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Induced ferromagnetism and anisotropy of Pt layers in Fe/P001) multilayers
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The structural and magnetic properties of sputter-deposited epitaxia)/P¢ 7.5 A(001) multilayers tp,
=0-15A) are investigated using x-ray diffraction, Kerr magnetometry, and x-ray magnetic circular dichroism
(XMCD). X-ray diffraction shows that there is a crystalline phase change from bct to fct at a Pt thickness of
~4 A. The Fe XMCD is enhanced by10% over its bulk value for Pt thicknesses from 1—4bkt region,
and depressed relative to the bulk by 10-20% after transition to the fct phase. The Pt layers show a nearly
constant moment up top=10A. XMCD at the N, ; edge shows that the Pt moment has a value of
~0.5ug/atom. Kerr magnetometry is used to determine the in-plane magnetocrystalline anisotropy constant
K; as a function oftp;. It is found that for the Fe thickness studied here, the easy axis switches from the
bc{100] to the bck110] direction with increasingp;. This indicates thaK; has a zero crossing, which occurs
attp~1.5A. This strong variation in magnetic anisotropy is attributed mainly to the Fe/Pt interface region.
However, ferromagnetic Pt also contributes a significant volume anisotropy which we estimag-+t
X 10° ergl/cc.[S0163-18209)02929-X]

. INTRODUCTION Fe layers fortp=19.4 A. Using bulk magnetometry, it was
also found that the magnetization is constant as a function of
The applications of magnetic materials for storage purPt thickness, suggesting a negligibly small induced Pt mo-
poses would appear to be limitless. However, each new apnent. X-ray diffraction was performed fdp=13-22A,
plication has more strenuous materials requirements from thend showed a superposition of b@ee) and fcc(PY) struc-
one used before. To fill this need, interest in multilayeredtures in this thickness range.
systems has increased sharply due to the flexibility that these The current study investigates the structural and magnetic
systems present for variation in their magnetic propertiesproperties as a function of Pt thickness using thin Fe layers
Fe/Pt multilayers have received some research attention iftre=7.5A). We find that fortp<10A (5 ML), the Pt lay-
the recent past. The majority of this research has focused agrs have a constant moment f0.5ug. The in-plane an-
the (111 orientation® isotropy contribution from the Fe/Pt interface is large, due to
In the current investigation,001) Fe/Pt multilayers are the symmetry breaking which occurs there. Indeed, the inter-
studied. There have been only a few other studies on thiface anisotropy constaid; is so large that the effective in-
orientation. One examined the crystal structure and anisoplane magnetocrystalline anisotropy const&nt switches
ropy as a function of Fe thickness,, while keeping the Pt from positive to negative upon formation of the interface.
thicknesstp, constant at 13.5 A.There it was found that the Furthermore, the volume anisotropy constant of the ferro-
Fe underwent a structural transitionta~8 A. Fortr.less  magnetic Pt layer appears to be negative, and we estimate its
than this critical thickness, the Fe lattice was tetragonallywalue at— 8+ 2X 10° erg/cc.
distorted, with a compressed in-plane lattice spacing and ex- As with other(001) multilayers composed of Fe and a fcc
panded out-of-plane spacing. Greater than this thicknessransition metaf;® the multilayers undergo eoherentstruc-
both in- and out-of-plane lattice spacings were close to thatural phase change from bct to fct with increasing Pt layer
of bcc Fe. thickness. By this we mean that both the Fe and Pt undergo
Reference 2 studied the magnitude and sign of the perpeithe phase transition together. However, this does not strongly
dicular magnetic anisotropy over an Fe thickness range adffect the Fe or Pt magnetic moments as is sometimes ob-
tre=3—34 A. They reported that for sufficiently thin Fe lay- served(see, e.g., Ref.)4Moreover K is hardly affected by
ers, net perpendicular anisotropy could be obtained. The inthe phase change.
plane anisotropy constalt, was measured fdg.>8 A (bct
Fe). They found thatKk,; was nearly constant for alig.
>8 A, with a value of~4.6x 10° erg/cc. Il SAMPLE PREPARATION
In another study th€001)-oriented system was studied as  Although several samples were prepared for preliminary
a function of Pt thicknesgbcc Fe,tg. held constant at 25.2 measurements, this study focuses on one Fe/Pt multilayer
A).2 Antiferromagnetic coupling was observed between theilm prepared on a 2” long Mg@®01) substrate. The Pt layer
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thickness was varied from 0 to 15 A from one side of the

