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Distorted iron films on GaAs(001)-(4X6)
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PolarizedK-edge x-ray absorption fine structure spectroscof4FS) studies were performed both and
ex situon iron films deposited on GaAs substrates. Samples with 5 and 10rdholayers of iron deposited
on sulfur-passivated and §46)-reconstructed GaAB01) surfaces, respectively, were studiexi situ(capped
with 20 ML of gold) and compared with 9.3 ML on Gaf301)-(4x6) measuredn situ. Analysis of XAFS
spectra for both samples on X%)-GaAsreveals a tetragonal distortion of the iron film relative to bulk
body-centered-cubic iron. The distortion involves an in-plane contraction and an expansion perpendicular to
the GaAs surface to give @a ratio of 1.031), with a comparable to half the bulk lattice constant of GaAs.
The sample on sulfur-passivated GaAs did not exhibit this distortion.

I. INTRODUCTION ogy) as described in Ref. 15. Briefly, the wafer sections were
sputtered using an Arbeam(500 eV) for several hours at
Significant efforts have been made to understand theoom temperaturéwith azimuthal rotation of the crysteand
physical and magnetic behavior of iron films on gallium subsequently annealed under ultrahigh vacyWV) con-
arsenidé:® The appeal of this system is the very small lat- gitions until the (4x6) reconstruction was observed by
tice mismatch between body-centered-culibed) iron (& pLEED. Deposition of the iron was performed at room tem-

=2.866 A) and GaAsd/2=2.827 A). Having only a 1.4% : . .
mismatch should facilitate the growth of bcc-like Fe films on perature at a _rate of approximately 1 M_L/mln and monitored
y RHEED with the number of oscillations of the specular

the GaAs substrate, making this system ideal for testing ne ) ) : . , .
thin-film structures for magnetoelectronic applicatifis. anti-Bragg spot intensity giving the film thickness. The
Complications to studies of this system, in the form of sulfur-passivated sample was prepared by treatment with

magnetically-dead layers arise from reaction of the iron withaqueous ammonium sulfide, rinsed and dried prior to intro-
the GaAs to form a solid solution, E&a,_,As >** at the duction to the vacuum system as described in Ref. 12.
interface and, depending on preparation conditions, to sev8amples forex situmeasurements, prepared by the Heinrich
eral tens of monolayers in thicknes3wo approaches exist group at Simon Fraser University, also had 20 ML of gold
to avoid forming this ternary phase at the interface: sulphuepitaxially grown on top of the iron for protection from the

passivatiof*? and Ga enrichment of the GaAs surface by aimosphere and were stored under anhydrous conditions un-
using the (4<6) reconstructiof®* Both are aimed at re- til measurement.

ducing the availability of As for reaction with the Fe and at

producing bec-structured Fe films Iron K-edge XAFS measurements were performed at the

Recently, Moncheskgt al2® described a method, modi- PNC-CAT undulator beamlin%’f,Sector 20, at the Advanced
fied from Zdfl et al, *for preparing high-quality Fe films on Ph.oton Source, Argonne National Laboratory. Linearly po-
GaAg001)-(4x6) for iron thicknesses greater than 4 ML larized x-rays from a S{111) d.ou.ble crystal mqnochromator
(monolayers Using polarization-dependent x-ray absorption(60% tune at 7500 eMwere incident on the films at 0.25°
fine-structure spectroscoyAFS),'®~?!we can examine the (~5/8 the critical angle for total reflectiofor in situ or near
structure of the iron film both in plane, and extract informa-glancing anglg<2°) for ex situmeasurements. Fluorescent
tion complimentary to the electron diffraction techniques, re-x rays were monitored by an Ar-filled atm), five-electrode
flection high-energy electron diffractioRHEED) or low-  (Ni-mesh ionization chambét located at 90° to the x-ray
energy electron diffraction and perpendicular to the surfacepeam in the direction of the polarization vector fx situ
a direction in which interpreting results from the electron yeasurements and by a smaller cylindrical detector of simi-
tech.niquefs is more involved. We have examjaedsitua 10 |ar (but UHV compatiblée desigr‘?“ at 60° to the beam and
ML iron film on GasA$001)-(4x6) capped with 20 ML of 300 g the polarization for tha situ fluorescence detection.
gold [20Au/10Fe/GaA®01)-(4x6)] using polarized XAFS  1ahgmission measurements on a i thick iron foil were

and compared it tan situ results on a 9.3 ML sample : .
o also made for reference using He-filled, two-parallel-plate-
[9.3Fe/GaAd01)-(4x6)] that are preliminary to an ex- electrode ionization chambers.

