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We report the layer-averaged magnetic moments of both Fe and Rh in sputtered FeggRnhultilayer 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 legg 1 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 thitlgne¥ge
attribute the change in magnetic behavior to the structural transformi&0dr63-182807)07433-X

Thin-film multilayer systems are an area of intense re-when in proximity to a noble-metal substrate. Some calcula-
search today partly due to the applications potential of magtions suggest a ferromagnetic ground state for Rh on Ag and
netic properties such as the giant magnetoresistah8eich  Au,®! while others do not?!3 Experimentally, magnetism
systems also provide a venue for the exploration of fundaef Rh on Ag has been observed by some researthbus
mental issues in magnetism. One such issue is that of imot by others®'®Also, no magnetism has been measured in
duced moments in normally paramagnetic materials in proxRh grown on Aut® Another possible method for inducing
imity to a ferromagnetic material. The lated 4ransition  magnetic moments is to place a nonmagnetic material in
metals (TM) are interesting candidates in light of their proximity to a ferromagnet. In addition to the mechanisms
chemical similarity to the @ ferromagnetic TM. In spite of mentioned above, the Rh moment may be further enhanced
this similarity, the 4 TM lack intrinsic magnetic moments by a spin polarization due to band hybridization at the inter-
in the bulk. There is a plethora of work addressing inducedace. We pursue this approach here.
moments on ¢ TM atoms in magnetic alloy$.Here we A previous study of Rh/F&100 by Kachel et all’
employ the thin-film multilayer geometry to place the para-showed that overlayers of Rh on FEOO) are ferromagnetic
magnetic material in proximity to the ferromagnet. This ad-at one monolaye(ML) coverage. They also found that the
ditionally provides for the observation of effects due to re-ferromagnetic order in the Rh overlayer persists at a cover-
duced dimensions and/or the existence of interfaces. age of 2 ML, although only the interface Rh atoms appear to

Epitaxial growth of metal films may lead to lattice strain be magnetic. They attributed the ferromagn¢kdl) order-
and atomic volume variations due to lattice mismatchesing of the Rh overlayer to direct overlayer-substrate hybrid-
These in turn may impact the system’s magnetics. Moruzzization, and used a full linear augmented plane-wave calcu-
and Marcu8 calculated that Rh and Pd exhibit an anomolouslation to predict a moment of 0.2 for a monolayer of Rh
magnetic behavior with respect to the increase in atomic volon an F€100) substrate. The above result was further inves-
ume. They had previously shown that all transition metaldigated theoretically by Chouaiet al> who found the polar-
exhibit a well defined onset to magnetic behavior at somézation of the Rh overlayers, observed by Kachedl, to be
critical volume. They found that the magnetic moments formore consistent with bct and fct rather than bcc or fcc con-
Rh and Pd exceeded the Hund’s rule atomic limit at the onsdigurations. Additionally, Chouairi and co-workers found an
of magnetism and decreased toward this limit as the atomioscillatory (antiferromagnetic behavior in the polarization
volume was further increased. All other TM elements in-of the Rh atoms in all cases they studied.
crease toward the Hund’s rule magnetic moment limit as the In the present work, we describe element specific mag-
atomic volume increases. There is also a simple rule thatetic moment measurements in Fe/&I00) multilayers us-
relates magnetism to the local atomic environment: the loweing x-ray magnetic circular dichroisttXMCD).*® Applying
the coordination number the larger the atomic momient. XMCD to 4d elements is a nontrivial, yet viable technique
These two factors have been the motivation behind a body dbr such measurement3.This paper presents quantitative,
theoretical and experimental work to determine under whaelement specific moment measurements of FERI®) mul-
conditions Rh may be magnetic. Calculations predict a fertilayers. We find that the Rh in these films carries a nearly
romagnetic Rh ground state in a free-standing monol®yfer, constant magnetic moment as a functiontgf up to teg
as an overlayer on Mg@001),° and more recently in an which varies from 3a 5 A depending on the Fe layer thick-
expanded bcc lattic®. Conflicting reports are found for Rh ness. The measurements do not support the notion of an os-
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cillatory polarization of the Rh in these films. Additionally,
the magnetic moments in both Fe and Rh decline rapidly
whentg, exceedd . -

Y]
O

MgO (200)

fce-like Fe/Rh (200)
MgO (400)

I. SAMPLE PREPARATION AND CHARACTERIZATION

Fe (200)

