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Structure determination of metastable epitaxial Cu layers on Ag(QQ1)

by glancing-incidence x-ray-absorption fine structure
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Glancing-incidence x-ray-absorption fine-structure measurements have been performed for an eight-
monolayer-thick Cu film epitaxially grown on a Ag(001) surface and covered by an epitaxial ten-

monolayer Au film. It is demonstrated that when the top passive layer is a heavier element, but thin, the
glancing-incidence technique is still applicable. The x-ray-absorption near-edge structure for this Cu
structure is obtained almost free from the distortion due to anomalous dispersion effects and it is

different from that of normal fcc Cu. From the extended x-ray-absorption fine-structure analysis, the
structure of the Cu film has been determined to be body-centered tetragonal with lattice constants

0 0
a =2.88 A and c =3.10 A, which is 7.6% expanded vertically from a perfect bcc structure.

I. INTRODUCTION

The rapid development of applying the molecular-
beam-expitaxy (MBE) technique to generate and stabilize
metallic metastable structures has attracted increasing in-
terest in recent years. Under well-controlled MBE condi-
tions, atoms of one element can be deposited onto a suit-
able template crystal substrate of another element in a
layer-by-layer fashion, following a particular atomic re-
gistry that does not exist otherwise in nature. In the case
of layered 3d-transition-metal systems, artificial crystal-
line structures with various interesting magnetic proper-
ties have been engineered. '

To understand thoroughly the properties of the meta-
stable films, it is obviously crucial to characterize the
structure in detail. Various surface-structure techniques
have been applied in this field. ReAection high-energy
electron diffraction (RHEED) is used during the growth
to monitor the film thickness, in-plane lattice constants,
and symmetry. However, RHEED cannot obtain the
lattice spacing perpendicular to the surface, nor can it
determine the arrangement of different atomic species in
the surface unit cell. X-ray photoelectron diffraction
(XPD) (Ref. 8) has been used to determine relative lattice
expansions and contractions in the surface-normal direc-
tion. It involves intrinsically an electron multiple-
scattering process, and consequently it is limited to the
study of the top two to four monolayers (ML) of a sur-
face. ' The quantitative interpretation of low-energy
electron-diffraction (LEED) patterns requires a thorough
consideration of electron multiple scattering but it is a
more established technique and has been applied to some
metastable metallic films. "' In the case of Ni on
Fe(001), Wang, Li, Jona, and Marcus, using LEED,
showed that Ni grows in a pure bcc structure up to 6
ML, but the attempt to decipher the structure of thicker
Ni films, which stabilize after 13 ML and retain the same
structure up to more than 100 ML, was not successful. '

In contrast to the complex quantitative analysis of
LEED, x-ray-diffraction data, can be interpreted by rela-

tively simple kinematic theories. In glancing-angle in-
cidence, the x-ray-diffraction technique has a surface sen-
sitivity that is comparable to other surface techniques. '

It has been shown to be very powerful in determining the
structure of reconstructed surfaces' ' when the nonin-
teger indexes of the surface Bragg rods can be easily
separated from the bulk signal. In principle, the tech-
nique is also applicable to the system of interest here, as
was in the glancing-incidence x-ray-diffraction study
done on an interface problem by Marra, Eisenberger, and
Cho. ' Conventional x-ray diffraction has also been used
in solving the structure of epitaxial metallic thin films in
conjunction with other techniques.

The technique to be discussed in this paper, extended
x-ray-absorption fine structure (EXAFS), has also been
applied to epitaxially grown films. Being a local
atomic structure probe, EXAFS has diSculty in solving a
crystal structure independently. But, by the same token,
it can provide valuable complementary structural infor-
mation that is dificult to obtain by the long-range-order
diffraction techniques. For example, in the case of Ni (37
ML) on Fe(001), EXAFS showed that the nearest- and
the second-nearest-neighbor distances of a Ni atom are
identical to those of a fcc Ni atom, and so is the ratio of
the coordination numbers of the two atomic shells.
This leads to the proposing of a defect-induced model for
the observed unusually large fourth-order anisotropy.
In a favorable case like 357-A Co on GaAs (110), Idzer-
da, Elam, Jonker, and Prinz using total electron detection
normal-incidence EXAFS concluded that Co has a meta-
stable bcc structure.