substrate to the othefPt wedgé¢ to allow thickness- ff, 1'§tA g |8

dependent measurements of films prepared under identice 2 g AR

conditions. The sample was grown in a magnetron sputtei S g

deposition system with a base pressure of 1® °Torr, > £

and a 3.2% 10 3 Torr Ar atmosphere during sputtering. Be- = RPN AL L , ,

fore growth the substrate was polished with a @.@bumina R R TR 100 105 t10 115 120

and water solution, inserted into the chamber, and then an=}

nealed at 600 °C. = ' o
Crystalline growth was obtained through the use of estab- &

lished method$2 For the Fe/Pt multilayer, a buffer layer of -'GC—-')

25 A Cr was deposited at 600 °@ obtain epitaxy with the =

substratg with another 300 A Cr at 300 °Qto obtain a 8"

flatter starting surfadeand finally 25 A Crand 75 AFe at = i

200 °C just before growth of the multilayer. The multilayer % 40 %0 00 70 80 90 100 [E
was then deposited at 200 °C and consisted of a wedge of F 20 (degrees)

and a constant Fe laygio—15A Pt/7.5 AF&,,. To prevent o _ _

oxidation a capping layer of 20 A i, was deposited. FIG. 1. X-ray diffraction c-axis radial scangleft) and off-

An (001)-oriented CQPTy (x=0-100%,y=100-0% al- normal radial scangright) for various Pt thicknesses, as indicated.
loy, used as a standard for the x-ray magnetic circular diFor thec-axis scans, the Fe/R0D2) peak is marked with an arrow,

chroism (XMCD) measurements, was prepared in the samgnd multilayer satellites of this peak are also visible. No other Fe/Pt
chamber. This alloy was growﬁ on a 2" long M¢mY) related features are present, indicating a silt@0) orientation for

’ . . hese films. The off-normal scans are through the Fe/RiL®8)t
\?viisgstv?/i.ﬂ;r thhee Fr);ﬁﬁﬁ‘z;?/tel?nTﬁfe tQEfferJlI):;re?tsecgzgirsttg dgor?twhtbeature. Several Al features are present due to the sample holder.

: . rom these scans we determine in plane lattice constants for these
following deposited at 600 °G4 A Fe/15 A Pt/100 A CoPt. ¢ o P

On top of these, the alloy itself was grown. The Co and Pt

were deposited in a double wedge formation, the Co with e versus Pt thickness in Fig. 2. For the thinnest Pt layers,
positive slope, the Pt with a negative slope. These wedgee | C is close to that of bce Fe. As the Pt thickness is
were deposited at 560 °C, thus interdiffusion of the layer§,creased the LC approaches that of fcc Pt. Gord A

was high resulting in an alloy with a linear variation here is a jump and change of slope of thaxis LC. W’e

in Pt and Co concentrations. The structure Wwasjnerpret this as evidence for a phase transition in the crystal

[0-2.47 APt/2.24—-0AChg. A capping layer of 15 A giicture from bet to fet.

SizN, was then deposited. To confirm this phase transition, two positions were stud-
ied in detail using off-normal radial scafisght-hand side of

Il STRUCTURAL CHARACTERIZATION USING F|g. 1). Small pieces of the Fe/Pt vv_edge were pleaved out for

X-RAY DIEFRACTION this study to ensure that the Pt thickness varied by no more

than 1 A over the region illuminated by the x-ray beam. This
Structural characterization of the films was performed usieft part of the aluminum sample holder exposed, and several
ing specular and off-normal x-ray diffraction. X-ray scans

were taken with a fixed-anode diffractometer with 1° angular 4 QT T I T T T
resolution and CIK,, radiation. In the interest of clarity, all agf fecPt . ]
crystallographic directions are referenced to the bct structure. < I

