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X-ray magnetic-circular-dichroism study of Ni/Fe (001) multilayers
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The structure and magnetic properties of FEIRL) multilayers are studied using x-ray diffraction,
magneto-optical Kerr effect magnetometry, and x-ray magnetic circular dichroism. Multilayers are deposited
with constant Fe layer6l2 A) and wedged Ni layeré0—30 A), repeated 20 times, to explore the magnetic
moment and the structure dependence upon thickness df)i Up totyj~16 A (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 0,85 for a Ni thicknessty; in the range 3 Aty;<16 A. This represents a
significant enhancement over the moment in bulk fcd®b59uB). The Fe/Ni multilayer undergoes a crys-
talline phase transition between 16<A<23 A, 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 dropsto 1.5
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 fi[l80163-182€09)13521-5

I. INTRODUCTION II. GROWTH AND STRUCTURAL CHARACTERIZATION

The multilayers were prepared by dc magnetron sputter-

deTehr? drr;?%r:]etllc Er?ﬁ]etr:::isr 2]; t;?glsgfl?ctmureetal(s)r?éev\lf:c’\t'\én;ﬂng at a pressure of 3:210 2 Torr Ar, with a deposition rate
tificr:)iall contrglythg structure |ys through the. re arat)i/on of of 1 A /s. The base pressure of this ultrahigh-vacuum system
Y 9 prep is <5x 10 1° Torr. Some samples were deposited with uni-

superlattices, where a metastable phase of one element m . : . A )
be stabilized through epitaxial growth. Many metastable sysf—sa/rm Ni layers, while others were deposited with wedge

. . 2 shaped Ni layers to explore Ni thickness dependences in
tems have been achieved which may exhibit unusual Prope g deposited under identical conditions. This paper fo-

giieg?r: Gr)])(()?mgllle ' sgﬁﬂ:ngziién;%r:ﬁ:ﬁ%moments can be "uses mainly on a wedge sample with structure as follows. A
y 9 ) 5 A Cr001) film was deposited onto an MdQ@01) sub-

As an importqnt ferrqmagnetic metal,. thg structure andy ie at 600°C to seed subsequent growth. This was fol-
magnetic properties of Ni have been studied in many experi o4 by a 300 A Cr layer at 300 °C which provides a flat
ments on thin films and multilaye?s!® Specifically, several

studies have discussed magnetic moments in metastable btgﬁc template for growth of the multilayer. Then, the structure

Ni films on Fg001).2> 7101415 of these give results of a Fe 12 ANi0-30 A/Fe 12 A
reduced magnetic moment for bct Ni as compared to the bulk 20
[e.g., 0.33g for 1 ML and 0.3%:5 for 5 ML (Refs. 14,15,  was deposited at 170 °C. A final 20 A Al capping layer was
although some of them predicted that the magnetic momerdeposited at room temperature and used to protect against
for bct Ni could be higher than O .”° By comparison, oxidation after removal from the growth chamber. Results
theoretical calculations predict a larger moment for bulk bccare also reported for an analogous Fe/Ni multilayer grown on
Ni;® choosing the lattice constant of bulk bcc Fe, they preMgO(001)/4 A Cr at 600 °C/250 A Ni at 250 °C, which pro-
dict the Ni magnetic moment as 0,64. Moreover, calcu- vides an fcc template for subsequent growth. In the follow-
lations of Ni films on F€01) find an enhanced Ni magnetic ing, we shall refer to the formefbcc templatg structure
moment(0.86ug for 1 ML, 0.69ug for 2 ML thin films).  unless otherwise specified.
However, in the latter report the-axis spacing between the Figure 1 displays x-ray-diffractiofXRD) specular scans
2 monolayers was chosen to be that for fcc Ni, not bcc Nifrom several positions on the wedge. These were taken with
Hence, it is not clear what would be predicted &2 ML bcc  a two-circle fixed anode diffractometer using ®ly, radia-
Ni film, which conceivably could have a higher moment. tion with 1° angular resolution. The x-ray beam on the
To shed more light on the disagreement between expersample is about 2 mm wide, so that it integrates over a Ni
ment and theory, we study epitaxial Fef®01) multilayers. thickness range of=1.5 A at any given point. This intro-
We find that bct Ni may be stabilized within such multilayers duces a significant broadening of the observed x-ray peaks
up to ~16 A thickness. X-ray magnetic circular dichrosim from the multilayer. The dominant features in all spectra are
(XMCD) is applied to probe the element specific magneticche MgQ(002 peak at 43.1° and the @02 peak at 64.9°.
moments. The results indicate bct Ni has an enhanced magwm additional small feature at 54° in all scans is associated
netic moment as compared with its bulk value. A phase tranwith defects in the substrate. The bct Fé00i2) features are
sition from bct to fct structure is observed for Ni thicknessvisible between 60° and 80° in scans with<16 A and fct
ty greater than 16 A, beyond which the Ni moment ap-Fe/Ni(002) is visible between 45° and 55° in the scans with
proaches its bulk value. The effect of the crystalline phase oiy;=20 A . This indicates that the Fe/Ni has a coherent su-
the Fe moments is also studied in these experiments. perlattice structure before and after the phase transition.
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FIG. 2. X-ray-diffraction scan from the fcc-template multilayer
with t;=27.75 A. This scan shows that this sample is 100%
fct(001) oriented with no minority fd011) component. Otherwise
the magnetic and structural properties of this sample are indistin-
guishable from those of the analogous part of the bcc-template
sample(previous figur¢ From this we conclude that the minority
component of fq011) orientation evident in the previous figure
45A does not strongly affect the macroscopic properties of the bcc-
template sample.

