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Effects of composition-dependent interatomic interactions on alloying at the CrÕFe„100… interface
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Energetic factors that govern intermixing and alloying at the Cr/Fe~100! interface are discussed and applied
quantitatively in a model based on locally composition-dependent, surface enhanced Cr-Fe interactions. The
calculations, employing the free-energy concentration expansion method without any adjustable energetic
parameters, are in good agreement with scanning tunneling microscopy results for Cr growth on Fe~100!, as
reported previously by Davieset al. @Phys. Rev. Lett.76, 4175~1996!#. Following a moderate, mixing related
increase in Cr surface fraction, at;1 ML deposited Cr coverage, a sharp transition from a low;10% value
to ;30% Cr is predicted. This transition is closely associated with a change of sign in the composition
dependent effective pair interactions reported for this system. According to the calculations for deposited
coverages>2 ML, a pure Cr layer is separated at the surface, with 1–2 layer sharp interface and slightly
Cr-mixed iron layers underneath. At submonolayer Cr deposited coverages only the latter, diffuse part of the
interface prevails. Calculated short-range order pair probabilities at the alloy surface and in the bulk agree with
experimental values.
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I. INTRODUCTION

Properties of thin metal films grown on metal surfac
have drawn considerable interest in recent years. In m
systems the interface between substrate and film is
atomically flat, but intermixing and alloy formation occu
Effects of interatomic interactions on metal-metal interfac
phenomena have been extensively studied, mostly for al
with an ordering tendency.1 By ‘‘ordering’’ or ‘‘mixing’’ it is
meant thatA atoms inA-B alloy tend to be preferentially
surrounded byB atoms~being the energetically more favo
able configuration!, as opposed to ‘‘demixing’’ or phase
separation tendency to clustering of like atoms. Somew
less attention has been paid to alloys and thin films with
tendency for phase separation,2,3 and to binary systems with
concentration-dependent interactions as Fe-Cr~Refs. 4,5! or
Fe-Al.6 The structural origin of magnetic properties relat
to the topmost deposited layers of Cr on Fe~001! ~Refs. 7,8!
has been investigated by scanning tunneling microsc
~STM!.9 In contrast to the formation of a chemically abru
interface, growth at 573 K leads to the formation of a Cr-
alloy observed as a distribution of single atomic Cr impu
ties dispersed in the Fe near-surface substrate for ov
coverages under one monolayer~ML !. ~Only after 2–3 ML
Cr deposition does the topmost surface become domin
by Cr.9! Monte Carlo simulations withab initio calculated
interactions in the dilute limit10 has confirmed the above an
together with other experimental findings,11 it has been con-
cluded that Cr-Fe mixing tendency induces strong diffus
of Cr into subsurface Fe layers.

However, with increasing Cr concentration in the all
the Cr-Fe interaction energetics become even more comp
Thus, diffuse-neutron scattering and resistivity measu
ments performed on Fe12cCrc alloys, revealed a change o
sign of the short-range-order parameters nearc50.1.4,12 The
alloys exhibit short-range clustering~demixing of Fe and Cr!
at c.0.1 and a tendency for ordering atc,0.1. This inver-
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sion of short-range order~and of the pertinent Cr-Fe interac
tions! was predicted also by generalized perturbation met
calculations.5

The present work was motivated by the realization t
the limit of the low-coverage Cr surface fraction observed
Fe~100! was indeed aroundc50.1. Therefore, variations o
surface and interface layer concentrations with Cr cover
have been evaluated by means of the recently publis
equilibrium statistical-mechanical ‘‘free-energy concent
tion expansion method’’~FCEM!,1,13 while using the above
mentioned concentration dependent interactions~including
extrapolation to the Fe-rich region!. The results are com
pared with the STM experimental data over a wide range
Cr deposition coverages. A complete theoretical evalua
of the phenomena studied also have to take into acco
kinetic constraints. However, since the reported experime
data most probably correspond to some steady state co
tions, a near-surface ‘‘local’’ equilibrium~including short-
range order! within the first several outmost atomic laye
was assumed in the FCEM calculations. As is shown, du
the decisive role of the change in sign of the Cr-Fe inter
tions near Cr concentration;0.1, such a simplified assump
tion accounts very well for the experimental data, and p
vides new insights into this prototypical metal-met
interface problem.

