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Fe/Rh „100… multilayer magnetism probed by x-ray magnetic circular dichroism

M. A. Tomaz, D. C. Ingram, and G. R. Harp
Department of Physics and Astronomy, Ohio University, Athens, Ohio 45701

D. Lederman and E. Mayo
Department of Physics, West Virginia University, Morgantown, West Virginia 26506-6315

W. L. O’Brien
Synchrotron Radiation Center, University of Wisconsin-Madison, 3731 Schneider Drive, Stoughton, Wisconsin 53589

~Received 10 April 1997!

We report the layer-averaged magnetic moments of both Fe and Rh in sputtered Fe/Rh~100! multilayer thin
films as measured by x-ray magnetic circular dichroism. We observe two distinct regimes in these films. The
first is characterized by Rh moments of at least 1mB , Fe moments enhanced as much as 30% above bulk, and
a bct crystal structure. The second regime is distinguished by sharp declines of both Fe and Rh moments
accompanied by a transition to an fct crystal lattice. The demarcation between the two regions is identified as
the layer thickness for which both bct and fct phases first coexist, which we term the critical thicknesstcrit . We
attribute the change in magnetic behavior to the structural transformation.@S0163-1829~97!07433-X#
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Thin-film multilayer systems are an area of intense
search today partly due to the applications potential of m
netic properties such as the giant magnetoresistance.1,2 Such
systems also provide a venue for the exploration of fun
mental issues in magnetism. One such issue is that of
duced moments in normally paramagnetic materials in pr
imity to a ferromagnetic material. The late 4d transition
metals ~TM! are interesting candidates in light of the
chemical similarity to the 3d ferromagnetic TM. In spite of
this similarity, the 4d TM lack intrinsic magnetic moment
in the bulk. There is a plethora of work addressing induc
moments on 4d TM atoms in magnetic alloys.3 Here we
employ the thin-film multilayer geometry to place the pa
magnetic material in proximity to the ferromagnet. This a
ditionally provides for the observation of effects due to
duced dimensions and/or the existence of interfaces.

Epitaxial growth of metal films may lead to lattice stra
and atomic volume variations due to lattice mismatch
These in turn may impact the system’s magnetics. Moru
and Marcus4 calculated that Rh and Pd exhibit an anomolo
magnetic behavior with respect to the increase in atomic
ume. They had previously shown that all transition met
exhibit a well defined onset to magnetic behavior at so
critical volume. They found that the magnetic moments
Rh and Pd exceeded the Hund’s rule atomic limit at the on
of magnetism and decreased toward this limit as the ato
volume was further increased. All other TM elements
crease toward the Hund’s rule magnetic moment limit as
atomic volume increases. There is also a simple rule
relates magnetism to the local atomic environment: the lo
the coordination number the larger the atomic mome5

These two factors have been the motivation behind a bod
theoretical and experimental work to determine under w
conditions Rh may be magnetic. Calculations predict a
romagnetic Rh ground state in a free-standing monolaye6–8

as an overlayer on MgO~001!,9 and more recently in an
expanded bcc lattice.10 Conflicting reports are found for Rh
560163-1829/97/56~9!/5474~10!/$10.00
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when in proximity to a noble-metal substrate. Some calcu
tions suggest a ferromagnetic ground state for Rh on Ag
Au,6,11 while others do not.12,13 Experimentally, magnetism
of Rh on Ag has been observed by some researchers14 but
not by others.13,15 Also, no magnetism has been measured
Rh grown on Au.16 Another possible method for inducin
magnetic moments is to place a nonmagnetic materia
proximity to a ferromagnet. In addition to the mechanism
mentioned above, the Rh moment may be further enhan
by a spin polarization due to band hybridization at the int
face. We pursue this approach here.

A previous study of Rh/Fe~100! by Kachel et al.17

showed that overlayers of Rh on Fe~100! are ferromagnetic
at one monolayer~ML ! coverage. They also found that th
ferromagnetic order in the Rh overlayer persists at a cov
age of 2 ML, although only the interface Rh atoms appea
be magnetic. They attributed the ferromagnetic~FM! order-
ing of the Rh overlayer to direct overlayer-substrate hybr
ization, and used a full linear augmented plane-wave ca
lation to predict a moment of 0.82mB for a monolayer of Rh
on an Fe~100! substrate. The above result was further inve
tigated theoretically by Chouairiet al.5 who found the polar-
ization of the Rh overlayers, observed by Kachelet al., to be
more consistent with bct and fct rather than bcc or fcc c
figurations. Additionally, Chouairi and co-workers found a
oscillatory ~antiferromagnetic! behavior in the polarization
of the Rh atoms in all cases they studied.