Log X-ray Intensity (arb. units)

0.0 A using the fcc Ni template. An x-ray spectrum from one po-
40 50 60 70 80 sition on this sample is presented in Fig. 2. Here it is seen
that a single fd001) orientation was achieved within this
2 O (degrees) sample. As an aside we note that within the bct region the fcc
FIG. 1. X-ray-diffraction spectra from Fe 12 A/Nj; (001 template §ample showed a majority [d4i0) orientation. .
multilayers. The main features observed are the MgO substrat% Returning to the bgc template_ sample, for e_ach position
(002 peak at 43° and the Cr seed layer peak at 64.9°. tRor the ave_rage perpendicular spacmgwa;s determmed from
<16 A, the multilayer features appear between 60 and 80°, indith€ Position of the Fe/NDO2 peak. This data is plotted in
cating a coherent bct structure. Beyong=16 A, the main thetop panelof Fig. 3. To fully characterize the crystal struc-
multilayer features appear between 45 and 55°, which indicates ai#'e, it is also required to know the in-plane lattice parameter
fct structure. In the fct region, a weak broad feature appears nea. This was determined using off-normal radial diffraction

74° due to a minority component of f6tL1) orientation within the ~ scans through the Kdi03) feature of all the sample$Note
film. that this peak is equivalent to the {13 when indexed on

an fct lattice system. However, for the rest of this discussion,

Where there is no Ni at the beginning of the sample, the bctve will index all samples on the bct lattigeFrom the
feature is close to the expected position of bc@B8) peak, bct(103) measurements ar it is possible to deduca. The
just to the right of the G002 peak. Asty; increases, this results fora are plotted in the lower panel of Fig. 3. It was
peak moves to a largef angle, indicating a decreasing not possible to measure the (@3 feature fort,;=16 A as
c-axis lattice constant. This is consistent with a bct Ni latticeit was too weak and broad, so this point is omitted. The best
constant that is smaller than that of Fe. #sincreases from characterization of the lattice structure can be found in the
16 to 23 A the films undergo a crystalline phase transitiornc/a ratio, plotted in the middle panel of Fig. 3. Recall that a
from bct to fct. Atty;=16 A, the bct multilayer feature be- perfect bce lattice has/a= 1,while a perfect fcc lattice has
gins to broaden suggesting increasing disorder, but no/a=1.414. It is seen that fdr;<16 A, c/a is very close to
fct(002 multilayer feature is yet visible. Aty;=21 A a 1. We interpret this as signifying that the bcc structure must
strong fct Fe/Ni002) has appeared, coexisting with degradedbe a very stable local minimum for Ni, since films with equal
intensity in the bct region of the spectrum. It was reportedparts Fe and Ni are almost perfectly bcc. The fact tiat
that the intermediate Ni phase is a structure consisting o1 in this region can be understood from the fact thas
small domaing? Finally, for ty;=23 A the fct crystal struc- set by the Fe template, while is more free to relaxcon-
ture dominates. Some superlattice satellites are also evidentact due to the smaller Ni atomic radius. Likewise, after the
indicating good quality Fe/Ni layering. phase transformation the lattice is almost perfectly fcc with