II. THEORETICAL APPROACH
AND ENERGETIC PARAMETERS

The equilibrium state of alloy surfaces and surface allo
is calculable from the system free energy with pair inter
tion parameters and entropic contributions.13 However, since
in the present study the interatomic interactions depend
the alloy configuration, some revision of the alloy Ham
tonian and the corresponding free-energy is needed. The
mulas we derive are applied to a near-surface alloy thin fi
©2002 The American Physical Society04-1
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with Cr concentration that depends on the overall Cr dep
ited coverage.

Using an Ising-like model in which ‘‘spin’’ variables$s i%
describe site occupations, we sets i equal to 1(21) if the
site i is occupied by anA(B) atom. For the case at han
A5Cr atom andB5Fe atom. The alloy configurational en
ergy can then be written as1

E5
1

4 (
$mn%

~Vmn
AA1Vmn

BB12Vmn
AB!

1
1

2 (
p

S (
mPp layer

~Dhp1DHp
s!smD

1
1

2 (
$mn%

Vmnsmsn , ~1!

whereVmn
AA , Vmn

BB , andVmn
AB5Vmn

BA are the interaction energie
between the corresponding atoms at sitem and at siten,
$mn% denotes a pair of lattice sites, and the effective p
interactions readVmn5

1
2 (Vmn

AA1Vmn
BB22Vmn

AB).
As can be shown,1 Dhp andDHp

s account for the differ-
ence inp-layer tensions between pure constituents~related to
the difference inA-A andB-B interaction energies! and for
atomic size mismatch~e.g., elastic! energy, respectively. In
accordance with the Ising model, these terms, multiply
the ‘‘spin’’ variables, contribute to the ‘‘p-layer fields.’’1

SubstitutingVmn
AB5 1

2 (Vmn
AA1Vmn

BB22Vmn), in Eq. ~1! leads
to

E5
1

2 (
$mn%

~Vmn
AA1Vmn

BB!

1
1

2 (
p

S (
mPp layer

~Dhp1DHp
s!smD

1
1

2 (
$mn%

Vmn~smsn21!. ~2!

In principle, all three types of interactions (Vmn
AA , Vmn

BB ,
and Vmn

AB) can depend on the alloy concentration, or mo
specifically, on thelocal average concentration of an atom
cluster, surrounding a pair of lattice sitesm andn. However,
the most important configuration-dependent contribution
interactions, and the one which is responsible for a tende
to order or cluster, is related to the last sum containingVmn .
The first sum does not depend explicitly on the alloy co
figuration$sm%, although a weaker dependence on local c
centration can exist. Thus, in the present work, we omit
first sum and the following formula for the configuratio
energy is used as a first attempt to take into account
concentration-dependent order-disorder tendency:

E5
1

2 (
p

S (
mPp layer

~Dhp1DHp
s!smD

1
1

2 (
$mn%

Vmn~smsn21!. ~3!
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Noting that^sm&52cm21, wherecm is the site concen-
tration, and that the Bragg-Williams~BW! configurational
entropy ~for a random alloy! is given by1 SBW

52k(pNp@cpln(cp)1(12cp)ln(12cp)#, the corresponding
free energy of an alloy with a set of concentrationscp(p
51,2, . . . ) of layers havingNp sites is in the BW-type ap-
proximation

FBW85kT(
p

Np@cpln~cp!1~12cp!ln~12cp!#

1
1

2 (
p

@Np~Dhp1DHp
s!~2cp21!#

1
1

2 (
$mn%

Vmn@~2cm21!~2cn21!21#. ~4!

Contributions of short-range order to the alloy free-ene
can be taken into account by means of the approxim
FCEM formula1,13

F5FBW81DFSRO ~5!

with

DFSRO52kT(
$mn%

cm~12cm!cn~12cn!

3FexpS 2
2Vmn

kT D1
2Vmn

kT
21G . ~6!

Further, the probability of finding a Cr-Cr pair on th
alloy lattice sitesm andn13 is given by

pmn5cmcn2cm~12cm!cn~12cn!F12expS 2
2Vmn

kT D G
~7!

which differs from the valuecmcn , for the pair probability in
a completely random alloy. Correspondingly, the occupat
probability of then site by a Cr atom under the condition th
the m site is also occupied by a Cr atom is

p̃mn5
pmn

cm
5cn2~12cm!cn~12cn!F12expS 2

2Vmn

kT D G .
~8!

