
PHYSICAL REVIEW B 1 JUNE 1999-IVOLUME 59, NUMBER 21
X-ray magnetic-circular-dichroism study of Ni/Fe „001… multilayers
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The structure and magnetic properties of Fe/Ni~001! multilayers are studied using x-ray diffraction,
magneto-optical Kerr effect magnetometry, and x-ray magnetic circular dichroism. Multilayers are deposited
with constant Fe layers~12 Å! and wedged Ni layers~0–30 Å!, repeated 20 times, to explore the magnetic
moment and the structure dependence upon thickness of Ni (tNi). Up to tNi'16 Å ~11 ML!, both the Fe and
the Ni have a bct structure, similar to the bulk structure of bcc Fe. The magnetic moments of Ni in the bct
region are nearly constant at 0.85mB for a Ni thicknesstNi in the range 3 Å,tNi,16 Å. This represents a
significant enhancement over the moment in bulk fcc Ni~0.59mB). The Fe/Ni multilayer undergoes a crys-
talline phase transition between 16 Å,tNi,23 Å, beyond which both the Fe and Ni have an fct structure. In
the fct region, the Ni magnetic moment is close to its bulk value and the Fe magnetic moment drops to 1.5mB ,
which is ;70% of its bulk value. The crystalline phase transition is also accompanied by a rotation of the
magnetic easy axis by 45° in the plane of the film.@S0163-1829~99!13521-5#
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I. INTRODUCTION

The magnetic properties of transition metals are known
depend strongly upon their crystal structure. One way to
tificially control the structure is through the preparation
superlattices, where a metastable phase of one element
be stabilized through epitaxial growth. Many metastable s
tems have been achieved which may exhibit unusual pro
ties. For example, substantial magnetic moments can be
duced in normally nonmagnetic elements.1,2

As an important ferromagnetic metal, the structure a
magnetic properties of Ni have been studied in many exp
ments on thin films and multilayers.3–18 Specifically, several
studies have discussed magnetic moments in metastabl
Ni films on Fe~001!.3,5,7–10,14,15All of these give results of a
reduced magnetic moment for bct Ni as compared to the b
@e.g., 0.33mB for 1 ML and 0.39mB for 5 ML ~Refs. 14,15!#,
although some of them predicted that the magnetic mom
for bct Ni could be higher than 0.4mB .7,9 By comparison,
theoretical calculations predict a larger moment for bulk b
Ni;19 choosing the lattice constant of bulk bcc Fe, they p
dict the Ni magnetic moment as 0.54mB . Moreover, calcu-
lations of Ni films on Fe~001! find an enhanced Ni magneti
moment~0.86mB for 1 ML, 0.69mB for 2 ML thin films!.
However, in the latter report thec-axis spacing between th
2 monolayers was chosen to be that for fcc Ni, not bcc
Hence, it is not clear what would be predicted for a 2 ML bcc
Ni film, which conceivably could have a higher moment.

To shed more light on the disagreement between exp
ment and theory, we study epitaxial Fe/Ni~001! multilayers.
We find that bct Ni may be stabilized within such multilaye
up to '16 Å thickness. X-ray magnetic circular dichrosi
~XMCD! is applied to probe the element specific magne
moments. The results indicate bct Ni has an enhanced m
netic moment as compared with its bulk value. A phase tr
sition from bct to fct structure is observed for Ni thickne
tNi greater than 16 Å, beyond which the Ni moment a
proaches its bulk value. The effect of the crystalline phase
the Fe moments is also studied in these experiments.
PRB 590163-1829/99/59~21!/13911~8!/$15.00
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II. GROWTH AND STRUCTURAL CHARACTERIZATION

The multilayers were prepared by dc magnetron sput
ing at a pressure of 3.231023 Torr Ar, with a deposition rate
of 1 Å /s. The base pressure of this ultrahigh-vacuum sys
is ,5310210 Torr. Some samples were deposited with u
form Ni layers, while others were deposited with wedg
shaped Ni layers to explore Ni thickness dependence
films deposited under identical conditions. This paper
cuses mainly on a wedge sample with structure as follows
25 Å Cr~001! film was deposited onto an MgO~001! sub-
strate at 600 °C to seed subsequent growth. This was
lowed by a 300 Å Cr layer at 300 °C which provides a fl
bcc template for growth of the multilayer. Then, the structu

Fe 12 Å@Ni 0–30 Å/Fe 12 Å#20

was deposited at 170 °C. A final 20 Å Al capping layer w
deposited at room temperature and used to protect ag
oxidation after removal from the growth chamber. Resu
are also reported for an analogous Fe/Ni multilayer grown
MgO~001!/4 Å Cr at 600 °C/250 Å Ni at 250 °C, which pro
vides an fcc template for subsequent growth. In the follo
ing, we shall refer to the former~bcc template! structure
unless otherwise specified.