tendedin situ study<- Measurements for further comparison The electric-field vector of the x-rays was within 2° of the

have also been maden@ 5 ML gold-capped iron film on a (001) direction for out-of
X -of-plane measurements on the three
sulfur-passivated GaAB0l) substrate(20Au/SFe/GaAs-S- samples. In-plane measurements were done roughly along
pass. the (110) and(010) directions forex situandin situ samples,
respectively. Small azimuthal adjustmertigthin 2°) were
Il. EXPERIMENT . " L
made to shift the positions of Bragg peaks contaminating the
Samples on (X6)-GaAs were prepared by molecular- XAFS to permit better peak removal before averaging the
beam epitaxy on epiready GaAémerican Xtal Technol- spectra.
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FIG. 1. Polarization dependent H¢-edge XANES of (a)
20Au/10Fe/GaA®01)(4%x6) (ex sity, (b) 9.3Fe/GaA01)(4X6)
(in situ), and (c) 20Au/5Fe/GaAK0]) (S passivatedex sity
samples compared with iron foil. The electric-field vector of the x
rays was either parall¢in-plane or perpendiculatout-of-plang to

the substrate. Data has been offset vertically in 0.1 increments for

clarity.

Ill. RESULTS

Figure 1 shows the x-ray absorption near-edge structure

(XANES) for the three samples (20Au/10Fe/
GaAq001)-(4x6), 9.3Fe/GaA01)-(4x6), and 20Au/5Fe/
GaAd001)-S-passivated compared to iron foil with the
x-ray electric-field vector parall€in-plane or perpendicular
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FIG. 2. Counterclockwise from top: XAFg(k), magnitude of
the Fourier transformZ{ ky(k)], and the derivative of the phase of
the inverse  transform of the first peak for
20Au/10Fe/GaA®01)(4X6).

was calibrated such that the onset for the effgst maxi-
mum in the derivativein the foil (E;) was defined to be
7112 eV. The edge energies for the thin-film samples are
consistent with the foil's edge energy, indicating no change
in valence for the iron in the thin films. Above the edge, the
XANES for the 5 ML of Fe on sulfur-passivated GaAs re-
sembles quite strongly that for the iron foil. The XANES for
the samples on (46)-GaAs, while exhibiting features
similar to those for the foil, do show some differences that
are more pronounced for the out-of-plane measurements than
those for the measurements made with the x-ray electric-field
vector in the plane of the film. This all suggests that the
structure of the iron films is similar to that for bcc iron, with
some distortion for the samples onX4)-GaAs.

The EXAFS interference functiong k), shown in Figs. 2
through 4 were extracted from the(E) data of individual
scans using a polynomial background subtraction and nor-
malization to edge jump The x(k) shown are averages of
five scans for out-of-plane, three for in-plane measurements,
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FIG. 3. Counterclockwise from top: XAFg(k), magnitude of

the Fourier transformf{ kx(k)], and the derivative of the phase of

(out-of-plane to the GaAs substrates. The monochromatorthe inverse transform of the first peak for 9.3Fe/G@R84)(4X6).



