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A series of Fe/Pt multilayers, prepared by magnetron sputtering, were characterized by stfuetayal
diffraction (XRD), x-ray-absorption spectroscopy, extended x-ray-absorption fine structure] ateMnagne-
tization techniques and extensively investigated bysshmuer spectroscopy. The Fe layer thickness varied
from 3 to 60 A and that of Pt from 5 to 39 A. &8 A Fe/9 A Pt sample displays magnetic hyperfine structure
at room temperaturéRT) while the 3 Fe/19 Pt sample is paramagnetic at RT, demonstrating the effect of the
interlayer interaction. Both samples display out of plane magnetic anisotropy with a 39° angle with respect to
the normal for the former and 20° for the latter. As the Fe layer thickness increases the magnetic vector turns
to the plane. Systematic analysis of the $dbauer spectra of samples with increasing Fe layer thickness
allowed the determination of the magnetic hyperfine field for each Fe monolayer within the Fe layer slab.
Hyperfine fields larger than the bulk Fe value appear in all samples with Fe layer thickness larger than 3 A, and
display an oscillatory dependence on the distance of the corresponding Fe monolayer from the interface. These
hyperfine field values scale linearly with the average interplanar distance of the Fe layer derived from the
refinement of the XRD data for each sample. Fe atomic magnetic moments determined from superconducting
guantum interference device magnetometry and Rutherford backscattering spectroscopy measurements are also
larger than the bulk Fe value, approaching it for large Fe layer thickness. The parameters determining the
enhancement of magnetization in the Fe/Pt system are disc(iS€Hd63-182006)03538-2

I. INTRODUCTION first monolayer below the interface corresponding to a
~12% enhancement with respect to the bulk iron value. A
Magnetic multilayers have been extensively studied dursimilar enhancement has been predicted theoretically by
ing the past few years both for their potential in magneticFreeman and Fufor a free standing nine layer iron slab.
storage technologies and for their scientific interest as newRecently, similar calculations have been performed for Fe/Pt
artificial materials on the nanometer scale. Among the primultilayers with a combination of 5 Fe and 4 Pt monolayers.
mary questions that have been addressed are the perpendicu-Extensive studies of the magnetic properties of Fe/Pt mul-
lar magnetic anisotropy and its relation with interface phe-ilayers grown along the(111) directiorf or the (001)
nomena, the modification of the atomic magnetic momentirectior”® have been reported. These studies have concen-
and the magnetic hyperfine field at the interface and neightrated on the investigation of perpendicular magnetic anisot-
boring atomic layers, and the intralayer and interlayer extopy and its relation with the local structure. Bkbauer
change interactions. studies have been also reported on two ultrathin Fe/Pt
An interesting class of magnetic multilayers consists ofsamples by Branet al.’
successive identical bilayers with one magnetic and one non- We report in this paper detailed studies on structural and
magnetic component. Such systems are the Fe/Au and Fe/Agagnetic characterization on a set of ultrathin and thin Fe/Pt
multilayers with nearly zero magnetization in the noblemultilayers grown along th€111) direction with varying
metal component, and multilayers of Fe with the “nearly thicknesses of the Fe and Pt components. Magnetic circular
magnetic” Pd or Pt metals. Strong polarization effects aredichroism studies have been reported for these sarfiss,
expected close to the interface in the latter class of multilaywell as preliminary magnetization and le&bauer studies.
ers. Recently, by using the “one monolayer probe” $8e Among the principal aims of the present work is the de-
bauer technique, Kisterst al> were able to determine the termination of the atomic magnetic moment and the mag-
variation of the magnetic hyperfine field of the Fe monolay-netic hyperfine field for each atomic monolayer of Fe in the
ers below the interface in the Fe/Pd system. The hyperfin€e/Pt bilayer. The experimental technique of choice for
field follows a damped oscillation with a maximum at the this purpose is Mssbauer spectroscopy. It has been applied
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TABLE |. Layer thicknesses and interplanar spacings of the Fe/Pt multilayers in AN: number of periodsu: average atomic
moments of Fe in Bohr magnetorts; spin-wave stiffness constant.