Figure 1 displays x-ray-diffraction~XRD! specular scans
from several positions on the wedge. These were taken w
a two-circle fixed anode diffractometer using CuKa radia-
tion with 1° angular resolution. The x-ray beam on t
sample is about 2 mm wide, so that it integrates over a
thickness range of'1.5 Å at any given point. This intro-
duces a significant broadening of the observed x-ray pe
from the multilayer. The dominant features in all spectra
the MgO~002! peak at 43.1° and the Cr~002! peak at 64.9°.
An additional small feature at 54° in all scans is associa
with defects in the substrate. The bct Fe/Ni~002! features are
visible between 60° and 80° in scans withtNi<16 Å and fct
Fe/Ni~002! is visible between 45° and 55° in the scans w
tNi>20 Å . This indicates that the Fe/Ni has a coherent
perlattice structure before and after the phase transit
13 911 ©1999 The American Physical Society
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13 912 PRB 59LIN, SCHWICKERT, TOMAZ, CHEN, AND HARP
Where there is no Ni at the beginning of the sample, the
feature is close to the expected position of bcc Fe~002! peak,
just to the right of the Cr~002! peak. AstNi increases, this
peak moves to a largeru angle, indicating a decreasin
c-axis lattice constant. This is consistent with a bct Ni latt
constant that is smaller than that of Fe. AstNi increases from
16 to 23 Å the films undergo a crystalline phase transit
from bct to fct. At tNi516 Å, the bct multilayer feature be
gins to broaden suggesting increasing disorder, but
fct~002! multilayer feature is yet visible. AttNi521 Å a
strong fct Fe/Ni~002! has appeared, coexisting with degrad
intensity in the bct region of the spectrum. It was repor
that the intermediate Ni phase is a structure consisting
small domains.18 Finally, for tNi>23 Å the fct crystal struc-
ture dominates. Some superlattice satellites are also evid
indicating good quality Fe/Ni layering.

In all spectra fortNi>21 Å, a weak fct~220! feature can
be seen near 74°. This represents a minority compon
within the fcc films, yet it could influence the magnetic pro
erties. For this reason, the second Fe/Ni wedge was prep

FIG. 1. X-ray-diffraction spectra from Fe 12 Å/NitNi ~001!
multilayers. The main features observed are the MgO subs
~002! peak at 43° and the Cr seed layer peak at 64.9°. FortNi

&16 Å, the multilayer features appear between 60 and 80°, i
cating a coherent bct structure. BeyondtNi516 Å, the main
multilayer features appear between 45 and 55°, which indicate
fct structure. In the fct region, a weak broad feature appears
74° due to a minority component of fct~011! orientation within the
film.
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using the fcc Ni template. An x-ray spectrum from one p
sition on this sample is presented in Fig. 2. Here it is se
that a single fct~001! orientation was achieved within thi
sample. As an aside we note that within the bct region the
template sample showed a majority bct~110! orientation.

Returning to the bcc template sample, for each posit
the average perpendicular spacingc was determined from
the position of the Fe/Ni~002! peak. This data is plotted in
the top panel of Fig. 3. To fully characterize the crystal stru
ture, it is also required to know the in-plane lattice parame
a. This was determined using off-normal radial diffractio
scans through the bct~103! feature of all the samples.@Note
that this peak is equivalent to the fct~113! when indexed on
an fct lattice system. However, for the rest of this discussi
we will index all samples on the bct lattice.# From the
bct~103! measurements andc, it is possible to deducea. The
results fora are plotted in the lower panel of Fig. 3. It wa
not possible to measure the bct~103! feature fortNi516 Å as
it was too weak and broad, so this point is omitted. The b
characterization of the lattice structure can be found in
c/a ratio, plotted in the middle panel of Fig. 3. Recall that
perfect bcc lattice hasc/a51,while a perfect fcc lattice has
c/a51.414. It is seen that fortNi,16 Å, c/a is very close to
1. We interpret this as signifying that the bcc structure m
be a very stable local minimum for Ni, since films with equ
parts Fe and Ni are almost perfectly bcc. The fact thatc/a
,1 in this region can be understood from the fact thata is
set by the Fe template, whilec is more free to relax~con-
tract! due to the smaller Ni atomic radius. Likewise, after t
phase transformation the lattice is almost perfectly fcc w
c/a51.40. This suggests that fcc is a nearly stable struc
for Fe, which is well known.