In all spectra fort\;=21 A, a weak fof220) feature can c/a=1.40. This suggests that fcc is a nearly stable structure
be seen near 74°. This represents a minority componerior Fe, which is well known.
within the fcc films, yet it could influence the magnetic prop- Some samples that are perfectly analogous to the bcc tem-
erties. For this reason, the second Fe/Ni wedge was prepargthte sample but with uniform Ni layers were prepared to
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~ FIG. 4. XRD raw data from @&e 10 ML/Ni 10 ML) multilayer
o (dot9 were simulatedsolid ling) by optimizing the detailed lattice
| IA A AI parameters in the Suprex program. The peak on the left side is from
2.4 L L . the seed layer Cr. The largest peak in the center is the main peak of
0 10 20 . 30 Fe/Ni(002) multilayers. The two small peaks are the satellite peaks
Thickness of Ni ( A) of the multilayers. The-axis lattice constants determined from this

fit were 1.36 and 1.25 A for Fe and Ni, respectively. The relation

FIG. 3. Top panel: The average perpendicular spacioyddr  petweeny? and the interdiffusion thickness is shown in the inset.
different ty; as determined from thef2angle of the Fe/N(002 ;2 5 sum of the squared differences between the raw data and the
peaks in Fig. 1. Bottom panel: The average in-plane lattice confit From the curve ofy? vs interdiffusion, the best fit is found for
stants @) for eachty; were deduced from scans through the Fe/Ni g interdiffusion of 3 ML.
(103 peak(not shown. The ratioc/a (middle panel is a continu-
ous parameter that allows us to distinguish bee-liga(~1) and  anjsotropy constant has a zero crossinggt21 A. The
fcc-like (c/a ~1.414) regions of the sample. Because théll®  same behavior is observed in the fcc template sample, indi-
feature forty;=16 A was too weak and broad for its position to be cating that the anisotropy behavior is not dominated by the
accurately measured, this point was omitted from the middle a”%inoriw fct(110 component in the bct template film. A
bottom panels. similar zero crossing of the first anisotropy constant is ob-

served in Fe/RO01) multilayers®®

evaluate the interdiffusion between Fe and Ni layers. XRD  Figure 6 reveals the relation betwegy and the satura-
data from these samples were simulated using the Supreayn longitudinal Kerr effect. From the beginning &§=0
program which can provide the detailed information of lat- A the saturation Kerr effect increases smoothly to a peak at
tice parameters and interdiffusion of superlattice sample. Tthizle A, and then it falls through the region of the phase
program developed by Fullertoet al*°~** Figure 4 shows transition. After the phase transition, the Kerr effect plateaus.
the best fitting of the specular XRD data from one suchthe present films are relatively thick compared to the MOKE
sample. The multilayer structure was found to be 10 MLsampling depth, hence the MOKE is more a measure of the
Fe/10 ML Ni, with Fe and Ni perpendicular lattice constantsmagnetization density, rather than the total magnetization. In
of 1.36 and 1.25 A, respectively. The best fit was Obta'neq)articular, since Ni has a smaller Kerr effect than Fe, one
with a model inCIUding 3 ML of interdiffusion at each inter- mlght expect the MOKE effect to decrease with increasing
face. The variation of* with interdiffusion is displayed in  Nj thickness. Surprisingly, this is not observed through the
the inset. For this graph, the interdiffusion was set at eaclycc region of the samples. Instead, the MOKE effect in-
value in turn, and all the other fitting parameters were alcreases. Because the Kerr effect is indirectly related to the
lowed to relax to achieve the minimugt. magnetization, the initial increase is difficult to interpret. It
could arise from several factorét) an enhancement of the
Fe moment 2) an enhancement of the Fe Kerr rotation due
to Fe-Ni hybridization and symmetry breaking at the Fe/Ni

The effect of the bet-fct phase transition is clearly ob- interface; and3) the same effects applied to Ni. The sharp
served in the magnetic measurements. Figure 5 shows hydrop nearty,;=21 A strongly suggests a loss of magnetiza-
teresis loops for films with different; measured by tion during the phase transition. However, a change in the
magneto-optic Kerr effectMOKE) magnetometry. Notice matrix elements governing the MOKE effect, caused by the
that the easy axis changes from the[ bO0] to the bcf110] change in symmetry in going from a bct to fct lattice cannot
direction. A careful analysis of the saturation field shows thabe excluded as cause for this effect. We solve this ambiguity
this switch occurs aty;=21 A, just at the position of the using XMCD below.
structural phase transition. This means that the first in-plane Also plotted in the Fig. 6 is the coercivity as a function of