All films used in the study were prepared by dc magne-
tron sputtering onto single-crystal MgQO00 oriented sub-
strates at a sputtering pressure of 3.25 mTorr Ar in a cham-
ber with a base pressure ok1.0~° Torr. The sample holder
position is centered about four sputter guns and is outfitted
with a heating element. The sample holder is rotated during
deposition for a more even distribution of material and also
is equipped with a moveable shutter for wedge grogth
rotation during wedge growjhRotation and shutter move-
ments are controlle.d_ by a microcompu.ter interface to stepper FIG. 1. (8) The XRD 6—26 scan for theS1 sample withtg,=3
motors, and deposition rates are monitored by crystal thickA The MgO substrate, Fe/Rh multilayer, and Fe base layer features
ness monitors at each sputtering gun. The thickness monitogge identified(b) An enlarged view of the fcc-like Fe/Rh multilayer
were calibrated by growing individual samples of each mafeature.(c) The rocking curve of the bee-like Fe/RROO) reflection
terial and measuring their thickness by step profilometry. which has a FWHM of 0.93°.

One of the sample@V1) was characterized by Rutherford
backscatteringRBS) analysis. RBS is a quantitative compo- radiation. This yields information on the average lattice spac-
sitional analysis tool. The RBS data on this wedge-shapeihg along the growth direction. The XRD data indicate
sample are in very good agreeméhetter than 109%with  highly oriented films in the growth direction as shown in Fig.
the assumed deposited thicknesses of both Fe and Rh. Sinte The features are identified in moving from low to high
all samples were prepared under nearly identical conditionsingles as follows. The first peak at 43° corresponds to the
the reported nominal thickness values should indeed be asubstrate MgQ(200) reflection. Note that there is a fairly
curate to within 10%. broad shoulder extending to nearly 50° and that the terminus

Polished MgO(100) substrates used for the wedge films of this shoulder is punctuated by a small feature at 468
described below were briefly repolished with Qu0&lumina  panel B. The shoulder is related to the Mg@00 peak,
and H,0, rinsed, and then introduced to the sputtering chamwhile the small peak at 49.3° is due to the fcc-like Fe/Rh
ber via a load lock transfer mechanism. All substrates wer¢200 multilayer reflection(this scan is at; for S1). The
outgassed for a minimum of one-half hour=a650°C prior small sharp feature at 55°, attributed to defects in the sub-
to any material deposition. Fe base layers were subsequeni$jrate crystal, appears in all of o(00) samples regardless
deposited at 550°C on these M@@00) substrates. The films of film constituency. The feature at 60° is associated with the
were then allowed to cool in the ambient vacu(approxi-  bcc-like Fe/Rh(2000 multilayer reflection and appears to
mately 4 h prior to deposition of the multilayer. The growth have a small shoulder associated with it in t8& films
temperature for the multilayers was 100°C or 200°C. Thewhich is not present in th&/1 or W2 films. The difference in
multilayer growth process is fully automated to improve con-the S1 andW1 or W2 films is the thickness of the base layer;
sistency and reproducibility. Upon completion of the 300 A for S1 vs 40 A for W1 and W2. The feature at
multilayer, a protective aluminum capping layer of 20 A was65.2° is the Fg200) reflection due to the thick base layer.
deposited at less than 100°C. The final feature at 94° is the substrate MO reflection.

The paper focuses on three sets of data derived from thBanel ¢ shows the rocking curve taken at the bcc-like Fe/Rh
following samples. The first s€61) is based on a sequence (200 multilayer peak of 60° which possesses a full width at
of films grown using the following prescription half maximum(FWHM) of 0.93°.

{MgO(100/Fe 300 A[Rh tg/Fe 5 A]; /Al 20 A}, where The XRD data suggest that a structural phase transition
trn=1, 2, 3, 4.5, and 6 Anote that theS1 substrates were occurs in these films. This is demonstrated in a representa-
not repolished The second set of data was obtained from ative sequence of scans given as Fig. 2. The sequence tracks
sample grown in the form of a wedg@Vl) as follows the evolution of the spectral featdsg associated with the
{MgO(100)/Fe 40 A[Rhtg/Fe 7.5 A ,o/Al 20 A}, wheretg,  Fe/Rh(200) multilayer reflection for the filmw2. The left-

is varied from 0 to 20 A. The final data set was obtainedhand panels show a smooth motion of the bcc-like ML peak
from a wedge(W2) grown as{MgO(100/Fe 40 A[Rh to larger lattice constant accompanied by some degradation
tr/Fe 10 A,o/Al 20 A}, wheretgy, is varied from 0to 10 A of the peak in terms of intensity and sharpnesgy-4 A.
(note the multilayer deposition temperature was 100°C foiThe sequence in the right-hand panels shows the continuing
S1 andW1, while for W2 it was 200°G. degradation of the bcc-like ML peak followed by a coexist-
ence of both bce-like and fce-like ML peaks &,=5 A.