Some samples that are perfectly analogous to the bcc
plate sample but with uniform Ni layers were prepared
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FIG. 2. X-ray-diffraction scan from the fcc-template multilay
with tNi527.75 Å. This scan shows that this sample is 100
fct~001! oriented with no minority fct~011! component. Otherwise
the magnetic and structural properties of this sample are indis
guishable from those of the analogous part of the bcc-temp
sample~previous figure!. From this we conclude that the minorit
component of fct~011! orientation evident in the previous figur
does not strongly affect the macroscopic properties of the b
template sample.
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PRB 59 13 913X-RAY MAGNETIC-CIRCULAR-DICHROISM STUDY OF . . .
evaluate the interdiffusion between Fe and Ni layers. XR
data from these samples were simulated using the Su
program which can provide the detailed information of l
tice parameters and interdiffusion of superlattice sample.
program developed by Fullertonet al.20–22 Figure 4 shows
the best fitting of the specular XRD data from one su
sample. The multilayer structure was found to be 10 M
Fe/10 ML Ni, with Fe and Ni perpendicular lattice constan
of 1.36 and 1.25 Å, respectively. The best fit was obtain
with a model including 3 ML of interdiffusion at each inte
face. The variation ofx2 with interdiffusion is displayed in
the inset. For this graph, the interdiffusion was set at e
value in turn, and all the other fitting parameters were
lowed to relax to achieve the minimumx2.

III. MOKE MEASUREMENTS

The effect of the bct→fct phase transition is clearly ob
served in the magnetic measurements. Figure 5 shows
teresis loops for films with differenttNi measured by
magneto-optic Kerr effect~MOKE! magnetometry. Notice
that the easy axis changes from the bct@100# to the bct@110#
direction. A careful analysis of the saturation field shows t
this switch occurs attNi521 Å, just at the position of the
structural phase transition. This means that the first in-pl

FIG. 3. Top panel: The average perpendicular spacings (c) for
different tNi as determined from the 2u angle of the Fe/Ni~002!
peaks in Fig. 1. Bottom panel: The average in-plane lattice c
stants (a) for eachtNi were deduced from scans through the Fe
~103! peak~not shown!. The ratioc/a ~middle panel! is a continu-
ous parameter that allows us to distinguish bcc-like (c/a '1) and
fcc-like (c/a '1.414) regions of the sample. Because the bct~103!
feature fortNi516 Å was too weak and broad for its position to b
accurately measured, this point was omitted from the middle
bottom panels.
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anisotropy constant has a zero crossing attNi521 Å. The
same behavior is observed in the fcc template sample, i
cating that the anisotropy behavior is not dominated by
minority fct~110! component in the bct template film. A
similar zero crossing of the first anisotropy constant is o
served in Fe/Pt~001! multilayers.23

Figure 6 reveals the relation betweentNi and the satura-
tion longitudinal Kerr effect. From the beginning attNi50
Å, the saturation Kerr effect increases smoothly to a pea
tNi516 Å, and then it falls through the region of the pha
transition. After the phase transition, the Kerr effect platea
The present films are relatively thick compared to the MOK
sampling depth, hence the MOKE is more a measure of
magnetization density, rather than the total magnetization
particular, since Ni has a smaller Kerr effect than Fe, o
might expect the MOKE effect to decrease with increas
Ni thickness. Surprisingly, this is not observed through
bcc region of the samples. Instead, the MOKE effect
creases. Because the Kerr effect is indirectly related to
magnetization, the initial increase is difficult to interpret.
could arise from several factors:~1! an enhancement of th
Fe moment;~2! an enhancement of the Fe Kerr rotation d
to Fe-Ni hybridization and symmetry breaking at the Fe/
interface; and~3! the same effects applied to Ni. The sha
drop neartNi521 Å strongly suggests a loss of magnetiz
tion during the phase transition. However, a change in
matrix elements governing the MOKE effect, caused by
change in symmetry in going from a bct to fct lattice cann
be excluded as cause for this effect. We solve this ambig
using XMCD below.