b
Sample N e ot 0380 B de de @ u 105K
Bulk P§111) 2.27
3/39 44 3.1 38.8 41.9 42.4 2.27
3/19 76 3.1 19.4 22.5 22.3 2.27
3/9 135 3.0 9.7 12.7 12.8 2.26
5/9 110 5.3 9.4 14.7 135 2.23 3.2 3.4
7/9 100 7.1 9.3 16.4 15.3 2.26D.005 2.236:0.005 2.22 2.7 2.7
9/14 60 9.4 13.9 23.3 21.9 2.186 2.249 2.22 2.9 4.5
9/9 92 9.5 9.5 19.0 20.1 2.176 2.217 2.19 2.6 2.5
12/9 75 12.4 9.3 21.7 21.2 2.144 2.229 2.17 2.7 1.8
9/5 100 9.3 4.7 14.0 14.0 2.148 2.163 2.16 2.8 1.8
25/9 45 24.7 8.7 334 33.2 2.092 2.200 2.11 2.7
38/9 33 38.4 9.4 47.8 46.9 2.062 2.226 2.09 2.5
60/9 24 60.5 8.9 69.4 70.6 2.045 2.222 2.06 2.3
Bulk Fe(110) 2.03 2.2 0.52

in the past by probing one or two individual monolayers with >0.9994 pure. The polishe(5i and mica substrates were
Fe’’ enrichment in clean Fe fill and Fe/Pd bilayerSAl- cleaned with a procedure consisting of detergent wash,
though this technique is efficient, it presents some drawbackdeionized water rinse, alcohol rinse and\N& gas drying
regarding the high cost of sample preparation and the intemprior to deposition. The substrates remained at a tempera-
diffusion between F¥ and F&” isotopes. In the present work ture between 293 and 306 K during the deposition. The sput-
we studied a set of samples with constant Pt thickness andtar deposition rates, between 0.2ahA per sec, were moni-
stepwise increasing Fe thickness, allowing in this way thdored using calibrated quartz crystd)¥TC's). The quartz
determination of the contribution of each additional Fecrystals provide the component layer thickness for iftpg
monolayer. These results are discussed in the framework @nd platinum (t,) as well as the layer pair thickness
recent band structure calculations and semiempirical model$tr.p— XTC). The multilayer films were grown to a 2000 A
We have also studied a set of samples with constant Fital thickness consisting &f layer pairs. Table | gives a list
and varying Pt thickness in order to determine the effect obf the samples with the individual component thicknesses
interlayer exchange interactions between the magnetic Fég.,tpy), the layer pair thicknessés.p;, derived from XTC
layers. We chose for this purpose samples with thin Fe layeand XRD, respectivelyand the interplanar spacings, derived
thickness(1-2 monolayernswhere the effect of perpendicu- from the x-ray diffraction peak&d;;,,—XRD) and their re-
lar magnetic anisotropy is expected to be more pronouncedpective analysigdg.,dp;; see next sectignEach sample is
Another aspect which is of considerable interest is thedesignated in this table and in the text by two numbers which
effect of the local structure on the magnetic properties ofare the Fe and Pt layer thicknesses to the nearest A.
each individual monolayer. It has been sugge<tand in-
vestigated experimentaf§'® that under favorable condi- IIl. STRUCTURAL CHARACTERIZATION
tions, an fcc phase forms in Fe thin films or multilayers with ) i o )
a “high spin” Fe moment. Such structural transformations  X-ray diffraction (XRD), transmission electron micros-
from bcc to fcc Fe have been observed in Fe/Pt multilayer§0PY (TEM), XAS, EXAFS, and Rutherford backscattering
grown in the (100 direction® In order to investigate the (RBS havg been employed for the structural chgracterlzatlon
possibility of such a “high spin” phase in our systems we of the multilayer samplgs. Some results of the first two tech-
have performed extensive polarized x-ray-absorption spedliques have been published recehitiyd are presented here