In the present work, we describe element specific m
netic moment measurements in Fe/Rh~100! multilayers us-
ing x-ray magnetic circular dichroism~XMCD!.18 Applying
XMCD to 4d elements is a nontrivial, yet viable techniqu
for such measurements.19 This paper presents quantitativ
element specific moment measurements of Fe/Rh~100! mul-
tilayers. We find that the Rh in these films carries a nea
constant magnetic moment as a function oftRh up to tcrit
which varies from 3 to 5 Å depending on the Fe layer thick
ness. The measurements do not support the notion of an
5474 © 1997 The American Physical Society
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56 5475Fe/Rh~100! MULTILAYER MAGNETISM PROBED BY . . .
cillatory polarization of the Rh in these films. Additionally
the magnetic moments in both Fe and Rh decline rap
when tRh exceedstcrit .

I. SAMPLE PREPARATION AND CHARACTERIZATION

All films used in the study were prepared by dc magn
tron sputtering onto single-crystal MgO~100! oriented sub-
strates at a sputtering pressure of 3.25 mTorr Ar in a ch
ber with a base pressure of 131029 Torr. The sample holde
position is centered about four sputter guns and is outfi
with a heating element. The sample holder is rotated du
deposition for a more even distribution of material and a
is equipped with a moveable shutter for wedge growth~no
rotation during wedge growth!. Rotation and shutter move
ments are controlled by a microcomputer interface to step
motors, and deposition rates are monitored by crystal th
ness monitors at each sputtering gun. The thickness mon
were calibrated by growing individual samples of each m
terial and measuring their thickness by step profilometry

One of the samples~W1! was characterized by Rutherfor
backscattering~RBS! analysis. RBS is a quantitative comp
sitional analysis tool. The RBS data on this wedge-sha
sample are in very good agreement~better than 10%! with
the assumed deposited thicknesses of both Fe and Rh. S
all samples were prepared under nearly identical conditio
the reported nominal thickness values should indeed be
curate to within 10%.

Polished MgO~100! substrates used for the wedge film
described below were briefly repolished with 0.05m alumina
and H2O, rinsed, and then introduced to the sputtering cha
ber via a load lock transfer mechanism. All substrates w
outgassed for a minimum of one-half hour at>550°C prior
to any material deposition. Fe base layers were subsequ
deposited at 550°C on these MgO~100! substrates. The films
were then allowed to cool in the ambient vacuum~approxi-
mately 4 h! prior to deposition of the multilayer. The growt
temperature for the multilayers was 100°C or 200°C. T
multilayer growth process is fully automated to improve co
sistency and reproducibility. Upon completion of th
multilayer, a protective aluminum capping layer of 20 Å w
deposited at less than 100°C.

The paper focuses on three sets of data derived from
following samples. The first set~S1! is based on a sequenc
of films grown using the following prescription
$MgO~100!/Fe 300 Å/@Rh tRh/Fe 5 Å# 12/Al 20 Å%, where
tRh51, 2, 3, 4.5, and 6 Å~note that theS1 substrates were
not repolished!. The second set of data was obtained from
sample grown in the form of a wedge~W1! as follows
$MgO~100!/Fe 40 Å/@Rh tRh/Fe 7.5 Å# 20/Al 20 Å%, wheretRh
is varied from 0 to 20 Å. The final data set was obtain
from a wedge~W2! grown as $MgO~100!/Fe 40 Å/@Rh
tRh/Fe 10 Å# 20/Al 20 Å%, wheretRh is varied from 0 to 10 Å
~note the multilayer deposition temperature was 100°C
S1 andW1, while for W2 it was 200°C!.

A. Structural characterization by XRD

The films were characterized by high-angle specular x-
diffraction ~XRD! using a fixed anode diffractometer wit
1° angular resolution, two circle goniometer, and CuKa
ly

-

-

d
g
o

er
k-
rs
-

d

nce
s,
c-

-
re

tly

e
-

he

a

d

r

y

radiation. This yields information on the average lattice sp
ing along the growth direction. The XRD data indica
highly oriented films in the growth direction as shown in Fi
1. The features are identified in moving from low to hig
angles as follows. The first peak at 43° corresponds to
substrate MgO~200! reflection. Note that there is a fairly
broad shoulder extending to nearly 50° and that the termi
of this shoulder is punctuated by a small feature at 49.3°~see
panel b!. The shoulder is related to the MgO~200! peak,
while the small peak at 49.3° is due to the fcc-like Fe/R
~200! multilayer reflection~this scan is attcrit for S1!. The
small sharp feature at 55°, attributed to defects in the s
strate crystal, appears in all of our~100! samples regardles
of film constituency. The feature at 60° is associated with
bcc-like Fe/Rh~200! multilayer reflection and appears t
have a small shoulder associated with it in theS1 films
which is not present in theW1 or W2 films. The difference in
theS1 andW1 or W2 films is the thickness of the base laye
300 Å for S1 vs 40 Å for W1 and W2. The feature at
65.2° is the Fe~200! reflection due to the thick base laye
The final feature at 94° is the substrate MgO~400! reflection.
Panel c shows the rocking curve taken at the bcc-like Fe
~200! multilayer peak of 60° which possesses a full width
half maximum~FWHM! of 0.93°.

