal, 6n is the coverage and F ^ rface (/) is the structure factor due 

to the surface. Often this is defined in term s of the lattice param eters of the bulk if 

the surface structure has a simple relation to the bulk  structure. We also have to 

substitute different atomic form factors if the surface consists of a different
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Figure 3.1. A schematic o f real and reciprocal space for an infinite lattice and a 
semi-infinite lattice.



elem ent to the bulk. We have assum ed, by leaving the structure factor out of the  

sum m ation, that the surface consists of one element. This m ay not be the case 

and we will then have to p u t the structure factor into the sum m ation  so tha t 

different form factors can be used.

To obtain the total scattering the surface and bulk contributions to the  

scattering am plitude are sim ply added.

k- 0 for an (001) surface) from a simple cubic bulk  lattice (1), a surface structure of 

a different element (b) and this surface structure on top of the bulk  crystal (c).

3.7 The Integrated Intensity

The problem  with the intensity given by equation (3.24) is that it is not a 

m easurable quantity. This is because in deriving this we have assum ed that the

detector is a 5 function in reciprocal space, that the im pinging X-ray beam has 

zero w avelength spread and that the crystal is perfectly ordered. In reality this is 

not true and all these effects will contribute to a diffraction peak w idth. In an  

experim ent the crystal is rotated about the surface norm al until all of the  

diffracted intensity from a given reflection has passed through the diffraction 

slits. The quantity m easured in this way is called the integrated intensity.

Going back to equation (3.19) for the scattering am plitude and splitting up  

the sum m ation will give us

N ow  w e need to evaluate the summations. For simplicity only the intensity from 

a single layer of atoms will be considered such that we can ignore the last 

sum m ation  term. We can change the sum m ations to integrals by dividing the  

sum m ed term s by the corresponding lattice param eters. The integral limits w ill

£ T '(0 = £ “ ‘(0 + ^ ( 0 (3.41)

Figure 3.2 shows examples of how  the above describes the specular rod (h=0 and

e— ikr N x- l  N 2 - 1 N2 - 1

Es(r) = -reE0
r

(3.42)
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Fig 3.2 a) The bulk scattering E*“lk (I) from a truncated simple cubic lattice.

o«8Ph
3O
2

a
0.50.0 1.0 1.5 2.0

Fig 3.2 b) The surface scattering (I) from a simple square lattice.

o

0.0 0.5 1.0 1.5 2.0

Fig 3.2 c) The total scattering E ^ al(I) = Ebhf k (I) + E ^ 006(I) from a bulk solid as in a)

having a surface b).



then  be the lengths of the area along the h and k  directions. M aking use of the  

Laue conditions in (3.27) we obtain

r. „ e ,kr L>
E M  = - - j-E ,---- Fm j  e ^ d x ]  e-2m^ c fy  (3.43)

A r J J

w here jc/o, = N u x/a1 = N 2 and Au = q x c ^ .  Solving the integrals gives

_ , N ^ e~lkr _ sin7th L ja  smnkL leu
Es( q) = -reEQ----- Fhkl (3.44)

r nh m

N ow  taking the square of the m odulus of the above gives us the intensity

/ , ( q W c
^n Vi -  12 sin2 TthLj<\ sin2 ltkLyj

v r J
F m \  r r r ^  (3-45)1 k h n r

N ow  we need to obtain the differential scattering cross section. Since the  

differential scattering cross section is the num ber of X-ray photons scattered in a 

certain direction per unit time per unit solid angle divided by the incident flux

(3.46)
dQ I 0dQ v '

The area elem ent dA appears because the incident flux is defined here as the  

num ber of photons crossing a point per unit time per un it area i.e. I^/dA  but as 

the solid angle elem ent is given by d a  = dA cos / /r2 ,where i is the angle that a 

line parallel to r m akes w ith the surface norm al of the area elem ent dA, the  

differential scattering cross section is now

% JJ¥ -  <M7>d a  i0

Substituting for Is(q) will lead to the equation
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do  21 i2 sin2 TihLj(\ sin2 7zkLylc%
rAW 2i 2 2tdQ 1 1 n  h n  I

i  _  K  a m  j w i j u y  u i /w v u  /
= Î AJUl H71 2/2 (3.48)

The experim ental arrangem ent is show n in figure 3.3. The incidence angle 

is denoted by ($in ,the outgoing angle by fiout and the in plane scattering angle by

28 . W hen m easuring the integrated intensity the crystal is rotated at an angular 

velocity oo about the surface norm al. The detector will accept the radiation o v er 

an angle Ay/ along the in-plane direction and over AX along the perpendicular 

direction. These are illustrated in figure 3.4. The total scattered intensity is no w  

obtained by integrating the intensity over the acceptance of the detector and th e  

tim e that it takes to scan the peak.

= (3.49)

if w e define da  such that dt -  da/co , then equation (3.49) can be w ritten as

I“" = ~ a j ^ dad 'f/dX ( 3 ' 5 0 )

The angles t x and t 2 are defined by z l + t 2 = 26 and are show n in figure 3.4. T he 

in tegration over time and space corresponds to an area element

dA = kql co st!dady/ (3.51)

U sing q( = hbx + &b2 w e can express the area element in term s of the M iller 

indices. Treating the M iller indices as continuous it can be show n that (see 

appendix  b) an area elem ent in reciprocal space will have the form

4 k2
dA =  dhdk (3.52)
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w here Au is the area of the surface unit cell. If this result is used w ith eq u atio n  

(3.51) to eliminate dA we get

4 k 1 1
dady/  ------------------dhdk (3.53)

Av ^mCosTj

If we make use of the definition of the Lorentz factor Flor = kjq^ cosTj then th is  

reduces to

A2
dady/ = — FLoidhdk (3.54)

A,,

Substituting equation (3.54) and (3.46) into equation (3.50) w ill give

r 210 A2 ^ f sin2 7thLJax f sin2 nkL / ^  n ,2
7“ = r* i  A '  ^ > ** * ^ 4  7 (3-55)

The integrals over dh and dk are tabulated. Moreover, we can assum e that Fhkl is 

constant over the interval dX so that (3.55) is simplified to

= \F4 A? (3-56)
CD Au a x 1

Substituting A = Lx x L y , the illuminated surface on the sam ple and Au = |a , x a : 

the area of the surface unit cell yields

4 ,  = 4 - ^ 4  Fur M 2Ay (3.57)

N ear the beginning of this chapter the vector nature of E  was ignored. This is 

accounted for by putting  a polarisation factor P into the result above so that
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/  =  r 2L i  ^ A  f  I f  I
int e 2 Lor\ hkl\

(O A P ' '
Ay (3.58)

In equation (3.58) only the illum inated surface area A, the Lorentz factor FLor, the  

polarisation factor P and the structure factor Fhkl will vary. The other term s are 

constant and are accounted for by using a scale factor in the analysis. The forms of 

the term s A , Flor and P will be discussed in chapter 4.
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Chapter 4

Experimental Details 

4.1 Introduction

This chapter describes the techniques and equipm ent used  for collecting X-ray 

diffraction data. Since a surface is sensitive to contam ination it is im portant to keep 

it clean during an experiment. This problem  is aggravated by the am ount of tim e  

m easurem ents take (typically several hours) so an extremely clean e n v iro n m en t, 

w ith  a base pressure of 10'10mbar, is necessary. A good vacuum  is also required for 

techniques which em ploy low energy electrons such as A uger electron spectroscopy 

(AES) and low energy electron diffraction (LEED) to check the cleanliness and  order 

of the surfaces. To detect the weak X-ray scattering from the surface, high in tensity  

rad iation  is needed. This radiation is provided by a synchrotron. The scattered 

rad iation  from the crystal is m easured, by either a solid state detector or a 

scintillation counter. The scattering geometry is p rovided by a six circle 

diffractom eter.

The actual quantity measured in experim ent is the integrated intensity. T he 

deduction  of the structure factors from the m easured integrated intensities is 

achieved by the careful use of correction factors.

4.2 The UHV Chamber

The ultra high vacuum  (UHV) chamber used at Daresbury laboratory is 

show n in  figure 4.1. This has several ports which point at the sam ple that allow an  

electron analyser and gun for Auger electron spectroscopy, an argon gun, for 

spu ttering  and several vapour sources to be connected for a particular experim ent. 

There is also a large port at the back of the chamber w hich is suitable either for a 

sam ple transfer system or LEED optics. A beryllium  w indow  allows incident X-rays 

to enter and scattered X-rays to leave the chamber.
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Figure 4.1. Schematic o f the UHV environmental chamber used for SXRD measurements 

mounted on the X-ray diffractometer showing the out-of-plane detector assembly.



Sample m anipulation  is achieved w ith  a differentially pum ped rotary seal 

(Taylor 1991). This consists of two stages: a high vacuum stage at 10*6 m bar and a low  

vacuum  stage at 10'3 mbar. This allows the sam ple to be rotated by the diffractom eter 

w ithout any m easurable effect on the vacuum  inside the m ain chamber. The rotary 

seal is connected to the m ain chamber by a set of bellows. This allows fu rth er 

m ovem ent of the sample by the six circle diffractometer. A sam ple m anipulator th a t 

allows cooling of the sam ple is also available (Taylor and N orris 1994, 1997). B oth 

sam ple m anipulators allow the sample to be  transferred.

The cham ber on the surface X-ray diffraction station on beam line ID3 

(insertion device 3) at the European Synchrotron Radiation Facility (ESRF) is 

sim ilar. It has a reflection high energy electron diffraction (RHEED) gun and greater 

out-of-plane access. As a result their sam ple transfer system rem ains on the  

cham ber.

4.3 Sample Preparation

The substrates used in this work w ere either Ag(OOl) and Cu(OOl). They w ere 

spark cut to w ithin 1° of the (001) crystallographic plane from 99.9999% purity  boules, 

provided  by Metal Crystals and Oxides Ltd, by the Centre for M aterials Science at 

B irm ingham  University. The dim ensions are shown in figure 4.2. Following th is

they were mechanically polished w ithin 0.1° of the (001) plane. The alignm ent for 

the polishing w as achieved using Laue diffraction from the crystal and th e n  

adjusting the goniom eter that held the sam ple in place.

Cu crystals were electropolished in a solution of 2:1 orthophosphoric acid and 

w ater for 15 m inutes w ith a current and voltage of 20mA and 1.5V. This was 

followed by rinsing the Cu crystal in a very w eak orthophosphoric acid solution and 

then distilled water.

Several cycles of sputtering and annealing were used to obtain atom ically 

ordered and clean samples once they were in  the vacuum  chamber. For Cu sam ples,

repeated 15 m inute sputters at lkV  follow ed by 15 m inute anneals at 500°C w ere 

used. For the Ag samples the same sputtering m ethod was used bu t the anneal tim e
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w as increased to an hour. The cleanliness and atomic order was checked w ith  LEED 

and AES. W hen rem oving a deposited layer care was taken to rem ove all of the 

adsorbate atoms before annealing to avoid possible interdiffusion of these atom s 

into the substrate.

4.4 Synchrotron Radiation

The w idespread and increasing use of synchrotron sources for research reflects 

the unique properties of the radiation. An electron synchrotron, or more com m only  

an  electron storage ring, provides a highly collimated and intense beam of rad ia tion  

w ith  a broad, continuous range of energies. The radiation is highly polarised in  the  

plane of the electron orb it and the source is ultra clean. Any one of these p roperties 

w ould, by itself, be useful but all five together makes synchrotron rad iation  a 

pow erful probe of all form s of matter from atoms and m olecules to large com plex 

structures found in living organisms

An electron storage ring (figure 4.3) consists of a series of straight sections 

joined together so as to form  a polygon. At each bend is situated a bending dipole 

m agnet that produces a field in the vertical direction. Electrons passing th rough  this 

arrangem ent will pass through the straight sections and then, as they pass th ro u g h  

the field, be bent through a circular arc, by means of the Lorentz force. This sends the 

electron through the next straight section. W hen the electron is subjected to this 

force it accelerates to the centre of the arc and, therefore, emits electrom agnetic 

radiation. If the electron is moving at speeds close to the speed of light the classical 

torroidal d istribution of the energy in  the electrons rest fram e becomes a h ighly 

collim ated beam  in the frame of the laboratory.

To offset the energy lost in producing the radiation each electron bunch  is 

accelerated in each orbit by the radio frequency cavity. A series of quadrupole  

m agnets is used to keep the bunches focused.

The synchrotron radiation source (SRS) at Daresbury laboratory has a beam  

energy of 2GeV. In a typical m ultibunch m ode the beam param eters are a round  

200mA current and 24 hours lifetime. At the ESRF the beam  energy is 6Gev w ith  a 

beam  current and lifetime of 100mA and 24 hours.
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4.5 Beamlines

4.5.1 Beamline 9.4 at D aresbury Laboratory

In addition to using dipole bending magnets, to produce synchrotron  

radiation , insertion devices can be employed. These are placed along the straight 

sections of the storage ring. Figure 4.4 show s a schematic of beamline 9.4 at 

D aresbury laboratory (Norris et al 1992). This line makes use of radiation produced 

from  a W iggler w hich is a type of insertion device (Baynham 1978). The wiggler 

consists of three liquid helium  cooled m agnets that produce a magnetic field of 5T. 

They are arranged so that the m iddle m agnet has opposite polarity to the two o u ter 

ones. W hen an electron enters the field produced by this configuration it is forced 

in to  a wiggle in the plane of the orbit. The reduced bending radius, by comparison to 

th a t produced by a bending magnet shifts the spectrum  of radiation to h ig h er 

energies. The central p a rt of the fan of radiation produced from  the wiggler m agnet 

reaches a double focusing toroidal m irror. A m irror is used to focus the rad ia tion  

because the refractive index of X-ray radiation is very close to unity. Suitable 

w avelengths are chosen using a channel cut S i( l ll )  m onochrom ator.

At the end of the beam line an air filled ion cham ber m easures the total flux. 

This is essential to norm alise the data and thus allow for any variations in the  

incident intensity. The ion chamber is separated from the m onochrom ator by a 

bery llium  window. Situated just before the m onitor are a set of four jaw slits th a t 

define the area of beam  reaching the sample.

The beam line is not connected to the vacuum  cham ber which moves w ith  

the  diffractom eter table. The radiation, therefore, passes th rough  a small air space 

before entering and leaving the vacuum  cham ber via a beryllium  window. T he 

scattered radiation then  enters the detector beampipe. This is either evacuated or 

filled w ith He to reduce scattering of the X-rays by air. The tw o sets of slits, before and 

after the beampipe, define the am ount of radiation that is detected and the  

resolution perpendicular to the surface. The actual detector consists of a Ge crystal. X- 

ray photons reaching the Ge detector will generate electrical signals that are
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Figure 4.4. Schematic o f  beamline 9.4 o f the SRS at Daresbury laboratory.



Plate 4.1. A top view o f  the experimental set up on the surface X-ray diffraction station at 

Daresbury Laboratory





amplified by a potential difference. To reduce therm al excitation liquid nitrogen is 

used to cool the detector.

4.5.2 ID3 at the ESRF

Beamline ID3 at Grenoble uses another type of insertion device: an undu lato r. 

This has several m agnets that force the electron beam into several wiggles. If the 

angle of bend is less than the natural opening angle of the synchrotron radiation 

em itted from each wiggle, constructive interference can take place giving rise to a 

series of sharp peaks superim posed on the synchrotron radiation spectrum . The 

radiation from the undulator passes th rough  two carbon foils before reaching a 

sagitally focusing cryogenically cooled S i( l l l )  monochrom ator. A pair of m irrors are 

used to filter out harm onics. The scattered radiation is detected by a N al scin tilla tion  

counter. The sm aller source size and the non-uniform  spectral ou tpu t of the 

undulator m eans th a t although the total flux is comparable to that produced by the 

wiggler at Daresbury, the m onochrom atised flux on the sam ple is m ore than two 

orders of m agnitude greater.

4.6 Diffractometiy

4.6.1 The Six Circle D iffractom eter

To take advantage of the strong horizontal polarisation of the beam  a vertical 

scattering geom etry is used. This is to avoid the near zero polarisation factors that

w ould occur at scattering angles close to 90°.

A schem atic of the Frank-Heydrich diffractometer is show n in figure 4.5. The 

sam ple is oriented using three orthogonal axes co, (f>, and % . The % m ovem ent is 

provided by tw o parallel axes lim iting the m ovem ent to ±20°. The presence of the

environm ental cham ber prevents the use of a conventional % circle as em ployed in  

a standard four-circle diffractometer. The five circle diffractom eter (Fuoss and 

Robinson 1984) consists of a 4-circle diffractometer m ounted on top of a rotary table
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Figure 4.5. Schematic o f the six circle diffractometer on station 9.4 o f the SRS at 
Daresbury Laboratory.



w hich is controlled by the a  circle. This enables the grazing angle to be set 

independently and increases the volum e of reciprocal space that can be m easured. 