The fcc-like ML peak then increases in intensity and sharp-
ness while the bcc-like feature disappears.

The films were characterized by high-angle specular x-ray All the films exhibited similar behavior which is summa-
diffraction (XRD) using a fixed anode diffractometer with rized in Fig. 3. Here we plot the average interplanar spacing
1° angular resolution, two circle goniometer, and Ku as determined by the XRD multilayer peak angletys for

2 0 2
o (degrees)

Log ,, Intensity (arb units)
bee-like Fe/Rh (200)

1 1 " i
40 60 80 100 48 50
2 o (degrees)

A. Structural characterization by XRD
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mined from the XRD data are plotted here as a functiobggffor
50 60 70 S1, W1, andW2. The vertical segment of each curve dendtgs

2 0 (degrees) for the particular sample. Note that the transition occurs at very
nearly the same interplanar spacing in each case. The dashed lines

WZFIG' 25 A repzltﬁsentitiv_e Zequen((j:(zof :heze XbRD_scarl]nslfor indicate the interplanar spacings for both bcc and fcc phases of Fe
are shown. Theg, (A) is denoted by the number in the lower and Rh. Rhodian is the name of thegfRhsg, alloy.

left-hand corner of each frame. The Fe/Rh ML features are indi-
cated by the arrows. The first frame is taken at the pure Fe portion

of the sample and the peak is shifted to higher angle due to théhat there is extensive alloying at the interface, since the
~4% lattice mismatch between Fe and the MgO substrate. Th&€eRh alloy lattice constant is linear in Rh concentratian
evolution of the Fe/Rh ML peak proceeds smoothly in the bcc-like%). The other is that the Fe and Rh layers remain essentially
region from an angle near the Bragg condition for bcc g1 segregated, and the overall multilayer lattice constant is de-
AR) to an angle near the Bragg condition for bcc @etermined by termined by an average of the Fe and Rh atomic spacings. It
extrapolation from the FgRhs, alloy) (tr,=4 A). The bee-like  is known that the surface free energies of both Fe and Rh are
Fe/Rh ML peak is considerably degraded &, 4.5 A) and sub-  similar, which tends to promote wetting and lead to layer-by-
sequently two Fe/Rh ML peaks, one bcc-like and one fcc-like co{ayer growthz.z Two studies of Fe/Rh growttthough not of
exist at tg,=5 A). The fcc-like Fe/Rh ML peak is the only one multilayers indicate layer by layer growth, one of which

visible at ¢g,=6 A). This peak continues to intensify and slide claims epitaxf,z while the other does néf. These previous
toward an angle associated with fcc Rtgf=9.5 A). Note the

anomolous feature at 55° which is associated with defects in the
substrate as stated in the text of the paper.

each data set. Each curve is consistent with the notion of a
bce-like lattice which transforms to an fcc-like lattice. The
vertical segments of these curves indicate theat which o

2.87

both phases first coexist. It is this point which we define as a
teit; interestingly it occurs at nearly the same lattice spacing
in each film. As previously stated, this XRD data presented o o o
above yield only the interplanar spacing along the surface
normal.

Analysis of these data is further complicated by the two o o o o a

possible interpretations of Rh growth on a bcc Fe template.
Figure 4 is a sketch of two possible Rh unit cells. One is
bcc-like, adopting the in-plane lattice constant of the Fe o ‘o o o o
buffer layer, which represents an in-plane contraction of 8%
when compared with bcc RiiRef. 20 and corresponds to an

interplanar spacing of 1.82 A The other is fcc-like, adopt- FIG. 4. A schematic of the possible interpretations of epitaxial
ing an in-plane lattice constant 2 times the in-plane lat-  fijm growth. The bcc Fe template is denoted by the open squares.
tice constant of the Fe substrate, which represents an in-plan@e bce Rh interpretation is denoted by the filled triangles, while
expansion of 7% in comparison with bulk fcc Rh and corre-the filled stars represent the fcc Rh interpretation. The in-plane
sponds to an interplanar spacing of 1.67 A. lattice spacings are noted as well. The bcc Rh interpretation repre-