IIl. MOKE MEASUREMENTS
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FIG. 6. The magnetic properties obtained from MOKE along the
T T bc{100] axis are summarized in this graph. The saturation Kerr
600 0 600 -600 0 600 effect, which is roughly proportional to the total magnetic moment,
M agnetic Field (Oe) increases gradually with increasihg in the bct regior(the lightly

filed par) and the coercivity does not change. In the phase-
FIG. 5. These hysteresis loops were taken along the 1] transition_regi_on, the saturation }_(err_ ef_fect decre_ases rapidly, a_nd
and bct[110] in plane directions of the sample. All the samples the coercive field has a cusp which indicates a high degree of dis-
show a fourfold in-plane anisotropy. Fg<21 A, we observe that ©rder. Finally, in the fct regiorithe heavily filled papt the Kerr
the saturation field is lowest along the00] direction, making this effect stays constant and the coercivity decreases monotonically.

the easy axis. Fai,;>21 A, the saturation field is lowest along the . 10
[110Q] direction, indicating a switching of the easy axis by 45° in serted into a UHV chambgbase pressurex310™ " Tor).

the plane of the film. This shows that the first in-plane anisotropysa,mples were magr?etlzed in saturating fields along the easy
constant has a zero crossingtgt=21 A. axis and measured in remanence.

For Fe, XMCD is performed at thep2absorption edge
ty. The coercive field exhibits a cusp négr=21 A, which since th_is probes thed3ﬁn_a| stateqwhich carry most _of the
is due to the high degree of disorder in the region of theMagnetic moment A typical Fe XMCD spectrum is dis-
crystalline phase transition. Similar coercivity behavior assoPlayed in Fig. 7. Here 85% circularly polarized x-rays are
ciated with crystalline phase transitions have also been oghcident on the film at 45° angle of incidence. The magneti-
served in other systenié1223nterestingly, the peak of Zation is swnched_ at each photon energy.by 180° in th.e
the coercivity is located on the right-hand side of the phaseS@mple plane. This generates two absorption spectra, with
transition region as determined by x-ray diffraction. Thisth® magnetic moment either parallel or antiparallel to the
may be partly because the magnitude of the magnetocrystapyojection of the photon helicity into the sample pIane._Th_e
line anisotropy is passing through zero in the vicinity of thedifference between these two spectra is the XMCD, which is
phase transition. Since coercivity arises partly from anisot@PProximately proportional to the Fe magnetic moment. To
ropy, this might shift the coercivity maximum to a region of €xtract the Fe magnetic moment, the XMCD magnitude is

nonzero anisotropy. compared with that of a standard sample, in this case, a pure
Fe film. Additionally, the Fe XMCD spectra were compared
IV. XMCD EXPERIMENT with the spectrum from the part of the bcc template film with

tyi=0, yielding identical result§’ By this method, the Fe

To determine the element-specific magnetic moments wenoment determined from the spectrum in Fig. 7 is &35
employ x-ray magnetic circular dichroistXMCD). This  that is, this spectrum has the same XMCD intensity as bulk
technique was proposed by Erskine and Stéthen realized  Fe. The statistical errors in this measurement are only a few
by Schiiz et al?® The principle of XMCD is to measure percent. However, systematic errors may arise from the fact
differences in the circularly polarized x-ray-absorption specthat XMCD is not exactly proportional to the Fe magnetic
tra depending on the relative orientation between the magnoment. The systematic errors have been discussed
netic moment and photon helicity. previously*° and are<20% of the magnetic moment.

The samples were transported to the Synchrotron Radia- XMCD has been measured in Ni also at theetige. The
tion Center in Madison, WI, and pieces of them were in-XMCD signal of Ni is smaller than that of Fe, but the statis-
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FIG. 7. X-ray absorption specti@bove near the Fe 2 edge.