Also plotted in the Fig. 6 is the coercivity as a function

-
i

d

FIG. 4. XRD raw data from a~Fe 10 ML/Ni 10 ML! multilayer
~dots! were simulated~solid line! by optimizing the detailed lattice
parameters in the Suprex program. The peak on the left side is f
the seed layer Cr. The largest peak in the center is the main pea
Fe/Ni(002) multilayers. The two small peaks are the satellite pe
of the multilayers. Thec-axis lattice constants determined from th
fit were 1.36 and 1.25 Å for Fe and Ni, respectively. The relat
betweenx2 and the interdiffusion thickness is shown in the ins
x2 is sum of the squared differences between the raw data and
fit. From the curve ofx2 vs interdiffusion, the best fit is found fo
an interdiffusion of 3 ML.
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13 914 PRB 59LIN, SCHWICKERT, TOMAZ, CHEN, AND HARP
tNi . The coercive field exhibits a cusp neartNi521 Å, which
is due to the high degree of disorder in the region of
crystalline phase transition. Similar coercivity behavior as
ciated with crystalline phase transitions have also been
served in other systems.24,1,25,23,26Interestingly, the peak o
the coercivity is located on the right-hand side of the pha
transition region as determined by x-ray diffraction. Th
may be partly because the magnitude of the magnetocry
line anisotropy is passing through zero in the vicinity of t
phase transition. Since coercivity arises partly from anis
ropy, this might shift the coercivity maximum to a region
nonzero anisotropy.

IV. XMCD EXPERIMENT

To determine the element-specific magnetic moments
employ x-ray magnetic circular dichroism~XMCD!. This
technique was proposed by Erskine and Stern,27 then realized
by Schütz et al.28 The principle of XMCD is to measure
differences in the circularly polarized x-ray-absorption sp
tra depending on the relative orientation between the m
netic moment and photon helicity.

The samples were transported to the Synchrotron Ra
tion Center in Madison, WI, and pieces of them were

FIG. 5. These hysteresis loops were taken along the bct@100#
and bct@110# in plane directions of the sample. All the sampl
show a fourfold in-plane anisotropy. FortNi,21 Å, we observe that
the saturation field is lowest along the@100# direction, making this
the easy axis. FortNi.21 Å, the saturation field is lowest along th
@110# direction, indicating a switching of the easy axis by 45°
the plane of the film. This shows that the first in-plane anisotro
constant has a zero crossing attNi521 Å.
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serted into a UHV chamber~base pressure 1310210 Torr!.
Samples were magnetized in saturating fields along the e
axis and measured in remanence.

For Fe, XMCD is performed at the 2p absorption edge
since this probes the 3d final states~which carry most of the
magnetic moment!. A typical Fe XMCD spectrum is dis-
played in Fig. 7. Here 85% circularly polarized x-rays a
incident on the film at 45° angle of incidence. The magne
zation is switched at each photon energy by 180° in
sample plane. This generates two absorption spectra,
the magnetic moment either parallel or antiparallel to
projection of the photon helicity into the sample plane. T
difference between these two spectra is the XMCD, which
approximately proportional to the Fe magnetic moment.
extract the Fe magnetic moment, the XMCD magnitude
compared with that of a standard sample, in this case, a
Fe film. Additionally, the Fe XMCD spectra were compar
with the spectrum from the part of the bcc template film w
tNi50, yielding identical results.29 By this method, the Fe
moment determined from the spectrum in Fig. 7 is 2.15mB ,
that is, this spectrum has the same XMCD intensity as b
Fe. The statistical errors in this measurement are only a
percent. However, systematic errors may arise from the
that XMCD is not exactly proportional to the Fe magne
moment. The systematic errors have been discus
previously1,30 and are,20% of the magnetic moment.