In this paper we present our glancing-incidence x-ray-
absorption near-edge structure (XANES) and EXAFS re-
sults for a single 8-ML Cu film epitaxially grown on a
Ag(001) surface and covered with 10 ML of Au. The
structure of the Cu in the Cu/Ag(001) system as deter-
mined by using XPD (Ref. 9) and RHEED (Ref. 4) has
been reported to be close to bcc. Our EXAFS shows that
the Cu is body-centered tetragonal with the c axis (per-
pendicular to the substrate) being expanded 7.6% relative
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II. EXPERIMENT

In the x-ray region the index of refraction is less than
unity by an amount proportional to the electron density.
When x rays are incident onto a sample surface, there is a
critical angle 0, below which the x rays undergo total
reAection. In this case there exists an evanescent wave
confined typically within a penetration depth of 15—30 A
in the surface region of the sample. ReAectivity,
diffraction, and EXAFS techniques have used this effect
to study surfaces and interfacial regions.

A schematic diagram of the glancing-incidence setup
used in this experiment is shown in Fig. 1. The sample
was mounted in the plastic chamber of a total electron
yield detector, which in turn was spring-loaded on a
stepping-motor-driven angular scanning stage. With
this arrangement the x-ray incident angle 8 (Fig. 1) could
be tilted in angular steps of 13.5 prad and the x-ray
Auorescence, reQectivity, and total electron yield could be
monitored at the same time. The Auorescence signal was
monitored by a wide-aperture ionization chamber filled
with argon gas. The incoming beam intensity monitor Io
and the reQectivity monitor I, were standard 6-in. - and
12-in. -long ionization chambers, respectively, provided
by the Stanford Synchrotron Radiation Laboratory
(SSRL), and filled with nitrogen gas.

The incident x-ray beam is first defined by a Huber slit
s, (Fig. 1) opened horizontally to 5 mm and vertically to
44 pm to accommodate the effective sample size at a tilt-
ing angle around 3 mrad. When the sample is inserted
into the beam, normally there is a transverse tilt angle of
several mrad with respect to slit s, due to the construc-
tion of the positioning stage on which the sample rests.

X-ray beam Io

I

Sg
Sample

FIG. 1. A schematic diagram of the glancing-incidence EX-
AFS experimental setup: Io, If, and I„are ionization chambers;
e is the total electron yield detector; s& is the Huber slit; s2 is a
beam stop.

to the a axis. This system is important in the context of
the magnetic behavior of Fe/Cu/Fe trilayers on Ag(001).
Heinrich and co-workers have shown that the exchange
coupling depends on the thickness of the Cu interlayer,
changing from ferromagnetic to antiferromagnetic for
greater than 8 ML of Cu. Theoretical attempts to ex-
plain the antiferromagnetism assuming a pure bcc struc-
ture of Cu have failed.

The material in this paper is organized as follows. In
Sec. II the glancing-incidence EXAFS and associated
detection techniques are discussed. Experimental results
are presented in Sec. III, followed by the data analysis in
Sec. IV. The results are summarized and discussed in
Sec. V.

Although this transverse angle introduces a negligibly
small error in the beam incident angle 0, it can cause a
higher background and unwanted Bragg peaks in the
detected signal due to part of the crystal substrate being
exposed to the direct incident beam. To eliminate this
problem, the slit s& is mounted on a transverse rotation
stage driven by a motor micrometer ' such that the trans-
verse tilt angle can be adjusted. The beam stop s2 is also
mounted on a similar transverse rotation stage, which is
set on a vertical translation stage driven by a stepping
motor. A detailed description of the experimental align-
ment procedure has been given in Ref. 30.