Two surface normalc axis or[001]) radial scans are dis- = 3.6 1 . ]
played on the left-hand side of Fig. 1. The single Fe/Pt %34_ ]
multilayer featurgthe bct002)] is marked with an arrow in 5 ]
each scan, and the multilayer satellite is numbered. The %3_2 i
multilayer features appear somewhat broadened because the = ]
finite size of the x-ray beam averages over a rangg,adf S3o0 .
about 1 A. Additionally, some of this broadening can be Lokt
attributed to the proportionalitygiven by the Scherrer for- 2.8 DR, ... v ererrvees T
mula) between peak width and crystal coherence lefdgth. o & B B 8§ W 18
The crystal coherence length is that length over which the Pt Thickness (A)

atomic positions are correlated with one another. We can use
this relation to obtain a lower limit on the value of the crystal | \.ss The symbols are the data extracted foomxis radial scans,

coherence length. It is found that &= 2.6A, thec-axis e dotted lines are guides to the eye. The jump and change in slope

crystal coherence length is70 A, while attPg:6-4A the  for tp~4 A indicates a crystalline phase transition from bct to fct

coherence length is=110 A. In both cases, this corresponds for the Fe/Pt multilayerc/a ratios, indexed on a bct lattice, are

to about 35% of the total crystal thickness. indicated for two points on the figure. Recall that the perfect bce
The angle of the multilayer peak can be used to obtain af¥cc) lattice should have a/a ratio of 1.00(1.42. The unshaded

average lattice constafitC) for thec axis as a function of Pt vertical stripe in the figure indicates the region of the phase

thickness. The-axis LC, extracted from such scans, is plot- transition.

FIG. 2. Plot ofc-axis average Fe/Pt lattice constant vs Pt thick-
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FIG. 4. The saturation Kerr effe@;*as a function of Pt thick-
ness. There is a strong enhancement of the Kerr effect for thin Pt
layers, followed by a sharp downturn as the film transforms from

) . . . . . bet to fct (unshaded white regigonFollowing the phase transition,
500 0 500 500 0 500 the Kerr effect decreases smoothly, as expected from a simple di-
H (Oe) lution of the Kerr effect with the addition of Pt.

FIG. 3. In-plane MOKE loops for two Pt thicknesses along high saturation field$>8 kOe, the highest f'ield possible in
bc{100] and bcf110] directions. From loops such as these, the OYr magnetometgrfor aII'vaIues oftp. W,h'le we cannot .
saturation Kerr effect and in-plane magnetic anisotropy are deter':lJIe out a weak perpendicular surface anisotropy constant in

mined. It is observed that the easy axis switches fron{thg] to  these films, our focus here issotn the in-plane anisotropy.
the [ 110] direction with increasingg;. The saturation Kerr effed® ¢ (which contains contribu-

tions from both the Kerr rotation and Kerr ellipticjtis plot-

ted as a function of Pt thickness in Fig. 4. It can be seen that
while the multilayer remains in the bct crystal structure,
there is a strong enhancement in the Kerr response over that

S o for bulk Fe(0 A Pt in the figure. This is followed by a sharp
ture, thea axis is found to be 2.81 A. This is contracted reduction of@ﬁ"’“in the region of the betfct phase transi-

slightly from the bulk Fe LC of 2.87 A. The radial scan . Finallv. in the f ion® 52 d hl
along the surface normal for this position yields a value forion. Finally, in the fct region® ™ decreases smootnly as

thec axis of 3.01 A(i.e., expanded relative to bulk Fd~rom expeqted from a simp!e dilution of the Kerr effect for in-
this we calculate the/a ratio to be 1.07. This implies a bct creasing Pt concentration. . :

lattice that is distorted from cubic by 7%, but still reasonably In al! our stud|e§ of Fe./TMJOD oriented muItl_IayerséTM
close to a bcc structure for whictYa=1.1. ¢ scans(not =transition mets), |nclud|ng4 B\ffsvl Cr, Co, Ni, Nb, Mo,
shown through the Fe/RP103 and MgQ113 indicate an Ru, Rh, Pd, Ta, W, and P§*** o Ft.h's is by far the stron-
epitaxial relation of Fe/Pt bt00]IMgO[110]. gest enhancement of the longitudinal Kerr effect we have