The 8 circle moves the detector about a horizontal axis.

In addition to the above circles a new  y m ovem ent has been com m issioned 

that offers a cheap m ethod to increase the m easurable am ount of reciprocal space 

(Taylor et al 1996). This circle only has two positions: one at 0° and another at 15°. To 

change from one position to the other requires m anual adjustm ent. Such a 

configuration has several advantages over a fully motorised circle. For example a 

m otorised circle w ould be expensive and w ould lim it the w eight of the detector. 

M oreover, all the fine tuning, that such a circle w ould provide, is already provided

by the % arcs.

The diffractometer on ID3 at the ESRF uses the same principle as that o n  

beam line 9.4 at Daresbury laboratory. It was built by Huber and uses a m otorised y 

arm .

4.6.2 Crystallographic Alignment

The prelim inary step in crystallographic alignm ent involves defining the  

physical surface norm al of the crystal. This is achieved by reflecting a low divergence

laser beam  from the sample. The % 0 circles are then adjusted until a fu ll

ro tation of the (O circle causes the reflected laser beam  to m ove no more than 1cm

w hen 4m away from the sample. By doing this a trial angle position for a given hkl 

reflection can be calculated.

Full crystallographic alignm ent is then undertaken by searching for th is

reflection and then optim ising the intensity by adjusting % and 0. W hen this is done 

a second reflection is searched for and the procedure is repeated. A UB matrix, w hich  

relates the angular positions of the diffractom eter to the crystallographic axes, can 

then be calculated. Further refinem ent of this UB matrix can be achieved by 

searching for more reflections (Vlieg 1987, Lohmeier and Vlieg 1993).
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4.6.3 M easurem ent of Crystal Truncation Rods

Surface X-ray diffraction m easurem ents involve m easuring the integrated 

intensity  of a particular hkl reflection. This is done by m oving to a particular hkl 

po in t and then rotating the crystal about the surface normal, using the <f> circle, w ith  

the detector fixed. This has the affect of scanning the whole region of reciprocal space 

w here  intensity is present. To define the resolution in / the out-of-plane detector slits 

are set to a desired value.

To obtain a value for the integrated intensity the background m ust be found. 

This is done by fitting a Lorentzian curve to the peak using a constant background. 

This background is then subtracted from the integration. Each reflection m easured is 

norm alised to the incident flux.

To m easure a crystal truncation rod the above m ethod is repeated as a 

function of / for suitable values for h and k. The structure factors for the rod are th en  

obtained by use of the correction factors described in the last section of this chapter.

4.6.4 Choice of Base Vectors

For the fee (001) surface of Cu or Ag the atomic arrangem ent is described by a 

body  centred tetragonal unit cell defined by three orthogonal base vectors which are 

related to the conventional cubic coordinate system  by:

a > 4 ( l I o L c  a > = | ( 110L .  a3 = | ( 001L «  (4-1)

w ith  |a t| = |a 2| = aJ 42  and |a3| = a0 where a0 is the lattice constant of silver (4.086A)

or copper (3.615A). This geometry is illustrated in figure 4.6. Using this convention a* 

and a2 are both  parallel to the surface and a3 is directed norm al to the surface. T he 

corresponding reciprocal lattice vectors are:
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These are show n in figure 4.7. The m om entum  transfer vector Q is defined by the  

Miller indices (hkl) w ith  Q = hbi + kb2 + >̂3- General reflections are labelled by (hkl) 

and in-plane reflections (/ ~ 0) by (hk).

G rowth is norm ally monitored at the (001) point of reciprocal space along the  

specular reflectivity. At this point, the so called anti-Bragg point, scattering from  

adjacent (001) atomic planes is out of phase and offers m axim um  sensitivity to the  

form ation of m onolayer height islands.

For some m easurem ents the (100) point w as used. For this the grazing angle 

was close to zero and the penetration of the X-ray field is small and the influence of 

bulk disorder is small.

4.7 Correction Factors

4.7.1 Introduction

Prior to analysing the data from a surface X-ray diffraction (SXRD) experim ent 

certain correction factors need to be used. This is to allow for the experim ental 

geometry.

The factors come from the equation relating the structure factor to the  

integrated intensity

= (4.3)
® A. P

w here re is the classical electron radius, I q is the intensity of the incident beam, CO is 

the angular velocity of rotation of the sam ple during the phi scan, X is the
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w avelength  of the radiation, A is the active sample area, Au is the area of the u n i t  

cell, P is a factor to allow for the polarisation of the beam, is the Lorentz factor, 

\Fhki\ is the m odulus of the structure factor and Imt is the integrated intensity.

From the experim ent we will have the I int for a set of points in reciprocal 

space. To unravel the structure we need to find |F^|. Since the term s re, 70, co, X, and

v4uare all constant w e only need to consider A ,P  a n d FLor. These last three term s are 

the correction factors and are all consequences of the experim ental geometry. T he  

rem aining  constant term s will effectively m erge into one the result being the scale 

factor which is found from the data analysis procedure.

The active sam ple area A, which is show n schematically in figures 4.8 and 4.9, 

is the illum inated area of the surface that is seen by the detector. N ot all of the beam  

reflected from the sam ple will reach the detector because of the two sets of defin ing  

slits betw een the sam ple and the detector i.e. the illum inated surface area is n o t  

equal to the active sam ple area.

The Lorentz factor is defined by

= -------   (4.4)
COSTj

w here k is the w ave num ber of the radiation, ^ is  the projection of the m o m e n tu m

transfer vector on to the surface and T\ is the angle the projection of the ou tgoing

vector k  onto the surface m akes with the norm al of q[{ parallel to the surface (see 

figure 3.4). The Lorentz factor allows for the angle at which the Ewald sphere cuts the 

rod. The expression 4.4 is of no use in its present form and needs to be simplified to a 

form  pertaining to the experim ental geometry.

The polarisation factor is needed m ainly for out of plane data. This is because 

synchrotron radiation is heavily polarised in the horizontal plane. For in-plane data 

this is very close to 1, how ever, for out-of-plane data it is im portant. This is because 

the projection of the w ave am plitude onto the detector decreases as the angle fro m  

the in-plane position increases. The factor which allows for this will only depend o n  

the position of the detector and not the position of the sample. The only angles th a t
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m ove the detector are a  and § which m ove the detector about a vertical and 

horizontal axis respectively. The resulting correction factor is

P = - r r s -------T  T - i -  (4-5)sin d + cos 8 cos a

To find the structure factor from the integrated intensity we require the above th ree  

correction factors and  then simply use the form ula

N = J f 7  <4-6>V Fu*A

w hich is basically equation (4.3) w ith the constant term s taken out. These are 

allowed for by using the scale factor.

4.7.2 In-plane Data

In-plane scans are achieved with the incident radiation and the detector at 

very sm all angles to the sample surface. The sample is therefore flooded w ith  

radiation in the horizon tal direction. Therefore, it is only the vertical post-sam ple 

and pre-sam ple slits that define the area of beam that reaches the detector (figure 4.9). 

The area is given by

^  = (4.7)
sind

w here V! and v2 are the separations of the vertical pre-sam ple and post-sam ple slits 

respectively and 8 is the scattering angle projected onto the plane of the surface and 

not the actual scattering angle. Since we are using a scale factor during the data 

analysis w e do not need the actual slit quantities unless they are changed during  the

experim ent. As a result of this the only information we need to know  is 8 i.e.
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If we keep the incom ing angle equal to the outgoing angle during the p h i 

scans the Lorentz factor, given by equation (4.4), is simplified to

Fu,r =  i r r - z  (4.9)
cos p  sin o

Equation (4.5), describing the polarisation, cannot be simplified bu t since a  is 

very close to 0° it is nearly equal to 1.

4.7.3 Out-of-plane Data

W hen m easuring diffraction rods the polarisation factor keeps the form of 

equation (4.5). However, the Lorentz factor and active sam ple area may both change 

depending on the experim ental geometry. The Lorentz factor will have the form  of 

equation (4.9) w hen m easuring the specular rod since here the rod is m easured by 

symmetrically increasing the incom ing and outgoing angles. For m easuring o ther 

rods, this is not possible, and either the incom ing or outgoing angles is kept at a 

suitable constant value. The area correction factor is also m ore involved for the out- 

of-plane m easurem ents since the parallelogram  formed on the sample surface for 

non-specular m easurem ents will not always be flooded. The correction factors for 

the specular rod data will be discussed first. Following this the more involved case 

for non-specular rods will be dealt with.

4.7.4 The Specular Rod

The specular rod, as m entioned previously, is m easured by sym m etrically 

increasing the incom ing and outgoing angles of the beam to the surface. Since the  

resulting diffraction vector is perpendicular to the surface only the distances n o rm a l



to the surface are probed. This actual geom etry is realised by keeping 8 at 0°, keeping

the surface norm al horizontal and then m oving a  and % ,in a horizontal plane, 

such tha t the incom ing and outgoing angles remain equal.

The area of the beam on the surface will be a rectangle which will flood the 

sam ple along the horizontal direction at low angles. W hen the sample is flooded the 

area stays constant and  has a value approxim ately given by

A = sv1 (4.10)

w here  s  is the length of the sample in the horizontal direction and is the distance 

betw een the vertical pre-sam ple slits. W hen the sample is no longer flooded i.e. 

w hen  s sin 6 > w here  hj is the distance between the horizontal pre-sam ple slits, 

the area becomes

A = 4 ^  (4.11)sm0

Since v, appears in bo th  of the formulae it is not necessary to include it since we are 

only w orried about the param eters that change. Therefore w e can say that w hen  

ssind <

A = 5 (4.12)

and w hen  ssin0 > \

(4.13)
sm0

The Lorentz factor, as mentioned before, takes the form  of equation (4.9). The 

polarisation factor in equation (4.5) can be simplified since 8 is equal to 0°. The result 

is
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(4.14)

4.7.5 N on-specular Rods

The active sam ple area is a flooded parallelogram  at low angles of incidence 

so it is given by equation (4.7). However, at slightly higher angles the triangles at the 

end  of the parallelogram  will not be illum inated (see figure 4.9). This area w ill need 

to be subtracted. The resulting area will be

If the incom ing angle increases to a high enough value the area will not have the  

form  of equation (4.15). A t this point the area of the beam  will require m ore th a n  

the area of two triangles to be subtracted from the area of the parallelogram . The 

actual form of the correction factor will depend on the parallelogram . Figure 4.9 

show s two slightly different parallelograms. The first one has the condition tha t 

Vj/tantf < v2/sin<5. In this case the area will be a simple rectangle of area

/  \ 2  
v,v2 v2 v, r\ tano

sin 5 sin 5 tan 5 sin/3lnJ 4
(4.15)

(4.16)

The o ther is recognised by the condition  v,/tan<3 > v,/sin<5. Since the area is a 

parallelogram  it is given by the equation

A = — ^
sin p jrl cos 8

(4.17)

The Lorentz factor represented by equation (4.5) can be simplified to
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cos Pm cos Pom sin S

(A rndt and Willis 1966) and the polarisation factor keeps the form of equation (4.5).

4.7.6 Gam m a Circle Correction Factor

At the ESRF the six circle diffractom eter's gamma circle moves along an axis 

parallel to the surface norm al rather th an  about a true circle. Due to this the  

resolution function changes as a function of the outgoing angle. To correct for th is 

the integrated intensity is m ultiplied by l/ cos pout.
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Chapter 5

The Growth and Structure of Chromium on Copper (001) 

5.1 Summary

In this chapter the growth and structure of u ltra  th in  Cr films on Cu(001) is 

described. The featureless decay of the intensity of the specularly reflected X-ray beam 

recorded at room  and higher tem peratures is show n to be consistent w ith the growth 

of a m ultilayered film. At 100K the tim e plot shows a feature which is attributed to a 

poorly  defined layer-by-layer growth m ode. In-plane scans show that a bulk bcc 

phase, w ith bcc (110) plane parallel to fee (001) plane of the Cu substrate develops for 

thicknesses greater than about 1 m onolayer (ML) at room  tem perature. The specular 

reflectivity for two films of thickness equivalent to 0.5ML and 1.0ML were scanned 

as a function of m om entum  transfer norm al to the surface. The plots were fitted 

using  four different roughness models to fix the occupancies in each layer. A lthough  

the 0.5ML scan could be fitted with any of the m odels the 1.0ML scan was consistent 

w ith  a linear model. The fit to the 1.0ML film was considerably im proved w ith an 

unexpectedly large interface spacing. Specular and non-specular rods of the clean 

Cu(001) surface were also m easured and interpreted in term s of the relaxation of the 

first tw o layers.

5.2 Background

In com m on w ith the neighbouring 3d transition elem ent iron, chrom ium  can 

exist in several allotropes. Up to 1850°C the equilibrium  phase is body centred cubic 

(bcc) w ith  a lattice constant at room tem perature #0=2.8839A (Wyckoff 1971). A bove 

1850°C it undergoes a m artensitic transition to the face centred cubic (fee) phase. 

C opper, on the other hand, is fee at all tem peratures. The lattice constant of copper 

#0=3.6150A, however, m eans that the nearest neighbour separations: 2.4975A (bcc Cr)
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and 2.5562A (fee Cu) are nearly identical (figure 5.1). There is, therefore, the 

in teresting possibility of stabilising the metastable fee phase of chrom ium  at room  

tem perature by epitaxial strain in a thin film grown on a copper substrate. To 

achieve it, the interfacial energy m ust overcome the strain induced in the film and 

the energy increase due to the significantly higher surface free energy of c h ro m iu m  

(2.006 Jm ‘2) com pared to that of copper (1.586 Jm'2). It is now well established that 

iron, w hich has sim ilar properties to chrom ium, can be stabilised in the fee phase by 

grow th  on Cu(001) substrate (Prinz 1991). A discussion of the Fe on Cu(001) system is 

presented in chapter 7.

Since Cr has a half filled d band the valence electrons, and therefore the 

m agnetic properties, w ill be sensitive to changes in environm ent and structure. A 

th in  layer of Cr w ill have reduced sym m etry and coordination as com pared to the 

bu lk  so that the d  band  overlap will be m odified which could lead to enhanced 

m agnetism  (see chapter 2).

There have already been several studies of the grow th of Cr on Cu(001). Bader 

et al (1987b) observed break points in the Auger signal versus time curves w hich 

they interpreted as evidence of layer-by-layer growth. After deposition of 1ML 

(defined as a flat adsorbate layer w ith the same atomic density as the underlying Cu 

substrate i.e. 1.53xl015 atoms cm'2) at room  tem perature the LEED pattern  indicated

tw o orthogonal dom ains w ith 3x1 symmetry. The spots disappeared into a diffuse 

background for thicknesses greater than 3ML. Surface m agneto-optic Kerr effect 

(SMOKE) m easurem ents down to 115K showed no hysteresis loops characteristic of 

ferrom agnetism .

H augan et al (1994) confirmed that films initially show a 3x1 LEED pattern  

w ith  (1/3, 0) and (2/3, 0) and conjugate spots missing. Following a suggestion by 

W uttig  et al (1993) for Fe/Cu(001) they attributed it to a m ixture of fee (001) and bcc 

(110) structures and  the near coincidence of their diffraction patterns. Inverse 

photoem ission  m easurem ents were attributed to a small and possibly van ish in g  

m agnetic splitting consistent with a param agnetic state. This is in agreem ent w ith  

the total energy calculations which have predicted an fee and param agnetic Cr 

structure at the lattice constant of copper (Moruzzi and Marcus 1990 ).
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Figure 5.1. The unit cells o f fee Cu and bcc Cr showing the nearest 
neighbour distances in each case.



Rouyer et al (1994) studied the structure of Cr films grown at room  

tem perature w ith  a thickness between 6 and 30ML by LEED, X-ray photoelectron 

diffraction (XPD) and angle resolved ultraviolet photoelectron spectroscopy 

(ARUPS). They conclude that Cr forms epitaxial bcc microcrystallites in four 

equivalent dom ains each w ith the bcc(llO) plane parallel to the (001) plane of the Cu 

fee substrate. A later study (Rouyer et al 1995b) revealed a substantial distortion from  

the relaxed bcc structure in films less than  3ML thick caused by the interaction w ith  

the  substrate. The strained dom ains produced a coincidence lattice w ith  3x1 

periodicity. No evidence of surface segregation or interm ixing was found.