The data were taken on beam line IV-1 at SSRL
operating in dedicated mode with SPEAR providing a 3-
GeV electron beam at a typical current of 50 mA. A
Si(220) double-crystal monochromator was used with the
entrance slit set at 0.5 mm. To reduce harmonic contam-
ination in the incident beam the monochromator was de-
tuned above the Cu K edge such that the current reading
in the Io chamber was 50%%uo of its maximum value.

The sample measured was an 8-ML single-crystal Cu
film epitaxially grown in a MBE chamber on a Ag(001)
surface, in the form of a disk with 1.5 cm diam. On top
of the Cu film a single-crystal Au layer of 10 ML was
grown to protect the Cu film from oxidation when it was
later taken out of the ultrahigh vacuum for the glancing-
incidence EXAFS studies. The detailed procedure of the
sample preparation was similar to that described in Ref.
4

Because both the Au and Cu layers are very thin, the
effective critical angle 0, of the sample is determined
mainly by the Ag substrate. In the energy range of Cu
IC-edge x-ray-absorption fine structure (XAFS), the
effective 0, is about 6.8 mrad. In order to establish the
angular scale, the Auorescence, total electron yield, and
reAectivity were measured as a function of the incident
angle while the photon energy was kept at different con-
stant values below and above the Cu K edge. XAFS spec-
tra were then obtained at angles ranging from -0.50, to
1.50, . While taking the initial spectra, any Bragg peaks
and other reproducible suspicious features (e.g., mono-
chromator crystal "glitches" ) were located by cross ex-
amining the data collected simultaneously in the three
methods, and the azimuthal orientation of the sample
and the monochromator detuning condition were adjust-
ed to optimize the XAFS signal.

Due to anomalous dispersion, the near-edge structure
obtained by total electron yield and reAectivity changes
with the incident angle 0, leading to a severe distortion in
the near-edge part of the data when 0 approaches 0, .
However, the Auorescence signal was found to be in-
dependent of the incident angle 0: the background
Auorescence signals were mainly from the L edges of the
Ag substrate and M edges of the Au cover layer and these
relatively low-energy Auorescence photons were stopped
by the 0.64-mm-thick Plexiglas cap of the total electron
yield detector. In a sense the total electron detector
housing acted as a high pass filter for Auorescence pho-
tons. As a result, the anomalous dispersion made a very
small contribution to the Auorescence signal detected,
and its effect was not visible in our data. Calculations
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show that the distortion in the near-edge structure of the
8-ML Cu is about l%%uo of the edge jump at 10 eV above
the first inflection point when 0-O„compared with
about 20% distortion if the entire fluorescence signal was
detected. At incident angles 0~0.780„ the data ob-
tained from all three detection methods tend to agree. In
this paper we analyze the fluorescence data, not only be-
cause they are almost free from the anomalous dispersion
effect but also a relatively simple way of estimating the
correction needed in the EXAFS amplitude and phase is
available.

The fact that glancing-incidence EXAFS is observable
when Cu is covered with a heavier element Au even at in-
cident angles much smaller than the critical angle is
noteworthy. In applications of the glancing-incidence
EXAFS technique it is normally stated that a buried film
or substrate can only be studied at angles less than its
critical angle for total reflection, 0„ if the 0, of the cov-
ering layer is smaller. But this is not valid for thin cover-
ing layers. Calculations indicate that experimentally use-
ful penetration into the Cu layer will occur for covering
films of Au up to 30 A thick.

III. EXPERIMENTAL RESULTS

'A. XANES

The x-ray-absorption near-edge structure (XANES) of
fcc Cu, 8-ML Cu, and bcc Fe are plotted in Fig. 2(a).