troscopy(XAS) and extended x-ray-absorption fine-structure@ Summary results for the sake of completeness.
(EXAFS) measurements. X-ray diffraction. Both in-house and synchrotron based

x-ray diffraction facilities were utilized to determine the
structure and structural parameters of the multilayers. A
powder diffractometer equipped with a graphite monochro-

The multilayer samples were prepared using magnetromator was used in th#—26 mode at both low and high
sputter deposition. The deposition chamber was cryogeniangles using Cu Ka radiation. The x-ray diffraction measure-
cally pumped to a base pressure of 41® ° Pa. A circular ments show fcc-Pf111] structure with sharp low and high
array of magnetron sources was situated 20 cm beneath amgle superlattice satellites. The lattice spacings are com-
oxygen-free copper platen. The magnetron sources are opgyuted from the reflected peak positions via Bragg's law
ated in the dc mode at a 330—390 V discharge. An argoiiTable ). The grazing incidence scans of the multilayer films
working pressure of 0.40 Pa was used at a flow rate of 15.8-ig. 1) reveal satellite reflections abov@00) attributable to
cmmin. The substrates were sequentially rotated ovethe composition modulation in the multilayer growth direc-
each source at 1.0 rev/imin. The target materials werdon.

Il. SAMPLE PREPARATION
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FIG. 1. X-ray diffraction in the low angle region for the 5/9 and

9/14 samples. . o . )
FIG. 2. X-ray diffraction in the high angle region for the 38/9

In the low angle region the analysis is made by an opticaFample fitted with the structural refinement procedix@d line).
formalism which takes into account the interface roughness,
the critical angle, and the wave vector of the reflectivity. ment procedure. We notice an increasagfas the Fe layer
Figure 1 shows representative low-angle diffraction spectrahickness decreases. The refinement data show also that the
in which satellite intensities up to fifth order are observed,interdiffusion is limited to the first two monolayers from the
indicative of the high quality of the multilayers. From the interface.
intensity ratios of different orders of satellites the roughness Transmission electron microscopyEM and high resolu-
was estimated to be 2—5 A, which corresponds to a value dion imaging reveal the Fe/Pt multilayer film morphology
one to two monolayers. and lattice structure. The plan-view electron diffraction pat-

In the high-angle x-ray-diffraction spectra a completeterns[Fig. 3(@] demonstrate the polycrystalline in-plane na-
guantitative characterization of the Fe-Pt superlattices wakire of the film with a 5-8° mosaic of the lattice planes
performed by multidimensional optimization of a stochasticperpendicular to the texturefl11} growth direction. The
model, where the structural parameters of the superlatticeng pattern for the sample 9/9, shown in Figb)g yields a
were refined. The detailed structural information determinednean in-plane lattice parameter of 3.84 A. Selected area dif-
by this model fitting includes the following: grain size and fraction of individual grains, viewed in cross section have
grain size distributions; the thickness of the individual layersbeen published elsewhérand clearly showed thé111}
and thickness fluctuations; roughness, interdiffusion, and latgrowth direction of the multilayer. The film growth structure
tice strains; and finally the averagespacings of the indi- imaged in cross section is found to be typified by densely
vidual Fe and Pt layers. Details of the analysis and the thegracked columns with an average in-plane grain size of 270—
retical foundation of the structural refinement procedure ar@00 A. High resolution lattice image of a single columnar
given in Ref. 14. Examples of the experimental and refinedgrain, recorded at the Scherzer defocus condition using a 400
model high-angle x-ray spectra for the 38/9 Fe/Pt multilayekkeV electron beam, is shown in Fig. 4.
are shown in Fig. 2. As can be seen, the Bragg peak of the X-ray-absorption spectroscopyFe-K-edge XAS mea-
average lattice is flanked by four low-angle satellites andsurements were carried out on beamline X-19A at the
only one high-angle satellite, all of which are fitted very Brookhaven National Light Source. The beamline optics
satisfactorily by the structural refinement model. The refinedconsists of a double crystébi-111 and Si-220monochro-
parameters for this sample are in excellent agreement witmator along with vertical-parallelization and horizontal-
nominal processing parameters. Table | contains the averadecusing parabolic Rh mirrors. The data were collected in the
d spacingsdg, and dp,, derived from the structural refine- fluorescence mode using a Canberra Si-PIPS detector. Al-