The XRD data suggest that a structural phase transi
occurs in these films. This is demonstrated in a represe
tive sequence of scans given as Fig. 2. The sequence tr
the evolution of the spectral feature~s! associated with the
Fe/Rh~200! multilayer reflection for the filmW2. The left-
hand panels show a smooth motion of the bcc-like ML pe
to larger lattice constant accompanied by some degrada
of the peak in terms of intensity and sharpness bytRh54 Å.
The sequence in the right-hand panels shows the contin
degradation of the bcc-like ML peak followed by a coexis
ence of both bcc-like and fcc-like ML peaks attRh55 Å.
The fcc-like ML peak then increases in intensity and sha
ness while the bcc-like feature disappears.

All the films exhibited similar behavior which is summa
rized in Fig. 3. Here we plot the average interplanar spac
as determined by the XRD multilayer peak angle vstRh for

FIG. 1. ~a! The XRDu –2u scan for theS1 sample withtRh53
Å. The MgO substrate, Fe/Rh multilayer, and Fe base layer feat
are identified.~b! An enlarged view of the fcc-like Fe/Rh multilaye
feature.~c! The rocking curve of the bcc-like Fe/Rh~200! reflection
which has a FWHM of 0.93°.
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5476 56M. A. TOMAZ et al.
each data set. Each curve is consistent with the notion
bcc-like lattice which transforms to an fcc-like lattice. Th
vertical segments of these curves indicate thetRh at which
both phases first coexist. It is this point which we define
tcrit ; interestingly it occurs at nearly the same lattice spac
in each film. As previously stated, this XRD data presen
above yield only the interplanar spacing along the surf
normal.

Analysis of these data is further complicated by the t
possible interpretations of Rh growth on a bcc Fe templ
Figure 4 is a sketch of two possible Rh unit cells. One
bcc-like, adopting the in-plane lattice constant of the
buffer layer, which represents an in-plane contraction of
when compared with bcc Rh~Ref. 20! and corresponds to a
interplanar spacing of 1.82 Å.21 The other is fcc-like, adopt-
ing an in-plane lattice constant ofA2 times the in-plane lat-
tice constant of the Fe substrate, which represents an in-p
expansion of 7% in comparison with bulk fcc Rh and cor
sponds to an interplanar spacing of 1.67 Å.

The linear behavior of the lattice constant in the bcc
gion can be interpreted in two ways. One interpretation

FIG. 2. A representative sequence of theu –2u XRD scans for
W2 are shown. ThetRh ~Å! is denoted by the number in the lowe
left-hand corner of each frame. The Fe/Rh ML features are in
cated by the arrows. The first frame is taken at the pure Fe por
of the sample and the peak is shifted to higher angle due to
;4% lattice mismatch between Fe and the MgO substrate.
evolution of the Fe/Rh ML peak proceeds smoothly in the bcc-l
region from an angle near the Bragg condition for bcc Fe (tRh51
Å! to an angle near the Bragg condition for bcc Rh~determined by
extrapolation from the Fe50Rh50 alloy! (tRh54 Å!. The bcc-like
Fe/Rh ML peak is considerably degraded at (tRh54.5 Å! and sub-
sequently two Fe/Rh ML peaks, one bcc-like and one fcc-like
exist at (tRh55 Å!. The fcc-like Fe/Rh ML peak is the only on
visible at (tRh56 Å!. This peak continues to intensify and slid
toward an angle associated with fcc Rh (tRh59.5 Å!. Note the
anomolous feature at 55° which is associated with defects in
substrate as stated in the text of the paper.
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that there is extensive alloying at the interface, since
FeRh alloy lattice constant is linear in Rh concentration~at.
%!. The other is that the Fe and Rh layers remain essent
segregated, and the overall multilayer lattice constant is
termined by an average of the Fe and Rh atomic spacing
is known that the surface free energies of both Fe and Rh
similar, which tends to promote wetting and lead to layer-b
layer growth.22 Two studies of Fe/Rh growth~though not of
multilayers! indicate layer by layer growth, one of whic
claims epitaxy,22 while the other does not.17 These previous
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FIG. 3. The average lattice constant of the multilayer as de
mined from the XRD data are plotted here as a function oftRh for
S1, W1, andW2. The vertical segment of each curve denotestcrit

for the particular sample. Note that the transition occurs at v
nearly the same interplanar spacing in each case. The dashed
indicate the interplanar spacings for both bcc and fcc phases o
and Rh. Rhodian is the name of the Fe50Rh50 alloy.