The reference data of fcc Cu and bcc Fe were obtained by
the transmission method on pinhole free metal foils of
thickness 3 pm. The 8-ML Cu data were obtained by
averaging the data sets taken in an incident angle range
of 0.670, ~ 0.878, using fluorescence detection. The 8-
ML Cu XANES was prepared by first subtracting a
linear fit to the preedge background and then normaliz-
ing to the linear fit above the edge.

There is a small, but reproducible, shift of the first
inflection point of the 8-ML Cu spectrum to 0.16+0.1 eV
below that of fcc Cu.

In the XANES of fcc Cu the three peaks in the energy
range 0—30 eV have been shown to be well correlated
with the positions of energy eigenvalues of X4, X5, and
I.3 band states. States lying on the Brillouin-zone
boundary have a high density of states because the bands
are flattened and hence correspond to peaks in the ab-
sorption spectrum. However, in the XANES of 8-ML Cu
in the same energy range the second and third peaks in
fcc Cu are replaced by one broadened peak and the spec-
trum is different from that of fcc Cu. On the other hand,
the XANES of 8-ML Cu is more similar to that of bcc Fe
with respect to peak positions and strengths throughout
the XANES energy range. The similarities are more evi-
dent in the derivative plots shown in Fig. 2(b).

Based on these observations we expected that the 8-
ML Cu would have a structure close to that of bcc Fe.
The following EXAFS analysis confirmed this. No quan-
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FIG. 2. (a) The XANES spectra of the K edges of bulk samples of fcc Cu, bcc Fe, and of Cu in the epitaxially grown system

Au(10 ML)/Cu(8 ML)/Ag(001). The absorption coeKcient p(E) has been normalized to unity at the edge as per the text. The zero of
the energy scale coincides with the first inAection point for each edge. The inAection point for the 8-ML Cu is 0.16 eV below that for

fcc Cu. (b) The derivative of the XANES spectra of (a).



0 T JIANG E. D. CROZIER, AND B. HEINRICH
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B. EXAFS
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IV. DATA ANALYSIS

A. Beating analysis

[y(k) = e
J J

for X atoms at the mean distance R from the x-ray-
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absorption atom where 0. , the mean-squared relative dis-
placement in R, is due to thermal motion and static dis-
order. fj(k) is the magnitude of the backscattering am-
plitude of the jth-neighbor atom. Many-body effects are
included in So, an amplitude reduction factor represent-
ing central atom shake-up and shake-off effects, and in A, ,
the mean free path of the electron due to the finite core
hole lifetime and interactions with the valence electrons.
y. (k) is the sum of the central and backscattering phase
shifts. fj(k) and pj(k) can either be extracted from a
reference system or calculated from first principles.

When two shells have the same atomic species, the
EXAFS of the two shells can be written as '

y(k) =—A (k)sin[2kR +y(k)],
k

where

A(k)=A&(k)[1+C (k)+2C(k)cos(k bR)]'

(2)

qo(k) =qr&(k)+tan ' — tan(k hR)1—C(k)
1+C k

(2n +1)m
k(2n + 1) 25R

n=0, 1,2, . . . . (3)

One can use A(k) or y(k) to measure the values of
k~2„+&~ and thus deduce AR. In practice, the kink posi-
tion is located by taking the derivative of the phase with
respect to k. The obvious advantage of this method over
other analysis techniques is that knowledge of the back-
scattering amplitude and phase is not needed.

When a large —k-range y(k) is available, the beating
analysis can quantitatively determine ' AR. This is
demonstrated in the case of bcc Fe. In bcc Fe the dis-
tance difference between the first two shells is bR =0.385
0
A. Using a Fourier transform with a k-space transform
range of 2—16 A ' and an R-space backtransform range
of 1.42-3.07 A, the first-order beat node was determined
consistently in both the amplitude and phase derivative
to be k& =4.05+0.04 A ', where the error bar was es-
timated by changing the ranges of the transform win-
dows. Using k& b,R =n/2, we get h. R =0.388+0.004 A,
i.e., an error less than 0.01 A compared to the exact
value.