The second off-normal scan was taken at a position witrP.bs‘?;VGd- Trgs eghgncement .is no doubt cauiecﬂllbya
tp=6.4 A (see Fig. 1 Note that this is beyond the critical signi |ca_nt induced. t magnetic moment a@j the large
thickness 64 A observed in Fig. 2. The Fe/Pt 603 and spin-orbit coupling in Pt. The latter point is understood as
bct002 peaks were used to determine LC values aof follows. In the single-electron Hamiltonian the spin-orbit
=2.68 A andc=3.74 A. The ratio ofc/a is therefore 1.40, term can be writterHso= £L - S vyhere§ is the s_pin-orbi_t
comparable ta/a=1.41 for a perfect fcc lattice. From this c?upl_mg patt)rameterg_t(e)n()ci?se tc\)/ 'ncrﬁase_\cl)wéh \I/nl%rgasmg
we learn the lattice is fct, with only 1% tetragonal distortion. atomic number, ange=0. eV, whilegp=0.6 eV. ™ Fur-

In this scan, the MgQL13) is also evident, demonstrating an thermore,.|t is well k1r170wn that to first order the_ Kerr effect
epitaxial relation of Fe/Pt bit00]IMgO[110]. We note that g(;:p?nds I.metﬁrlyp(i?' Tf;usdthti prelsence ofhspln—pola;lz?(:h
if the multilayer were indexed on an fct lattice, this relation- - atoms 1N the FLiayer eads to a large enhancement of the

. Kerr effect.
ship would be expressed as Fe/P{1dA0]iIMgO[110) The switching of the easy axis in the MOKE loops of Fig.

3 leads us to examine the magnetic anisotropy more closely.
IV. MAGNETO-OPTIC KERR MAGNETOMETRY The in-plane magnetocrystalline anisotropy constantis
) o ) determined from the MOKE loops by two methods, derived
Magnetic characterization was performed using agg follows. Let¢ denote the angle between the magnetic

magneto-optic Kerr effeMOKE) magnetometer. Typical easy axis and the applied field. We assume uniform rota-
in-plane easy- and hard-axis loops are displayed in Fig. 3 '

Here we observe that fap=0.8 A, the bdt100] direction is  tion of the film magnetizatioM; and the angle betweevl s
easy, while fortp=6.4 A the bcf100] is a hard direction. andH is 6. The total magnetic energy/ is then given as a
We return to this point below. Although the Fe/Pt system hasum of the anisotropy energy per unit volume and the Zee-
been shown to exhibit strong perpendicular anisotropy fofman energy. An expression in three-dimensions is given in
certain values of the Fe and Pt thicknesS&sthis is not the  Brailsford® If we restrictMg to lie in the plane of the film
case for any of the films studied here; axial loops displaywe obtairt®

Al features are present in Fig. 1.
The first scan was taken #5=1.9 A through the Fe/Pt
bct(103) peak(Fig. 1). From the position of th¢103) fea-
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e bc; ' f‘ct T which is where the easy axis switches from thd 1] to
a00x10° £ §° E the bcf110] direction in the multilayer.K; levels off
R E E around— 3.5x 10° erg/cc neatp=2 A (about 1ML), beyond
e 200p o 3 which its magnitude slowly increases with increasing thick-
- E ® 3 ness, except in the region of the crystalline phase transition
g °_ ; (unshaded white regignwhere the magnitude oK, is
< 200 PO slightly reduced. N _ _
3 = 2 E It is somewhat surprising that the crystalline phase transi-
-400F & x E tion has so little influence on the magnetocrystalline anisot-
i P ... o ropy. By comparison, it is clear that the Fe/Pt interface plays
0 2 4 6 8 a dominant role in the anisotropy. For Fe/TM multilayers