This spectrum was taken at a position on the sample whgre FIG. 8. Typical Ni x-ray absorption specttabove and dichro-
=0. As the magnetization direction is switched relative to the pho-sm (below) from another position of the Fe/Ni multilayer as in Fig.
ton helicity, two absorption spectra are acquired. The difference of - Herety;=29.7 A. By a similar procedure, we deduce a Ni mag-
these two spectra is the XMCIplotted below on an expanded netic moment of 0.68g per atom in this part of the sample.
scalg. By comparison of the XMCD spectrum with that from a
standard sample, we deduce an Fe magnetic moment gk 48  grounds are used. The scaling factor and background func-
atom at this position. tions are chosen to achieve the best fit between the two ab-

sorption spectra. Then the difference of the standard and
tical errors from the measurement are still only a few per-Scaled unknown absorption spectra for the two magnetization

cent. A standard Ni film was prepared, but it showed ardirections is formedthe XMCD, also plotted in the middle
XMCD signal only 75% as large as has been reported byane). Note that the background function applied to com-
other groups previously for Ni=%2 This reduced moment Pare absorption spectra cancels out from the unknown
might have been caused by an undesired interaction betweefMCD spectrum. In the middle panel of Fig. 9, itis seen that
the Ni film and Al capping layer(Note that in previous the XMCD from the standard is slightly smaller than that in
studies, we have always found the Al capping layer to bé&he unknown. The standard is multiplied by a constant factor
inert with respect to the magnetic properties of Fe or)Co. (here 1.19to achieve a best fit with the unknown spectrum
For this reason, we took our standard Ni XMCD spectrum(shown in lower panel of Fig.)9 From this the magnetic
from previously published literaturé:*? As a check, we also moment per Ni atom in the unknown sample is determined to
compared Ni spectra to that from a bulk Co film using thebe 1.19 times as large as the moment in the standard. The
transferability approximatioft which gave identical results. Same procedure was also applied to determine Fe magnetic
Figure 8 shows one Ni 2 XMCD spectrum. From the Mmoments.
XMCD we estimate the Ni magnetic moment &0.69ug
per atom within this sample. , , V. ELEMENT-SPECIFIC MAGNETIC MOMENTS

An example of the Ni spectra comparison procedure is
shown in Fig. 9. Here the “unknown” and “standard” spec-  The Fe moments as measured by XMCD are summarized
tra were taken from the bcc template sample at positiongn Fig. 10. In the bct region, the Fe XMCD is enhanced by
with t\;=3 and 30 A, respectively. At first, the absorption ~10% over that of bulk Fe. We must be cautious in assign-
spectra from the two magnetization directions are summethg this enhancement to an increased Fe magnetic moment
and compared for the two samples. Although they originallydue to the systematic errors mentioned above. However, an
appear quite differenftop panel, the absorption spectra increased Fe moment of similar magnitude was predicted
agree very well after the unknown spectrum has been scaletiithin the calculations of Leeet al®* Through the phase
with a constant and summed with a low-order polynomialtransition the Fe moment drops by nearly 40%, and stabilizes
background functiorimiddle panel. In most cases, a linear at~1.5ug in the fct region. This is only 70% of the bulk Fe
background function is sufficient to achieve good agreementnoment. It is well known that the magnetic moment in fct Fe
although occasionally up to third-order polynomial back-is strongly dependent on the lattice constant, and ferromag-
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Fe in Fe/N{001) multilayers as measured by XMCD. At the begin-
ning of the curve in whichy;= 0, the magnetic moment is the same
XMCD as the bulk value of Féthe dashed line In the bct region(the
lightly filled part), the Fe XMCD is slightly enhanced over its bulk
value. The magnetic moments decrease dramatically in the phase-
O 34 transition region and level off in the fct region at70%of the
moment in bulk Fe.
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X-ray Absorption and X-ray Dichroism (arb. units)