In the case of the 8-ML Cu filrn, the k-space data range
is limited to about 8 A ' and consequently the first two
shells are not well separated from higher shells in the
transform. When Fourier filtering is applied, the trans-
form artifacts and the correlation between the beat node
position and quantities like coordination numbers and
Debye-Wailer factors start to have noticeable effects on
the value determined for the beat node. Tests of using

A &(k) and y&(k) are the effective backscattering ampli-
tude and the central plus backscattering phase shift of
shell 1, R =(R, +Rz)/2 is the mean bond length of the
two shells, C(k) is the ratio of backscattering amplitude
of shell 2 over shell 1, and hR =R2 R

~
~ Due to the in-

terference of the two shells, minima appear in the total
backscattering amplitude A(k) and kinks occur in y(k)
with values of k at the beating nodes,
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FICs. 5. The phase derivatives of the 8-ML Cu (solid line),
bcc Fe (dashed-dotted line), and fcc Cu (dashed line).

the beating analysis on the bcc Fe data over the restricted
k-space data ranfe showed that the error in hR could be
as much as 0.03 A, depending on the details of the trans-
form procedures. However, if the analysis is applied to
the 8-ML Cu and bcc Fe in a systematic way, comparison
provides structural information that can then be used as a
guideline for a detailed modeling and to check the con-
sistency of results from different analysis techniques.

Using a rectangular window, the Fourier transform of
ky(k) (Fig. 4) of the 8-ML Cu between 1.38 and 3.35 A
was Fourier filtered and the amplitude and phase were
extracted. Figure 5 shows the results for the derivative of
the phase as a function of k. For comparison, the results
for bcc Fe and fcc Cu, prepared in the same manner, are
also shown. The strong beating effect in both bcc Fe and
the 8-ML Cu are clearly evident, i.e., similar to bcc Fe
the first and second shells of the 8-ML Cu have a small
separation. The gradual modification in the low-k part of
the derivative of the phase of fcc Cu is probably due to
transform artifacts. For the 8-ML Cu the beating node is
at 4.52 A '& by applying k b,R =n. /2 we have
bR "=0.348 A. Similarly for bcc Fe the node is at 4.25A, giving AR '=0.370 A, which is 0.015 A shorter
than the exact value. Due to the limited resolution, these
numbers depend on the details of the transforms, howev-
er the relative beating node separation is meaningful. In
Fig. 5 it also can be seen that the depth of the dip in the
phase derivative of 8-ML Cu is much smaller than that of
bcc Fe. From a detailed modeling study, in which y(k)
was constructed from Eq. (1), we conclude that the small-
er depth of the dip for the Cu is mainly due to a decrease
in N2/N& and an increase in o 2

—o, . The mean free path
is not important here.

Qualitatively the above beating analysis provides us
with the following facts: the 8-ML Cu has a structure
somewhat similar to a body-centered one, the bond
length difference between the first two coordination shells
is shorter than that in bcc Fe, and the quantity
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( ~2 ~2)
(N2/N, )e ' ' of 8-ML Cu is smaller than that of bcc
Fe. These are the constraints for the model-dependent
analysis discussed in the following. 2.0

B. Curve 6tting results

where nr„, = 1+2 hk b,R /m, n is the number of fit pa-
rarneters, and o„„~,~ is the statistical standard deviation
of the data, meanwhile allowing all other (n —1) vari-
ables to fioat. The error bar defined in this way could be
too conservative, possibly by as much as a factor of 2.
The coordination numbers were fixed to reduce the inter-
correlation between varying parameters to an acceptable
level. The values of X, and X2 in Table I are those for a
perfect bcc structure. The results of R

&
and R2 were not

sensitive to the changes in Xor o. : varying X& between 7
and 8 and X2 jX& between 0.60 and 0.75 gave essentially
the same results for the R's. When all the parameters
were allowed to Goat, the results for the bond lengths
remained within the error bars quoted in Table I, but the
residual sum of squares was two or three times larger.