Pt Thigkness (%) such as these, we typically find that the interface is about 2

FIG. 5. In-plane magnetocrystalline anisotropy consteat,as ML Wide (see, e.g., Refs. 14, P0Assuming this is true here,
a function of Pt thickness. Results are shownHgras determined the interface would contain 1 ML Pt and 1 ML Fe, and
by two methods(circled crossesfrom the saturation field along the Would therefore be fully established fap~2 A. This is
hard axis andbowties from the 95% saturation field as a function €xactly the thickness at whidk, stops changing.
of in-plane direction, as discussed in the text. The greatest variation
of anisotropy cgnstant oceurs with th_e creation of the F_e/I_Dt inter- V. X-RAY MAGNETIC CIRCULAR DICHROISM
face. Once the interface is fully establisheeR A P1), there is little EXPERIMENTS
change inK, with increasingtp; apart from a blip in the region of
the crystalline phase transitiqunshaded white regionThe solid The Fe and Pt moments were found using x-ray magnetic
and dashed lines are fits to the data discussed in the text. circular dichroisnt!22 These measurements are done at the
N edge of Pt and thke edge of Fe using the 6 and 10M TGM
) ) Ky beamlines of the Synchrotron Radiation Center, Stoughton,
W=—MSH(sm¢smy+cos¢COSy)+§(1—0034y). WI.
1) By accepting x rays emitted slightly above the horizontal
R plane of the bending magnet, 85% circularly polarized x ra-
Here y=¢—6. The magnitude oM is determined using a diation is obtained. This radiation is incident at an angle of
weighted average of the Fe and Pt magnetic moments ag° ypon the sample, and the plane of incidence was parallel
determined by XMCD(see Sec. VI Under an arbitrary ap- to the applied magnetic field. An electromagnet switched the
plied field, the magnetization changes direction so as tgnagnetization direction by 180° at each photon energy, with
minimize the magnetic energy. Minimizing E(L) with re-  measurements taken in a saturated state. The total electron

spect toy, we find yield of each sample was normalized to the yield from a Cu
K, sind(é—0) or Ni mesh, resulting in x-ray absorption spectra. The differ-
H= & _ _ (2)  ence in the x-ray-absorption spectrum for the two magneti-

2Mg  sing zation directions is the XMCD.

More specifically, along the hard axis the saturation field is__1YPical absorption and dichroistulifference spectra for
Fe and Pt are shown in Figs. 6 and 7, respectively. In order

iven b : ; )
g y to deduce the Fe and Pt moments from the dichroism signal,
2K, a method has been developed to compare the spectra from all
Hsa= - (3)  “unknown” samples to the spectra of a “standard”
S

sample'?* For Fe, the standard was taken from a region of

Equation(3) suggests a simple method for determinidg  the multilayer sample where only Fe was deposited. The mo-
by measuring the saturation field along the hard axis. Thenent at this point is taken to be that of bulk Fe, 2u35
results of this analysis is shown in Fig.(&rcled crosses As a Pt standard, a position on the, @4 alloy film was

The analysis using Ed3) suffers from the fact that the measured where the composition is GoRtis known that a
hard-axis saturation field is not always well defineldie to  chemically ordered phase of CgPe¢xists with a CyAu
hysteresis To provide a check on this analysi§; was also  structure. One distinguishing characteristic of chemically or-
determined using a second technique. For several Pt thicldered and disordered CaR$ the Curie temperaturé. (50
nesses, many loops were taken as a function of applied fieldnd 190 °C, respectively The growth conditions under
direction(i.e., for various angles ap). From each loop, the which this sample was prepared were analogous to those of a
95% saturation fieldHgs, was extracted. Under this condi- previous study which resulted in chemically disordered
tion we then hav@=18°. Hgs is then plotted as a function of alloys?® In line with this, the present sample shows a mag-
¢, and Eq.(2) is fit to this curve usind, as a fitting param- netization and remanenc¢as measured by MOKEndica-
eter. TheK; values determined by the second method ardive of a Curie temperaturé: well above room temperature.
plotted in Fig. 5 with bowtie symbols. As can be seen, thereBased on previous neutrdhand bulk magnetometty stud-
is very close agreement between the values obtained usirigs, it can be derived that disordered CpRas magnetic
both methods. moments of 0.78 and 0.2i% per atom for Co and Pt, respec-

In Fig. 5, K starts out close to the bulk anisotropy con- tively. This information is used in the calibration of the Pt
stant of Fe, which is 4.7210° erg/cc? With increasingtp, magnetic moments.
K, decreases rapidly, passing through zeratggt1.8A, As a secondary calibration, we compare the Pt XMCD
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§ + » FIG. 8. Average Fe moment per atom vs Pt thickness as deter-
< ] mined by XMCD. For thin Pt layers there is an enhancement in the

O B! 1 Fe XMCD over the bulk bcc value. Upon phase transition to fct

(unshaded white regigrihe Fe moment drops significantly. There-
-1k ] after, the fct Fe remains ferromagnetic throughout the Pt thickness
SPTTTTTTOUR TP TPITTTN TOPT T FTTTIE range studied.
700 720 740 760
Photon Energy (eV) the setting of the circular polarization shutter, which leads to

variations in the magnetic moments 6f10%. These are
statistical errors, and lead to scatter in the moment data.