DISTORTED IRON FILMS ON GaA&01)-(4x6) 2153
k (A"
2 10 14
f I
01 — _
6 s (0o1)
4 4
1 \ (100)

|7 kg (k)] (102 A%)
N

", 20Au/5Fe/GaAs (S-pass.)

v'4 Fe foil

¥ ——%— in-plane

——+——— out-of-plane 1
T T

3
R(A)

FIG. 4. Counterclockwise from top. XAFg(k), magnitude of

] I I
9

5 7
k(A%

w
(9)Aps dp

N

(110)
(010)

FIG. 5. bcc iron unit cell showing representative atoms for the
first three backscattering pathR;—nearest neighboiR,—Ilattice

the Fourier transformf[kx(k)], and the derivative of the phase of

the inverse transform of the first peak for 20Au/5Fe/G@AY) S

passivated.

and two for the foil. Fourier transforms in these figures wer
taken withk! weighting and a 10% Gaussian window over

parameter, an®;—face-diagonal distances.

Taking the iron foil as a reference to give thenstant

term, andk,,, from the derivatives of the phasdg/dk,

shown in Figs. 2—4, we obtain the values listed in Table | for
She differences in distance. Also listed in Table | are esti-

. : tes of the lattice parameters using the bulk-iron crystallo-
thek-space range using the nearest zero crossings to 3 and);? P g Y

AL Inverse transforms of the first peak were taken typicall

over the range 1.65 to 2.85 A to examine interference effect
(beating between the nearest and second-nearest neighbo
The phases of the inverse transform have been differentiate

with respect tok{k=%"1{[2m.(E—E,)]} and plotted with
the EXAFS spectra and Fourier transforms for beatin

analysis?®?’

aphic value oR;. Consistent with the XANES, the 5 ML
sample on S-passivated GaAs shows little differefpessi-
Bly a slight in-plane expansion and out-of-plane contragtion
m bcc iron while the samples on ¥6)-GaAs exhibit a
all in-plane contraction and larger out-of-plane expansion.
The beating analysis provides an initial model for further
ganalysis: a body-centered-tetragoriéct) distortion from

body-centered-cubic iron with space group 4/mmam,
=2.84A andc=2.92 A for the samples on (46)-GaAs,
and no distortion from bcc for the 5 ML sample on
S-passivated GaAs.
Before continuing the analysis, and even thoughytlie)
ars a strong resemblance to that for bulk iron, it was nec-
sary to consider the possibility of the formation of the
“FesGa_,As,”’ compound. Using the computer program,
1) FEFF728 to generate electron-scattering amplitudes and phase
shifts, EXAFS simulations were made of both bcc iron and a
provided the two neighbors are the same element. Ideallyepresentative composition of the ternary solid solution
the constant would ber/2, however, the transform range, Fe;,/Ga, gfASy3»2° To prepare the simulations, a Debye
disorder, alloying, the presence of a substrate, and a passiviemperature of 470 K corresponding to bulk iron, was used

The first- and second-nearest neighbors in bcc {Fg.
5), at R;=2.4824 A andR,=2.8664 A (note: R,=a, the
lattice parametgr cause the beating observed from the first
peak in the Fourier transform &fy(k). Thek values corre-
sponding to the minima in the derivatives of the phase shoerBe
in Figs. 2—4 are related approximately to the separations bee—S
tweenR; andR, for the foil and samples by the relatfSrt’

KminX (R,—R;) =const

tion layer or capping layer may all influence the difference inwith the temperature set at 300 K. The finglk) for the
ternary composition was a weighted sum of the contributions

distances for our samples.

TABLE |. Beating analysis results for samples 20Au/10&&6)-GaAs, 9.3FdAX6)-GaAs, and 20
Au/5Fe/GaAg S passivatedreferenced to iron foil. The known crystallographic distances were used for iron
foil Rvalues. In all case®}; was taken to be that for iron fo{2.4824 A. Random errors quoted come from
locating ki, and do not include other sources.