Figure 6 shows the magnitude and the imaginary part

TABLE I. Results of fitting the Cu K-edge EXAFS spec-
trum. Fixed parameters: AEO =0, X& =8, W2/N, =0.75.

(A)

2.56+0.02

Ao.

(10 A )

1.8+2.7

R2
(A)

2.88+0.036

ho-3' 2
(10 A )

5 8+6.0

To solve the structure quantitatively we applied a non-
linear least-squares curve fitting. The empirical Cu
scattering amplitude and phase were extracted from bulk
transmission data using the conventional Fourier filtering
technique. The directly extracted empirical EXAFS am-

2~2k2 —2R i /A,

plitude function was (1/kR, )X&SQ(k)e e
which was multiplied by kR f/X, to get the effective

2
—2R)/k

atomic scattering amplitude Sg(k)e e . The

R, and X, used for fcc Cu were 2.556 A and 12." This
means that we neglected any possible differences between
the values for So and A, in bulk and in the thin-film state.
The bEO was always fixed at 0.

The k g(k) (2.85 k +7.42 A ') of 8-ML Cu was
Fourier transformed using a 10%%uo Gaussian window and
the curve fitting was applied to its Fourier transform in R
space within the range 0.8 ~ R ~ 2.8 A. Four parameters
were varied: the nearest- and the second-nearest-
neighbor bond lengths, R, and R2, and the correspond-
ing mean-squared-relative displacernents o.

&
and o.z. The

result is listed in Table I, where

A, 2~i i8-ML Cu ~fcc Cu

The uncertainties of the results were determined by
finding that deviation of a parameter from its best-fit
value which doubles the residual sum of squares,
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FIG. 6. R-space curve fitting of 8-ML Cu. The vertical
0

dashed line at 2.8 A indicates the upper limit of the fitting
range, above which the contribution of multiple scattering from
the nearest-neighbor triangular path is significant.

of the Fourier transform of k y(k) of the 8-ML Cu and
the fit using the parameters in Table I. The vertical
dashed line at 2.8 A in the graph indicates the upper
bound of the fitting range. Beyond this line, the effect of
multiple scattering from the nearest-neighbor triangular
path becomes appreciable and is not included in our
single-scattering approximation.

As can be seen from Table I, the difference between the
two shells is 0.32+0.04 A, which is consistent with the re-
sult of 0.348 A obtained from the beating analysis dis-
cussed earlier.

In our experimental arrangement, the polarization
direction of the incoming synchrotron radiation was
parallel to the (001) surface of the sample. For a perfect
cubic structure there is no polarization dependence in the
spectrum. However, it will be shown in the following
section that the results in Table I lead to a tetragonal
structure with its c axis along the sample surface normal.
This departure away from a perfect bcc structure causes
the angle between the first-nearest-neighbor bond and the
(001) surface normal to be 52.74', which is about 2' less
than the magic angle in a bcc case. Using the formulas
in Ref. 46, reductions in the effective coordination num-
bers for the first and second shells are calculated to be
5% and 0%, respectively. Besides the polarization effect,
the residual anomalous dispersion effect will also cause a
reduction in the effective coordination number and, in ad-
dition, a small constant EXAFS phase shift. It can be
shown that the effect becomes less important as the film
becomes thinner. In our particular case of 8-ML Cu,
the effective coordination number reduction is only about
3% when 0 (0, and the additional constant phase shift is
less than 0.06 rad for any incident angle. Both the ampli-
tude and phase corrections are practically independent of
photon energy in the EXAFS range. With these ampli-
tude and phase corrections implemented, the fitting result
for R„R2 and the residual sum of squares essentially
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remain the same as the values in Table I, but ho.
&

and
Acr& are changed to 0.5 X 10 and 6.5 X 10, respective-
ly.