In order to obtain in-depth layer-by-layer compositio
profiles of N-layer surface alloys the free energy~5! was
minimized numerically with respect to the layer concent
tions, with the constraint of conservation of the overall co
centration in theN-layer film, by making use of theMATLAB

computing environment. The alloy model considered here
based on the dependence of interatomic interactions on
local average concentrations (c̃) of chosen clusters surround
ing pairs of lattice sites~see the Appendix!. Hence, in the
process of free energy minimization the direct variation
layer concentrations was accompanied by the resultant va
tion of the intralayer and interlayer interactionsVpq

5V( c̃pq) according to the curve shown in Fig. 1. This cur
4-2
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EFFECTS OF COMPOSITION-DEPENDENT . . . PHYSICAL REVIEW B 65 205404
was obtained by best fits to several data points: the first
obtained from ab initio calculations of the interaction
strength in the Cr dilute limit,10,14 the next three were evalu
ated from diffuse-neutron-scattering measurements,4 and the
last point from the enthalpy of mixing of the Fe rich alloy.15

These four points were then connected by the smooth c
shown. This curve is thus key to our analysis and it is ba
on a combination of the best theoretical and experime
data available.

Vmn effective interactions both between nearest-neigh
~NN! lattice sites V1 and between next-nearest-neighb
~NNN! lattice sitesV2 were taken into account in the calcu
lations, and since in the bcc lattice the corresponding
tances are rather close, the bulk interactions were assum
be uniform (V5V15V2, while more remote bulk interac
tions were neglected!. On the other hand,ab initio calcula-
tions in the Cr dilute limit revealed considerable enhan
ment of the effective interaction strength of Fe with
impurities on the~100! surface layer of bcc Fe,10,14in general
agreement with theoretical predictions for transition me
alloys.16 In particular, V541 meV, while NN interaction
strength at the surfaceVs52.54V @NN pairs at the~100!
surface correspond to the NNN distance in the bulk, Fig#
and NNN surface interaction strength,Vs850.28V @~100! sur-
face NNN pairs correspond to the NNNN distance in t
bulk#. The Vs /V andVs8/V values, obtained in the Cr dilut
limit, were assumed to hold for the entire concentrat
range.

A very small, several meV, surface-field related contrib
tion Dh11DH1

s can be estimated either from the calculat
segregation energy of Cr (252.8 meV in the dilute limit10!
using simple bond-breaking approximation, or directly fro
surface tension data while neglecting the small si

FIG. 1. The dependence of the effective NN and NNN aver
bulk interactions on the Cr concentration in Cr-Fe alloys. Circ
correspond to results ofab initio calculations of the effective inter
actions in the dilute Cr limit~Refs. 10 and 14!, diffuse-neutron-
scattering measurements~Ref. 4! ~for c50.05, 0.1, and 0.15!, and
the effective interactions estimated from the enthalpy of mix
~Ref. 15! (c'1). The line is a mathematical fit to these points.
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mismatch (;0.6% atomic radius difference! contribution
DH1

s . Still, in a number of calculationsDh1 was altered in
order to examine its possible effects on the calculations.
the second~100! layer the approximationDh25Dh1/5 was
used, because it has one broken bond per atom compar
five in the first layer.

III. RESULTS OF CALCULATIONS

The free energyF, as given by Eqs.~4!–~6! and evaluated
with the above energetic parameters was minimized to g
the variation of the Cr fraction in the outermost layer with
coverage at a temperature of 573 K and in a case of z
surface fieldDh11DH1

s'0 ~Fig. 3!. Curves are shown for
various total numbers of alloy layers being included in t
calculation. Within the experimental uncertainties, for

e
s

FIG. 2. Near surface bcc~100! cluster that includes a pair o
lattice sites@~a! and ~b!# and their NN and NNN atoms. NN dis
tances in the bulk are shown by dashed lines; NN distance at
~100! surface~bold line! equals to NNN distance in the bulk.

FIG. 3. Calculated variations of Cr fraction in the outermo
layer with total deposited Cr coverage for growth on Fe~100! at 573
K in N-layer surface alloy~100! films with zero surface field and
Cr-Fe enhanced surface interactions. Cr concentrations as mea
by means of STM are indicated by circles~Ref. 9!.
4-3
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coverages between;0.220.6 the data fit best the curve
calculated forN58,10, while for higher coverages theN
512 curve fits somewhat better, perhaps due to the lon
deposition times resulting in deepening of the interface
tween the Cr-Fe surface alloy and the pure Fe substrate.
the generally good agreement with the scanning tunne
microscopy results for theseN values and the fact that n
adjustable parameters have been used. Depending onN, the
calculated Cr surface fraction eventually exhibits a sharp
beyond;0.1, indicating a surface phase transition. This s
face phase transition is clearly associated with the chang
sign of the effective pair interactionV(c) at c50.1 ~see Fig.
1!. In particular, when the average concentration~total Cr
coverage/N) of the near-surface thin-film alloy is<0.1, the
net mixing tendency (Vs.V.0) results in only moderate
increase in surface Cr, whereas when coverage/N is greater
than;0.1, the separation~demixing! tendency (V,0) pro-
motes significant surface segregation. As expected, the o
of this phase transition shifts to higher coverage as the a
thickness~N! increases. It should be further noted that t
calculations show that an;1 ML Cr surface fraction is ob-
tained after;2 ML deposited coverage, in agreement w
the reported STM data.9 The dominant role of the interactio
strength as compared to the surface-field energetic param
in this system is demonstrated in Fig. 4. The data seem t
well the curve corresponding to zero~or very small! surface
field, in agreement with theoretical estimates of the la
~see Sec. II!. Ignoring the surface NNN interactions had a
most no effect on the calculated results, while neglecting