The linear behavior of the lattice constant in the bcc re=sents a lattice mismatch ef + 8%, while the fcc version denotes a
gion can be interpreted in two ways. One interpretation is~—7% mismatch.
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FIG. 6. A typical sequence of MOKE loops taken fraff2. The

FIG. 5. XRD scans of a sample prepared as follows: 100ps show an initial increage followed by a sharp Fjecline iq the
{MgO(100/Fe40 A[Rh 3 A/Fe 10 A,, Al 20 A} (a) The specular Kerr response. The de_chne is accompanied by an increase in the
0—26 scan,(b) off-specular112) #—26 scan,(c) superlattic112) coercivity and a reduction of loop squareness. The number in the
¢ scan, andd) MgO substraté113 ¢ scan. lower right-hand corner denoteg;, (A).

fectly normal to the surface of the film, and the outgoing

results argue against an interpretation of extensive alloying)eam is blocked by the sample for certain angles. No peaks

between the Fe and Rh. We discuss this point further in th@v ; "
. i . . -~ ere found when scanning at tEL3 Bragg condition. Re-
Appendix and find the results to be consistent with mlnlmalcall that the(113) reflection is forbidden for a bcc structure.

alloy formation. This is strong evidence for a body-centered-tetragdnet)

In OFder to obtain information about the_ film (_:rystallogra- rather than a face-centered-tetragofiel) structure for this
phy, in- and out-of-plane x-ray diffraction of film

{'MgO(loo)/Fe4O A[Rh 3 AlFe 10 Ay AI. 20 A} supgrlat— The (113 peaks of the MgO substrate are also shown in
tice was performed with an 18 kW, rotating anode d'_ffraCto'Fig. 5d), which determines the epitaxial relationship be-
meter equipped with a four-circle goniometer, using Cutween the substrate and the film. Clearly, the in-plane

Ka radiation. Figure (&) shows the out-of-plane scan, with superlattice/buffer{100] direction points along th¢110]

the momentum transfer wave vectpalong the{001] direc- 145 girection. A similar scan of the Fe buffer layer showed
tion. The main superlattice peak, corresponding to thgy,, its (100 direction was oriented along the same direction
weighted average of the Rh and Fe lattice parameters, the & the superlattice. Hence, the superlattice is strained in-

buffer layer(002) peak, as well as the-1 and—1 superlat-  52h6 tg match the in-plane lattice parameter of the Fe, which
tice diffraction peaks are indicated in the figure. The average, ¢, is slightly expanded to accommodate the diagonal of

out-of-plane  lattice parameter of .the superlattice iSthe MgO unit cell (22.97 A). This conclusively shows that
ag =2.99+0.01 A. The superlattice period was calculated 95 thin Rh layers the samples grow in a bct structure. In

be A=(try+trd =12.3 A from the separation between the summary, from the above discussion we conclude that the
superlattice diffraction peaks. The peak of the Fe buffer layeg s are epitaxial in nature, with a bet crystal structure for

corresponds to a lattice parameteragt=2.86 A, in good  55e samples with thin Rh layers and fct for those with thick
agreement with the bulk value of 2.866 A. Rh layers.

The in-plane lattice parameter was determined from Fig.
5(b), which shows an off specular scan withalong the
[112] direction, indexing on a cubic unit cell. From the po-
sition of the(112) peaks, the in-plane lattice parameter of the Magneto-optical Kerr effec{MOKE) hysteresis loops
superlattice is determined to lbe=2.91 A and that of the Fe were measured for all films on a Kerr magnetometer capable
buffer layer isa=2.88 A. Hence, neither the superlattice nor of achieving an 8 kOe field. The quantitative information
the Fe buffer layer are perfectly cubic. provided by the MOKE loops includes the coercive and satu-

Figure 5c) is a ¢ scan of the(112) reflection, where the ration fields (where less than 8 kQgand the remenance
sample is rotated about ti601] direction, whileq remains  percentage. The saturation Kerr rotatidg?) is also useful
fixed at the superlatticél12) Bragg condition. Only three as an estimate of the saturation magnetizatidr (). Figure
peaks are visible because tf#01] direction, was not per- 6 shows a representative sequence of loops i for