XMCD has been measured in Ni also at the 2p edge. The
XMCD signal of Ni is smaller than that of Fe, but the stati

y

FIG. 6. The magnetic properties obtained from MOKE along
bct@100# axis are summarized in this graph. The saturation K
effect, which is roughly proportional to the total magnetic mome
increases gradually with increasingtNi in the bct region~the lightly
filled part! and the coercivity does not change. In the pha
transition region, the saturation Kerr effect decreases rapidly,
the coercive field has a cusp which indicates a high degree of
order. Finally, in the fct region~the heavily filled part!, the Kerr
effect stays constant and the coercivity decreases monotonical
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PRB 59 13 915X-RAY MAGNETIC-CIRCULAR-DICHROISM STUDY OF . . .
tical errors from the measurement are still only a few p
cent. A standard Ni film was prepared, but it showed
XMCD signal only 75% as large as has been reported
other groups previously for Ni.31,32 This reduced momen
might have been caused by an undesired interaction betw
the Ni film and Al capping layer.~Note that in previous
studies, we have always found the Al capping layer to
inert with respect to the magnetic properties of Fe or C!
For this reason, we took our standard Ni XMCD spectru
from previously published literature.31,32As a check, we also
compared Ni spectra to that from a bulk Co film using t
transferability approximation,33 which gave identical results
Figure 8 shows one Ni 2p XMCD spectrum. From the
XMCD we estimate the Ni magnetic moment at'0.69mB
per atom within this sample.

An example of the Ni spectra comparison procedure
shown in Fig. 9. Here the ‘‘unknown’’ and ‘‘standard’’ spec
tra were taken from the bcc template sample at positi
with tNi53 and 30 Å, respectively. At first, the absorptio
spectra from the two magnetization directions are summ
and compared for the two samples. Although they origina
appear quite different~top panel!, the absorption spectr
agree very well after the unknown spectrum has been sc
with a constant and summed with a low-order polynom
background function~middle panel!. In most cases, a linea
background function is sufficient to achieve good agreem
although occasionally up to third-order polynomial bac

FIG. 7. X-ray absorption spectra~above! near the Fe 2p edge.
This spectrum was taken at a position on the sample wheretNi

50. As the magnetization direction is switched relative to the p
ton helicity, two absorption spectra are acquired. The differenc
these two spectra is the XMCD~plotted below on an expande
scale!. By comparison of the XMCD spectrum with that from
standard sample, we deduce an Fe magnetic moment of 2.15mB per
atom at this position.
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grounds are used. The scaling factor and background fu
tions are chosen to achieve the best fit between the two
sorption spectra. Then the difference of the standard
scaled unknown absorption spectra for the two magnetiza
directions is formed~the XMCD, also plotted in the middle
panel!. Note that the background function applied to com
pare absorption spectra cancels out from the unkno
XMCD spectrum. In the middle panel of Fig. 9, it is seen th
the XMCD from the standard is slightly smaller than that
the unknown. The standard is multiplied by a constant fac
~here 1.19! to achieve a best fit with the unknown spectru
~shown in lower panel of Fig. 9!. From this the magnetic
moment per Ni atom in the unknown sample is determined
be 1.19 times as large as the moment in the standard.
same procedure was also applied to determine Fe mag
moments.

V. ELEMENT-SPECIFIC MAGNETIC MOMENTS

The Fe moments as measured by XMCD are summar
in Fig. 10. In the bct region, the Fe XMCD is enhanced
'10% over that of bulk Fe. We must be cautious in assi
ing this enhancement to an increased Fe magnetic mom
due to the systematic errors mentioned above. However
increased Fe moment of similar magnitude was predic
within the calculations of Leeet al.34 Through the phase
transition the Fe moment drops by nearly 40%, and stabili
at '1.5mB in the fct region. This is only 70% of the bulk F
moment. It is well known that the magnetic moment in fct
is strongly dependent on the lattice constant, and ferrom

-
of

FIG. 8. Typical Ni x-ray absorption spectra~above! and dichro-
ism ~below! from another position of the Fe/Ni multilayer as in Fig
7. HeretNi529.7 Å. By a similar procedure, we deduce a Ni ma
netic moment of 0.69mB per atom in this part of the sample.
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13 916 PRB 59LIN, SCHWICKERT, TOMAZ, CHEN, AND HARP
netic, antiferromagnetic, and paramagnetic states have
been predicted.19 Indeed, examples of paramagnetic1

ferromagnetic,23 and antiferromagnetic35 behaviors are easily
found in the literature. The reduced moment ferromagn
fct state of Fe observed here is similar to that observed
Fe/Pt~001! ~Ref. 23! and Fe/Pd~001! ~Refs. 36,26! multilay-
ers. However, note that this moment reduction could a
arise from a minority component of antiferromagnetic
coexisting with ferromagnetic Fe, perhaps in the center
the Fe layer.