Parameter Fe foil 20Au/10Fe 9.3Fe 20Au/5=
K (in plane, A% 4.0035) 4.3325) 4.1328) 3.9618)
R,—R; (A) 0.3840 0.3581) 0.3741) 0.3881)
R,=a (A) 2.8664 2.837) 2.8541) 2.8701)
Kqnin (OUt-Of-plang 4.0035) 3.5196) 3.4097) 4.0369)
R,—R; (A) 0.3840 0.43R) 0.4511) 0.381(1)
R,=c A) 2.8664 2.91@) 2.9331) 2.8631)
c/a 1.000 1.0291) 1.0281) 0.997&7)
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Auger result¥**® for films on (4x6)-GaAs have indi-
cated the presence of soriel ML'®) arsenic in the film or
floating on its surface after iron depositi;EFF7simulations
of a 10% random inclusion of arsenic in iron indicate some
changes at lovk due to differences in backscattering. The
effects on the nearest and second-nearest neigfihoand
R, in Fig. 5 contributions were small, but for higher shells,
and particularly for the multiple scattering, the effects were
noticeable. In that light, it is possible the differences in the
polarization-dependent XANES may be also due to the pres-
ence of the substratand Au or floating-As capping layers

The data were fit iR space withFEFF7simulations using
the programwinxas.®® wINXAS uses the generated Fef-
fnnnn.dat files for each selected scattering path of a particu-
lar structural model and generatesyék) using the XAFS
function (neglecting cumulanjs

|F k. (K))I (102 A2)

2
_ _ XmoelK) = 2 S(’N;Tij(me‘*k%f)
]
02~ xel~CRMIgI2kR +5(K)]. (2
L i ) ] '
o — The resultingymode(K) is transformed tdR space and com-
= L ] pared to the transform of the data.
= o2 sonBoe Fits in R space were done over the range 1.6 to 4.1 A with
) 20% TERNARY the aim of extracting the distances for the first three shells—
" ] nearest neighbor, lattice parameter, and face-diagonal posi-
0.4 — tions. The main objective of fitting is to obtain the in-plane
| ] and out-of-plane lattice parameters. The iron foil data is
06 L L again used as a reference to determine offseand to set

0 4 8 12 16 the FEFF Eq shift for the film data. Coordination numbelkg
A1 were fixed according to the models used. While correlations
k(AT exist between theSZ, N;, and Debye-Waller terms
®) [exp(= ajzkz)], no significant correlation exists between these
FIG. 6. FEFF7simulations:(a) R-space transforms for bulk iron {€rms and thék; values. For the foil, no polarization depen-
(solid line) and Fg »Ga gASy 3, ternary compounddashed lingat dence was used irRerF7and bulk values folN; were used
300 K and a Debye temperature of 470 K, ahyik-space EXAFS ~ (N1=8, N,=6, N3=12). For the films, polarization depen-
simulations of bce Fe, bet Fe, an 80%bcc/20% ternary alloy, and thélence was used.
ternary compound. Polarization dependence in XAFS reduces the degeneracy
of some scattering pathias does the reduction in symmetry
from the three iron sites. The results of the simulationsfrom bcc to bct in a crystalline material. This occurs be-
transformed as per the real data, are compared in F&y. 6 cause of a cosine-squared dependence of the XAFS interfer-
The most significant difference, apart from scale, lies in theence functiony(k) on the angle,«;, between the inter-
region between 3 and 4 A. Where the compound has a miniatomic bond directiorR; and the x-ray polarization vector
mum, bcc iron has a peak containing two triangular multiple-and causes atoms perpendicular to the polarization vector to
scattering paths(from absorber to nearest neighbor to contribute little to the backscatteriig. For polarization
second-nearest neighbor and back to target absorber, froelong thec axis in bcc iron, for example, the six atoms in the
absorber to nearest neighbor to nearest neighbor in adjoinirgecond shell I{,) are no longer equivalent backscatterers.
cell, and back to target absorpeand dominated by back- Instead, the two atoms at (0;0/—a) dominate. For the rest
scattering from the face-diagonal posititfig. 5. Since the  of this paper, we only enumerate the dominant backscatter-
data for all three film samples examined here, in both polaring atoms in the shells being fit. These valuds; ]
izations, possess a similar feature between 3 and 4 A, we=1,2,3) are reduced from the unpolarized val(&8§,12 of
conclude that the films are dominated by a bcc-like structurebcc iron to(8,2,8 for polarization along002) or (010 di-
We cannot, however, rule out some mixture of phases. Imections and tdq4,4,10 for polarization along110).
examining the EXAFS simulations of bcc Fe, bet Fe, the  Although the terrace sizes are largeheing greater than
ternary compound, and mixtures of bcc and compound, wé0x 100 A?, the average coordination numbers may be fur-
found the 80% bcc, 20% compound mixture to bear the closther reduced due to finite thickneEsin considering an iso-
est resemblance to bct F&ig. 6b)]. This suggests 20% lated infinite bcc crystalline sheet and polarization along
alloying would be the sensitivity limit of EXAFS since any (001), for example, the numbers are reduced\t@y,= 7.2,
higher percentage resulted in suppression of the feature at 5\B,4,= 1.6, and N34, =6.4 for 10 isolated monolayers.
A~ _a feature that is strong in the data in Figs. 2—4. Scattering from substrate and capping layers, however, will
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TABLE Il. Summary of fit results for the first three backscattering paths: nearest neighbor, lattice parameter, and face diagonal. An offset
correction based on the difference between the foil and bcc crigstalues has been applied to the film fit results. Errors reported were
obtained from a doubling of the residual sum of squares from the minimum value. For the third shell of the bct siiygimteas been split
into in-plane and out-of-plane values.