FIG. 4. A schematic of the possible interpretations of epitax
film growth. The bcc Fe template is denoted by the open squa
The bcc Rh interpretation is denoted by the filled triangles, wh
the filled stars represent the fcc Rh interpretation. The in-pl
lattice spacings are noted as well. The bcc Rh interpretation re
sents a lattice mismatch of;18%, while the fcc version denotes
;27% mismatch.
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56 5477Fe/Rh~100! MULTILAYER MAGNETISM PROBED BY . . .
results argue against an interpretation of extensive alloy
between the Fe and Rh. We discuss this point further in
Appendix and find the results to be consistent with minim
alloy formation.

In order to obtain information about the film crystallogr
phy, in- and out-of-plane x-ray diffraction of
$MgO~100!/Fe40 Å/@Rh 3 Å/Fe 10 Å# 20 Al 20 Å% superlat-
tice was performed with an 18 kW, rotating anode diffrac
meter equipped with a four-circle goniometer, using
Ka radiation. Figure 5~a! shows the out-of-plane scan, wit
the momentum transfer wave vectorq along the@001# direc-
tion. The main superlattice peak, corresponding to
weighted average of the Rh and Fe lattice parameters, th
buffer layer~002! peak, as well as the11 and21 superlat-
tice diffraction peaks are indicated in the figure. The aver
out-of-plane lattice parameter of the superlattice
aSL52.9960.01 Å. The superlattice period was calculated
be L[(tRh1tFe)512.3 Å from the separation between th
superlattice diffraction peaks. The peak of the Fe buffer la
corresponds to a lattice parameter ofaFe52.86 Å, in good
agreement with the bulk value of 2.866 Å.

The in-plane lattice parameter was determined from F
5~b!, which shows an off specular scan withq along the
@112# direction, indexing on a cubic unit cell. From the p
sition of the~112! peaks, the in-plane lattice parameter of t
superlattice is determined to bea52.91 Å and that of the Fe
buffer layer isa52.88 Å. Hence, neither the superlattice n
the Fe buffer layer are perfectly cubic.

Figure 5~c! is a f scan of the~112! reflection, where the
sample is rotated about the@001# direction, whileq remains
fixed at the superlattice~112! Bragg condition. Only three
peaks are visible because the@001# direction, was not per-

FIG. 5. XRD scans of a sample prepared as follow
$MgO~100!/Fe40 Å/@Rh 3 Å/Fe 10 Å#20 Al 20 Å% ~a! The specular
u –2u scan,~b! off-specular~112! u –2u scan,~c! superlattice~112!
f scan, and~d! MgO substrate~113! f scan.
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fectly normal to the surface of the film, and the outgoi
beam is blocked by the sample for certain angles. No pe
were found when scanning at the~113! Bragg condition. Re-
call that the~113! reflection is forbidden for a bcc structure
This is strong evidence for a body-centered-tetragonal~bct!
rather than a face-centered-tetragonal~fct! structure for this
film.

The ~113! peaks of the MgO substrate are also shown
Fig. 5~d!, which determines the epitaxial relationship b
tween the substrate and the film. Clearly, the in-pla
superlattice/buffer@100# direction points along the@110#
MgO direction. A similar scan of the Fe buffer layer show
that its~100! direction was oriented along the same directi
as the superlattice. Hence, the superlattice is strained
plane to match the in-plane lattice parameter of the Fe, wh
in turn is slightly expanded to accommodate the diagona
the MgO unit cell (232.97 Å!. This conclusively shows tha
for thin Rh layers the samples grow in a bct structure.
summary, from the above discussion we conclude that
films are epitaxial in nature, with a bct crystal structure f
those samples with thin Rh layers and fct for those with th
Rh layers.

B. Magneto-optic Kerr effect magnetometry

Magneto-optical Kerr effect~MOKE! hysteresis loops
were measured for all films on a Kerr magnetometer capa
of achieving an 8 kOe field. The quantitative informatio
provided by the MOKE loops includes the coercive and sa
ration fields ~where less than 8 kOe!, and the remenance
percentage. The saturation Kerr rotation (uK

Sat) is also useful
as an estimate of the saturation magnetization (MSat). Figure
6 shows a representative sequence of loops fromW2 for

:

FIG. 6. A typical sequence of MOKE loops taken fromW2. The
loops show an initial increase followed by a sharp decline in
Kerr response. The decline is accompanied by an increase in
coercivity and a reduction of loop squareness. The number in
lower right-hand corner denotestRh ~Å!.
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5478 56M. A. TOMAZ et al.
varioustRh. The sequence shows an initial increase follow
by a rapid decline inuK