A full dynam ical LEED analysis of an annealed 11A thick layer has been 

reported  by Jandeleit et al (1994). It was show n that Cr retains its bulk bcc structure  

b u t that the top atomic layer is almost entirely Cu. Lawler et al (1996) studied the  

form ation of Cr films in  the tem perature range 285-575 K. The growth was found to 

be three dim ensional w ith  irregular m ultilayer islands. They could not resolve the  

atom ic sites on the islands although it was possible on the clean substrate. At low  

coverage two distinct island step heights were observed, one corresponding to the  

bu lk  Cr bcc (110) plane separation and the other to the fee Cr(001) steps. At h igher 

tem peratures Cr forms m ore particulate features; annealing causes agglomeration.

W hile there is strong evidence that the equilibrium  bcc phase develops for 

thicker films, the details of the growth, particularly the m orphology of the film and 

the  behaviour at the start or the grow th is m ore controversial.

X-ray diffraction is now  a well established tool for the study of surfaces and  

overlayer structures and has been extended to the study of epitaxial growth in real 

tim e (Norris 1993). The penetration of the X-ray beam into the film means that there  

is scattering from  both  the surface region and the bulk. The interference of th e  

scattered waves from  the surface and the bulk provides a sensitive m easure of th e  

atom ic structure at the surface in particular the relaxations of layers norm al to th e  

surface. The grow th of Cr on Cu(001) at several different substrate tem peratures is 

described here. Three different coverages grown at room tem perature have also been  

m easured to give detailed information on how  the structure of the films changes as 

a function of coverage.
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5.3 Experimental Details

All of the m easurem ents presented in this chapter were m ade w ith a

w avelength of 0.9A. The copper crystal sam ple m easured 8x8x1.5 mm3. It was cut and 

polished to w ith in  0.4° of the (001) surface and m ounted inside the ultra h igh  

vacuum  env ironm en ta l chamber coupled to the six circle diffractometer. The base

pressure in the cham ber was 8x1 O'11 mbar; it rose to 2xl0‘10 m bar during Cr 

evaporation. The coverage was subsequently confirmed using Rutherford Back 

Scattering (RBS). Typical deposition rates were 9 m inutes per m onolayer. One

m onolayer is defined as the real density of a single (001) plane of bulk Cu: 1.53xl015

atom s cm’2.

The atomic arrangem ent of the surface and overlayer is described by a 

tetragonal un it cell defined by three orthogonal base vectors w hich are discussed in  

detail in chapter 4.

5.4 Results

5.4.1 G row th

Figure 5.2 show s the variation of the specularly reflected X-ray intensity w ith  

deposition tim e after the shutter on the vapour source w as opened, for substrate 

tem peratures betw een 100K and 473K The X-ray signal was recorded at a grazing

angle of 7.15° w hich corresponds to a m om entum  transfer w ith reciprocal lattice 

vector (001) of the  fee structure of Cu. W ith this geometry, w hich is show n 

schem atically in figure 5.3, scattered waves from adjacent (001) planes are out of 

phase, w hich affords m axim um  sensitivity to the formation of m onolayer islands (at 

the height of the bu lk  Cu(001) interlayer separation) as described in chapter 4.

All the plots show  a rapid fall to a low value; only the plot recorded at 100K 

show s a slight maxim a at a coverage of approximately 2ML. For perfect layer-by-layer 

grow th, irrespective of the precise in-plane crystallographic arrangem ent, fee or bcc,
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Figure 5.3. Schematic o f the geometry used in measuring the (001) intensity 
during growth o f Cr on Cu(001).



w e w ould expect a series of oscillations w ith  sharp cusps at the com pletion of 

successive layers (Vlieg et al 1988). The absence of such features indicates that the  

growth is m ultilayered, that is, new  layers begin before existing ones are completed.

Figure 5.4 compares the m easured results with tw o theoretical predictions: 

perfect layer-by-layer growth and the opposite extreme of random  m ultilayer growth. 

The separation of the atoms is defined by the pseudom orphic packing of hard sphere 

radii. From this assum ption the separation of Cr atoms is 1.72A com pared to the Cu 

separation of 1.81 A (see figure 5.12). In random  m ultilayer growth surface diffusion 

is absent and the grow th of the layer is determ ined solely by the exposure of the  

preceding layer to  incom ing Cr atoms. Thus d9njd9  -  9n_x -  9n w here 9n is the  

coverage of the layer and 0=X0„ is the total coverage. The occupancy of each layer

0„ is plotted in figure 5.5 as a function of total coverage for layer-by-layer and random  

grow th up  to a coverage of 2ML.

The varia tion  of the reflected intensity is com puted from the kinem atic 

expression:

~Cti
rp total Jrnm —

f< total   J
001 l-expHn~W 2 /0 e X P t 2 7 n '/ Z " M  ]  ( 5 -1 }

w here f Cu and f Cr are the atomic form factors for Cu and Cr respectively and zn is the  

height of the w* layer above the surface («=0) plane.

The first term  corresponds to the unreconstructed Cu(001) bulk. Q is the  

m om entum  transfer. At 7=1.0 scattered w aves from alternate layers are out of phase 

and the first term , w hich is due to the perfectly truncated bulk, reduces to 1/2/c". T he 

characteristic oscillations occur because successive Cr layers contribute alternating 

positive and negative contributions to the total amplitude. If Cr grows w ith the same 

atomic density and  the same spacing as Cu(001) the structure factors at the  

completion of each Cr layer would be given by 1/2f Cu- fCr, 1/2' f Cu- f Cr+ fCr, 1/2\ fCu- f Cr+ fCr- 

/ ° e t c .

If, to a first approxim ation, we equate the atomic form factor to the atom ic 

num ber, the ratio of the intensity at the first peak at n- 1 to the initial intensity (at
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n - 0) is expected to be 42%. Varying the atom  density of the Cr layers and th e ir 

separation w ould m odify the precise shape of the intensity plot bu t a series of sharp  

cusps w ould still occur.

For the random  grow th m ode the intensity, for the same assum ptions can be

expressed again by equation 5.1 but now  6n is a decaying function, as show n in the  

low er diagram  of figure 5.5, and N, the total num ber of layers, is a large num ber. Up 

to  6 = 0.5 6n>J ~ 0 (see figure 5.5) and the predicted intensity is sim ilar to that expected

for the perfect layer-by-layer model. For h igher coverages 9n>1 become m ore  

significant and the intensity rapidly approaches zero.

We note in figure 5.4 that the m easured plots for the substrate tem perature at 

100K and 300K are well described by the random  model to coverages up to (and 

beyond) 2ML. This indicates that at these tem peratures surface diffusion and  

interlayer mass transport are restricted. By contrast the higher tem perature curves 

are noticeably less steep, though they still fall away to a low value. This behav iou r 

can be explained by an increased surface diffusion and the tendency to create 3D 

crystallites several layers high from the outset of growth.

It is concluded that, in spite of the good crystallographic matching w ith  the  

Cu(001) substrate, it is not possible to stabilise the metastable fee structure beyond 

perhaps the first layer at low tem perature.

5.4.2 In-plane Scans

Specular reflection occurs with a m om entum  transfer norm al to the surface 

and is therefore insensitive to the atomic arrangem ent w ithin the surface plane. 

Figure 5.6a shows a scan along the (h 1 0.2) axis in reciprocal space for different film s 

grow n at 300K. For the lowest coverages a peak corresponding, to the (1 0 0) CTR is 

evident at h=0. W ith increasing coverage (and roughness as indicated by the grow th  

curve in figure 5.2) this feature weakens and at 7.1ML it is no longer evident. Two 

new  peaks appear at /z=±0.72 along (h 1 0.2). Peaks also appear at £=±0.72 along the  

orthogonal (1 k 0.2) axis. The scan along the (0 k 0.2) axis shows only the (0 1 0) CTR 

w hich again weakens w ith coverage (figure 5.6b).
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A sum m ary of the observed reflections is show n in figure 5.7. They confirm  

the grow th of a bcc phase of Cr w ith the (110) plane aligned parallel to the (001) p lane 

of the fee C u substrate. The (110) orientation of the bcc structure is expected since it is 

the m ost densely packed plane and it m atches well onto the Cu(001) substrate w ith

one of the [1 ll]axes aligned along the [ 1 10]/cc axis (see figure 5.8). The misfit along 

this axis for the completely relaxed bcc Cr structure is 2.4%. W ith this arrangem ent, 

indicated by II in the figure, the reciprocal lattice coordinated in the bcc geom etry 

h ’k ' l ’ convert to the coordinates of those of the surface of the fee structure by

'h ' 0.512 -0.512 -0.512“V
k = -0.362 0.362 -0.724 k'
I

fee
0.886 0.886 0.000 V

(5.2)

bcc

Thus the (1.02 0.72 0.00) reflection is the (110) reflection of the bcc structure. The

(0.5 0.5 1.0)bcc reflection would occur at (1.02 0.36 0.00)fcc b u t are forbidden in the  

kinem atical approxim ation. By contrast these are observed in LEED w hich is 

characterised by m ultiple scattering (Pendry 1974). The surface sym m etry of Cu(001), 

4m m , im plies there are four equivalent dom ain orientations I - IV indicated in

figure 5.8. Figure 5.8 II shows a (110) layer w ith the [111]^ axis of Cr aligned along 

the  [ 1 10]/cc axis of Cu. W ith the Cr in its bcc relaxed phase w ith ^0=2.884A the 

m ism atch  is small, the separation of Cr and Cu atoms (2.498 and 2.556A) gives a

m isfit of 2.32%. The misfit of the [1 1 1 ]^  rows w ith the Cu[ 110] rows in the  

orthogonal direction is 8.5%.

Inform ation on the film m orphology parallel to the surface can be obtained by 

analysing one of the Cr in-plane peaks more closely. For an in-plane peak w ith  a fu ll

w id th  half m axim um  (fwhm) of Aq in reciprocal space the correlation length of the  

surface along the corresponding direction in real space is given by:

L = —  
Aq

(5.3)
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Figure 5.8. The four domains expected for Cr films growing with their bcc (110) 
planes parallel to the Cu(001) surface and with the close packed bcc [111] axis 
aligned along either the close packed fcc [110] or [110] axes. Domains II, III and IV  
are generated from I  by the symmetry operations o f the 4mm point group o f the 
Cu(001) surface.



(Vlieg 1989) Thus by fitting a Lorentzian to the in-plane data the above can be 

calculated. The best fits to the (1.02 0.72 0.20) peak along both the h and k 

directions are show n in figure 5.9. They give fwhm values of 1.61xl0'2 and 6.64xl0'2 

reciprocal lattice units which correspond to correlation lengths of 50.5A, along h, and 

12.3A, along k, respectively.

5.4.3 Rod Scans

The in-plane scans give us inform ation on the crystallographic axes parallel to 

the surface and give us no direct inform ation on the out-of-plane structure of the 

film. The growth scans do give us out-of-plane information b u t since they were only 

done at one point in reciprocal space it is lim ited. Reflectivity scans give us a m ore  

com plete picture as they include a range of m easurem ents throughout reciprocal 

space.

The growth of the Cr film, as concluded from the grow th scans, is clearly 

disordered. Since the films will consist of islands we cannot m odel the film as a flat 

layer. A model is therefore needed to fix the occupancies of the layers in the m odel 

so that layer distances can be deduced from  the best fits to the data. From the layer 

occupancies we will also obtain a picture of the film m orphology.

5.4.4 Rod Scans: The C lean Surface

Prior to fitting the Cr on Cu(001) data, scans along crystal truncation rods w ere 

used to fit the m ultilayer relaxations of the clean Cu(001) surface. The clean Cu(001) 

surface has been w idely studied in the past the results of w hich  are sum m arised in  

table 5.1. This gives us the opportunity of comparing our results with other w ork 

and confirming the validity  of the analysis procedure.

W hen a crystal is cleaved, to form a surface, a charge redistribution and 

changes in atomic coordination occur. The charge redistribution causes the atoms to 

relocate them selves to a lower energy configuration. This could result in either a 

relaxation vertically to the surface plane or a rearrangem ent (reconstruction) w ith in  

the plane. The (001) surfaces of fcc metals are close-packed surfaces so the charge
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redistribution and subsequent atomic rearrangem ent of these surfaces are expected to 

be small. Early attem pts to calculate the  am ount of relaxation were based on the 

change in atomic coordination only. Such attempts predicted that the distance 

between the two outerm ost layers dl2 in  a metal surface should be larger than  the 

bulk value (Pendry 1974). This contradicted results from LEED experim ents w hich  

predicted that dn  is usually sm aller than  in the bulk (Jona 1978). W hen the 

modification of the charge distribution was taken into account the above 

contradiction was, in principle, resolved. Using a m odel based on that of 

Smoluchowski (1941) where smoothing the electron density at the surface will low er 

the kinetic energy, Finnis and Heine (1974) form ulated a m odel for relaxations in  

metals. They added that such a redistribution will give rise to an inw ard electrostatic 

force on the top layer nuclei thus correctly predicting the observed relaxations of the 

top layer towards the bulk.

Figure 5.10 show s the model used to fit the clean Cu(001) surface. The free 

param eters used in the fitting procedure were the displacem ents of the top two 

layers. These are show n in figure 5.10 in A and as a percentage of the bulk Cu(001) 

interlayer spacing of 3.615A. Figure 5.11 shows the (00/), (11/) and (10/) crystal 

truncation rods plotted in the form of the structure factor versus perpendicular 

m om entum  transfer. The solid lines show the results of the best fit. Also show n are 

dotted lines which represent the theoretical results from a perfectly truncated  

Cu(001) surface. The difference between this and the best fits serves to highlight the 

sensitivity of the technique to small changes in displacement.

The best fit is consistent w ith a top layer relaxation towards the bulk of 1.25% 

accompanied by a relaxation of the next deepest layer outw ards by 0.19%. Including 

any other layers as fit param eters did not significantly im prove the quality of the fit. 

These results give justification for allowing the top two layers to be varied in the 

analysis. This represents oscillatory m ultilayer relaxations that decay rapidly w ith  

the depth below the surface. Oscillatory behaviour is favoured by all but one of the 

results shown in table 5.1 but only w ork by Lind et al (1987) and James et al (1995) 

compare w ith the m agnitudes obtained from our analysis. Robinson's beta m odel 

(Robinson 1986) w as used to m odel the roughness. The best fit yielded a %2 of 1.42

and a ft value of 0.05 corresponding to a root mean square roughness of 0.43A.
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Figure 5.10. Schematic o f the model used to fit  the clean Cu(OOl) surface.
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A utho rs T echnique Ad12 (%) Ad23 (%) Ad34 (%)

N oonan and Davis (1982,1983) LEEDI-V -1.110.4 +1.710.6 +112

A bu-Joudeh et al (1986) LEED -2 +1.5

A lkem ade et al (1986) MEIS -212

Lind et al (1987) SPLEED -1.2 +0.9

Jiang et al (1991) MEIS -2.410.8 +1.011.0

M izuno et al (1993) LEED -0.2 -0.2

Folies et al (1986) Theory -1.4 -0.3

James et al (1995) SXRD -1.5510.5 +0.1310.4

Steadm an et al (1997) SXRD -1.2510.4 +0.1910.4

Table 5.1. Summary o f previous studies o f  Cu(OOl) relaxations. The values are given as 

percentages o f the bulk lattice parameter o f 3.615A.

5.4.5 Rod Scans: Cr on  Cu(OOl)

Since we know  that the overlayers are rough, from the growth curves, w e 

have a m ultilayer system  that cannot be m odelled as a flat layer. Even in the case of a 

subm onolayer coverage a m odel used to fit this will have several layers w here  

interlayer distances and  occupancies can vary. This may mean that we have a system  

w ith  too m any fit param eters. To reduce the num ber of param eters, a suitable m odel 

is needed to fix the layer occupancies. This enables us to find interlayer distances 

from  the best fits.

Two different coverages were grow n w ith the substrate held at room  

tem perature. From  Rutherford Back Scattering analysis they were found to

correspond to 0.5±0.05 and 1.0±0.05 m onolayer equivalents of Cu(OOl).

Figure 5.12 show s the m odel used for fitting the films. This consists of several 

Cr layers on top of a Cu(OOl) substrate. The displacements of all the Cr layers and the
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Figure 5.12. Schematic o f the model used to fit  Cr on Cu(OOl). The interlayer 
distances shown correspond to those calculatedfrom the hard sphere radii of 
the two atomic species (1.25A  and 1.28A for Cr and Cu respectively).



top tw o Cu layers can be allowed to vary. The occupancies of the Cr(OOl) layers were 

also allowed to v a ry  so that the islanding of the Cr over layer could be sim ulated.