FIG. 4. Variations of Cr fraction in the outermost layer wi
total deposited Cr coverage for growth at 573 K in eight-layer s
face alloy~100! films with different surface fields as indicated ne
the solid curves. Cr concentrations as measured by means of
are indicated by circles~Ref. 9!. The dotted curve corresponds
calculations that ignore the enhancement in Fe-Cr surface inte
tions obtained inab initio calculations~Ref. 14!.
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2.54 enhancement factor in the NN surface interactions
duced the calculated low level Cr surface fraction (,0.1)
well below the experimental values~Fig. 4, dotted line!. This
result, related to competition between surface and bulk m
ing tendencies, fully justifies the use of the enhanced surf
interactions~calculated in the dilute limit14!, that cause mix-
ing of more Cr solute atoms at the surface layer. Witho
enhancement, the Cr-Fe mixing tendency in the bulk do
nates, whereas for higher Cr fractions (.0.1) the surface and
bulk demixing tendencies are compatible, both promot
the above mentioned formation of pure, phase-separated
regating Cr layers. The importance of the interaction dep
dence on composition is further exemplified in Fig. 5 th
shows a transition in the Cr surface fraction around aver
concentration of 0.1, corresponding to alloy film thickeni
from N510 to 11.

In addition to the outermost surface layer compositio
the calculations yield layer-by-layer concentrations~Fig. 6!.
For coverages>2 ML they are characterized by a 1-2 lay
thick ‘‘primary interface,’’ between a separated pure Cr lay
and slightly Cr mixed iron substrate layers~which might be
termed ‘‘secondary interface’’!. For low Cr coverages, suc
as 0.5 ML, only this mixed interface prevails. The latter
associated with the mixing tendency in the Fe strongly r
alloys (V.0 for c,0.1), resulting in a somewhat oscillator
profile. The apparent slight increase in Cr concentration c
culated for theN th layer is associated with the arbitraril
chosen pure Fe layer at theN11 position. According to a

-

M

c-

FIG. 5. Calculated Cr fraction in the outermost layer vs assum
thickness of the surface alloy with zero surface field~573 K, 1 ML
coverage!.

FIG. 6. Calculated depth profiles: Cr layer concentration
layer number in an eight-layer surface alloy~100! film with zero
surface field at 573 K. Coverages are indicated.
4-4
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EFFECTS OF COMPOSITION-DEPENDENT . . . PHYSICAL REVIEW B 65 205404
proton and electron-induced AES study,17 Cr is limited to the
two outmost layers for 1 ML coverage, and for 2 ML cove
age it is limited to the three outermost layers. These p
results are in general agreement with the above calculate
separation/segregation trends, except for the secondary i
face. However, AES analysis can not accurately detect s
concentrations of mixed Cr in deeper layers as predic
here. Furthermore, the choice of the full alloy film thickne
~N! does not affect considerably the calculated Cr concen
tion in the outmost Cr-enriched layers~Fig. 7!, except for the
Cr surface fraction around the phase transition region~see
Fig. 3!.

To complement the layer compositional pictur
interaction-induced short-range order in this system was
timated by calculating the probability of occupation of C
neighbor sites by Cr atoms according to Eq.~8!. As can be
seen from Table I, the theoretical predictions are in go
agreement with the STM experimental results obtained in
low-coverage regime.9 These negative deviations from th
random alloy Cr-Cr probability values are in accordance w

FIG. 7. Cr layer concentration vs layer number in threeN layer
surface alloy~100! films ~zero surface field, 573 K!.
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the Cr-Cr effective repulsion in the alloy~for c,0.1). Still,
SRO is quite weak in the low Cr concentration region, whe
most of the interaction change occurs, as well as for hig
Cr contents due to the reduced interaction strength~Fig. 1!.
Indeed, calculations done within the BW-type approximati
@using Eq.~4!# show that compared to SRO effects~calcu-
lated by FCEM!, the ‘‘pure’’ Cr-Fe energetics~sign and value
of V) dominate interfacial alloying and phase separation p
nomena in this system.