l l I ment starts at a maximum of Ju} for t;=0.5 A and de-
840 850 860 870 880 creases rapidly te=0.85ug atty=3 A. For 3 A<ty;<16 A,
Photon Energy (eV) the Ni moment i;_almost constant at O85. In the regio_n of
the phase transition, the Ni moment decreases, and in the fct
FIG. 9. X-ray-absorption and dichroism spectra comparison prof€gion the Ni moment is again constant€0.69ug . In the
cedure:(1) The original absorption spectra are shown in the upperfCt region, one point is plotted showing the Ni magnetic mo-
panel(sum of spectra from two magnetization directiprihe solid ~Ment within the fcc-template sample. The agreement be-
line is the standard spectruftne spectrum withy, =30 A) and the ~ tween the two samples is quite good. We now discuss each
circles are the unknown spectruithe spectrum withiy;=3 A). To  Of the four regions in turn. ) o
aid in visual clarity, only every third unknown point is plotte@) At the beginning of the wedge, interdiffusion plays a
In the middle panel, the unknown spectrum is scaled by a constaffominant role. Since the interdiffused region extene3
factor, and a low-order polynomial background is added to obtain &1L, below ty;=3.75 A (3 ML), the multilayers are best re-
best fit with the standard absorption spectrum. Also shown in th@arded as FeNi alloy layers of varying composition separated
middle panel are the XMCD spect(difference of spectra from two by pure Fe layers. In this region we may compare the results
magnetization directionsafter the processing of the unknown ab- to Ni moments in bulk FeNi alloy’ plotted as a function of
sorption spectra(3) The bottom panel shows the final result after composition in Fig. 11. The Ni composition is scaled so that
the standard spectrum is multiplied by a cons{@nt9 to achieve it matches the average composition of the multilay@n§-
the best fit with the unknown spectrum. From this, the magnetimite interdiffusion). The measured moments are close to
moment per Ni atom in the unknown is determined to be 1.19 timeshose of the alloys in this range. This comparison lends fur-
as large as that in the standard. ther support to our choice of moment scale for the Ni mo-
ments. The comparison with the alloys breaks down rapidly,
netic, antiferromagnetic, and paramagnetic states have atlowever, since the invar poinfbcc—fcc phase transition
been predicted’ Indeed, examples of paramagnétic, occurs relatively early in the alloys when compared with
ferromagneti@® and antiferromagneti¢ behaviors are easily multilayers having the same average compositidlote that
found in the literature. The reduced moment ferromagnetidf the true diffusion profile is used to calculate alloy compo-
fct state of Fe observed here is similar to that observed isition, then the invar point would move to even lovigr.)
Fe/Pt001) (Ref. 23 and Fe/P{01) (Refs. 36,26 multilay- For thicker films, interdiffusion plays a weaker role. For
ers. However, note that this moment reduction could als@xample, The multilayer withy,=12 A has an approximate
arise from a minority component of antiferromagnetic Feprofile of [Fe 5.5 ML/FeNi 3 ML/Ni 7 ML/FeNi 3 ML].
coexisting with ferromagnetic Fe, perhaps in the center ofAccording to the linear interdiffusion model used in the Su-
the Fe layer. prex program, these three interdiffused monolayers can be
Turning now to the Ni moments§~ig. 11), we discern four thought of as an alloy with gradually varied concentration:
distinct regions of behavior within this sample. The Ni mo-[Fe 83% Ni 17%/ Fe 50% Ni 50%/ Fe 17% Ni 83% hus in
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Ni concentration in Fe-Ni alloy (percent) localization®® In the transition metals, localization increases
30 46 56 63 68 71 with increasing atomic numbdmwithin a given row. Thus
1.2 ! | ' | ! 1 the Nid electrons are more localized than those of Fe, hence
O— Mufiilayers Ni is less sensitive to changes in its local atomic environ-
+  Algy ment. Following the phase transition the Ni magnetic mo-
~ /\  Fccltemplate sample ment is constant in the fct region. The magnetic moment
i (0.69ug) is smaller than in the bct region, but still a little
= 08 larger than bulk Ni(0.59ug). Considering the systematic
; I errors, this enhancement is of borderline significance.
s nx_ar W It should be noted that interactions at the Fe/Ni interface
% e R & e are expected to raise the magnetic moment in both Fe and
= Bulk Ni| =2 Ni. This can be understood from the “Slater-Pauling” curve
= = of magnetic moment vsd occupation number in B8
= 041 g transition-metal alloy$? There it is seen that a maximal
E e magnetic moment per atom is achieved when the average
< o fct Crystal d-band occupation number reaches 7.3 electrons per @om
- bet Crystal Structure) & Structure this exposition, Fe and Ni are assumed to have 7 and 9
i d-electrons per atom, respectivielirhus the FeNi alloys de-
0.0 ! L L l L 1 veloped at the Fe/Ni interface tend to have enhanced Fe and
0 10 20 30 Ni moments, as compared with Fe and Ni atoms in the layer
Ni Thickness (A) interior. However, it is unlikely that this enhancement could