Four s tandard  models, used for describing interface structures, have been used 

to m odel the layer occupancies of the film: Robinson's beta roughness m odel 

(Robinson 1986), a Poisson model, a linear m odel and a sinusoidal model. In 

Robinson's m odel layer j  has an occupancy of d .  In the continuous m odel of Stearns

(1989), w here the average position of the interface is z=0, the w idth of the interface <j 

is calculated by tak ing  the second m om ent of the differential of the profile function 

p(z) describing the occupation of layers.

a1 = fz2^ £ l&  (5.4)
J dz

This m odel, how ever, is not satisfactory for describing our data since w e are only 

dealing w ith  a few  atomic layers. Instead we use a discrete version of the above 

w hich has p rev iously  been used by Lohmeier et al (1994) to describe the interface 

betw een an am orphous Si layer and Si(001). Here the average position of the

interface <z> and rm s roughness cr, for a profile function 0j(a), w here j  is the layer

num ber and zj is the  height of layer j ,  are defined by:

(5.5)

a  = (5.6)

Sim plified versions of equations (5.5) and (5.6) are listed in table 5.2 next to their 

corresponding profile  functions for overlayers that have identical interlayer spacings 

betw een all of the  layers. If the spacings are not identical then the form ulae g iven 

above for <z> and c  have to be worked out explicitly. The fitting param eter used in
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each m odel is also given in the table. The value of the w idth  is used directly as a 

fitting param eter in  the linear and sinusoidal profiles.

D escription 0, <z> a

R obinson 's a J a d I -a
Va- - - - a
\ - a

Poisson
i - X ^ p WJ= 0 J ’

otd *\fad

Linear i L j<  i S a  
i S a

0 j  > 2S a

S a d cod

Sinuso idal . i r ^  o1— c o s —— j< 2  aa 
2 \2aaJ

0 j>  2aa

aad ad

Table 5.2. Useful profile functions with their corresponding average interface positions <j> and 

roughnesses a. The constant a — n /^ K 2 — 8.

The four profiles were used to calculate the occupancy of each layer. Since the 

Robinson beta and  Poisson m odel occupancies continue to infinity w ith  j  the 

num ber of layers used in the m odel was carefully chosen so that using any m ore 

w ould have a negligible effect on the quality of the fits. Following this the 

occupancies w ere all norm alised, i.e. all m ultiplied by the same factor, so that the 

total occupancy accorded w ith  the coverage found from RBS.

Several different fitting procedures were tried for both coverages. Initially,

only the param eter a  was used. Following this the displacem ents of the Cr layers 

w hich had a high enough occupancy to have an effect on the quality of the fit were 

allow ed to vary. Finally the top two copper layer displacements were also used as
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free param eters. Before fitting comm enced the displacem ents were set at values 

corresponding to Cr atom s fitting into the four fold hollow  sites of the Cu(OOl) 

surface assum ing the hard  sphere radii of both atomic species (1.278A and 1.248A for 

Cu and Cr respectively). Putting the Cr atom s into these sites is justified because the  

reflectivity is only sensitive to the out-of-plane structure of the film. To allow for the 

fact that the Cr film m ay modify the underlying Cu surface the procedure in v o lv in g

only a  as a param eter and that involving both a  and the layer displacements two 

m odels w ere fitted: one w ith  no Cu m ultilayer relaxations and another w ith the Cu 

m ultilayer relaxations found from the fits to the clean surface data. A n o th e r 

procedure allowed the Cu displacements to vary in addition to the above.

The results for the best fits to the (00/) rod are sum m arised in tables 5.3 and 5.4. 

The best fits are also show n with their corresponding rod data in figures 5.13 and 

5.14. Also show n is the prediction for a flat 0.5ML film and a flat 1.0ML film. For the

1.0ML data the prediction  for an overlayer w ith the sam e a  value as the best fit but 

w ith  interlayer spacings determ ined by the hard sphere radii of the atoms is also 

show n.

Variable

Parameters

Beta Model Poisson Model Linear Model Sinusoidal Model

a  (A) x 2 cr (A) x 2 <7 (A) x 2 <j (A) x 2
a 1.8+0.4 2.55 1.710.5 2.41 1.2±0.7 3.16 1.210.5 3.16

a* 2.4±0.5 7.82 1.4±0.6 7.91 1.4±0.7 8.07 1.410.5 8.12

a, A dCr 1.4±0.2 2.34 1.6±0.3 1.81 1.2±0.5 2.94 1.011.2 2.82

a, AdCr* 1.4±0.3 1.86 1.4±0.3 1.84 3.1±0.3 2.64 2.911.2 2.86

a, AdCr, AdCu 1.4±0.3 1.88 1.3+0.7 1.78 1.011.0 2.42 0.911.0 2.43

Table 5.3. Best fit  results to the (001) rod for the 0.5 ML film. . The * indicates that the Cu 

distances were fixed at the values foundfrom the f it  to the clean data.
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Figure 5.13. The (001) rod for 0.5 monolayers o f Cr on Cu(001). 
Also shown are the best f it  (solid line) and the prediction for 
a flat 0.5 monolayer film (dashed line).
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Figure 5.14. The (001) rod for 1.0 monolayer o f Cr on Cu (001) 
Also shown are the best fit (solid line) and two predictions: one 
for a film with the same layer occupancies as the best fit but 
with layers displacements determined from hard sphere radii 
(dotted line) and another for a fla t Cr monolayer (dashed line).



It is clear, by looking at the best fit results for the 0.5ML coverage in table 5.3,
fy

that the % is not im proved significantly by including any m ore fit param eters th an

a. If a  is the only param eter used the best fits are obtained if the substrate is bulk  

term inated rather than using the relaxations found for the clean surface. All four 

m odels are equal in describing the m orphology of the films.

Variable

Parameters

Beta Model Poisson Model Linear Model Sinusoidal Model

cr (A) x 2 G (A) x 2 a  (A) x 2 G (A) x 2
a 4.8±1.0 7.98 2.7±0.3 5.86 2.1±0.3 5.09 1.5±0.5 3.27

a* 7.7±1.8 10.20 2.8±0.3 8.49 2.1±0.3 7.91 1.510.5 5.77

a, A dCr 2.4±0.5 6.77 2.310.2 3.88 1.9±0.5 2.06 1.510.3 2.65

a, Adc * 3.3±0.6 5.26 2.3±0.2 3.87 1.9±0.5 2.32 1.510.3 3.17

a, AdCr AdCu 2.4±0.5 5.46 2.710.2 3.01 2.1±0.5 1.58 1.510.3 2.05

Table 5.4. Best f i t  results to the (001) rodfor the 1.0 ML film. The * indicates that the Cu distances 

were fixed at the values found from the fit to the clean data.

The 1.0 m onolayer coverage is different. To begin w ith there is now  a large 

decrease in the %2 of the fit w hen the interlayer displacements of the Cr layers are 

included as a fit param eter w ith the roughness param eter. However, including the  

Cu layers as additional param eters does not have a large enough effect. For 

Robinson's m odel the agreem ent is greatly im proved w ith the Cu relaxations; for 

the other m odels there is no im provem ent if we include the Cu m ultilayer 

relaxations. The best fit is obtained using the linear model. The results for this best 

fit are show n in table 5.5. The displacements show n in this table represent the  

departure of the interlayer spacings from the ideal packing of hard sphere radii. T he 

corresponding root m ean square value of the roughness calculated from the form ula 

above is 2.lA .
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Layer Occupancy Ad(A) Az(A)

1 0.51 0.35±0.09 0.35±0.09

2 0.33 0.07±0.16 0.42±0.16

3 0.16 0.10±0.29 0.52±0.29

Table 5.5. Best fit result to the (001) rodfor the 1.0 ML film.

5.5 Discussion

The results of scanning the growth in-situ  offer convincing evidence for a 

disordered three dimensional growth mode. There is no evidence of the m etastable 

fcc phase that m ight be expected from consideration of the atomic diam eters and 

high tem perature phase diagram of Cr. Such disorder m ay be due to the difference in  

surface free energies of the substrate and adsorbate atoms (1.556 and 2.006 m j/m 2 

respectively). As a result, in favour of energy considerations, the grow th may 

proceed by keeping m uch of the substrate surface uncovered. This is in agreem ent 

w ith most of the previous work but contrasts w ith the w ork by Bader et al (1987b) 

where a layer-by-layer m odel was determined. Covering of Cr structures by Cu 

substrate atoms cannot be ruled out since this would also be energetically favourable.

The in-plane scans of the 0.5,1.0 and 7.1ML films show a clear change in the 

structure of the films as a function of coverage. Only the CTRs are noticeable at 0.5 

ML. No 3x1 peaks seen by Rouyer et al (1995b) for coverages of less than 2ML are 

visible. A possible explanation is that Cr atoms are prim arily resting in four fold 

hollow sites on the Cu surface. At 1.0ML the CTRs have visibly attenuated and peaks

at (1 ±0.72 0.2) and (±0.72 1 0.2) may be starting to form. By 7.1ML the CTRs have 

disappeared alm ost totally. This effect will be due to the roughness since a rough  

surface will cause a greater fall off of intensity along the rods away from the Bragg

peaks. In contrast to this the peaks at (1 ±0.72 0.2) and (±0.72 1 0.2) are becom ing 

stronger. If a Cr film is growing in its bcc phase with its (110) axis parallel to the (001)

56



axis of the substrate and its [111] axis parallel to the in-plane [110] axis of th e  

substrate then peaks will occur at in-plane positions of (1 ±0.72 0) and (±0.72 1 0).

The correlation lengths of 50.5 and 12.3A along h and k  respectively com pare 

well w ith the island sizes of 150 to 20A found by Lawler et al (1996). The anisotropy 

in the correlation length may be due to the step density on the surface. Islands m ay 

preferentially line up w ith the edges of each terrace. A problem  w ith the calculated 

correlation lengths is that the (1 0.72) reflection in the k direction resembles a 

gaussian rather than a lorentzian curve. There may, therefore, be a significant e rro r 

in the length calculated in this direction.

All of the roughness models provide adequate fits to the 0.5ML coverage. T he

rm s values corresponding to the fit param eters for the best fits for each m odel i.e. a

equal to 0.4+0.2,1.0±0.6, 0.7±0.4 and 0.8±0.3, are 1.8±0.8, 1.710.8, 1.210.7 and 1.410.5A 

respectively. These values are quite close to each other. At this low coverage we m ay 

only be sensitive to the spread of the atomic positions in the overlayer rather th a n  

the particular model describing the roughness.

For the 1.0ML coverage the linear model gives the best fit if the displacem ents

in the film are allowed to vary. However, if a  is the only param eter allowed to vary  

the sinusoidal m odel gives a better fit. W hatever fitting procedure we adopt th e  

linear and sinusoidal m odels always give a better fit than the beta and Poisson 

models. In the case of the beta and Poisson models more layers will contribute to th e  

roughness. Both are described by mathemetical functions which tail off to infinity. In 

contrast to this the sinusoidal and linear models have an abrupt cut off w h ich  

depends on their rm s roughness values. The fit to the 1.0ML data therefore indicates 

that only a few layers are dom inant i.e. only a few layers contribute to the roughness 

of the overlayer. It is possible that the roughness of the Cu(001) surface w ill 

contribute to the roughness of the overlayer. The fits to the clean data, how ever, 

indicate that the Cu surface is quite flat. Most of the roughness we are m odelling  

will, therefore, only be due to the overlayer structure.

Since the (00/) rod is only sensitive to the out-of-plane structure the in -p lane  

structure we assume is not important. From the in-plane data for the low er 

coverages we have assum ed that the Cr atoms sit in four fold hollow  sites on th e

57



Cu(OOl) surface. The best fit to the 1.0ML data is consistent w ith  a large interface 

expansion compared to that calculated from the packing of hard spheres. There m ay 

be expansions in the interlayer spacings of the  film although the errors here are 

quite large. The comparison of this best fit m odel to the predicted fee phase of Cr o n  

Cu(OOl) gives similar results. By using the hard  sphere radius of a Cr atom (1.30A) in  

its fee form (a0=3.68A) the interlayer spacings can be predicted. Comparing the best fit 

results w ith the fee m odel still yields an  expansion at the interface. The o th er 

displacem ents are the same w ithin the range of the errors. From the best fit, 

therefore, we cannot distinguish betw een th e  two models. The only difference 

between them is the assum ed hard sphere rad ius which is either calculated from  the  

bcc or fee phase of Cr. However, we do have a definite expansion at the interface 

whichever case we assum e. If the overlayer is ferromagnetic, w hich is predicted for 

an fee lattice, the m ajority Cr d bands will be completely occupied w hilst the  

minority d bands will be nearly empty. As a result there will be as many d bond ing  

states occupied as d  antibonding states so that d cohesion becomes less im portan t. 

The atoms in the first layer will therefore not be  that tightly bound to the Cu surface 

resulting in a large distance at the interface. However, such a structure w ould be 

expected to have an increased magnetic m om ent compared to that of the bulk (see 

chapter 2). The inverse photoem ission results o f Haugan et al (1994), however, failed 

to find any significant magnetic splitting for their m onolayer structure of C r o n  

Cu(OOl) which w ould be expected for a film w ith increased magnetic m om en ts. 

M oreover, Bader et al (1987) found no evidence for ferromagnetism in their Cr film s 

and although ferrom agnetism  is predicted for the high tem perature fee phase of Cr 

param agnetism  is predicted for an fee phase of C r at the lattice param eter of Cu.

It has been h itherto  assumed that the atom s are sitting in four fold h o llo w  

positions. This m ay not be the case. If the atom s were sitting in other sites then  the

interface spacing w ould  be larger. The peaks w hich are starting to emerge at (±0.72 1

0.2) and (1 ±0.72 0.2) are an  indication that the  bcc phase of Cr is already form ing. 

Such a structure will no t sit com m ensurately on the Cu surface. The interface 

spacing will, therefore, be larger than that predicted for the packing of hard spheres 

into the four fold hollows.
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It w as m entioned earlier that, in order to lower the surface free energy, Cr 

islands could be covered w ith Cu atoms. This is a m echanism  that cannot be ru led  

out. Unfortunately, due to the similarity of the Cr and Cu scattering factors and the  

lack of features in the data we cannot justify using such a m odel to describe o u r 

results.

5.6 Conclusion

This experim ent has shown that the growth m ode of Cr on Cu(OOl) is of a 

disordered nature. Only the growth done at low tem perature has a feature w h ich  

m ay be indicative of a poorly defined layer-by-layer growth m ode. Both the grow th at 

100K and 300K follow the random  deposition model closely. By 1ML the CTRs h a v e  

already started to decay due to the islanding of Cr. This structure grows w ith its (110)

surface parallel to the (001) surface of the Cu and with its [ 111] axis parallel to the in 

plane Cu [110] axis in agreement with previous work.

The correlation lengths of 50.5 and 12.3A along h and k respectively com pares 

well w ith  island sizes from previous work.

Four different m odels were used to fit the (00/) rods for a 0.5 and a 1.0ML 

coverage. For the 0.5ML coverage all the m odels were found to describe the data 

adequately using only the roughness as a fitting parameter. H aving any additional

param eters does not significantly im prove the % . For the 1.0ML coverage th e  

sinusoidal and linear models gave the best agreem ent to the data showing that only  

a few layers contribute to the roughness of the film. Including the relaxations of the  

Cr overlayer considerably im proved the fit showing that the Cr grows w ith  an  

expanded interface spacing compared to a hard  sphere radius m odel . Including the
ry

Cu relaxations in the fit, for either coverage, d id  not significantly improve the % •
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Chapter 6

The Epitaxial Growth of Chromium on Silver (001) 

6.1 Summary

The growth m orphology and structure of u ltrath in  films of ch ro m iu m  

deposited on silver (001) have been studied in situ  by surface X-ray diffraction. 

The reflected X-ray intensity at the anti-Bragg position along the (00/) rod was 

m onitored  during grow th at tem peratures between 100K and 473K. At ro o m  

tem perature there is a steady decay of the intensity indicative of disordered 

growth. At higher tem peratures the variation of the intensity w ith time is 

consistent with coating of monolayer platelets of Cr w ith Ag. A t 100K w eak 

oscillations were observed which decayed relatively quickly. Scans along th e  

reciprocal lattice vectors perpendicular to the surface were recorded for th ree  

different coverages. Expanded interfacial spacings were found in all of the film s. 

For the two films grow n at 100K analysis of the scans indicated that a fraction of 

the films were disordered. The film grow n at a tem perature of 440K is consistent 

w ith  a model involving a layer of 78% Cr and 22% Ag sandwiched betw een a 

layer of 78% Ag and 22% Cr and the undisturbed substrate.