U. DISCUSSION

The fcc Ag(001) surface rotated 45' can be viewed as a
primitive square lattice with a transverse lattice constant
a~s/&2=2. 89 A, where aA =4.09 A is the lattice con-
stant of fcc Ag. It is known from the RHEED study that
the transverse lattice in the Cu film has fourfold symme-
try and has a transverse lattice constant very close to that
of the square Ag atom array. To minimize the surface
free energy, the logical sites for the first monolayer Cu
atoms are the fourfold symmetry hollow sites in the
center of the square cornered by four Ag atoms, which
are the minima of the substrate-induced periodic poten-
tial. For the same reason, the second and the following
Cu layers should also grow on the fourfold symmetry
sites. This process leads us to have either body-centered-
cubic, face-centered-cubic, or tetragonal lattices, depend-
ing only on the length of the lattice constant c along the
surface-normal direction. If c equals the transverse lat-
tice constant a', the structure is bcc; if c =V'2a', it is fcc;
and in all the other cases it is tetragonal. In our experi-
ment the polarized incident synchrotron radiation had its
electric vector parallel to the sample surface, so the
bonds of length R =c in the normal direction were not
detected. Therefore, there was no need to include anoth-
er shell very close to the second nearest neighbor in the
fitting. The second-nearest-neighbor distance R2=2.88
A then is equal to the transverse lattice constant a'. Al-
though this square lattice has a 20% lattice mismatch
with fcc Cu (lattice constant ac„=3.615 A), the lateral
atomic registry on the Ag surface is conserved. In this
regard the EXAFS result essentially agrees with that
from RHEED. The vertical lattice constant in a body-
centered tetragonal is c = (4R, —2R 2

)' . From the data
in Table I we have c =3.10+0.09 A, where the error bar
is deduced from those of R, and R2. So based on the
fitting analysis we conclude that the 8-ML Cu has a
body-centered-tetragonal lattice with c /a = 1.076+0.043,
i.e., it is (7.6+4.3)% expanded from a bcc structure along
the surface-normal direction. The error bars were es-
timated conservatively and represent an overestimate.

To this point our structural conclusions are based only
on EXAFS data. If we assume the transverse lattice con-
stant of 2.90 A as measured with RHEED and assume a
bcc structure, then the nearest-neighbor distance would
be 2.515 A, which is significantly smaller than the value
R, =2.56+0.02 A determined from EXAFS. The value
of R, in bct is the same as in fcc Cu (R, =2.556 A), but
the atomic volume for bct is 9%%uo larger than for fcc Cu.

Using XPD, Egelhoff and Jacob reported that the vert-
ical expansion of Cu on Ag(001) surface is about 4%.
The sample in the XPD study had 6.5-ML Cu on Ag(001)
and no covering material on top of it. It has been ob-
served that around 8 ML during the growth the LEED
became slightly smeared. The expansion obtained by
the glancing-incidence EXAFS is somewhat larger. This
may be due to differences between the samples studied.

Since the glancing-incidence XAFS technique averages
over all of the Cu atoms in the sample and the growth of
Cu on Ag is not thermodynamically favorable [the sur-
face free energy of Cu is slightly higher than that of Ag
(Ref. 48)], the possibility of interdiffusion at the interfaces
must be considered. If during the growth of the first few
monolayers of Cu on Ag the adsorbed atoms were ag-
glomerated or intermixed with the substrate atoms, the
RHEED intensity oscillations would not start from the
first monolayer deposited. ' However for the sample
used in this study the RHEED intensity oscillations were
observed from the beginning to the end of the growth of
Cu layers. A similar structure of Cu epitaxially grown on
Ag(001) has been studied by XPD, which is an effective
technique for detecting surface alloying or
interdiffusion: ' no interdiffusion was reported. For the
interface between the Au cover layer and the Cu film the
intermixing of the two elements is more unlikely. This
growth is thermodynamically favorable from the
surface-free-energy point of view and the result from a
photoemission study on a Au/Cu(bulk polycrystal) inter-
face indicates that no interdiffusion is observed. This is
supported by our RHEED measurements during the
growth of the Au overlayer. Cu grows in a simple square
lattice while Au shows a complex reconstruction corre-
sponding to a corrugated (111) surface layer of epitaxial
Au(001). It is expected that intermixing would affect the
characteristic reconstruction of Au. Since the recon-
struction was not affected it seems that the interdiffusion
is unlikely.