B. Magneto-optic Kerr effect magnetometry
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FIG. 7. The Kerr response and coercive field plotted as a funcin the coercivity as well as the pattern i@ﬁat are both
tion of tg, for each data set as denoted by the label in the loweimasked inS1 by the 300 A Fe buffer layer in these samples.
left-hand corner. Note that due to the large base layer ofSthe Finally, loops taken at different azimuthal angles yielded
samples, the cusp in coercivity is masked in comparison tWhe  o55y and hard magnetization axis orientations consistent with
andW2 data sets. Additionally, a plot @f./(tgn+tre is added to the underlying crystal. ThEL00) crystal planes have a four-
the lower panel to illustrate that the magnetization behavior is no“old symmetry, and thus four in-plane easy directions sepa-
that of a simple dilution. rated by 90° were observed along @10 directions.

varioustgy,. The sequence shows an initial increase followed C. X-ray magnetic circular dichroism

by a rapid decline 9. The decline is accompanied by an  Element specific moments were determined by analyzing
increase in the coercivity and reduction of loop squarefiess. XMCD spectrat® Briefly, XMCD is the difference in the
Figure 7 summarizes the Kerr loop data in the plotﬁii‘f absorption spectra for right and left circularly polarized pho-
andH¢ as a function ottg,, which show more clearly the tons. The absorption spectra are obtained by scanning the
trend observed in the sample Ioop@atinitially increases, incident photon energy through a characteristic core-level

then remains level, and subsequently declines sharply. ,:u[a_dge. Element specificit_y is achieved as a direct result of the
thermore, the decline iﬂﬁmcoincides witht.;; and the peak unique core level energies for eqch element. .
Since the magnetic moment is mostly carried by the

in He. Note that if Rh were nonmagnetic and the Fe mo- . o
£ did not chanae the@ﬁatwould decline approximately electrons in the @ F_M T™, it is generally assm_Jmed that any
men 9e, PP moments induced indt TM will also be carried predomi-

astre/ (trn+ trg). The fact thaw™initially increases may be nately by thed electrons. This means that to measure mo-
due to either an enhancement of the Fe moment, the eXi$pnents in 44 TM one needs to exploitp-d dipole
tence of an Rh moment, or both. Comparisonégf' with  transitions?® Typically, one uses thef2edge in the 8 TM.
tee/ (trnttee), @s shown in the lower panel of Fig. 7, indi- However, the P levels of the 4 elements are at this time
cates that there is additional magnetization in these filmsnaccessible by our instrumefft. Thus 3-4d transitions
although its source is still ambiguous. must be utilized for 4 XMCD which results in less intense
Both W1 andW2 show a clear cusp in the coercivity, such spectral features, makingdldmoment measurements a diffi-
as has been associated elsewhere with structural phasalt task*® Figures 8 and 9 show the Fe and Rh absorption
transformation$? This corroborates our XRD finding$ic  and dichroism spectra fow2 at tg,=2 A. These figures
is also greater folW1l than W2, which can be understood clearly illustrate the differences discussed above and high-
from the point of view that the coercivity is derived from light the sensitivity of the XMCD technique. In the upper
defects which act as pinning sites for the magnetization repanel of each figure, note that the Fe absorption feature as-
versal process. Since the films undergo a structural transfosociated with the @3, level is more than 50 times larger
mation away from the equilibrium Fe structure, it is expectedthan that of the Rh (3;,. The Rh spectra are truncated at
that the Fe layer would contain most of the defects. Thus th&30 eV due to the onset of the oxyges ddge.
thinner Fe layers 1) have a greater density of defects X-ray absorption spectra were obtained at the Synchro-
which leads to the observed increase in coercivity. The cusgron Radiation Center in Stoughton, WI, on the 10 m TGM



56 Fe/Rh(100) MULTILAYER MAGNETISM PROBED BY ... 5479

—_— [] n

) i Incident

c

5 oY y Photon

¥e!

= + ! Beam

- p— ] []

° '

6 ’ ¢ '

= 42r 11

e '

D

o '

172 ' ¢

!

< ! 2

=

o

4.0 .

0 Applied
S o0 Field
g
[
5 o0.000 B
g FIG. 10. The experimental configuration showing the direction
.'§ -0.002 of the incident photon beam and the relative orientation of the
< sample. The applied field can assume one of two directions result-
:‘5 -0.004 ing in either a 45° or 135° angle between the sample magnetization
= L and incident photon wave vectors.
o 480 505 530

Photon Energy (eV) A pure Fe sample was grown as well to independently

FIG. 9. The Rh absorption and dichroism spectra. The uppe(r;e.mbrate the Fe signal. A Compar|§on of the alloy XMCD
frame shows ther¥ and 0¥ The lower frame showsrY and with that of the pure Fe sample yielded an Fe moment of