6.2 Background

There has been considerable interest in the properties of u ltra th in  m etallic 

films supported on oriented single crystal surfaces. The reduced sym m etry and  

atomic coordination will have a significant impact on the overlap of the atom ic 

orbitals and in consequence on properties such as m agnetism . Giant m om en ts, 

perpendicular magnetic anisotropy and giant m agneto resistance are some of th e  

effects which have been attributed to reduced dim ension (Fu et al 1985, 

G radm ann et al 1991).

Chrom ium  on silver (001) is an interesting system to study for several 

reasons. The overlap of the Ag 4d and the Cr 3d bands is sm all and the Cr-Ag 

binary system exhibits a large miscibility gap above the m elting p o in t
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(Venkatram an and N eum ann 1990). The nearest neighbour separation in fee Ag 

(2.89A), along the vector ai in figure 6.1, is 0.2% greater than the lattice param eter 

of bcc Cr (2.88A) which w ould indicate that the bulk bcc Cr phase should develop 

on the (001) face of fee Ag(001), with the bcc (001) plane parallel to the surface, bu t 

w ith  the [100] axis rotated by 45° to that of the underlying substrate as show n in

figure 6.1. O n the other hand, the surface free energy of Cr (2400mJ/m2)is

significantly greater than that of Ag (1250mJ/m ) suggesting that a flat Cr layer o n  

top of an undisturbed silver substrate is energetically unfavourable.

There have been several studies of the growth of Cr on Ag(001). N ew stead 

et al (1987) proposed from Auger electron spectroscopy that at room tem peratu re  

the grow th initially proceeds by the form ation of monolayer islands w ith perfect 

epitaxy until approxim ately 1/3 of a m onolayer and then by bilayers until two 

m onolayers are completed. Further grow th is disordered. The decay of the Ag 

surface state (Rouyer et al 1995, Krembel et al 1991b, 1992b), during room  

tem perature deposition, suggests that m ultilayer or bilayer positions m ust be 

occupied before the com pletion of a m onolayer. However, the linear decrease in  

the intensity of the same state, during deposition tem peratures between 430K and 

450K (Rouyer et al 1995, Krembel et al 1991a, Krembel et al 1991b, 1992b), is 

consistent w ith  the grow th of a flat m onolayer. The weak second order spots 

found in the LEED pattern and the symmetry in the band structure  

m easurem ents (Krembel et al 1991a, 1991c) found for this coverage, have been 

ascribed to a c(2x2) antiferrom agnetic superstructure. It has been pointed out, 

how ever, that this flat layer could actually be a Cr-Ag alloy (Ortega and H im psel 

1993). In a room  tem perature study Krembel et al (1992a) claim that, to explain 

the  features in their photoem ission data, bilayers and m ultilayers of Cr m ust be 

coated by Ag which segregates from the bulk. They found no evidence, though , 

for coating of m onolayer platelets an effect they attribute to the stabilisation of 

m onolayer structures by antiferrom agnetism . An angle resolved A uger 

m easurem ent by Johnson et al (1988) at room  tem perature and a photoelectron 

diffraction m easurem ent by Krembel et al (1991b) have both confirmed that the  

structure of the Cr overlayer was a rotated bcc structure as expected.

A recent study of Fe on Cu (001) (James et al 1995) has dem onstrated that 

the stoichiometry of the outerm ost layers can be determ ined by surface X-ray 

diffraction.
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Figure 6.1. Diagram showing the matching o f bcc Cr(001) on Ag(001).



We report here a study of the grow th and atomic structure of Cr/Ag(001) 

from  100K to 473K. The results show clearly the change in the mode of g row th  

and provide detailed inform ation on the atomic structure, the ordering and  the  

degree of intermixing.

6.3 Experimental Details

The Ag crystal sample, 8x8x1.5 mm3, was cut and polished to w ithin 0.4° of 

the (001) surface. Cleaning was done in vacuum  by repeated cycles of argon io n  

bom bardm ent and annealing to 600°C until no contam ination could be detected 

by AES. The pressure in the chamber was 8xl0'n mbar; it rose to 2xlO'10 m bar 

during  evaporation. The coverage was confirmed using RBS. Typical deposition  

rates were 21 m inutes per monolayer where one monolayer is defined as the  real 

density of a single (001) plane of bulk silver, that is, 12.0xl014 atoms cm'2.

The X-ray m easurem ents were m ade on station 9.4 at Daresbury laboratory 

as described in chapter 4.

6.4 Results

6.4.1 Grow th

Figure 6.2 show s the variation of the specularly reflected X-ray in tensity  

w ith  deposition tim e after the shutter on the vapour source was opened, for 

substrate tem peratures between 100K and 473K. The X-ray signal was recorded at a

grazing angle of 6.32° which corresponds to a scattering vector position at the  

(001) point in the reciprocal lattice of the fee structure of Ag.

The plots show a distinct change w ith tem perature. A t 100K the in tensity  

initially falls rapidly and  then shows oscillations which decay. Such behaviour is 

typical of a poorly defined layer-by-layer growth m ode. The peaks m ark  the  

com pletion of different layers; the rapid decay in their height is an indication of 

increased roughening in  consequence of the low surface mobility. At ro o m  

tem perature the intensity again initially falls but, in spite of the increased 

m obility of the adatom s, there is no evidence of any maxima.
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At substrate tem peratures above room  tem perature the intensity shows a 

noticeably different signature. The signal initially rises to a peak and then falls to 

a low  value. The peak increases in strength and sharpness w ith increasing 

tem perature . Since this m axim um  occurs at the time that the trough occurs in  

the low  tem perature data would correspond to a coverage of 1 m onolayer (ML). 

Subsequent RBS analysis showed that the Cr deposition at the peak at 473K is

0.98±0.05ML. The initial rise is inconsistent w ith  the grow th of Cr on top of an  

und istu rbed  substrate and is attributed to a more complex grow th mode. T he 

difference in surface free energies of Ag and Cr would suggest that a structure 

w ith  Cr as the top layer is energetically unstable and, if there is enough energy to 

initiate the process, will be replaced by Ag.

For grow th of Cr on bulk term inated Ag (001), the total am plitude of the  

specular scattering can be expressed using equation 5.1

F ™ '=  F £!t + '£ e „ fCrexp[2mlzJa0} (6.1)

w h e re

Fm = -------------   (6-2)
1 -  e x p [ 2 m l  -  Oq /  2/1 ]

f
•Ag

The m eaning of the term s is described in chapter 5.

Figure 2.1 show s three simple m odels w hich have been considered for the  

initial stages of growth: (a) perfect layer by layer, (b) interm ixing between the top 

layer of the substrate and the absorbate and (c) where Cr platelets are coated by Ag 

d u rin g  growth, (a) can be described by equation (6.1) using appropriate values of

0n and  Z„ determ ined by the pseudom orphic assembly of Cr atom s on the Ag (001) 

substrate and using the bulk atomic radii for Ag (1.445 A) and Cr (1.249 A). T he 

resu lt for this m odel is show n in figure 6.3a. Since the initial growth is 

determ ined by the form ation of m onolayer islands, the curve predicts an in itia l 

fall in  intensity. This is followed by a series of m axim a w hich occur at the  

com pletion of several layers. The intensity of each break varies in consequence of 

the  different scattering strengths of the two elem ents and the sm aller interlayer 

spacing in the Cr overlayer. The model does not allow the roughness to increase
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bu t this w ould cause the intensity to decay and w ould obscure further m axima at 

higher coverages.

The interm ixing show n in figure 2.1b can be described if we allow a degree 

of interchange betw een the first layer of Cr and the top layer of the Ag bulk. 

M easurem ents of Fe on Cu (001) (James et al 1995) confirm that there is 

significant interm ixing even at room  tem perature. Accordingly we have tried to 

m odel the high tem perature  grow th m ode. As in Fe on Cu (001) we lim it the 

interm ixing to the topm ost layer of the silver substrate. For the deposition up to 

the first ML of Cr the equation becomes:

K 7 ‘ = + [*0i f Cr + 0 - *0i ) / *  ]exp[2^7z0/a, ]

+[(1 -  x ) e j Cr + x d J Ag ]exp[2^7z,/a,] (6.3)

We have redefined the top layer of the substrate (n=-1) as the topm ost 

undisturbed Ag layer; the sum  extends over the two intermixed layers above. For 

sim plicity we assum e that all the atom s in a given layer are at the same height 

determ ined from  w eighted  averages of the atomic radii.

Figure 6.3b is the prediction of this simple m odel w ith  100% interm ixing. 

Figure 6.4 show s the prediction w ith  varying degrees of interm ixing x. After a 

coverage of 1ML, grow th proceeds w ith  complete Cr layers deposited onto the 

interm ixed interface. As x increases the  height of the peak at 1 m onolayer also 

increases. For the h igher values of x th is m axim um  has a higher intensity th an  

that from  the clean substrate. The m in im um  which precedes the peak does n o t 

describe the shape of the high tem perature data. This leads us to believe that 

although the coverage at 1ML has a certain am ount of Ag in the top layer, 

depending on the tem perature, the m echanism  by w hich the grow th evolves is 

different.

A better agreem ent is achieved if we allow the m onolayer platelets of Cr to 

sit on the surface and be overcoated w ith Ag. This is illustrated in figure 2.1c. 

Equation (6.1) can be modified to account for this by:

F ~  = + 6 , f '  exp[2rt/z, la, ]+ 0 J Ae exp[2mh2 la ,] (6.4)
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The distances Z\ and  Z2 corresponds to the height of the Cr platelets and  th e  

covering layer of A g respectively.

Figure 6.3c is the prediction of this sim ple model. In agreem ent w ith  the  

data taken w ith the  substrate above room  tem perature, the intensity increases to 

the maximum at 1ML , w ithout going through the m inim um  that is observed for 

intermixing. Following the coverage of a m onolayer equivalent of Cr com pletely 

covered by a Ag layer the model proceeds as Cr layer by layer growth.

The perfect layer by layer model in figure 6.3 is clearly unable to explain the 

features in the h igh  tem perature data . It also fails to explain the low tem p era tu re  

data which shows a ratio of 2:5 betw een the tim e of the first and second m axim a. 

Figure 6.5 shows the  variation of intensity predicted for a perfect layer-by-layer 

m odel (equation 6.1) but w ith the interface spacings adjusted by an a m o u n t 

show n next to each curve. As the spacing is varied, the relative strengths of the  

maxima vary. A t 0.20A expansion the strongest m axim um  are predicted at 2 and 

5 m onolayers in agreem ent w ith experim ent. The w eak peaks at 1, 3 and 4 

monolayers w ere n o t observed due to the weakness of the m easured signal.

6.4.2 Rod Scans

M easurem ents at one value of m om entum  transfer q only provide a 

lim ited picture of the  surface structure. M ore detailed inform ation was obtained 

by in terrupting  the  grow th and scanning along the (00/), (11/) and (10/) crystal 

truncation rods (CTRs). The specular (00/) rod is sensitive to the distribution of all 

the atoms in the overlayer but only along the surface norm al. By contrast, the  

non-specular (11/) and (10/) rods contain inform ation on  the atom s in the  

overlayer in registry  w ith the substrate.

Three different coverages were m easured. Two w ere grown w ith  the  

sam ple held at liqu id  nitrogen tem perature. They were grow n to the first and 

second m axim um  in the growth curve. A nother coverage was grown w ith  the 

sam ple held at 440K to the m axim um  in the intensity curve.

The low tem perature growth curve decays rapidly indicating a poorly 

defined layer by layer by m ode w ith significant roughness. The film s w ere 

m odelled by choosing a suitable function that would fix the occupancies of each 

layer of the film depending on the value of a single param eter. Some of the
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m odels used to date are the Robinson Beta Roughness model, the Poisson m odel, 

the linear model and the sinusoidal m odel (see table 5.2). All these m odels 

involve all of the layers. Since the low tem perature growth is poorly defined 

layer-by-layer m ode some of the low er layers will already be completed. It is

layers of the film since it will only be these that will contribute to the roughness. 

A suitable function that will fix the occupancies in this w ay is the Fermi function  

w ritten  below

w here N0 is the coverage in m onolayers, N  is the layer num ber, a  is a roughness 

param eter and $ is the occupancy of layer N. The value varied during fitting was

the roughness param eter a  of which a value of zero indicated a perfectly sm oo th  

surface. As the roughness param eter increases from zero the highest layers on a 

perfectly smooth film start to decrease in occupancy w hilst higher layers, 

previously unoccupied, start to become populated.

The starting poin t for the displacem ents in the models w as that calculated 

assum ing a hard sphere radius for both atomic species.

The coverage grown to the first m axim um  w ith  the sam ple held at liquid 

nitrogen tem peratures was m odelled w ith  a total occupancy equivalent to 2ML. 

This coverage is consistent w ith RBS results. The (00/), (10/) and (11/) rods w ith  

their best fits are illustrated in figure 6.6. Only six layers were used in the m odel 

because the occupancy determ ined from the equation for any higher layers w ould  

be negligible and w ould not influence the fit. How ever, out of these only the  

displacements of the m ost occupied i.e. the lowest three were allowed to vary in  

the fit. Including any more layers does not change the fit noticeably and the  

corresponding displacem ent values w ould  have very large errors. The (00/) rod 

best fit results are show n in table 6.1a. The lowest % of 1.85 w as achieved w ith  

a=0.3±0.1. The corresponding layer occupancies are also shown. The errors in th e

therefore necessary to choose another function that only involves the top few

(6.5)

w here N x = N 0 + 0.5
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three displacem ents are very large and very little can be determ ined from  them . 

H ow ever there is a definite expansion in the lowest layer of 0.41±0.10A.

If all the atoms in the resulting film were in epitaxial positions then the  

(00/) rod w ould look very sim ilar to the (11/) rod and the sam e fit results shou ld  

be satisfactory for all three rods. However, this is not the case, as can be seen from  

figure 6.6, indicating that there is substantial disorder in the films. To fit the (11/) 

and the (10/) rods it was assum ed that a certain fraction of the film consisted of 

atom s in epitaxial positions i.e. that these two rods were only sensitive to th is 

fraction. The resulting occupancies found in the fit to the (00/) rod w ere 

m ultip lied  by the same factor and then the lowest two displacem ents w ere 

allowed to vary. The resulting best fit has a m ultiplication factor of 0.5±0.2 and a

%2 of 2.75. The displacem ents are show n in table 6.1b. Again, the errors are quite 

large w ith the first displacem ent consisting of a noticeably large expansion  

similar to that found using the (00/) rod.

Layer Occupancy Ad (A) Az (A)
1 0.993 0.41±0.10 0.41±0.10
2 0.841 0.05±0.16 0.46±0.16
3 0.159 -0.43±0.78 0.02±0.78
4 0.007

Table 6.1a. Results for the (001) rod for the coverage grown to the first maximum in the 

growth curve with the sample held at liquid nitrogen temperature.

Layer Occupancy Ad (A) Az (A)
1 0.497 0.31±0.16 0.31±0.10
2 0.421 0.19±0.25 0.50±0.16
3 0.079
4 0.003

Table 6.1b. Results for the (101) and (111) rods.

The same fitting procedure was adopted for the second coverage w hich w as 

attributed to a coverage of 5ML. The (00/), (10/) and (11/) rods w ith  their best fits 

are illustrated in figure 6.7. The total num ber of layers used was 10. T he
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displacem ents betw een layers 2, 3 and 4 were kept at values determ ined from  

their hard  sphere radii. Since these layers are in the m iddle of the  film they w ill 

be less likely to succumb to low dim ensional effects and therefore be more bu lk  

like. The layers allowed to vary were 1, 5, 6 and 7. Since the layers 8, 9, 10 w ill 

have very sm all occupancy values their distances were kept constant. The best fit

results, w hich yielded a ce=0.7±0.1 and a %2 of 1.73, are show n in  table 6.2a. Yet 

again we get an expansion for the displacem ents. How ever, taking into account 

the size of the errors we can only be certain about the first layer expansion of

0.20±0.12A. This expansion is not quite as large as the 2ML film  as w ould be 

expected for a thicker film which w ould be expected to be m ore bu lk  like.

Layer Occupancy Ad (A) Az (A)
1 0.998 0.20±0.12 0.20±0.12
2 0.993 0.00 0.20
3 0.973 0.00 0.20
4 0.895 0.00 0.20
5 0.671 0.03±0.10 0.23±0.10
6 0.329 0.04±0.20 0.27±0.20
7 0.105 0.29±0.65 0.56±0.65
8 0.027
9 0.007
10 0.001

Table 6.2a. Results for the (001) rod for the coverage grown to the second maximum in the 
growth curve with the sample held at liquid nitrogen temperature.