account for the totality of the Ni moment enhancement ob-
FIG. 11. Summary of the element specific magnetic moments oferved in the bct region. For example, setting=10 ML,
Ni in Fe/Ni(001) multilayers as measured by XMCldiamond  and letting the interior 7 ML have a moment of 059,
symbolg. Throughout these samples, the measured Ni moments alggds to interfacial Ni moments of 1.46, which is not a
enhanced above that in bulk fcc Hilotted as dashed lineparticu-  reasonable value. Although this example is compelling, it
larly when Ni has a bt structure. For comparison, the Ni magnetihoy|d be noted that at the lower limit of the systematic error

moment in bulk NiFe alloysigray crosse@sare overlaid. Good  par for the Ni moment, the same calculation predicts an in-
agreement is achieved between the present results in the interdiﬂ‘

. erfacial moment of 0.89g which is more reasonable.
fused region {y<3 A) and the alloy .df"ua‘. However, the .bOdy' In support of the conclusion that the moment enhance-
centered to face-centered phase transition in the difosar poind . : .

. ’ ent can extend far from the interface, consider studies of
oceurs at a much lower average composition than in the prese o/Fe multilayers which found that interactions at the Co/Fe
multilayers. The multilayer Ni moment decreases significantly. terf y = i h ts that extend at
through the phase-transition region. In the fct region, the Ni mag-m erface cause e moments ennancements that extend a

netic moment stays constant at a level close to the bulk Ni valu I.eaSt 6 ML away from the interfac¥. This is explained as

Magnetic moment of Ni from the fcc-template multilayer wiiy ~ 0/lows: the Fe moments are “pinned” to a high value at the

=27.75 A is also presented hefteiangle symbol. It gives almost  interface, although the interior of the Fe layer prefers to have
the same value as the bce-template sample. the lower bulk Fe moment. There is an kinetic energy pen-

alty for introducing a “magnetic interface” between the high

the region 3 A<ty;< 16 A, there exists an increasing number @hd low moment Fe, because the electron wave function
of Ni atoms which do not have Fe nearest neighbors, whildnust vary more strongly at the interface than it would if
the Ni has a bct structure. In Fig. 11 it is seen that the Nithere were no interface. Hence, if the Fe layer is thin enough,
moment/atom is stronglgand significantly enhanced above the energy gained by lowering the interior moment is not
that in fcc Ni throughout this region. This is consistent with Sufficient to warrant introduction of a magnetic interface. At
the moments predicted in calculatio¥gut in sharp contrast Some critical t_hlck_ness, however, a magnetic interface is cre-
to previous experimental studies where bct Ni showed a re@ted and the interior Fe reverts to the lower moment state. It
duced momert*® The difference between previous and is re_asonable to assume a si_milar effect_ is i_n operation h_ere.
present experiments is that the Ni films have one vacuurff9ain, the enhanced bcc Ni moment is pinned to a high
interface, while the Ni multilayers in the present study doVvalue at thg interface, anq th|s_moment enh_ancgment extends
not. The reduced coordination of Ni atoms at the vacuunfeveral A into the pure Ni region, as seen in Fig. 11.
interface might reduce the surface Curie temperature, leading
to a suppressed Ni moment. Compara_ltively, the calculatio_ns VI. CONCLUSION
are performed at 0 K. The suppression of Ni moments in
these films is not unlike our fcc Ni film, which displayed a  In conclusion, we have prepared Fe@d1) multilayers
reduced moment possibly due to the Al capping layer. Inci-and characterized them structurally by XRD and magneti-
dentally, note that if the fcc Ni film had been used as acally by MOKE and XMCD. Where the Ni layers are thin
standard, all the Ni moments in Fig. 11 would be 33%(t\;<16 A) the multilayers are bct and ferromagnetic, with a
higher. nearly constant Fe moment. The average Ni atomic moment
Beginning atty;~ 16 A, the phase transition is associatedis enhanced well above that in fcc Ni. This enhancement is
with a substantial20%) decrease in the Ni moments. Yet the probably due to the reduced coordination of the bct structure
decrease in the Ni moment is not as large as that in Fe, whicand to the interactions at the Fe/Ni interface. Between 16—-23
can be understood by consideration al-electron A, the entire Fe/Ni multilayer suffers a phase transition to an
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