Turning now to the Ni moments~Fig. 11!, we discern four
distinct regions of behavior within this sample. The Ni m

FIG. 9. X-ray-absorption and dichroism spectra comparison p
cedure:~1! The original absorption spectra are shown in the up
panel~sum of spectra from two magnetization directions!. The solid
line is the standard spectrum~the spectrum withtNi530 Å! and the
circles are the unknown spectrum~the spectrum withtNi53 Å!. To
aid in visual clarity, only every third unknown point is plotted.~2!
In the middle panel, the unknown spectrum is scaled by a cons
factor, and a low-order polynomial background is added to obta
best fit with the standard absorption spectrum. Also shown in
middle panel are the XMCD spectra~difference of spectra from two
magnetization directions! after the processing of the unknown a
sorption spectra.~3! The bottom panel shows the final result aft
the standard spectrum is multiplied by a constant~1.19! to achieve
the best fit with the unknown spectrum. From this, the magn
moment per Ni atom in the unknown is determined to be 1.19 tim
as large as that in the standard.
all

ic
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ment starts at a maximum of 1.1mB for tNi50.5 Å and de-
creases rapidly to'0.85mB at tNi53 Å. For 3 Å,tNi,16 Å,
the Ni moment is almost constant at 0.85mB . In the region of
the phase transition, the Ni moment decreases, and in th
region the Ni moment is again constant at'0.69mB . In the
fct region, one point is plotted showing the Ni magnetic m
ment within the fcc-template sample. The agreement
tween the two samples is quite good. We now discuss e
of the four regions in turn.

At the beginning of the wedge, interdiffusion plays
dominant role. Since the interdiffused region extends'3
ML, below tNi53.75 Å ~3 ML!, the multilayers are best re
garded as FeNi alloy layers of varying composition separa
by pure Fe layers. In this region we may compare the res
to Ni moments in bulk FeNi alloys,37 plotted as a function of
composition in Fig. 11. The Ni composition is scaled so th
it matches the average composition of the multilayers~infi-
nite interdiffusion!. The measured moments are close
those of the alloys in this range. This comparison lends f
ther support to our choice of moment scale for the Ni m
ments. The comparison with the alloys breaks down rapid
however, since the invar point~bcc→fcc phase transition!
occurs relatively early in the alloys when compared w
multilayers having the same average composition.~Note that
if the true diffusion profile is used to calculate alloy comp
sition, then the invar point would move to even lowertNi .)

For thicker films, interdiffusion plays a weaker role. F
example, The multilayer withtNi512 Å has an approximate
profile of @Fe 5.5 ML/FeNi 3 ML/Ni 7 ML/FeNi 3 ML#.
According to the linear interdiffusion model used in the S
prex program, these three interdiffused monolayers can
thought of as an alloy with gradually varied concentratio
@Fe 83% Ni 17%/ Fe 50% Ni 50%/ Fe 17% Ni 83%#. Thus in
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FIG. 10. Summary of the element specific magnetic moment
Fe in Fe/Ni~001! multilayers as measured by XMCD. At the begin
ning of the curve in whichtNi50, the magnetic moment is the sam
as the bulk value of Fe~the dashed line!. In the bct region~the
lightly filled part!, the Fe XMCD is slightly enhanced over its bul
value. The magnetic moments decrease dramatically in the ph
transition region and level off in the fct region at'70%of the
moment in bulk Fe.
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PRB 59 13 917X-RAY MAGNETIC-CIRCULAR-DICHROISM STUDY OF . . .
the region 3 Å,tNi,16 Å, there exists an increasing numb
of Ni atoms which do not have Fe nearest neighbors, w
the Ni has a bct structure. In Fig. 11 it is seen that the
moment/atom is strongly~and significantly! enhanced above
that in fcc Ni throughout this region. This is consistent w
the moments predicted in calculations,34 but in sharp contras
to previous experimental studies where bct Ni showed a
duced moment.5,14,15 The difference between previous an
present experiments is that the Ni films have one vacu
interface, while the Ni multilayers in the present study
not. The reduced coordination of Ni atoms at the vacu
interface might reduce the surface Curie temperature, lea
to a suppressed Ni moment. Comparatively, the calculat
are performed at 0 K. The suppression of Ni moments
these films is not unlike our fcc Ni film, which displayed
reduced moment possibly due to the Al capping layer. In
dentally, note that if the fcc Ni film had been used as
standard, all the Ni moments in Fig. 11 would be 33
higher.