FIG. 3. Conventional trans-
mission electron microscopy of
sample 9/9, as imaged in plan
view, reveals(a) the fine grain
size in the bright field image and
(b) the preferred{111} texture in
the electron diffraction pattern of
the film.
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FIG. 4. High resolution electron micrograph of the sample 9/9,
as imaged in cross section. The growth direction is indicated by an
arrow.

though XAS results were obtained for beam polarizations
oriented both in- and perpendicular-to-the multilayer slabs,
only the in-plane results are reported here.

Selected results are presented hgsee Figs. &) and
5(b)] for the near edge XAS spectra and for the pseudoradial
distribution function(PRDP. The PRDF reflects the back-
scattering from the various neighboring atomic shells and is

Fouier Transform of k x(k)

4 | |

the Fourier transform of the oscillatory component of the 1 2 3 4 5' 6
absorption coefficient above the edge. Details of the XAS (b) R(A)

analysis, modeling, and the Fe layer fcc to bcc crossover will

be presented elsewhe're. FIG. 5. (@) The Fe-K spectra of 7/9, 9/14, 9/5, and 38/9 Fe/Pt

The XAS measurements revealed a systematic crossoveamples.(b) The Fe-K pseudoradial-distribution-functidRDP
in the Fe-layer structure from fcc, in the thin Fe-layer thick- results for 7/9, 9/5, and 38/9 Fe/Pt samples.
ness limit, to bcc in the thick Fe-layer limit. A number of
studies of Fe materials have shown that a bimodal first nedpcc structure. Moreover, the first atomic shesfl§ PRDF of
edge peake.qg., see the two arrows under the 7/9 spectrum irthis sample occurs at the same position as the 38.9 feature
Fig. 5(@] is an indicator of fcc structure and that a single firstsupporting the bcc assignment. The PRDF curve for the 7/9
peak[e.g., see single arrow under the 38/9 spectrum in Figsample on the other hand evidences the crossover to fcc-Fe-
5(a)] is an indicator of the bce structure. The spectrum of thdayer structure:  a first shell peak shifted to higher distance
9/14 sample on the other hand appears to be on the bordand a higher shell peak typical of the 24 coordinate third
line of the fcc to bce crossover. The fcc to bee structureshell in the fee structurés3-feco).
change is also reflected by the qualitative changes in the Rutherford backscatteringRBS measurements were per-
absorption coefficient oscillations over the 130 eV above thdormed in order to determine the atomic area densities for the
edge[Fig. 5a)]. It is worth noting that the presumed stack- Fe and Pt components. These densities combined with the
ing in the Fe layers i$110). saturation magnetization data of the corresponding samples