R, o3 R, o5 Rs o3 AE, Residudt
Sample Nldom (A) (1074 A 2) NZdom (A) (1074 A 2) N3d0m (A (1074 A 2) (eV) %
bcc Fe crystal 8 2.4824 6 2.8664 12 4.0537
Fe foil 8  2.4624) 46(3) 6 2.8398) 52(6) 12  4.03517) 95200 2.6450) 2.8
Offset 0.0204) 0.0278) 0.01917)
bct Fe model crystal
In-plane (110 4 2.4828 4 2.8400 2 4.0164
Out-of-plane(001) 8 2.4828 2  2.9200 8 4.0733
20Au/10Fe
In-plane (110 4 2.49%8) 52(3) 4 2.83414) 54(4) 2 4.025) 79200 2.64 3.1
Out-of-plane(00) 8 2.495%9) 47(20 2 2.933) 11950 8 4.095) 143500 2.64 2.4
9.3Fe
In-plane (010 8 24939 4003 2 2837200 7920 4 4.026) 95(40) 2.64 2.6
Out-of-plane(001) 8  2.49710) 53(26) 2 2915 14282 8 4.086) 16673) 2.64 3.1
20Au/5Fe(S)
In-plane (110 4 2.49q10) 45(3) 4 2.86220) 70(10) 10 4.085) 91(300 2.64 2.8
Out-of-plane(001) 8 2.49410) 52(10) 2 2.85823) 75(20) 8 4.055) 118300 2.64 3.6
a . .
Residual%) = w X 100.

2 Yexd i)l

contribute with different atom type having more effect on theperfectly. The fit is worse in this region for the thin-film
higher shells and on the multiple scattering than onRhe samples, with the worst cagkargest residualshown for the
andR; shells. This will effectively increase the coordination 5 ML sample (polarization out-of-planein Fig. 7(b), pre-

numbers towards bullwith polarization crystalline values. sumably due to non-iron atoms contributing to thaultiple)
We therefore consider a capped infinite sheet model witlscattering.

parametersS; (scale factoy, {R;} (distancey and {0']'2} The fitted foil R values listed in Table Il differ from the
(mean-square relative displacemetat be fit andN;’s fixed  crystallographic values due to a small systematic offset from
to the bulk, polarization-dependent values. usingy FEFF7 An offset correction equal to the difference

Table Il contains the results of the fits to each sample anéetween the foil fit and cryst&t values was applied to obtain
orientation. Shells from one orientation required for multiplethe film R values listed in the table. The resultily values
scattering and face-diagonal paths in the other were fixed tfor the 5 ML sample on sulfur-passivated GaAs, indicate a
the appropriate fit values and the fitting iterated until stablenearly cubic material with @/a ratio of 1.0q1). The in-
The triangular multiple-scattering paths on the IBvgide of  plane and out-of-planeR, values for the fims on (4
the R; peak were constrained WINXAS using the param- X 6)-GaAs are different, as expected from the beating analy-
eters for the first and second shells. For the foil, it is evidenkis, with an in-plane contraction and out-of-plane expansion.
in Fig. 7(a) that the multiple-scattering region is not being fit Some small additional offset due to Ga and As backscatter-