Beginning attNi;16 Å, the phase transition is associat
with a substantial~20%! decrease in the Ni moments. Yet th
decrease in the Ni moment is not as large as that in Fe, w
can be understood by consideration ofd-electron

FIG. 11. Summary of the element specific magnetic moment
Ni in Fe/Ni~001! multilayers as measured by XMCD~diamond
symbols!. Throughout these samples, the measured Ni moments
enhanced above that in bulk fcc Ni~plotted as dashed line!, particu-
larly when Ni has a bct structure. For comparison, the Ni magn
moment in bulk NiFe alloys~gray crosses! are overlaid. Good
agreement is achieved between the present results in the inte
fused region (tNi,3 Å! and the alloy data. However, the bod
centered to face-centered phase transition in the alloy~invar point!
occurs at a much lower average composition than in the pre
multilayers. The multilayer Ni moment decreases significan
through the phase-transition region. In the fct region, the Ni m
netic moment stays constant at a level close to the bulk Ni va
Magnetic moment of Ni from the fcc-template multilayer withtNi

527.75 Å is also presented here~triangle symbol!. It gives almost
the same value as the bcc-template sample.
le
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e-

m

ng
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n
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ch

localization.38 In the transition metals, localization increas
with increasing atomic number~within a given row!. Thus
the Ni d electrons are more localized than those of Fe, he
Ni is less sensitive to changes in its local atomic enviro
ment. Following the phase transition the Ni magnetic m
ment is constant in the fct region. The magnetic mom
~0.69mB) is smaller than in the bct region, but still a littl
larger than bulk Ni~0.59mB). Considering the systemati
errors, this enhancement is of borderline significance.

It should be noted that interactions at the Fe/Ni interfa
are expected to raise the magnetic moment in both Fe
Ni. This can be understood from the ‘‘Slater-Pauling’’ curv
of magnetic moment vsd occupation number in 3d
transition-metal alloys.39 There it is seen that a maxima
magnetic moment per atom is achieved when the aver
d-band occupation number reaches 7.3 electrons per atom~in
this exposition, Fe and Ni are assumed to have 7 an
d-electrons per atom, respectively!. Thus the FeNi alloys de-
veloped at the Fe/Ni interface tend to have enhanced Fe
Ni moments, as compared with Fe and Ni atoms in the la
interior. However, it is unlikely that this enhancement cou
account for the totality of the Ni moment enhancement o
served in the bct region. For example, settingtNi510 ML,
and letting the interior 7 ML have a moment of 0.59mB ,
leads to interfacial Ni moments of 1.46mB , which is not a
reasonable value. Although this example is compelling
should be noted that at the lower limit of the systematic er
bar for the Ni moment, the same calculation predicts an
terfacial moment of 0.89mB which is more reasonable.

In support of the conclusion that the moment enhan
ment can extend far from the interface, consider studies
Co/Fe multilayers which found that interactions at the Co
interface cause Fe moments enhancements that exten
least 6 ML away from the interface.40 This is explained as
follows: the Fe moments are ‘‘pinned’’ to a high value at t
interface, although the interior of the Fe layer prefers to ha
the lower bulk Fe moment. There is an kinetic energy p
alty for introducing a ‘‘magnetic interface’’ between the hig
and low moment Fe, because the electron wave func
must vary more strongly at the interface than it would
there were no interface. Hence, if the Fe layer is thin enou
the energy gained by lowering the interior moment is n
sufficient to warrant introduction of a magnetic interface.
some critical thickness, however, a magnetic interface is
ated and the interior Fe reverts to the lower moment stat
is reasonable to assume a similar effect is in operation h
Again, the enhanced bcc Ni moment is pinned to a h
value at the interface, and this moment enhancement ext
several Å into the pure Ni region, as seen in Fig. 11.

VI. CONCLUSION

In conclusion, we have prepared Fe/Ni~001! multilayers
and characterized them structurally by XRD and magn
cally by MOKE and XMCD. Where the Ni layers are thi
(tNi,16 Å! the multilayers are bct and ferromagnetic, with
nearly constant Fe moment. The average Ni atomic mom
is enhanced well above that in fcc Ni. This enhancemen
probably due to the reduced coordination of the bct struct
and to the interactions at the Fe/Ni interface. Between 16
Å, the entire Fe/Ni multilayer suffers a phase transition to
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fct phase. This region is characterized by bulklike Ni m
ments but depressed Fe magnetic moments.
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