CoX where X has been minimized. It is interesting to note that 2-84«s I thezglloy’ In good ?greemem with previous
there is some fine structure which appears in hefhand Co, . measurements™® To arrive at this moment value, we as-
sumed that the pure Fe sample has the bulk moment of 2.18
g . T0 determine Rh moments, we assume that the Rh spec-
lg:um from the alloy represents a moment qfgl. The pro-
cess described above has previously been used to measure
Flement specific moments in Fe/Cr and Fe/V multilayers via
XMCD.3%%1
In order to describe the data analysis procedure more

beamline. The beamline is equipped with a water-coole
scanning vertical aperture which allows for the selection o
linear, right-hand, and left-hand elliptically polarized pho-
tons in the soft x-ray region of 200-900 eV. The degree o
circular polarization when all but either the top or bottom
10% of the beam is blocked is 8%5%2’ The samples were . . IO
measured in a vacuum chamber designed specifically fo‘fle‘?‘rly’ we define the foIIow_mg qugntltless is the sample
XMCD, which is equipped with an electromagnet capable Ofdram cqrrent(total electron ylelpi l‘? 'S thS Cua mesh current
producing fields of up to 1.5 kOe. The sample holder and©t@ yleld auseda foranorrgallzatlltlc)n ot ,0Z=lsllo for
manipulator accommodate andy travel of ~3 cm andz =M, og=0%+0Z, op=0Z—0%, wheres denotes the
travel of ~15 cm which provides the space to simulta- normalized absorption spectrum and the subscﬂptg—, 0,
neously load numerous samples. The sample holder also h8d m represent parallel, antiparallel, sum, and difference,
a 360° rotational capability yielding a variety of geOrmzy[riesrespchw_er(paraIlel and qntlparallel refer to the orientation

in which to study in- and out-of-plane moments. The samplé)f the prOJectlon_ of 'ghe incident photon wave vector on to the
chamber is equipped with a cylindrical collection plate Sample magnetizationand « represents knownK) or un-
which may be biased up to 2 kV for total yield measure-known (U). _ _

ments. The samples were introduced to the vacuum chamber Once reference spectra are available, the comparison pro-
with the easy axis of magnetization aligned parallel to theceeds as follows. Firstry and o are set to the same scale
applied field direction and the surface normal at 45° withby finding the constant& and B such thatog=A+Boy .
respect to the incident radiation beam. The sample can the@nce scaledg’, and o, are formed and the quantity

be magnetized in either of two directions such that the angle

between the magnetization and the incident photon beam is

— K _u 2
45° or 135° as depicted in Fig. 10. All measurements are X_(%) [Com(fiw) = on(fw)] @
made in the total yield mode, which in the geometry used has
been shown to be accurate to within %96. is minimized by variation of the consta@t The moment in

The moment associated with a given spectrum was detethe unknown sample is then given jpy’=CuX.
mined by comparing it with the spectrum of a reference An estimate of the statistical error is the changedn
sample. The reference sample we use here is a thin-film allodC) which yields a 10% change . We use this quantity
of Fey7Rhgos prepared by codeposition on a ,8i;  as our error bars in Fig. 1%.We emphasize the statistical
substrate held at 300°C. FeRh alloys have been studied byature of this error bar and point out that the XMCD tech-
polarized neutron reflectivity and Mossbauer spectroscopypique has an inherent error of the order of 28% The
and the accepted values for the Fe and Rh moments of tHewer panel of Figs. 8 and 9 sho@o?, and o, for Fe and
Feo 7Rhg o5 alloy are 2.77 and 105 respectively’?° A 250  Rh, respectively, wher¥ has been minimized.
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w2 w2 . - .
0 L : ! L 0.0 that the validity of the sum rules for noncubic systems is an open
0 2 4 60 2 4 6 question.
A . o .
Rh (4) The conclusion that the Rh polarization range is longer