A third source of error comes from the assumed propor-
tionality between the XMCD and magnetic moment. This
systematic error has been discussed previotisi§Another
. . systematic error, important only for the Pt moments, comes
chemically ordered Cokat the PN edge. The present cali- 5y the standard sample. The errors inherent in the original
bration is consistent with those results. neutron and bulk magnetometry measurements of disordered

The XMCD-determined m_agngtic moments contain SEVCoPy are reflected in the scaling of the Pt moments. These
eral sources of error. One is simple noise in the XMCD

. _ “~systematic errors may amount to 30% of the moment deter-
spectra, and this error can be estimated from the Compar'sqlr{ination. Note that the systematic errors affect mainly the

between the sample and standard spect_ra. This error is Onlyrﬁ‘oment scales, and do not affect the general trends of the
few percent for the Fe moments, but 4620% for the Pt moment curves.

moments. Another error comes from the reproducibility of

FIG. 6. FeL , 3 absorption(solid and dashed linend dichroism
(symbol3 at a position in the Fe/Pt multilayer with,=6.8 A.
From these data we deduce a Fe magnetic moment oft}.86

spectrum(Fig. 7) with that in a previous XMCD stucﬁ? of

VI. ELEMENT SPECIFIC MAGNETOMETRY

The Fe and Pt magnetic momer(er atom as deter-
mined by XMCD are displayed in Figs. 8 and 9. For thin Pt
layers(less than=4 A), the Fe XMCD is enhanced by10%
over the bulk value. This enhancement is similar (bait
smaller than that observed in Fe/RB01) multilayers. It is
also interesting to note that this enhancement of the Fe

Pt 4f-7/2

o~
~
w
o
<
-
a

Absorption and Dichroism (arb. units)

0.8F T T T T T 4
—~00.6F % % ]
S RN | % |
P g 04l I 1 f T % f
0.2 j?"i&‘w“ % g
e, %, g E % i
00, . i, Sy i = ]
TR A . & 02
R4 A TR T T T E bct fct E
68 70 72 74 76 78 oF 3
Photon Energy (eV) 0 > 4 6 8 10 12