Sat. The decline is accompanied by a
increase in the coercivity and reduction of loop squarenes23

Figure 7 summarizes the Kerr loop data in the plots ofuK
Sat

and HC as a function oftRh, which show more clearly the
trend observed in the sample loops.uK

Sat initially increases,
then remains level, and subsequently declines sharply.
thermore, the decline inuK

Sat coincides withtcrit and the peak
in HC . Note that if Rh were nonmagnetic and the Fe m
ment did not change, thenuK

Sat would decline approximately
astFe/(tRh1tFe). The fact thatuK

Sat initially increases may be
due to either an enhancement of the Fe moment, the e
tence of an Rh moment, or both. Comparison ofuK

Sat with
tFe/(tRh1tFe), as shown in the lower panel of Fig. 7, ind
cates that there is additional magnetization in these fi
although its source is still ambiguous.

Both W1 andW2 show a clear cusp in the coercivity, suc
as has been associated elsewhere with structural p
transformations.24 This corroborates our XRD findings.HC
is also greater forW1 than W2, which can be understoo
from the point of view that the coercivity is derived from
defects which act as pinning sites for the magnetization
versal process. Since the films undergo a structural trans
mation away from the equilibrium Fe structure, it is expec
that the Fe layer would contain most of the defects. Thus
thinner Fe layers (W1! have a greater density of defec
which leads to the observed increase in coercivity. The c

FIG. 7. The Kerr response and coercive field plotted as a fu
tion of tRh for each data set as denoted by the label in the lo
left-hand corner. Note that due to the large base layer of theS1
samples, the cusp in coercivity is masked in comparison to theW1
andW2 data sets. Additionally, a plot oftFe/(tRh1tFe) is added to
the lower panel to illustrate that the magnetization behavior is
that of a simple dilution.
d
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in the coercivity as well as the pattern inuK
Sat are both

masked inS1 by the 300 Å Fe buffer layer in these sample
Finally, loops taken at different azimuthal angles yield

easy and hard magnetization axis orientations consistent
the underlying crystal. The~100! crystal planes have a four
fold symmetry, and thus four in-plane easy directions se
rated by 90° were observed along the^010& directions.

C. X-ray magnetic circular dichroism

Element specific moments were determined by analyz
XMCD spectra.18 Briefly, XMCD is the difference in the
absorption spectra for right and left circularly polarized ph
tons. The absorption spectra are obtained by scanning
incident photon energy through a characteristic core-le
edge. Element specificity is achieved as a direct result of
unique core level energies for each element.

Since the magnetic moment is mostly carried by thed
electrons in the 3d FM TM, it is generally assumed that an
moments induced in 4d TM will also be carried predomi-
nately by thed electrons. This means that to measure m
ments in 4d TM one needs to exploitp-d dipole
transitions.25 Typically, one uses the 2p edge in the 3d TM.
However, the 2p levels of the 4d elements are at this time
inaccessible by our instrument.26 Thus 3p-4d transitions
must be utilized for 4d XMCD which results in less intense
spectral features, making 4d moment measurements a diffi
cult task.19 Figures 8 and 9 show the Fe and Rh absorpt
and dichroism spectra forW2 at tRh52 Å. These figures
clearly illustrate the differences discussed above and h
light the sensitivity of the XMCD technique. In the uppe
panel of each figure, note that the Fe absorption feature
sociated with the 2p3/2 level is more than 50 times large
than that of the Rh 3p3/2. The Rh spectra are truncated
530 eV due to the onset of the oxygen 1s edge.

X-ray absorption spectra were obtained at the Synch
tron Radiation Center in Stoughton, WI, on the 10 m TG

c-
r

t

FIG. 8. The Fe absorption and dichroism spectra. The up
frame shows thes1

U and s2
U . The lower frame showssm

U and
Csm

K whereX has been minimized.
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56 5479Fe/Rh~100! MULTILAYER MAGNETISM PROBED BY . . .
beamline. The beamline is equipped with a water-coo
scanning vertical aperture which allows for the selection
linear, right-hand, and left-hand elliptically polarized ph
tons in the soft x-ray region of 200–900 eV. The degree
circular polarization when all but either the top or botto
10% of the beam is blocked is 8565%.27 The samples were
measured in a vacuum chamber designed specifically
XMCD, which is equipped with an electromagnet capable
producing fields of up to 1.5 kOe. The sample holder a
manipulator accommodatex and y travel of ;3 cm andz
travel of ;15 cm which provides the space to simult
neously load numerous samples. The sample holder also
a 360° rotational capability yielding a variety of geometri
in which to study in- and out-of-plane moments. The sam
chamber is equipped with a cylindrical collection pla
which may be biased up to 2 kV for total yield measu
ments. The samples were introduced to the vacuum cham
with the easy axis of magnetization aligned parallel to
applied field direction and the surface normal at 45° w
respect to the incident radiation beam. The sample can
be magnetized in either of two directions such that the an
between the magnetization and the incident photon bea
45° or 135° as depicted in Fig. 10. All measurements
made in the total yield mode, which in the geometry used
been shown to be accurate to within 5%.28