The PRDF address these fine structure oscillation@llowed us to determine the magnetic moment per Fe atom
changes over a wider range and in a way related more dfor the Fe/Pt samples as will be discussed in the next section.
rectly to the atomic shell structure. The PRDF results reflect
the fcc to bcec change by the first-shell-peak-shift [Fig. IV. MAGNETIC CHARACTERIZATION
5(b)] and by the change in the most prominent higher shell
feature from the fcc-third-sheB3 (opposite face center at-
oms to the bcc-fourth-shels4 (adjacent cell body center Magnetization data were taken with a superconducting
atoms. Thus the PRDF of the thick-Fe 38/9 sample is basi-quantum interference devi¢8QUID) magnetometer at tem-
cally the same with that of bcc-Fe with the strong 24-peratures between 4.2 and 300 K. Figure 6 displays magne-
coordinate fourth atomic shellabeleds4 in Fig. 5b)]. The tization graphs for the samples witk1.5 Fe monolayer
9/5 sample shows also the strosgrbcc feature indicating a (ML) thickness(~3 A) in film directions parallel and per-

A. Magnetic measurements
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FIG. 6. Magnetization curves at 10 K in directions paraltet

angle$ and perpendiculatcircles to the film plane for the 3/9,

3/19, and 3/39 samples.

pendicular to the magnetizing field. A change of the anisot
ropy out of the plane is shown for the samples with larger
layer thicknes$3/19 and 3/39 samplesvhile the 3/9 sample
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perature variation of the magnetization we determined the
spin-wave stiffness constahtfrom the Bloch equation:

M(T)=My(1—bT%?),

It should be noted that the magnetization data of sample 3/9
follow closely the T®? dependence while the data of the
samples 3/19 and 3/39 are well fitted with a linear tempera-
ture expression. The variation of the spin-wave stiffness con-
stantb with the thickness of the FBt) component for the
thin Fe/Pt samples is listed in Table I. The values of the
ultrathin samples are not included in this table since they
follow a different temperature variation and therefore cannot
be directly compared with the corresponding parameter val-
ues of the rest of the samples. Theparameter values are
considerably larger than those afFe for small Fe layer
thicknesses, approaching the bulk Fe value as the Fe thick-
ness increases. The opposite effect is observed when the Pt
thickness increases with constant Fe thickness.

We have also listed in Table | the magnetic moment per
Fe atom for the various samples. These values were calcu-
lated as the ratio of the saturation magnetization measured at
4.2 K to the areal density of the Fe atorffraumber of Fe
atoms/cm), the latter being determined by the RBS data.
These atomic magnetic moment values have been corrected
by 0.3ug which has been calculatéds the induced mag-
netic moment on the Pt atoms at the interface. It is obvious

I:)Trom this table that the Fe atomic magnetic moments in the
hultilayers are considerably larger than the bulk Fe value

and decrease as the Fe layer thickness increases.

displays an easy axis of magnetization parallel to the plane

of the film. The same orientation of the magnetic moment is
displayed for the samples with larger Fe thickness layers. An
apparent lack of saturation even in a fiekoT is shown in

B. Mossbauer measurements
Conversion electron Mssbauer spectrdCEMS) were

the data of the 3/39 sample. This may be attributed to moréaken at room temperature. Spectra taken in samples with the
pronounced two-dimensional character for this sample, due

to the large separation of the Fe layers, and thus more pro-
nounced anisotropy, although the poor signal to noise ratio
for this sample due to the small quantity of Fe does not allow 1

a final conclusion.

The temperature variation of the saturation magnetization
is displayed in Fig. 7. This variation is faster than that dis-
played in bulk iron with a slope increasing as the Fe thick-
ness decreases and the Pt thickness increases. From the tem-
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FIG. 8. Massbauer spectra of the ultrathin Fe/Pt samplas.
CEMS of the 3/9 sample at RTb) Transmission spectrum of the

FIG. 7. Temperature dependence of the saturation magnetizatid®’9 sample at LHe temperaturéc) RT spectrum of the 3/19

of the Fe/Pt multilayers. The corresponding curve for balke is

included for comparison.

sample(d) LHe spectrum of the 3/19 sample. Solid lines represent
least square fits.
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TABLE Il. Hyperfine parameterfi.s.: isomer shift with respect to Renm/9; H: magnetic hyperfine fieldkOe)] of the 3/9 and 3/19
Fe/Pt sampledd is the angle between the hyperfine figldand the normal to the film anél is the relative absorption of each component.