ing contributions must also be present. The contraction to
T T T T 2.834 A in-plane in the 10 ML film gives a closer match to
5 the underlying GaAs /2=2.827 A) than assumed in the
starting model (2.84 A). The out-of-plane expansion is
slightly different betweerin andex situsamples, but within
3 error. Thec/a ratio (Table Ill) from the 10 MLex situmea-
surements is 1.G3) and the ratio from thén situ sample is
1.032). Both are in agreement and consistent with the value
1 obtained from beating analysis.

An in-plane contraction can be understood as an effort to
lattice match to the underlying GaAa/@=2.827 A) and the
expansion an effort to conserve cell volurigable Ill) or
nearest-neighbor distané€able Il). According to elasticity

FIG. 7. Comparison of the magnitudes of the Fourier transformgheory>>**the ratio of the out-of-plane to in-plane strain is
(symbo) and fit(solid line) for (@) iron foil and (b) 20Au/5Fe/GaAs Ac/Aa=—2c;,/cyy. Using the known elastic constants
(S) out-of-plane measurements. Vertical-dashed lines indicate th€j ,% the ratio should be-1.212. The experimental strains
fitting region in R space. The dominant multiple-scattering contri- for the films, defined by subtracting the lattice parameter of
bution is also showrdashed curve the bcce Fe foil, are tabulated in Table Ill. Although the errors

[ #kx (k)| (10° A%
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TABLE lIl. Comparison of lattice constants and uniaxial strain for epitaxial iron films on GaAs(001)
X(4X6) and GaA&01)-S, passivated using results from the FEFF fitting.

Parameter Fe crystal 20Au/10Fe 9.3Fe 20Au/BE)e

a(h) 2.8664 2.83414) 2.837120) 2.86220)

c(A) 2.8664 2.983) 2.91(5) 2.85823)

c/a 1.000 1.03412) 1.02619) 1.001)

Volume (a%c, A3 23.55 23.%3) 23.45) 23.43)
Aa=a—agysal R) 0.000 —0.03214) —0.02920) —0.00420)
AC=C—Cgystal A 0.000 0.06430) 0.04450) —0.00823)
Ac/Aa=—2cq,/cqy -1.212 —-2.0x1.3 —-15+2.0 (ill-defined

associated with the small differences are large, forethsitu  strain relaxes as d/ Further detailed study of the thickness
10 ML film, Ac/Aa=—2.0+1.3 is noticeably offset from dependence of the lattice strain is in progress.
the bulk-iron value of—1.212. However, for thén situ
9.3-ML film and the 5-ML film on sulfur-passivated GaAs IV. CONCLUSIONS
no disagreement with macroscopic elasticity theory can be \we have used polarized-XAFS studies to examine the
claimed. _ _structures of two iron films deposited on G&881)-(4x 6)
How does knowledge of a structural anisotropy or straingyrfaces and one on sulfur-passivated Ga8®, and com-
affect the potential application of iron films on GaAs for pared them to the body-centered-cubic structure of an iron
magnetoelectronics? The existence of this strain will affecfoil. The 5 ML sample on sulfur-passivated GaAs exhibits a
the interpretation of the uniaxial surface anisotropy. The tenearly cubic structure witls/a=1.00(1). Thestructures of
tragonal distortion of nickel films on copper, for example,the 10 ML (ex sity and 9.3 ML (in situ) samples on (4
has been shown to dramatically affect the magnetic anisot< 6)-GaAs can be modeled by a tetragonal distortion away
ropy energy’® The uniaxial surface anisotropy is typically from bcc with an in-plane contraction that improvessens
measured by ferromagnetic resonance and magnetometry. the lattice mismatch with GaAs and an out-of-plane expan-
the saturated state, the effective demagnetizing field perpeision that nearly conserves cell volume to give/a ratio of
dicular to the film surface depends on the strain as 1.033).
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