The moment associated with a given spectrum was de
mined by comparing it with the spectrum of a referen
sample. The reference sample we use here is a thin-film a
of Fe0.75Rh0.25 prepared by codeposition on a Si2O3
substrate held at 300°C. FeRh alloys have been studie
polarized neutron reflectivity and Mossbauer spectrosco
and the accepted values for the Fe and Rh moments o
Fe0.75Rh0.25 alloy are 2.77 and 1.0mB respectively.3,29 A 250

FIG. 9. The Rh absorption and dichroism spectra. The up
frame shows thes1

U and s2
U The lower frame showssm

U and
Csm

K where X has been minimized. It is interesting to note th
there is some fine structure which appears in bothsm

U andCsm
K .
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Å pure Fe sample was grown as well to independen
calibrate the Fe signal. A comparison of the alloy XMC
with that of the pure Fe sample yielded an Fe moment
2.84mB in the alloy, in good agreement with previou
measurements.3,29 To arrive at this moment value, we as
sumed that the pure Fe sample has the bulk moment of
mB . To determine Rh moments, we assume that the Rh s
trum from the alloy represents a moment of 1mB . The pro-
cess described above has previously been used to me
element specific moments in Fe/Cr and Fe/V multilayers
XMCD.30,31

In order to describe the data analysis procedure m
clearly, we define the following quantities:I S is the sample
drain current~total electron yield!, I 0 is the Cu mesh curren
~total yield used for normalization!, s1

a ,s2
a 5I S /I 0 for

6M , s0
a5s1

a 1s2
a , sm

a 5s2
a 2s1

a , where s denotes the
normalized absorption spectrum and the subscripts1, 2, 0,
and m represent parallel, antiparallel, sum, and differen
respectively~parallel and antiparallel refer to the orientatio
of the projection of the incident photon wave vector on to t
sample magnetization!, anda represents known (K) or un-
known (U).

Once reference spectra are available, the comparison
ceeds as follows. First,s0

K ands0
U are set to the same sca

by finding the constantsA and B such thats0
K5A1Bs0

U .
Once scaled,sm

K andsm
U are formed and the quantity

X5 (
~\v!

@Csm
K~\v!2sm

U~\v!#2 ~1!

is minimized by variation of the constantC. The moment in
the unknown sample is then given bymU5CmK.

An estimate of the statistical error is the change inC
(dC) which yields a 10% change inX. We use this quantity
as our error bars in Fig. 12.32 We emphasize the statistica
nature of this error bar and point out that the XMCD tec
nique has an inherent error of the order of 20%.30,32 The
lower panel of Figs. 8 and 9 showCsm

K andsm
U for Fe and

Rh, respectively, whereX has been minimized.

r

FIG. 10. The experimental configuration showing the direct
of the incident photon beam and the relative orientation of
sample. The applied field can assume one of two directions re
ing in either a 45° or 135° angle between the sample magnetiza
and incident photon wave vectors.
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II. RESULTS AND DISCUSSION

The Fe and Rh moments as measured by XMCD are
sented in Fig. 11. A trend which is immediately apparen
that there are two distinct regions. The first region is char
terized by slightly increasing moments, and the second b
sharp decline. The demarcation between the two regions
good agreement withtcrit . Thus, the films are ferromagnet
when the structure is bct and nonmagnetic when fct.

In the case of Fe, the ferromagnetic bcc structure is
equilibrium state. The Fe fcc structure is metastable and
magnetism in this phase is strongly dependent on the ato
volume.33 Bland and co-workers34 found that for fcc Fe epi-
taxially grown on Rh, no magnetic moment exists on the
Calculations of tetragonally distorted Fe~Ref. 35! also show
a dependence of magnetic phase on atomic volume. Her
observe that in the post-critical region, where the films
fct, the Fe loses its moment. Thus we attribute the loss o
moment to the structural phase transformation.

Note that the Rh and Fe moments start to decline
roughly the same value oftRh. This is an indication that the
Rh magnetism is driven by the Fe layers. Interestingly,
Fe moment below this Rh thickness is greater than the
bulk value, and thus the presence of the Rh appears to
hance the Fe moment.