_ than one monolayer is further supported by the fact that the
FIG. 11. The moments as determined by XMCD are shown forpy, yoments initiallyincreasein each of the sample sets
each set of sa.mples..The Fe moments in the left-hand panels and tuﬁth the increase being most pronouncedh Thus the Rh
Rh moments in the right-hand panels. All are plottedys moment probably arises from a long-range polarization and a
structural effect. This behavior is qualitatively different from
IIl. RESULTS AND DISCUSSION the behavior of Cr or V moments in thin film multilayers

sented in Fig. 11. A trend which is immediately apparent isStrong monotonic decrease with increasing Cr or V thick-
that there are two distinct regions. The first region is characD€SS: _

terized by slightly increasing moments, and the second by a All samples show an enhancement of the Fe moment in
sharp decline. The demarcation between the two regions is ithe precritical region which is consistent with the notion that

good agreement with.; . Thus, the films are ferromagnetic the mere presence of an interface can lead to a larger mo-
when the structure is bct and nonmagnetic when fet. ment. The physical arguments for this are treated in detalil
In the case of Fe, the ferromagnetic bcc structure is th@lsewheré‘.6 The Fe enhancement decreases with increasing

equilibrium state. The Fe fcc structure is metastable and thE® layer thickness. Table | shows the degree of enhancement

magnetism in this phase is strongly dependent on the atomi@ P& inversely proportional to the Fe layer thickness and to
volume Bland and co-worke found that for fcc Fe epi- scale exactly with the interface percentage. The interface

taxially grown on Rh, no magnetic moment exists on the FePercentage used in Table | was calculated by assuming that
Calculations of tetragonally distorted Fef. 35 also show €ach interface is composed of one monolayer of Fe which is
a dependence of magnetic phase on atomic volume. Here vPProximately 1.5 A thick along the100) direction. Thus,

observe that in the post-critical region, where the films aréh® Fe inSl is 60% interfacial, and so on. Note that the
fct, the Fe loses its moment. Thus we attribute the loss of F&Nhancement scales exactly with the interface percentage re-
moment to the structural phase transformation. gardless of the assumption made as to the amount of inter-

Note that the Rh and Fe moments start to decline afacial material. o o
roughly the same value of,. This is an indication that the ~ 1he Rh moments show a similar, although not identical
Rh magnetism is driven by the Fe layers. Interestingly, the TABLE I. Calculated percentages of interfacial Fe and en-
Fe moment below this Rh thickness is greater than the FRanced moments of Fe in the precritical region. The average pre-
bulk value, and thus the presence of the Rh appears to egritical Rh moment is given as well.
hance the Fe moment.

Although the layer-averaged Rh moments tend to det.. 5A 7.5 A 10 A
crease slightly beyond &, where it would be considered to t; 3A 4 A 5A
be all interfacial (-3 A), this decrease is much slower than Fe,, (precritical avg 29% 19% 14%
would be expected from a dilution model. Thus it appearse interface % 60% 40% 30%
that fortg,<t.i, all Rh atoms, even those in the interior of 4. (precritical avg 1.36 1.10 1.00

the Rh layer, possess a significant moment.
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TABLE II. Alloy formation analysis for each sample. The first largest for the thinnest Fe layers can be best considered as a
column indicates the sample and Rh thickness. The second colunfsootstrapping effect.
gives the Fe momeritvhere applicablefollowed by the third col- Another factor which implies a significant hybridization
umn which gives the lattice constant taken from the XRD data.contribution to the observed magnetic behavior is the ratio of
Column four gives the alloy composition corresponding to the lat-grpital to spin moment. Powerful sum rules have been
tice constant. Column five shows the Fe thickness involved in S“daevelopeag to determine this ratio from XMCD spectra al-
an alloy under the assumption that all the Rh is consumed in th?nough one needs to be careful in their application. Only the
alloy. The final column states the percentage of the total depositege XMCD data onW2 were of the required quality to apply
material consumed by such an alloy. the sum rules, and even here we make only a relative com-
{Alloy parison rather than extract a quantitative measure. Figure 12
Fe shows a plot of the.,/S, ratio as a function of the spacer