To assess the sensitivity of EXAFS to interdiffusion we
have considered two models for the EXAFS interference
function y(k). The first model assumed a perfect epitaxi-
al structure Au(001)/8 ML of bct Cu/Ag(001). In this
case, the Cu in the bottom layer has four Ag atoms as
nearest neighbors and four nearest-neighbor Cu atoms
and the Cu in the top layer has four Au nearest neighbors
and four Cu nearest neighbors. Averaging over the 8 ML
of Cu, the effective nearest-neighbor coordination of Cu
becomes 7.0 Cu, 0.5 Au, and 0.5 Ag. The second model
assumed that diffusion occurs, with the top and bottom
layers of Cu interchanging completely with the interfacial
Au and Ag layers, respectively, without altering the
structure or lattice parameters. The effective nearest-
neighbor coordination number for Cu becomes 5 Cu, 1.5
Au, and 1.5 Ag. Both models y(k) were fitted under the
assumption that Cu has only Cu atoms as nearest neigh-
bors. The second model gave y, the residual sum of
squares of errors, that was a factor of 5 larger than for
the first model and could be safely rejected. However, it
would be dificult to distinguish the first model from the
case in which Cu had only Cu as nearest neighbors.
Based on these discussions we rule out the possibility of
severe interdiffusion in our sample.

Our study of the 8-ML Cu film is relevant to the mag-
netic behaviors of Fe/Cu/Fe trilayers on Ag(001). Hein-
rich has shown that the exchange coupling depends on
the thickness of the Cu interlayer, changing from fer-
romagnetic to antiferromagnetic for greater than 8 ML of
Cu. Recently an ab initio calculation was carried out by
Herman, Sticht, and Schilfgaarde on the magnetic prop-



D. T. JIANG, E. D. CROZIER, AND B. HEINRICH

erties of Fe/Cu superlattices assuming a perfect bcc Cu
in the film and the result did not reproduce the sign
change in the magnetic coupling between Fe layers with
different Cu layer thickness. It would be quite interest-
ing to see whether the tetragonal model suggested in this
study can provide some further clue for the understand-
ing of the physical mechanism of the oscillatory magnetic
coupling.

In conclusion, we have applied glancing-incidence
XAFS to a buried single-crystal Cu film only 8 ML thick.
It is demonstrated that when the top passive layer is a
heavier element, but thin (10 ML in this case), the
glancing-incidence technique is still applicable. When
the film of interest has a thickness of a few monolayers,
such as the case here, the anomalous dispersion effects in
fluorescence yield can be eliminated by filtering out the
signal from the substrate and the covering layer. This
makes it possible to get practically distortion-free
XANES without complicated data processing, which
would need detailed knowledge of the optical parameters
of every layer. The XANES obtained for this Cu struc-
ture is strikingly different from that for normal fcc Cu.

This XANES of a Cu crystal completely different from
the natural bulk structure should serve as a good test for
the first-principles theoretical calculations of XANES of
Cu metal.

From detailed EXAFS analysis, we conclude that the
structure of the 8-ML Cu film is body-centered tetragonal
with lattice constants a=2.88 A and c=3.10 A, with the
c axis (perpendicular to the substrate) being expanded
7.6% relative to the bcc structure.
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