Layer Occupancy Ad (A) Az (A)
1 0.799 0.16±0.16 0.16±0.16
2 0.795 0.00 0.16
3 0.778 0.00 0.16
4 0.716 0.00 0.16
5 0.537 0.08±0.14 0.2410.14
6 0.263 0.19±0.37 0.4310.37
7 0.084
8 0.022
9 0.005
10 0.001

Table 6.2b. Results for the (101) and (111) rods.
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A lthough the (11/) and (00/) rods are very similar for this coverage, u n lik e  

the previous overlayer, the % was im proved significantly by m ultiplying th e  

occupancies by 0.8±0.1 indicating that part of the film has atom s in non epitaxial 

positions. The layers 1, 5 and 6 were allowed to vary and gave values very s im ila r

to the (00/) rod best fit result yielding a % of 2.58. The results of this fit are sh o w n  

in table 6.2b.

The high temperature coverage consists of a m onolayer. The (00/) rod and  

the best fit result is shown in figure 6.8. To start the fitting procedure it was 

assum ed that a monolayer of Cr atom s was sandwiched betw een the substrate 

and a complete monolayer of Ag atoms. The displacem ents between the Cr 

m onolayer and the substrate and that betw een the outer Ag layer and the Cr layer 

w ere varied. H ow ever, the fit showed considerable im provem ent if a degree of

interchange was allowed between these tw o layers. The low est %2 of 2.36 was 

achieved w ith  a degree of interchange of 78±13% w ith the displacem ents sh o w n  

in table 6.3. The displacements shown are the deviations from  a m odel that uses 

the average radii of each layer to determ ine the height.

Layer Occupancy Ad (A) Az (A)
1 Chromium 0.78±0.13 0.12±0.12 0.12±0.12
1 Silver 0.22±0.13 0.12±0.12 0.12±0.12
2 Chromium 0.22±0.13 0.42±0.10 0.54±0.10
2 Silver 0.78±0.13 0.42±0.10 0.54±0.10

Table 6.3. Results for the (001) rodfor the coverage grown to the first maximum in the growth 

curve with the sample held at 44OK. The distances shown are the departures from the 

calculated distances assuming hard sphere radii.

6.5 Discussion

The derived structure of all the films have expanded interlayer separations 

com pared to a m odel that uses the hard  sphere radii of the tw o atomic species. 

W hat is, how ever, m ore surprising is the size of the expansions. For the film s 

grow n at liquid nitrogen tem perature the expansions in the  first layer are 23%
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Figure 6.8. The (001) rod for the one monolayer Cr coverage grown with 
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and 12% for the 2ML and 5ML coverages respectively w hen m easured w ith the  

specular rod. H ow ever, the size of the errors may m ean that the  expansions are 

not that large. This compares w ith the expansions found in Ag Cr superlattices 

found by Kyuno et al (1992). This large interlayer expansion is a possible 

contribution to the giant magnetic m om ent that is observed for thin Cr film s 

supported on noble m etal substrates. A larger separation w ould  cause a decrease 

in the w idth of the d band density of states due to the low er overlap of the 

orbitals. As a result of this the electron spins w ould approach a parallel 

configuration thus increasing the net m om ent of the Cr atom . The reduced 

dim ensionality and coordination of the film, alone, w ould also contribute to a 

m ore atomic like and therefore large m agnetic m om ent. The m odel w ith  

expanded interlayer spacings is also in accord w ith the grow th  analysis. It has 

been shown that expanding the interface spacings causes the m axim a at 2 and 5 

ML to become relatively large com pared to those that w ould occur at 1, 3 and 4 

ML. This will, therefore, explain the observed ratio of 2:5 betw een the times of 

the first and second m axim um  in the low tem perature grow th curve.

The expansions deduced from the (111) and (10/) rods are w ithin error the 

sam e as that for the (00/) rod for both of the low tem perature coverages. However, 

the optim um  values for the displacem ents obtained from the fit are also slightly 

smaller. If this is a true effect rather than  a result of the errors it m ay be due to the 

disorder. A disordered film w ould not have the close packing of a regular crystal 

structure.

The surface alloy that is form ed at 440K is surprising  since no bulk 

analogue of Cr and Ag exists. How ever, the driving force of the overlayer 

structure may be the difference in the surface free energies. A Cr layer supported 

on an undisturbed Ag substrate is energetically unfavourable and the energy of 

the system could be lowered if an alm ost complete Ag layer covers the Cr layer. 

Surface alloys have been reported before for systems such as Au on Cu(001) 

(W ang et al 1987), Pd on Cu(001) (Wu et al 1988) and Mn on Cu(001) (Flores et al 

1992, W uttig et al 1993) which all form c(2x2) ordered alloy structures. W hat is 

m ore surprising is the discovery of surface alloys in system s such as Fe on  

Cu(001) (James et al 1995) and Au on Ni(110) (Pleth N ielson et al 1993) w here the 

m etals are m utually immiscible in the bulk. In all of these systems the 

interm ixing of the tw o metals is limited to the top layer of the substrate. The idea
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that Cr on Ag (001) m ay form  a surface alloy is not new and has been m en tio n ed  

before as a possibility (Ortega et al 1993).

From the grow th analysis it has been concluded that interm ixing does n o t  

describe the profile of the (001) intensity versus coverage/tim e. Instead a better 

agreem ent is obtained if w e allow Ag to diffuse from the bulk to the top of the Cr 

m onolayer platelets. This growth m ode has been reported before for Rh o n  

Ag(001) (Schmitz et al 1989), Ag on P b ( ll l)  (Chen et al 1985 , Rawlings et al 1980), 

Cu on P b ( ll l)  (Rawlings et al 1980) and Fe on Au(100) (Bader and Moog 1987). In  

all of these cases the m echanism  of the growth is thought to be driven by th e  

difference in the surface free energies. They all result in sandw ich type structu res 

and likewise the result of the growth in this experim ent should be a 

A g/Cr/A g(001) sandw ich structure w ith no intralayer m ixing. How ever, the v a st 

im provem ent in the fit of the (00/) rod, caused by allowing a degree of 

interchange betw een the tw o outer layers, cannot be ignored. A possibility is th a t 

only the initial part of the growth proceeds w ith Ag atom s m igrating from  step 

edges onto Cr platelets. After a certain am ount of time, before the com pletion of 

the m onolayer, this process m ay cease. The resulting overlayer may, as a resu lt, 

give the same signature as an interm ixed overlayer. An alternative m odel could  

involve some interm ixing but w ith a dom inant contribution from coating o r 

segregation.

This is in contradiction to the model proposed by Krembel et al (1992a) an d  

Rouyer et al (1993). They propose that coating or segregation does occur but on ly  

on bilayer and m ultilayer structures of Cr. They also found that a perfect 

m onolayer of Cr can be form ed if the Ag substrate is held at tem pera tu res 

betw een 430K and 450K. The resulting structure resulted in  w eak second o rder 

spots on their LEED screen indicative of a c(2x2) super structure. They attribu ted  

the superstructure to 2D antiferrom agnetic order w hich stabilises the Cr 

m onolayer against coating by Ag and contam ination. If interm ixing does occur, 

however, it may offer an alternative explanation of the observed c(2x2) sym m etry  

i.e. it may be a direct result of the atomic structure rather than  the m agnetic  

ordering. It would be possible to form a c(2x2) structure sim ilar to M n on Cu(001), 

show n in figure 2.2, if half of the top layer consisted of Cr atoms. However, the fit 

w as consistent w ith 78±13% of the top layer consisting of Ag w hich is a long w ay 

from 50% even if the errors are taken into account. We suggest that during  th e
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growth process, w hich may be quite complex, some dom ains m ay develop w here  

the top layer consists of 50% of each atom ic species. M oreover, if the dom ains 

were small it m ay also explain w hy the LEED pattern observed by Krembel et al 

was so weak.

As show n in the section on grow th the height of the m axim um  in th e  

high tem perature grow th curves are sensitive to the stoichiom etry of th e  

overlayer (figure 6.4). The increase in the height w ith  increasing substrate 

tem perature is likely to be due to an increasing percentage of Ag form ing the top 

layer with higher tem peratures. This, itself would be a result of the increased 

mobility of the Ag atom s on or near the surface as the tem perature of the sam ple 

is increased.

6.6 Conclusion

This experim ent has show n the sensitivity of the grow th of Cr on Ag (001) 

w ith  the tem perature of the substrate. W ith  the sample at room  tem perature a 

disordered grow th m ode is found w hilst at low tem peratures a poorly defined 

layer by layer grow th is favoured. This contrasts with grow th at a higher substrate 

w here a m odel involv ing  coating of platelets of Cr w ith  Ag atoms adequately 

describes the variation  in the (001) intensity. Some interm ixing m ay also 

contribute to the grow th process.

Three coverages were m easured. Two were grown w ith the tem perature of 

the substrate held at liquid nitrogen tem peratures and one at 440K. Expanded 

interlayer spacings, compared to values calculated assum ing a hard  sphere radius, 

w ere found in all of the films. This result is also supported by the analysis of the  

growth curves. The dom inance of the peaks at 2 and 5 ML in the (001) in tensity  

has been described by a simple layer by layer growth m odel w ith expanded 

interface spacings. The 2ML coverage w as found to have only 50% of the Cr 

atoms in epitaxial positions compared to 80% for the 5ML coverage. The 1 ML 

coverage grown at 440K was described by allowing an interchange of 78±13% 

betw een the Cr layer and the top of the substrate. How ever, it as been discussed 

that intermixing alone cannot describe the variation of the (001) intensity and  th e  

structure m ay be form ed by coating of the Cr film w ith  Ag probably m igra ting

72



from  step edges. The fact that the top layer is not com pletely Ag indicates, 

how ever, that the grow th process is m ore involved than this sim ple model.
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Chapter 7

The Growth and Structure of Iron on Copper (001) 

7.1 Summary

Fe on Cu(001) is a model heteroepitaxial system. In the next section 

previous work is review ed highlighting the conflicting results w hich have been  

obtained so far. The grow th  at 300K is found to be consistent w ith  a layer-by-layer 

grow th  mode. The grow th  of each layer begins with som e lateral disorder w h ich  

becom es more ordered as the occupancy of that layer increases reaching a 

m axim um  at the com pletion of the layer. Growth begins w ith  significant 

interm ixing at the substrate-overlayer interface but som ew here betw een the tw o 

coverages of 4 and 6.2ML the interface becomes sharp. No relaxation of th e  

tetragonally distorted fee structure (face centred tetragonal or fct) to the fee or bcc 

structure is observed. Expansions at the top layer of the coverages have been  

attributed to m agnetic effects. Expansions in the interface region have been  

attributed to either m agnetism  or the m utual immiscibility of the two atom ic 

species. Finally a 4ML coverage grow n at 100K is found to be stable against 

annealing up to a tem perature of 400K.

7.2 Background

Fe exists in several different allotropes. At am bient pressure and  

tem peratures up to 910°C Fe exists in the familiar bcc ferrom agnetic phase w ith  a0 

=2.867A with a nearest neighbour distance of 2.482A (Wyckoff 1971). F rom  

tem peratures of 910°C up  to 1390°C Fe exists as an antiferrom agnetic fee (y Fe) 

phase w ith a lattice constant equal to 3.647A (Pearson 1958). From 1390°C to 

1534°C a non-m agnetic bcc phase exists (a  Fe). If the lattice constant of fee Fe is

extrapolated dow n to 20°C, using the therm al expansion coefficient of the y  Fe, it 

becom es 3.59A w ith a corresponding nearest neighbour distance of 2.54A (Glatzel 

et al 1991) this is only 0.7% smaller than the lattice constant of fee Cu. The fee
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phase w ould, therefore, be expected to grow  on Cu(OOl) w ith a slight tetragonal 

distortion to preserve the atomic volum e (see figures 7.1 and 7.2). In favour of 

th is is the m utual immiscibility of Fe and Cu in the bulk (Hansen 1953). 

How ever, the h igher surface free energy of Fe (2150mJ/m2) as com pared to Cu 

(1850m J/m 2) (M iedema 1978) w ould suggest that a layer of Fe supported by 

Cu(OOl) is energetically unfavourable. For successful layer-by-layer grow th the  

sum  of the adsorbate energy and the interface energy m ust be less than  the  

surface free energy of the substrate.

Fe on Cu(OOl) was thought to be an ideal prototypical system for studying 

overlayer grow th bu t the controversial results from experiments h a v e  

highlighted the complexity of the system. A lthough it is generally accepted th a t 

Fe does form a strained fee structure on the Cu(OOl) surface the growth up to 5ML 

and the point w here the overlayer relaxes to the bcc phase are controversial.

The first studies of Fe on Cu(OOl) go back to Haase (1956) but the first 

reliable UHV results were acquired by Jesser and M atthews (1967,1968) w here a 

stabilisation of a pseudom orphic uniaxially strained Fe fee structure was form ed. 

Cham bers et al (1987) have grown good quality fee films at room  tem perature up  

to a coverage of 5ML. Growth begins by the form ation of 2 layer deep clusters. 

After 3ML grow th proceeds as well ordered flat layers. Above 5ML the quality of 

the film dim inishes. At elevated substrate tem peratures (398K) interdiffusion of 

Fe atom s into the Cu substrate occurs w hich displaces the Cu atoms into the  

overlayer structure.

From break points in their A uger signal versus time plots N ewstead et al 

(1987) found that up  to a coverage of 4ML growth proceeded by a layer-by-layer 

m ode. These results were confirmed by G erm ar et al (1988) again by m o n ito rin g  

the Auger am plitude as a function of tim e. Using Auger Glatzel et al (1991) found  

that grow th proceeded by bilayer grow th for the first 2 bilayers. These results w ere 

confirm ed by R utherford Back Scattering analysis (RBS). Their LEED patterns 

w ere lx l  and indistinguishable from that from the clean substrate.

RHEED and XPS (Steigerwald et al 1987,1988) results suggest that significant 

Fe agglom eration occurs w ith double layer high islands for the first monolayer. A 

gradual burying of the substrate surface occurs by 5ML. After 5ML the grow th 

m ode is layer-by-layer. Some interm ixing occurs at room tem perature w hich  

becom es severe at 673K. It was concluded that 3ML films were the low est
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Figure 7.1. Diagram showing the matching o f a) fee Fe(OOl) on Cu(OOl) 
and b) bee Fe(OOl) on Cu(OOl). Also shown are the real space vectors aj, 
a2 and a3 used in describing the Cu(OOl) surface.
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coverage that could be prepared w ith  structural integrity. This growth behaviour 

is supported by the  LEED I-V, M edium  energy electron diffraction (MEED) and 

AES data of Thom assen et al (1992).

H elium  atom  scattering (HAS) has been used by A rnott et al (1992) and 

D astoor et al (1992) to monitor grow th a t 220K, 298K and 420K. At 220K growth is 

diffusion lim ited and manifests itself as a sim ultaneous m ultilayer mode. A t 

298K grow th is m ore organised w ith  deterioration in the quality of the film  

occurring at 7ML possibly due to m isfit dislocations. At 420K growth is layer-by- 

layer, how ever, A uger m easurem ents suggest that interm ixing occurs at the  

interface, that is an  epitaxial surface alloy is formed.

RHEED resu lts (Wuttig et al 1993) show irregular intensity oscillations 

below  5ML due to Fe agglomeration. After 5ML the oscillations become regular 

w ith  a m onolayer period but gradually decay as epitaxial grow th breaks dow n. 

Interdiffusion of Fe and Cu was reported for films deposited at a substrate 

tem perature of 370K. Johnson et al (1993) reported significant interm ixing in the  

early stages of g row th  w ith the form ation  of Fe inclusions in the top substrate 

layer. Above 2.8ML the growth m ode w as layer-by-layer. Detzel et al (1993) h av e  

in terpreted  their results in the form ation of bilayer grow th up  to 2ML with 50% 

Fe inclusion in  the top substrate layer. In contrast to this STM m easurem ents by 

Giergiel et al (1994) show  no evidence for intermixing and a layer-by-layer grow th 

m ode begins at a coverage of 4ML.