Pt Thickness (A)
FIG. 7. PtN, ; absorption(solid and dashed lineand dichroism

(symbols from the Fe/Pt multilayer witlip,=6.8 A. The absorp- FIG. 9. Average Pt moment per atom vs Pt thickness, as deter-
tion edges have a Fano line shape which has been observed mined by XMCD. The moment is almost constant at a value of
previous studies. The dichroism is similar in shape to that observee-0.5u5 (dotted ling over the entire Pt thickness range. This im-
elsewhere, and indicates a Pt magnetic moment @fbug for this plies that the Pt is ferromagnetic throughout the entire layer and not
film. just at the interface with Fe.
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XMCD is mirrored in @Eat (Fig. 4), which shows a 30% the Fe and Pt magnetic moments. For example, a weighted
enhancement of the Kerr effect over the same thicknesgum of the Fe and Pt momentsta{=10A leads to a net
range. moment of~2.1ug per iron atom, in good agreement with
However, we must take care in drawing conclusions abouRef. 3. This points out the importance of performing
the Fe moment because of the systematic errors inherent #lement-specific magnetometry, since without it one would
XMCD. The orbital moment and magnetic dipole contribu- naturally assume that the Pt had negligible magnetic moment
tions to the XMCD signal are expected to vary most stronglywhile the Fe moment was unchanged.
over the thickness range where the bulk 3D symmetry of the
Fe is first broken by the Pt layers, that is, during the estab-
lishment of the Fe/Pt interface. VIl. DISCUSSION
Comparing with previous results, a dichroism study dis-
cussing Fe/Pt fé111) multilayers showed a similar enhance- It is notable that the fct Fe remains ferromagnetic for the
ment. Another report of bulk magnetometry from entire range of Pt thicknesses studied. Similar results were
Fe/Pt001)® showed no evidence for enhancement of the Fepreviously reported for Fe/Pt using bulk magnetométayd
moment. However, in the latter case the Fe layers were muche/Pd multilayers display a similar behavior. In contrast to
thicker than here, which would dilute any enhancement renthis, some other nonmagnetic fcc transition metalg., Cu,
dering it immeasurable. Thus with the present data we mud®h) result in fct Fe/TM multilayers that are paramagnetic at
consider the assignment of a Fe moment enhancement asom temperatur®? Similarly, we note that Fe/Ru multilay-
tentative. ers transform to the hcp structut@nother close-packed
There is a sharp, 20% decrease of the Fe moment in thehase and also result in a paramagnetic matefiarhe dif-
region of the betsfct phase transitiojunshaded region in  ferent behavior of Pt and Pd in multilayers might be ascribed
Fig. 8. Although this drop occurs in a region where the Feto the fact that Pt and Pd have relatively large LC's. It is well
symmetry is rapidly changing, it is large enough to indicateknowrf® that the magnetic state of close-packed Fe depends
some change in the Fe magnetic moment. A small drop irritically on the LC, and that a larger LC favors the ferro-
the Fe moment associated with phase change also appearsiragnetic state. For even larger fcc K€g., Ag, Ay the Fe
bulk magnetometry measurementdiowever, note once also remains magnetic but is in a bcc phase, rotated by 45°
again that the latter study employed thicker Fe layers, whichwith respect to the TM lattice.
probably accounts for the discrepancy in the magnitude of It is interesting that the Pt moment is constant over the
the Fe moment change. thickness range studied. Given the growth conditions of the
Figure 9 shows the measured Pt moments as a function afiultilayer, it is likely that there is some interdiffusion
Pt thicknesgerror bars represent only the statistical errors present that can partially account for the observed moment.
The Pt moment per atom is constant with increasing Pt thickThe wedge growth structure prevents a quantitative analysis
ness at=0.5ug. This is quite surprising since in most other via x-ray modeling of the amount of interdiffusion. An esti-
Fe/TM multilayers, the TM atomic moment decays exponenimate, however, can be obtained by considering the interdif-
tially toward the center of the laydsee, e.g., Refs. 12, 14, fusion present in other multilayers grown by our group under
13). Additionally, the present case is interesting since thesimilar conditions:'*4?°These systems all share a common
phase transition has no observable effect on the Pt momerdiffusion profile. For example, in Fe/\Ref. 14 the first TM
This result is entirely new, since no previous study of Fe/PML contains 40% Fe, the second ML 10% Fe, and the third
multilayers has considered the Pt moments. ML contains no Fe. Application of this profile to the Fe/Pt
The one point that deviates most from the straight line insystem yields, at the thickest, studied, a central monolayer
Fig. 9 is the first, withtp=0.9 A. At this submonolayer of Pt with no Fe atoms, yet we observe no drop in the Pt
thickness, the film might be represented asgfg, alloy = moment. Of course care must be taken when applying a dif-
layers separated by Fe laydessuming 2 ML of interdiffu- fusion profile from one system to another. Consider then
sion at each interfageln this alloy regime, the induced Pt another case with some Fe interdiffusiGay 10% in this
moment is comparable to that in bulk4Pe¢ alloys where the central monolayer. It is known that in ¢t  that there is
induced Pt moment is 0.36 .2’ For largertp,, the effective a significant alloy moment of~0.3ug at very low
concentration of Pt goes up, and the induced Pt momertemperature$’ However, the Curie temperature of such an
might be expected to decrease. In contrast, we observe thalloy in the bulk is below room temperature, hence no Pt
the Pt momenincreaseswith increasingtp,. Furthermore, magnetic moment could be observed. The present multilayer
these observed Pt moments are well above those in alloymoments behave differently from that of a bulk alloy. Thus,
with the same average concentration. We have seen this kinwhile it is likely that there is some interdiffusion present in
of behavior before in, e.g., Fe/&tFe/Rh? Fe/V1*and else- the samples, it is not extreme.
where. It seems an almost generic property that the induced Given then the Pt's observed moment, it is interesting to
moments in nonmagnetic elements are larger in multilayerexamine in more detail its magnetic properties. For example,
than in bulk random alloys. we can say something about the effective volume anisotropy
Finally, we point out the near constant Pt moment in theconstant for Pt. Returning to Fig. 5, we see that fpr
fct region is accompanied by a gradual decay of the Fe mo=4.5—-8 A, the anisotropy constant is gradually increasing
ment. By comparison, bulk magnetometry showed no meain magnitude. This suggests that the volume anisotropy con-
surable change of the magnetization over this thicknesstant of ferromagnetic Pt is not negligible.
range® Yet the present data are in agreement with the previ- To quantify the interface and volume anisotropy contribu-
ous study because bulk magnetometry measures the sum tins toK,;, we expand it as
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trdMee scales linearly with the spin-orbit couplingwe can esti-
m mate that two-thirds of _the surface anisotropy arises from .the
e’ TPtiPt Pt interface atoms, while only one third comes from the in-
tpMpy terface Fe._AIthough the present Pt XMCD data do not sup-
T (4)  port an orbital moment analysis, perhaps future studies at the
Fellre’ TPCTRt Pt L edge could directly measure the interfacial Pt orbital
Herem, is the experimentally determined magnetic momentmoments and test this hypothesis.
per atom of element A. Note that sintg is held constant in From this study we arrive at several conclusions. First, the
the present stud;A,(Et cannot be determined independently Pt atoms acquire a significant magnetic moment in Fe/Pt
from KE®. In this case it is sufficient to assurfes is usually ~multilayers. This moment must be included in any interpre-
done thatK =0, and we do this here. tation of bulk magnetometry data. For example, we have
Using the experimental anisotropy value frag=0, we  S€en that fotp>4 A, the Fe moment is depressed. But the
can use this equation to determiri@e= 5.4x10°erglcc. ~ NONzero Pt moment gives the illusion that the Fe moment is
This is close to that of bulk Fe, and the slight deviation may-"changed. Similarly, any measurement of the magnetic an-