Although the layer-averaged Rh moments tend to
crease slightly beyond atRh where it would be considered t
be all interfacial (;3 Å!, this decrease is much slower tha
would be expected from a dilution model. Thus it appe
that for tRh,tcrit , all Rh atoms, even those in the interior
the Rh layer, possess a significant moment.

FIG. 11. The moments as determined by XMCD are shown
each set of samples. The Fe moments in the left-hand panels an
Rh moments in the right-hand panels. All are plotted vstRh.
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The conclusion that the Rh polarization range is long
than one monolayer is further supported by the fact that
Rh moments initiallyincrease in each of the sample set
with the increase being most pronounced inS1. Thus the Rh
moment probably arises from a long-range polarization an
structural effect. This behavior is qualitatively different fro
the behavior of Cr or V moments in thin film multilayer
with Fe.30,31 In those cases, the Cr and V moments exhib
strong monotonic decrease with increasing Cr or V thic
ness.

All samples show an enhancement of the Fe momen
the precritical region which is consistent with the notion th
the mere presence of an interface can lead to a larger
ment. The physical arguments for this are treated in de
elsewhere.36 The Fe enhancement decreases with increas
Fe layer thickness. Table I shows the degree of enhancem
to be inversely proportional to the Fe layer thickness and
scale exactly with the interface percentage. The interf
percentage used in Table I was calculated by assuming
each interface is composed of one monolayer of Fe whic
approximately 1.5 Å thick along the~100! direction. Thus,
the Fe inS1 is 60% interfacial, and so on. Note that th
enhancement scales exactly with the interface percentag
gardless of the assumption made as to the amount of in
facial material.

The Rh moments show a similar, although not identi

r
the

FIG. 12. TheLZ /SZ ratio variation in the Fe moments of th
W2 data set. The ratio is significantly enhanced in thetRh51 –3 Å
range. The error bars shown are statistical in nature and assume
there is no change in the dipole correction term. We also note h
that the validity of the sum rules for noncubic systems is an o
question.

TABLE I. Calculated percentages of interfacial Fe and e
hanced moments of Fe in the precritical region. The average
critical Rh moment is given as well.

tFe 5 Å 7.5 Å 10 Å
tcrit 3 Å 4 Å 5 Å
Feenh ~precritical avg! 29% 19% 14%
Fe interface % 60% 40% 30%
mRh ~precritical avg! 1.36 1.10 1.00
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trend in each data set. The Rh moment starts out nearmB
and increases to an apparent peak attRh;3 Å. The induced
Rh moments are typically larger than the maximum mom
observed in FeRh alloys~1mB for 35 at. % Rh!.3,29 To the
best of our knowledge, these induced moments are the l
est observed for any 4d element in a multilayer system
These moments can be compared to the Pd moment
Fe/Pd multilayers of 0.3mB ~Ref. 37! and 0.4mB .38 This per-
haps can be best interpreted in terms of a magnetic pola
tion effect arising at the interface. Again the largest mome
are observed for the thinnest Fe layers, and since Fe ha
larger moment, it effectively polarizes the Rh to a grea
extent. Perhaps the fact that both Fe and Rh moments

TABLE II. Alloy formation analysis for each sample. The fir
column indicates the sample and Rh thickness. The second co
gives the Fe moment~where applicable! followed by the third col-
umn which gives the lattice constant taken from the XRD da
Column four gives the alloy composition corresponding to the
tice constant. Column five shows the Fe thickness involved in s
an alloy under the assumption that all the Rh is consumed in
alloy. The final column states the percentage of the total depos
material consumed by such an alloy.

tRh mFe XRD L.C. Equiv. alloy tFe
Alloy

~Å! (mB) ~Å! composition ~Å! % Alloy

S1

1.0 3.01 1.48 Fe62Rh38 1.62 0.44
2.0 2.96 1.52 Fe27Rh73 0.75 0.39
3.0 2.52 1.54 and 1.85 Fe10Rh90 0.34 0.42
4.5 2.02 1.85
6.0 1.83
12.0 1.86

W1

1.8 2.64 1.47 Fe70Rh30 4.20 0.64
2.2 2.66 1.47 Fe70Rh30 5.23 0.77
2.7 2.69 1.49 Fe50Rh50 2.71 0.53
3.1 2.75 1.50 Fe40Rh60 2.09 0.49
3.5 2.73 1.51 Fe34Rh66 1.76 0.48
4.0 2.19 1.52 and 1.82 Fe30Rh70 1.71 0.50
4.51 1.26 1.82
4.94 0.72 1.82