Using RHEED Schatz et al (1994) established that growth at room  

tem perature began w ith  bilayer form ation  for the first 2 layers which was 

follow ed by layer-by-layer growth. Between substrate tem peratures of 333-370K 

good regular in tensity  oscillations w ere observed indicating that layer-by-layer 

grow th  takes place through the w hole coverage regime. Further STM w ork by 

Johnson et al (1994) showed that Fe incorporation into the substrate occurred 

below  a coverage of 0.2ML. After this a sim ultaneous m ultilayer growth m ode 

ensued. By com paring  MEED diffraction intensities w ith scanning tunnelling  

m icroscopy (STM) results (after Thom assen et al 1992) Chambliss et al (1993) 

have applied kinem atic analysis to deduce that growth is initially poorly ordered 

layer-by-layer b u t im proves w ith coverage until the structure relaxes to the bcc 

phase. James et al (1995) has found tha t interm ixing occurs betw een the top layer 

of the substrate and first adsorbate layer. From the intensity oscillations layer-by-
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layer growth is found through the w hole coverage range until the relaxation to 

the  bcc structure. No evidence for bilayer growth is found.

The exact coverage where the film relaxes to the bcc phase is controversial. 

U sing LEED, MEED and AES Thom assen et al (1992) and W uttig et al (1993) 

observed the relaxation at 14ML. Using SXRD James et al (1995) has found a 

sim ilar value of 13ML for the bcc relaxation. However, Giergel et al (1994) h av e  

found  that the fee films show a structural instability as low as 4.6ML. This is 

a ttributed  to a dislocation netw ork w hich is the precursor to Fe formation.

Clark et al (1987) has used LEED I-V to exam ine the changes in the  

structure  of a film  grow n at 300K up  to 7ML. These changes are thought to 

correlate w ith the m agnetic state of the films. The expansions of the interlayer 

spacings are though t to be responsible for the onset of ferrom agnetism  in the  

film s (Pescia et al 1987). Expansions were also found by James et al (1995) in  

coverages as below  4ML. These were also attributed to the m agnetism  of the  

film s. The extended X-ray absorption fine structure (EXAFS) m easurem ents of 

M agnan et al (1991a, b) have also established a coverage dependent overlayer 

structure. A ntiferrom agnetism  is attributed to the fee structure of Fe w hilst 

ferrom agnetism  is ascribed to that of the distorted fee structure.

Contradictory magnetic behaviour has been reported. The Fe overlayer has 

b een  observed to be antiferrom agnetic (Macedo et al 1991), ferrom agnetic 

(A llenspach and Bischof 1992) and non-m agnetic (Bader and Moog 1987). 

Perpendicular surface anisotropy has been observed in ferromagnetic films (liu e t 

al 1988) using the polar Kerr effect. This anisotropy reverts to an in-plane 

m agnetisation for films thicker than 6ML. The m agnetic phase diagram of Fe o n  

Cu(OOl) has been m easured by Dongqi et al (1994). Three distinct magnetic phases 

h ave  been identified as a function of Fe coverage and substrate tem perature 

d u rin g  growth.

There is obviously considerable disagreem ent between different 

experim ents even  w here the same technique is employed. It is generally agreed, 

how ever, that layer-by-layer growth occurs between 5 and 10ML and that there is 

a relaxation to the bcc phase. The coverage that relaxation occurs may depend 

critically on grow th conditions, the UHV environm ent and sample preparation.

In this chapter in-situ  SXRD data is show n along w ith scans on film s 

g row n  to various coverages with the substrate held at room  tem perature. A 4ML
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film grow n at low  tem perature is scanned and then annealed and rescanned to 

see if any reordering takes place.

7.3 Experimental Details

The preparation  of the Cu sam ple was the same as described in chapter 5 

b u t the experim ent w as conducted at the ESRF on ID3. The high intensity of the 

beam  on ID3 enabled us to monitor the in-plane diffuse scattering, w hich is very 

weak, and to obtain m ore data. Fe, of purity  99.999%, was deposited from  a water 

cooled K nudsen cell. During deposition the base pressure in the cham ber 

increased from lx lO '10m bar to 5xlO'10m bar.

One m onolayer is defined as the density of a single (001) layer of bulk Cu,

i.e. 1.53xl015 atom s cm'2. The m omentum  transfer is expressed by Miller indices h, 

k and  /, referred to the tetragonal Cu(001) unit cell as defined in chapter 4.

7.4 Results

7.4.1 Growth

Figure 7.3 show s the variation of the specularly reflected intensity, at the 

(001) poin t of reciprocal space, as a function of time during  deposition for a 

substrate tem perature of 300K. The X-ray signal was recorded at a grazing angle of

7.15° w hich corresponds to a scattering vector position at the (001) anti-phase 

position in the reciprocal lattice structure of the fee structure of Cu.

In contrast to  the grow th of Cr on Cu(001) well defined oscillations are seen 

indicative of a layer-by-layer growth m ode w ith each peak corresponding to the 

com pletion of a layer. The damping of the intensity occurs as a result of increased 

surface roughness.

Also show n in figure 7.3 is the intensity of the (1 0 0.085) position of 

reciprocal space as a function of deposition time w ith the substrate at 300K. This 

position is close to  the (100) point w hich is also an antiphase position. This

position is sensitive to the (110) planes of the bulk and is therefore sensitive to 

the grow th of epitaxial islands. This is in contrast to the (001) position which is
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sensitive to all of the atoms sitting on the surface. The (100)surface point of 

reciprocal space has both the incom ing and outgoing wave vectors in the plane of 

the surface so that the beam does not penetrate the bulk. The beam is, therefore, 

no t sensitive to therm al disorder. Here oscillations also occur which are in phase 

w ith  the (001) intensity  oscillations. However, the sharp initial decrease of the  

oscillations and  the contrast to the (001) intensity m eans that some of the atom s 

are not sitting in epitaxial positions.

By m easuring  the diffuse scattering around the (1 0 0) peak the correlation 

length  can be calculated. If the peak has a profile that can be described by a 

Lorentzian then  the correlation length L is related to the resolution in reciprocal 

space Aq g iven by equation 5.2. i.e. L-2/Aq. A nother film was grown w ith the  

tem perature of the substrate at 300K but the growth w as interrupted at successive 

intervals so a full scan of the (1 0 0.085) peak could be achieved. This procedure 

w as done up  to  a coverage of 6ML. No diffuse scattering around the peak could be 

seen so the full w id th  half m axim um  (FWHM) and the height of each (1 0 0.085) 

reflection w ere m easured. The FWHM was m easured by  fitting a lorentzian peak

to the data. From  knowing the w id th  Aq can be found and the correlation length  

can be calculated. The height of the peak and the correlation length are show n in  

figure 7.4. Both oscillate in phase w ith  each other, the peaks coinciding w ith the  

com pletion of each layer.

Selected (1 0 0.085) scans are show n in figure 7.5. The absence of w ell 

defined w ings as seen for Ag grow n on Ag(100) (van der Vegt 1995) implies tha t 

there is no t a w ell defined characteristic length on the surface i.e. there are islands 

of a range of sizes.

7.4.2 R elaxation of the  Pseudom orphic fct Structure.

The energy of the strained fee structure, or fct structure, increases w ith  

coverage. E ventually  the energy will exceed that w hich is needed to form the 

relaxed bcc structure. To observe this relaxation the in-plane peaks can be 

scanned. If the  pseudom orphic Fe phase exists then  the scattering from the 

overlayer w ill coincide with that from the bulk Cu. However, relaxation of the Fe 

overlayer will m anifest itself as satellite peaks around the (2 0 0.085) peak. Up to a
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coverage of 6ML no extra peaks were seen. Scans of the (2 0 0.085) peak for several 

coverages up to 6.0ML are shown in figure 7.6.

Since the pseudom orphic Fe layer is tetragonally strained it may relax back 

to its unstrained fee structure. By scanning close to the (2 0 0.15) peak this w ould  

be seen as an asym m etry in the reflection. Scans around this reflection, for 

several coverages (see figure 7.7) have show n some asymmetry, however, this is 

due  to the rod profile and the fact that the fact that the Ewald Sphere cuts the rod 

at an angle as even the clean surface scan shows some asymmetry.

7.4.3 Rod Scans

Since interm ixing has been m entioned in the literature for this system  

(James et al 1995, Detzelef al 1993, Johnson et al 1994) it has been included in the  

analysis. In accordance w ith previous w ork interm ixing was assumed to take 

place between the top layer of the substrate and the first layer of the adsorbate 

only. The grow th m ode therefore proceeds by Fe adatoms incorporating 

them selves into the Cu(001) surface and ejecting Cu atoms becoming part of the  

first adsorbate layer. Following this grow th was assum ed to proceed by layer-by- 

layer growth. W hen fitting the data the param eter allowed to vary was the  

interm ixing degree x. This is defined as the percentage of atoms in the top layer of 

the  substrate that are Fe. The software did not allow a sophisticated fitting of the  

interm ixing degree x  so instead it was varied from 0 to 100% in steps of 5% w hilst 

other param eters w ere allowed to vary. The Fe and Cu atoms in the interm ixed 

region were assum ed to random ly occupy fee positions. Depending on the  

coverage suitable interlayer spacings w ere allowed to vary. The starting positions 

for the distances w ere calculated from the perfect pseudom orphic packing of the  

hard  spheres of Fe (1.27A ) and Cu (1.28A). The Fe radius is calculated by 

extrapolating from  the high tem perature Fe fee y  phase using the therm al 

expansion coefficient. At the interm ixed region distances were calculated using 

an  average atom m odel to determ ine the average radius of the atoms in that 

layer. In all of the films analysis began by loosing the heights of the two 

interm ixed layers and the topm ost layer of the overlayer. These layers were 

allowed to vary because the corresponding atoms will be in different 

environm ents from  their bulk and are therefore more likely to differ from
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positions calculated from their bulk radii. Furtherm ore the layers were varied as 

a single integral unit. The in-plane lattice param eter of the Fe overlayer (2.55A) 

was kept constant during the analysis. M uller et al (1995) varied the in-plane 

param eter in their LEED analysis and although the fits were improved the results 

w ere ultim ately dom inated by the vertical spacings. The model used in the 

analysis is show n in figure 7.8.

Three different coverages were grow n and m easured at 300K: a 4ML 

coverage, since a change in the grow th and structure of the film occurs at this 

point, an 8ML coverage, which is a fairly high coverage bu t is still below the point 

w here relaxation to the bcc phase occurs, and a 6.2ML coverage w hich is 

approxim ately betw een the two. The rod data w ith their corresponding best fits 

are show n in figures 7.9-7.11. The best fit results are presented in table 7.1 in the

form of changes in interlayer distances Ad rather than in height Az.

For all of the coverages the heights of the top intermixed layer (Az . j j ) and

the height of the outerm ost layer ( tSz.iA, Az.]>6, Az .1>8 for the 4, 6.2 and 8ML 

coverages respectively) were allowed to vary. The 4 and 6.2ML fits were 

im proved by including the bottom  interm ixed layer (Az_10>). The 4ML coverage fit 

w as significantly im proved by including the height of the first complete Fe layer 

above the interm ixed region (Az_i2). Interm ixing did not improve the fits to the 

rod data for the 6.2ML and 8ML coverages. In contrast to this the fit to the 4ML 

coverage data w as im proved greatly by  including intermixing resulting in a value 

of 75%.

Coverage

ML
x &d_io (A) Adoj (A) Adu  (A) &douter (A) x 2

4.0 0.75 0.050±0.03 0.020±0.03 0.050±0.03 0.082±0.03 3.63

6.2 0.00 0.007±0.03 0.061±0.03 0 .0 0 0 0.103±0.03 3.18

8.0 0.00 0 .0 0 0 0.064±0.03 0 .0 0 0 0.03510.03 3.50

Table 7.1. Best fit results to the rod data.
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Figure 7.8. Schematic o f the model used to fit Fe on Cu(001). The interlayer 
distances shown correspond to those calculated from the hard sphere radii of 
the two atomic species (1.27A and 1.28A for Fe and Cu respectively). The 
distances do,.], doj and dj^ were calculated using an average atom model. The 
distances therefore depend on the degree o f intermixing at the interface.
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7.4.4 The Stability of the 4ML Structure Grown at 100K

The room  tem perature grow th curves show that the growth proceeds in  a 

layer-by-layer m ode. Previous w ork has show n that w hen Fe is grown at low  

tem perature significant islanding of Fe is observed (James et al 1995). It w ould  be 

interesting to see how  stable a film grown at low tem perature is w ith  

tem perature .

A 4ML coverage was grown w ith the substrate held at 100K. Following th is  

the (11/) rod w as m easured whilst the sample was still at a tem perature of 100K. 

The sam ple w as then  annealed to 300K and the (11/) rod was m easured again. 

Since no real change occurred in the m easured rod a further anneal to 400K was 

done. The sam ple w as then cooled down to 300K and the (11/) rod was m easured . 

All of these rods are show n in figure 7.12 along w ith the equivalent rod taken  

after growth of a 4ML coverage w ith the substrate held at 300K.

7.5 Discussion

The in-situ  grow th scans show that growth proceeds as a layer-by-layer 

mode. No evidence of bilayer grow th is seen. The difference in the (100) and (001) 

intensities show  that not all of the atoms sit in epitaxial positions on the Cu(001) 

surface. Analysis of the (1 0 0.085) peak shows that the correlation length as w ell 

as the peak height oscillate. They both oscillate in-phase w ith each other and th e  

m axim a coincide w ith  the completion of successive layers. The fact that th e  

correlation length reaches a m axim um  at layer com pletion shows that the layers 

m ay grow initially w ith  some lateral disorder but as m ore atom s are deposited 

they become m ore ordered. However, since no diffuse scattering around th e  

peaks could be seen the changes in the w idth  of the (1 0 0.085) peak m ay ju s t 

reflect changes in its height.

No bcc relaxation was seen up to coverages of 6ML disagreeing w ith  th e  

results of Thom assen et al (1992) and W uttig et al (1993) w ho saw a s truc tu ra l 

stability as low as 4.6ML. No fee relaxation was seen either, indicating that th e  

tetragonally distorted fee structure is stable up to 6ML.

Only the fit to the rod scan for the lowest coverage of 4ML was im p ro v ed  

significantly by introducing intermixing as an extra param eter. The high value of
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75% indicates the importance of including this. This im plies that at a fu rther 

coverage of an extra 2.2ML making a coverage of 6.2ML the interface region is no  

longer interm ixed or at least the interm ixing as been significantly reduced so that 

it is undetectable. The structure, therefore, reorders itself betw een 4ML and 6.2ML 

resulting in a sharp  interface.

The expansion of the top interlayer spacings could be due to the fee 

relaxation. Since the nearest neighbour distance of fee Fe (2.54A) is lower th an  

that of Cu (2.56A) the in-plane lattice spacing of the fee Fe is stretched and the out- 

of-plane spacing correspondingly contracts to preserve the atomic volum e and 

producing  an fct structure. However, relaxation to the fee phase will result in an 

expansion of 0.02A. The only comparable expansion is that for the 8ML coverage. 

M agnetic effects m ay also play a role in  expanding the layers further. An increase 

in the  m agnetic m om ent, for instance, is associated w ith  an increase in the  

atom ic volum e. The expansion at the interface may also be due to m agnetic 

effects but could also be due to the m u tua l immiscibility of the Fe and Cu atom s. 

Since they are sharing the same surface they may m axim ise the distance betw een 

them  by increasing the spread of heights in the layer and  thus increasing the  

average height of the layer.

Since there were no significant changes in the (11/) rod  for 4ML film grow n 

at low  tem perature w hen it was annealed to 300 and 400K this coverage m ust be 

rem arkably stable. No expected reordering of the film occurs and none of the rods 

com pare very well to the (11/) rod of the 4ML film grown at 300K.

7.6 Conclusion

The grow th m ode of Fe on Cu(001) is layer-by-layer w ith  intermixing at the  

interface which is reduced with coverage. By a coverage of 6.2ML the in term ix ing  

is no longer detectable. No bilayer grow th was detected.

No relaxation of the tetragonally strained fee structure to the fee or bcc 

phases was found up  to a coverage of 6ML.

The calculated correlation length oscillates such tha t the m axima coincide 

w ith  the completion of each layer indicating that grow th of each layer begins 

fairly disordered bu t gradually becomes more ordered as m ore atoms occupy the  

layer. However, since no scattering could be seen around the  (1 0 0.085) reflection
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the correlation length  was calculated from  the w idth  of this peak and not the  

diffuse scattering. The change in w id th  and, therefore, the change in the  

correlation length could  be due to changes in the height of the peak.

O ut-of-plane expansions have been found in the top layers of all of the  

coverages. Only the 8ML expansion could possibly be due to the fee relaxation 

alone. The m agnetism  of the layers could therefore play an im portant role in the  

structure of the films. Expansions at the interface could also be due to m agnetic 

effects although the immiscibility of the two atomic species may also expand the  

layer spacings in th is intermixed region.