IV. SUMMARY

A theoretical approach that takes into accou
concentration-dependent interatomic interactions at the
face and in the bulk of alloys, as well as short-range com
sitional order, has been developed as a modification of
statistical mechanical free-energy concentration expan
method~FCEM! and applied to the calculation of the laye
by-layer composition of thin films of binary Cr-Fe alloys o
a pure Fe~100! substrate, assuming near-surface local eq
librium.

The calculated variations of Cr fraction in the outermo
layer with total deposited Cr coverage are in very go
agreement with scanning tunneling microscopy~STM!
results.9 Thus, composition-dependent~and surface en-
hanced! Cr-Fe interactions lead to a moderate increase
surface Cr at low coverages (,1 ML) due to mixing with
Fe mainly in the underlayers. When its surface fraction~and
the average film concentration! exceeds;0.1, a sharp Cr
increase is predicted. This surface phase transition, wh
marks the onset of almost pure Cr layer segregation at c
erages around 2 ML deposited Cr~observed by STM!, is
attributed to a change in sign of the interaction strength
this regime the interface between the pure Cr and the mi
substrate underlayers is quite sharp.

This modified FCEM approach is quite general and
utilizing appropriate energetic parameters it can be exten
conveniently to unravel layer-by-layer temperatur
dependent atomic composition and short-range order in o
surface alloys with any lattice structure.
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TABLE I. Probability of occupation of Cr nearest-neighbor~NN! and next-nearest neighbor~NNN! sites by Cr atoms@Eq. ~8!# ~for a

completely random alloyp̃mn equals to the concentration!.

Type Location Temperature, K Effective interaction, meVa Concentration FCEM calculations Experiment

NN Surface 563 6564 0.05960.003 0.01060.002 0b

NNN Surface 563 7.160.5 0.05960.003 0.04660.003 0.03860.007b

NNN Bulk 703 30 0.05 0.022 0.0160.02c

aAccording to the fitted dependence of the bulk effective interactions on Cr concentration~Fig. 1! and the surface-to-bulk interaction ratio
~Refs. 10,14!.

bSTM data from Ref. 9.
cRecalculated from experimental~Ref. 4! Cowley-Warren SRO parameter.
4-5
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APPENDIX: FORMULAS FOR THE AVERAGE
CONCENTRATION OF ATOMIC CLUSTERS

Since the local atomic surroundings can affect interacti
of a pair of neighboring atoms, an appropriate cluster sho
be chosen for calculation of its average concentration
spite of some uncertainty as to its size, inclusion of nea
neighbors~NN! and next nearest neighbors~NNN! seems to
be reasonable, considering the fact that first- and seco
neighbor distances are very close to each other in the
structure. The total number of NN and NNN for every bu
atom is 14. For the~100! layers four of the neighbors are i
the same layer, four atoms are in every of the nearest ne
bor layers and one atom in every of the next nearest neigh
layers. The local effective interactionsVpq between lattice
sites pertaining to~100! p and q layers (q5p,p61,p62)
were calculated using average concentrations of clus
which include a pair of lattice sites and their NN and NN
~Fig. 2!.

For near-surface truncated clusters~having missing neigh-
bors! these average concentrations read

c̃1,15
1

16
~8c116c212c3!,

c̃2,25
1

22
~6c118c216c312c4!,

c̃1,25
1

17
~6c116c214c31c4!,
ev

hy

os

S.
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c̃2,35
1

21
~4c116c216c314c41c5!,

c̃1,35
1

17
~4c114c214c314c41c5!,

c̃2,45
1

21
~4c114c214c314c414c51c6!,

and forp.2 ~nontruncated clusters! the average concentra
tions are

c̃p,p5
1

24
~2cp2216cp2118cp16cp1112cp12!,

c̃p,p115
1

22
~cp2214cp2116cp16cp1114cp121cp13!,

c̃p,p125
1

22
~cp2214cp2114cp14cp1114cp12

14cp131cp14!.

It can be noted that although the present paper deals
bcc~100! alloys, analogous formulas with somewhat differe
numerical coefficients can be easily derived for other surf
orientations of the bcc lattice, as well as for fcc alloys. In t
latter case, only NN sites have to be included in the clus
d
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