W2

0.50 2.24 1.44 Fe93Rh7 6.46 0.66
1.0 2.52 1.45 Fe84Rh16 5.36 0.58
1.5 2.29 1.46 Fe63Rh27 4.14 0.49
2.0 2.51 1.48 Fe58Rh42 2.74 0.40
2.5 2.48 1.50 Fe48Rh52 2.27 0.38
3.0 2.43 1.49 Fe50Rh50 2.96 0.46
3.5 1.51 Fe36Rh64 1.96 0.40
4.0 2.59 1.52 Fe24Rh76 1.26 0.38
4.5 2.73 1.53 Fe19Rh81 1.06 0.38
5.0 2.46 1.53 and 1.79 Fe17Rh83 1.00 0.40
5.5 0.55 1.80
6.0 0.18 1.80
t

g-

in

a-
ts
the
r
re

largest for the thinnest Fe layers can be best considered
bootstrapping effect.

Another factor which implies a significant hybridizatio
contribution to the observed magnetic behavior is the ratio
orbital to spin moment. Powerful sum rules have be
developed39 to determine this ratio from XMCD spectra a
though one needs to be careful in their application. Only
Fe XMCD data onW2 were of the required quality to appl
the sum rules, and even here we make only a relative c
parison rather than extract a quantitative measure. Figur
shows a plot of theLz /Sz ratio as a function of the space
thickness. We stress that this is theLz /Sz ratio of the Fe
atoms only. However, note that Rh has a spin-orbit coupl
constant;2.3 times that of Fe.40 Thus, if there were any
significant hybridization of Fe and Rh orbitals, one wou
expect an increase in the Fe orbital moment which wo
manifest itself as an increase in theLz /Sz parameter. Inter-
estingly, Fig. 12 shows a peak in the vicinity of thetRh value
where Rh has its maximum magnetic moment.

Finally, we review the trend in the Fe and Rh moment r
of declination in the post critical region. In the case of F
the decrease in moment becomes more precipitous with
creasing Fe layer thickness. This behavior may be und
stood in terms of the structural transition. As the Fe thickn
increases, the sample retains its ability to maintain its
phase for thicker Rh layers. Any trend related to the rate
decline in the Rh moment is masked by the uncertaintie
the W1 data set. Nonetheless, the Rh loses its magnetic
ment similarly to the Fe in these films.

III. SUMMARY REMARKS

We have presented XMCD measurments of Fe and
moments in a number of sputtered Fe/Rh~100! multilayer
films. The observed moments are strongly correlated with
underlying crystal structure. We present evidence which
vors a model of well-defined layers with minimal mixing
the interfaces. The films undergo a bct→fct structural phase
transition with increasing Rh thickness.

We have clearly demonstrated that bct Rh is magn
when placed in proximity to Fe. Moreover the Fe mome
enhancement appears to be an interface effect. The Rh
ments are the largest ever induced in a 4d TM to date and do
not exist solely in the interfacial layer region. While the o
served Rh magnetism is primarily due to its proximity to F
the ferromagnetic state is partly stabilized by its bct str
ture. This study raises questions as to the role of interf
strain and the exact nature of the structural transforma
which will be addressed in future work.
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APPENDIX: EFFECTS OF INTERFACE ALLOYING

Another possible mechanism that could enhance
Fe moment is related to interface alloying. Alloy form
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tion could also explain the Rh moments, so it is useful
explore the question of alloy formation in these films. W
first consider the possibility that all of the Rh forms an all
with the Fe. Table II presents an analysis of the obser
lattice constants in terms of the equivalent bcc FeRh al
The alloy composition was calculated from the lattice co
stant corresponding to the main superlattice XRD pe
which was then used to calculate the thickness of the equ
lent Fe concentration in the alloy. Finally, we determined
fraction of the known film material accounted by the co
position. The equivalent Rh concentration was calculated
rRh5@(aXRD

0 2abcc Fe
0 )/~abcc Rh

0 2abcc Fe
0 )], while tFe

Alloy5tRh/
rRh2tRh. The fifth column in Table II represents the fra
tion of the total deposited material which is taken into a
count by the alloy model.
.
la

ev
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n

n

s
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-

Several interesting facts result. First this model on av
age only accounts for 50% of the deposited material. Seco
the values oftFe

Alloy decrease with increasingtRh, whereas one
would expecttFe

Alloy to increase. But even more important
Table II suggests that the film remains magnetic in spite
alloy concentrations in excess of 55% Rh, and moreov
these alloys are still bcc-like. Both of these results contrad
the bulk FeRh binary alloy phase diagram,41 which indicates
that the bcc phase does not exist above 55% Rh, and furt
more that alloys with Rh concentrations greater than 55%
nonmagnetic at room temperature. Clearly, our data is inc
sistent with a model of extensive alloy formation at t
Fe/Rh interfaces. In view of this, we propose that the
moment enhancement is primarily due to the existence of
interfaces.
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