A 4ML coverage grown at low tem perature has been found to be very  

stable w hen annealed to 300 and 400K. This structure is very different to tha t of 

the 4ML coverage g row n with the substrate held at 300K.
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Chapter 8

Summary and Suggestions for Future Work 

8.1 Introduction

Surface X-ray Diffraction has been used throughout this thesis to study the  

system s Cr on Cu(OOl), Cr on Ag(OOl) and Fe on Cu(OOl). Auger electron 

spectroscopy (AES) was also used to m onitor the substrate surfaces for 

contam ination. In this way the cleanliness of the substrates could be checked 

before deposition of the adsorbate m aterial as the growth m ode may depend 

heavily on the im purity  level. R utherford Back Scattering (RBS) was em ployed 

ex-situ for coverage calibration. Sections 8.2, 8.3 and 8.4 sum m arise the im portan t 

results from the Cr on Cu(OOl), Cr on  Ag(OOl) and Fe on Cu(OOl) systems 

respectively. Finally section 8.5 presents som e suggestions for future work.

8.2 The Growth and Structure of Cr on Cu(OOl)

Previous w ork on Cr on Cu(OOl) is controversial. The possibility of 

stabilising the high tem perature fee phase of Cr on Cu(OOl) is one reason w hy 

there is an interest in the system. The m ajority of previous w ork has h o w ev er 

show n that a highly disordered bcc phase is supported on Cu(OOl) w ith the Cr(llO) 

planes parallel to the Cu(OOl) surface. The experimental results, presented in  

chapter 5, dem onstrate the pow er of SXRD for determ ining growth m odes and 

structures even w hen an overlayer consists of disordered islands.

The antiphase (001) point of reciprocal space was m onitored during growth. 

The featureless decay, exhibited at all substrate tem peratures, is ascribed to a 

disordered growth mode. The growth perform ed at 100K and 300K gave a rapid  

decay of the (001) intensity. At higher tem peratures the decay rate was found to 

decrease. By using kinematical theory it w as found that the grow ths at 100 and 

300K follow a random  deposition model w here there is no surface diffusion and 

the atoms just stick to the closest epitaxial position on the surface. The grow th is 

therefore diffusion limited. The decreased fall off of the intensity at h igher
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tem peratures is due to an increase in surface diffusion allowing interlayer m ass 

transport.

By m easuring the in-plane reflections along chosen direction in reciprocal 

space the grow th of a thick film was found to grow w ith  Cr(llO) parallel to 

Cu(OOl) and C r [ l l l ]  parallel to Cu[110] along w ith  the other orien tations 

predicted from the 4mm sym m etry operations. This agrees well with p rev ious 

w ork. By fitting a Lorentzian curve to the (1 0.72) peak the correlation lengths 

w ere found to be 50.5A, along h, and 12.3A, along k, respectively. This is 

com parable w ith island sizes found by Lawler et al (1996). The anisotropy of the 

island size could be due to the terrace size on a stepped surface.

The specular reflectivities from a 0.5 and 1.0ML film, grown at room  

tem perature , were m easured. Four different m odels w ere used to fit the data: 

R obinson 's beta roughness m odel (Robinson 1986), a Poisson model, a linear 

m odel and a sinusoidal model. For the 0.5ML coverage only the roughness

param eter significantly decreased the x2- All of the m odels described the data 

equally well giving similar rm s roughness values. For the 1.0ML coverage the 

linear and sinusoidal m odels give the best results. The fits are significantly 

im proved if the interlayer distances are used as fit param eters. Such a procedure 

yields a large interface spacing which could be m agnetically driven or maybe 

sim ply  due to the different electronic environm ent at the interface.

8.3 The Epitaxial Growth of Cr on Ag(001)

It has previously been show n for Fe on Cu(001) tha t SXRD is a pow erful 

technique for m easuring the exact stoichiom etry of the surface (James 1995) as 

well as determ ining interatom ic distances and growth m odes. A lthough the bcc

Cr lattice is well m atched to the fee Ag(001) surface if it is rotated by 45° the surface 

free energies of the substrate and adsorbate m ake it unlikely that a flat Cr layer 

will form  on the Ag(001) surface.

The evolution of the (001) intensity during grow th is very sensitive to 

tem perature. At 100K rapidly decaying oscillations are indicative of a poorly 

defined layer-by-layer growth m ode w hereas at 300K a featureless decay is 

a ttributed  to a disordered growth mode. At higher tem peratures there is an in itial
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rise in intensity  the m axim um  increasing w ith increasing tem perature. U sing 

kinem atical theory, it has been dem onstrated that the m axim um  occurs because 

the over layer film has Ag mixed w ith it. The exact height of the initial m ax im u m  

has been show n to be very sensitive to the am ount of Ag in the top layer of an 

interm ixed layer. Since intermixing predicts an initial decay before the m ax im u m  

it does not describe the  initial rise seen in the data. It has been shown that coating 

of Cr layers by Ag, w hich predicts an initial rise, is a m ore likely scenario.

Three coverages were m easured being chosen due to the features that occur 

in the grow th curves. The first and second m axim um  in the low tem pera tu re  

curve and the m axim um  at 440K were chosen has stopping points for the grow th.

The ratio of the  times that the first and second m axim a occur at 100K is 2:5 

suggesting that they correspond to 2 and 5ML. The prediction for the (001) 

intensity for layer-by-layer growth w ith an expanded interface spacing gives very  

low  m axim a at 1, 3 and 4ML im plying that they w ould not be seen in a real 

experim ent. Since the  growth at 100K is not perfect layer-by-layer a sensible 

function needed to be chosen that fixed the occupancies in each layer of the  

m odel. The Fermi function was found to be suitable. Using this function and 

then  fitting to the specular rod data large interface spacings were found as 

predicted by the grow th  analysis. The best fits to the (110) and (100) rods w ere 

different. To fit these the layer occupancies were m ultiplied by a constant factor: 

0.5 for the 2ML coverage and 0.8 for the 5ML coverage thus indicating that only 50 

and 80% of the atom s are in epitaxial positions in the 2 and 5ML coverages 

respectively.

G row th to the  m axim um  at a substrate tem perature was found, by 

Rutherford Back Scattering (RBS) analysis, to correspond to 1.0 ML. The best fit to 

the specular rod data  corresponded to a Cr film which had  intermixed w ith  the  

top layer of the Ag substrate. The best fit was achieved w ith  a percentage of A g in  

the top layer and therefore percentage of Cr in the original top layer of the  

substrate of 78±13. The atoms in these two layers were found to have an expanded 

volum e possibly linked to giant magnetic moments. The fact that the adsorbate 

atom s mix w ith the substrate tells us that the grow th m ode m ust be quite 

complex. W hereas the (001) intensity during growth is described well by a m odel 

involving coating of Cr layers by Ag intermixing is also taking place.
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8.4 The Growth and Structure of Fe on Cu(OOl)

From the evolution of the (001) intensity, which exhibits parabolic 

oscillations, it can be concluded that Fe grows on Cu(001) in a layer-by-layer 

fashion. The (100) intensity also oscillates in phase w ith the (001) but it decays 

m uch faster initially. This is due to som e of the atoms in the film occupying n on - 

epitaxial positions. N o growth m ode th a t begins w ith the form ation of a bilayer 

w as found.

The diffuse scattering around the in-plane (1 0) position of reciprocal space 

gives inform ation on the correlation length of the overlayer. No diffuse 

scattering could be seen in this experim ent so the w idth of the (1 0) peak was used 

to calculate the correlation length. The resulting correlation length oscillated in  

phase w ith the heigh t of the (1 0 0.085) peak. This could be due to the Fe islands 

ordering at the com pletion of each layer bu t it could reflect changes in the heigh t 

of the peak.

By scanning close to the in-plane (2 0) position it is possible to determ ine if 

the Fe film has relaxed from a tetragonally distorted fee structure to its fee 

structure or even to its more com m only known bcc structure. No relaxation to 

the fee or bcc structure of Fe was found.

From scanning crystal truncation rods for a 4, 6.2 and 8ML film it has been 

found that the top interlayer distance is expanded compared to a m odel that uses 

the fee Fe atomic radius. This expansion could be due to enhanced m agnetism . 

Expansions have also been found at the interface. For the 4ML film in term ix ing  

betw een the bottom  layer of the film and  the top layer of the substrate was found  

to be 75%. No interm ixing was found for the 6.2 and 8ML films suggesting th a t 

the interface becom es sharper during grow th from 4 to 6.2 ML.

By com paring crystal truncation rods it has been found that a 4ML coverage 

grown at 100K is rem arkably stable to annealing up to 300 and 400K. The structu re  

of the film differs from that of a 4ML coverage grown at 300K.

8.5 Suggestions for Future Work

Previous w ork using SXRD, including the work in this thesis, shows that it 

is a powerful technique in studying surface and interface structures. T he
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sensitivity of the X-ray intensity to the grow th m ode has been demonstrated in  

the systems studied in this thesis w hich include layer-by-layer, islanding and 

alloying of the substrate and adsorbate atomic species. The sensitivity of the X-ray 

scattering to stoichiom etry is most noticeable in systems where there is a large 

difference in the atomic num ber of the elem ents e.g. in Cr and Ag which h ave  

atom ic num bers of 24 and 47 respectively.

The h igh  intensity and high brilliance of the ESRF and other new  

synchrotron radiation  sources enable additional w ork to done in this field. 

Typical grow th rates in an experim ent involve growing a monolayer every 10 

m inutes. W ith higher intensity grow th rates could be increased so that the  

grow th  m ode could be m easured as a function of deposition rate. The results 

from  such an experim ent could explain why there are so many contradictory 

resu lts for the sam e system. In addition systems could be m easured whilst being 

g row n at the fast rates used in fabricating electronic devices. Another possibility is 

the  m easurem ent of the weak diffuse scattering w hich provides in form ation  

abou t island size and distribution.

Currently beam tim e at the ESRF is limited. To further work in this field a 

UK facility is needed w ith  higher intensity than can be provided by the existing 

source at Daresbury. One possibility is for a grazing incidence diffractometer 

sta tion  to be added to the planned m ultipole wiggler on line 6 at Daresbury. 

A nother option involves the proposed storage ring Diam ond.

Since X-rays are not lim ited to the solid vacuum  interface the change in  

structure of a surface could be m easured as a function of gas pressure. Such an  

experim ent w ould, however, need a high pressure vacuum  chamber. This w ould  

n o t be possible for techniques which em ploy low energy electrons since they need  

a h igh  vacuum  environm ent.

The w ork in this thesis has show n the existence of two surface alloy 

systems: high tem perature growth of Cr on Ag(001) and room tem perature 

grow th of Fe on Cu(001). Other possibilities involve the ordered alloy systems M n 

on  Cu(001), Pd on Cu(001) and Au on Cu(001). A full out-of-plane analysis could 

accurately m easure the outward relaxation of the corrugations in the alloy layer. 

The latter two are particularly attractive due to the difference in the atom ic 

num bers of the two atomic species. Au grown on Ni(110) is also a possibility 

w here the difference in atomic num ber is advantageous. There is no evidence of 

any ordering of the alloy structure but m easurem ents of reflectivity and crystal
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truncation rods w ould  allow an accurate determ ination of the degree of 

interm ixing and the relaxations of the layers perpendicular to the surface.
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Appendix A

The Simplification of Equation 3.17.

It was m entioned in chapter 3 that equation 3.17 i.e.

- ik \r - r '\

E,(r) + E Jr)  = E ^  -  reE0 f   dE (A l)
J | r — r  |

could be sim plified. To do this w e make use of the experimental situation w here 

the point of observation will be at a distance large compared w ith the d im ensions 

of the sample. The experim ental geometry is show n in figure A l. We can 

approxim ate the G reen's function exponential since we know r ’ is small.

| r  -  r' | = (r2 + r12 -2r. r f = (r2 -  2r. rf )lfl (A2)

and then use the binom ial expansion

2r. r \ 1/7 2r'cos0, , ,
| r - r |  = r ( l  =— = r ( l -------------) = r - r J cosO (A3)

r 2 r

so that

A jr - r '|=  kr-kr* cosG (A4)

where 6  is the angle between r  and i* . If we define kf to be a vector in the sam e 

direction as r  w ith m agnitude k  then

^ r - r ’I ^ r - l q . r '  (A5)

If we substitute this result into equation (3.19) and ignore the last term  for the 

denom inator of the Green's function then we get
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r - r

Detector

Scatterer

Figure A l. The relationship between the vectors k j, k f, r  and r \



p - i k r

E,(r) + E,{r )  = E # * *  -  reE0 —  f e‘k' - ' p ( r '  )e"k"''dr' (A6)
r J

so that we obtain  equation 3.18.

Es(r) = - r eE0 —  \e" '' p(r')dr' (A 7)
r  J

where q  =  k f - .k . the momentum transfer vector, and k j and k f  are the incident 
and scattered wave vectors.
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Appendix B

Evaluation of the Area Element in Terms of the Miller Indices.

In deriving the integrated intensity it is useful to express the area e lem en t 

in term s of the Miller indices (see chapter 3). Treating the Miller indices as 

continuous an area element in reciprocal space will have the form

dA= | bj x b21 dhdk (Bl)

Using the definitions of the reciprocal lattice given by (3.38)

dA = 4/r
(a2 xa3)x(a3 x a,)

(a, a2x a 3)
dhdk (B2)

and then m aking use of the vector identity

Ax(BxC) = B(AC)-C(AB) (B3)

will yield

dA = 4 jf
a3(a2 x a3 ai) -a, (a2xa3 a3)

(a, a2 xa 3)
dhdk (B4)

Since a2 x a3 • a3 = 0 and observing the cyclic order of the triple product so th a t 

ai ' a2 x a3 = a3 ' a i x a2 we obtain

47T2dA = ,— -— rdhdk
K xa, (B5)

bu t the denominator is the area of the unit cell Av. So that equation (Bl) can be 

rew ritten as

93



4 j f 2
dA =  dhdk

A.. (B6)
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Appendix C

Publications and Reports

Publications

Relaxation o f TiO2(110) - ( lx l)  using Surface X-ray Diffraction

G. Charlton, P. B. Howes, C. L. Nicklin, P. Steadman, J. S. G Taylor, C. A. Muryn,

S. P. Harte, J. Mercer, R. McGrath, D. Norman, T. S. Turner and G. Thornton,

Phys. Rev. Lett. 78 (1997) 495-498

The Growth o f Sm on Mo(llO) Studied by Surface X-ray Diffraction 

C. L. Nicklin, C. Norris, P. Steadman, J. S. G. Taylor and P. B. Howes,

Physica B 221 (1996) 86-89

Oxygen Modified Growth of Gd on(110)

S. N. Mozley, C. L. Nicklin, M. A. James, P. Steadman, C. Norris and  M.

L ohm eier,

Surf. Sci. 331-333 (1995) 961-964

The Growth and Atomic Structure of 3d Metal Films on GaAs(OOl)

M. A. James, C. Norris, C. L. Nicklin, P. Steadman, R. G. van Silfhout and P. B. 

Howes,

To be published

Interdiffusion and Roughening of Ultrathin Films of Cr on Ag(OOl)

P. Steadman, C. Norris, C. L. Nicklin, N. Jones, S. A. de Vries, J. S. G. Taylor and S. 

L. Bennett 

To be published

The growth and Structure of Cr on Cu(OOl)

P. Steadman, C. Norris, C. L. Nicklin, N. Jones, G. Charlton, J. S. G. Taylor and S.

L. Bennett
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To be published

Reports

Oxygen Modified Growth of Gd on Mo(llO)

S. N. Mozley, C. L. Nicklin, M. A. James, P. Steadman, C. Norris and M. 

Lohm eier,

Daresbury Annual Report 1994/95 p. 650-651

The Growth of Sm on Mo(110) Studied by Surface X-ray Diffraction 

C. L. Nicklin, C. Norris, P. Steadman and J. S. G. Taylor,

Daresbury Annual Report

Surface Reconstructions of InSb(OOl)

N. Jones, C. Norris, C. L. Nicklin, P. Steadman, S. H. Baker, J. S. G. Taylor, A. D. 

Johnson and M. S. Finney 

Daresbury A nnual Report

Stabilisation of 3d Metal Overlayers on GaAs(OOl)

M. A. James, C. Norris, C. L. Nicklin, P. Steadman, R. G. van  Silfhout, A. D. 

Johnson and T. S. Turner,

Daresbury Annual Report 1994/95 p. 644-645

The Epitaxial Growth of Cr on Ag(001)

P. Steadman, C. Norris, C. L. Nicklin, N. Jones, J. S. G. Taylor, S. de Vries and S. L. 

B ennett

Daresbury A nnual Report
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