be attributed to the in plane tensile strain of the Fe grown ofSCtropy of such multilayers should include the Pt moment
MgO(001). To determinek™® we use the experimental an- and Pt contributions to the volume and surface anisotropy.
: S

isotropy attp=2 A where the Fe/Pt interface has just been
established. We determine a valuekdff®= —0.029 erg/crh
which is the same as found in Ref. 2, in spite of the fact that The (001) Fe/Pt multilayer system is investigated as a
the previous study employed much thicker Fe and Pt layerdunction of Pt thickness. We have shown that the multilay-
Lastly, Eq.(4) may be fit to the anisotropy data beyond er’s crystal structure switches from bct to fct as the Pt thick-
tp=2 A to estimateK!'. Using this procedure we fing'  nessis increased. The Fe moment and Kerr response are both
=-8x2x10°erg/cc. The best fit to the anisotropy data is SUPPressed upon phase change. Unlike some other Fe/fcc
plotted as a solid line in Fig. 5, while another fit assumingTM systems the fct Fe is found to remain ferromagnetic. A
KP'=0 is plotted as a dashed line. The solid line shows bettefearly constant Pt moment &f0.5u5 is observed for 0
agreement with the data. This interpretation and the value of trr<10A. Finally, the first anisotropy constari; is
K tis plausible, but note that we have ignored magnetoelagound using two independent methods, and it has a zero
tic contributions to the anisotropy which could also play ant0SSINg neartp=1.8A. Changes in the anisotropy are
important role. Still, we argue that Pt contributions to thefound to occur independently of the crystal structure change.
anisotropy need not be small. We qonclude t'hat both the moment and anisotropy of Pt
Specifically, consider the Pt surface anisotropy constartontribute significantly to the measured valuetqf.
Kg’t. Historically, the surface anisotropy has been attributed
only to atoms at the surface of the ferromagnetic layer. But it
is quite likely that magnetized Pt interface atoms contribute The authors gratefully acknowledge Professor B. Heinrich
strongly to the surface anisotropy here. Pt has a spin-orbior helpful discussions. The authors acknowledge the support
coupling that is eight times larger than that in Fe, while thefrom National Science Foundation CAREER Award No.
Pt moment here is about one quarter as large as Fe. Becaud®IR-9623246. The Synchrotron Radiation Center is sup-
the anisotropy depends linearly on the orbital moment, whiclported by the NSF under Award No. DMR-9531009.

Ki=[K{*+2KEYte]

+ KT 2K tp

VIIl. CONCLUSION
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