trn MEe XRD L.C. Equiv. alloy

A (1) ) composition (A) % Alloy thickness. We stress that this is the/S, ratio of the Fe
s1 atoms only. However, note that Rh has a spin-orbit coupling
constant~2.3 times that of F& Thus, if there were any
1.0 3.01 1.48 F&Rhsg 1.62 0.44 significant hybridization of Fe and Rh orbitals, one would
20 296 1.52 FeRh;; 075 0.39 expect an increase in the Fe orbital moment which would
3.0 252 154and 185 kgRhy,  0.34 0.42 manifest itself as an increase in the/S, parameter. Inter-
4.5 2.02 185 estingly, Fig. 12 shows a peak in the vicinity of thg, value
6.0 1.83 where Rh has its maximum magnetic moment.
12.0 1.86 Finally, we review the trend in the Fe and Rh moment rate
of declination in the post critical region. In the case of Fe,
w1 the decrease in moment becomes more precipitous with in-
creasing Fe layer thickness. This behavior may be under-
1.8 2.64 La7 FaRhy,  4.20 0.64 stood in terms of the structural transition. As the Fe thickness
22 2.66 1.47 FeRhy  5.23 0.77 increases, the sample retains its ability to maintain its bct
27 269 149 FeRhs, 271 0.53 phase for thicker Rh layers. Any trend related to the rate of
3.1 2.75 1.50 F@Rhe  2.09 0.49 decline in the Rh moment is masked by the uncertainties in
35 273 1.51 FeRhgs 176 048 the W1 data set. Nonetheless, the Rh loses its magnetic mo-
4.0 219 152and 182  BgRhy,, 171 0.50 ment similarly to the Fe in these films.
451 1.26 1.82
4.94 0.72 1.82
. SUMMARY REMARKS
W2 We have presented XMCD measurments of Fe and Rh
050 224 144 FaRh, 6.46 0.66 moments in a number of sputtered Fe/RID0) multilaygr
10 252 145 FeRh 5.36 0.58 films. The observed moments are strongly cprrelated V\_/lth the
' ' ' 16 ' ' underlying crystal structure. We present evidence which fa-
L5 229 1.46 FeRhy; 414 0.49 vors a model of well-defined layers with minimal mixing at
2.0 251 1.48 FeRh, 274 0.40 the interfaces. The films undergo a befct structural phase
2.5 2.48 1.50 FeRhs,  2.27 0.38 transition with increasing Rh thickness.
3.0 2.43 149 FeRhs,  2.96 0.46 We have clearly demonstrated that bct Rh is magnetic
3.5 151 FeRhg,  1.96 040 when placed in proximity to Fe. Moreover the Fe moment
4.0 259 152 FeRh;e 126 0.38 enhancement appears to be an interface effect. The Rh mo-
4.5 2.73 153 FeRhg;  1.06 0.38 ments are the largest ever induced inda™M to date and do
5.0 246 153and1.79  kRhg  1.00 0.40 not exist solely in the interfacial layer region. While the ob-
5.5 0.55 1.80 served Rh magnetism is primarily due to its proximity to Fe,
6.0 0.18 1.80 the ferromagnetic state is partly stabilized by its bct struc-

ture. This study raises questions as to the role of interface
strain and the exact nature of the structural transformation
trend in each data set. The Rh moment starts out nggr 1 Which will be addressed in future work.

and increases to an apparent peakzat-3 A. The induced

Rh moments are typically larger than the maximum moment ACKNOWLEDGMENTS

observed in FeRh alloy&lug for 35 at. % Rh.3?° To the
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haps can be best interpreted in terms of a magnetic polariza-

tion effect arising at the_interface. Again the Iargest moments  AppENDIX: EFFECTS OF INTERFACE ALLOYING

are observed for the thinnest Fe layers, and since Fe has the

larger moment, it effectively polarizes the Rh to a greater Another possible mechanism that could enhance the
extent. Perhaps the fact that both Fe and Rh moments afee moment is related to interface alloying. Alloy forma-
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tion could also explain the Rh moments, so it is useful to Several interesting facts result. First this model on aver-
explore the question of alloy formation in these films. Weage only accounts for 50% of the deposited material. Second,
first consider the possibility that all of the Rh forms an alloy the values otég"y decrease with increasirig;,, whereas one
with the Fe. Table Il presents an analysis of the observegould expecttégoy to increase. But even more importantly
lattice constants in terms of the equivalent bcc FeRh alloyTable 1l suggests that the film remains magnetic in spite of
The alloy composition was calculated from the lattice con-alloy concentrations in excess of 55% Rh, and moreover,
stant corresponding to the main superlattice XRD peakihese alloys are still bee-like. Both of these results contradict
which was then used to calculate the thickness of the equivahe bulk FeRh binary alloy phase diagrdhwhich indicates
lent Fe concentration in the alloy. Finally, we determined thethat the bec phase does not exist above 55% Rh, and further-
fraction of the known film material accounted by the com-more that alloys with Rh concentrations greater than 55% are
position. The equivalent Rh concentration was calculated agonmagnetic at room temperature. Clearly, our data is incon-
prn=[(8%R0— 80cc Fd/(@Pec ki Qhec rd], While tRAY =tg./  sistent with a model of extensive alloy formation at the
prn—trn. The fifth column in Table Il represents the frac- Fe/Rh interfaces. In view of this, we propose that the Fe
tion of the total deposited material which is taken into ac-moment enhancement is primarily due to the existence of the
count by the alloy model. interfaces.
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