Component | Component I Component 11l
Sample T (K) i.s. H AH A i.s. H AH A i.s. H AH A (C]
3/9 300 0.25 250 13.5 23.3 0.28 227 13 51.0 0.28 199 13 257 =39°
4.2 0.39 362 0.0 13.3 0.45 339 7 72.9 0.45 314 7 13.9 =*£39°
3/19 300 Linewidth['=0.34 mm/s, i.s=0.29 mm/s, quadrupole splittinefqQ/2=0.28 mm/s
80 0.43 327 0.0 24.8 0.44 307 4 51.6 0.30 271 4 23.6 =H°
4.2 0.36 352 0.0 18.0 0.45 333 4 70.8 0.40 310 4 112 *=&°
same Fe/Pt combination but grown on mica or Si substrates 100.6
were identical. For measurements at lower temperatures,
transmission Mesbauer measurements were taken on the .
samples grown on mica after removing the mica substrate.
(Mica has Fe impurities several times the Fe content of the 100.0
multilayers) In order to increase the signal to noise ratio, the ~T
films were cut in X1 cm squares which then were stacked 1000 — &

together. Samples with 10—12 squares were used for these

measurements. Transmission spectra of such samples taken -
at RT were identical to the corresponding CEMS spectra *
(i.e., fitted with the same model gave identical paramgters
indicating that the removal of the mica substrate did not i
introduce any strain in the sample or affect the Fe hyperfine
parameters in any way. The measurements were made in
conventional constant acceleration $4bauer spectrometers
using a 60 mCi CY(Rh) source. Calibration of the spec-
trometers was done with a thin Fe film. We will present the
data for three classes of Fe/Pt multilayers according to the
thickness of the Fe component.

3 AFe/X APt multilayers. These samples consist of
1-2 Fe monolayers anl Pt monolayersN varying be-
tween 5 and 19. Figure 8 shows B&bauer spectra for the
3/9 and 3/19 samples. Spectra for the 3/39 sample were not
possible to take since the signal to noise ratio is too small for
this sample. We notice first that the 3/9 sample displays mag-
netic hyperfine spectra already at RT while the 3/19 sample
is paramagnetic at this temperature displaying magnetic hy-
perfine structure below 240 K. This difference indicates the
reduction of the interlayer exchange interaction due to the
greater nonmagnetic Pt thickness. The magnetization of both
samples is out of the plane as withessed by the reduced in- C
tensity of theAm=0 lines. The angle between the direction "
of the hyperfine fieldH,; and the normal to the plane, as
determined by the ratidAm-;/Am,, is 39° for the 3/9 §
sample and 20° for the 3/19 sample. The latter result is con-
sistent with the linear temperature variation of the magneti-
zation of the 3/19 sample indicating a two-dimensional be- T T T T
havior for this sample. Table Il shows the results of the 8 -4 0 4 8
analysis of these spectra. The magnetically split spectra were .
analyzed with three components allowing for a small distri- Velocity (mm/s)
bution of the hyperfine fielddAH. Values larger than the
corresponding value of bulk R840 kOg¢ appear at LHe for
both samples, while the hyperfine field distributiahi de-  samples. CEMS spectttop) were recorded at RT and transmission
creases at this temperature. spectra(bottom) at LHe. The misfit at the center of the CEMS 7/9

The analysis of the magnetically split spectra requirespectrum is due to contribution from Fe in mica. Spectral compo-
some further discussion. These two 1-2 Fe monolayefients are shown for the LHe spectrum of the 9/9 sample.

Absorbtion / Transmission (%)

FIG. 9. Mcssbhauer spectra of th@) 7/9, (b) 9/9, and(c) 12/9
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as the Fe thickness increases. Tdm lines are larger than
the outerAm..; lines indicating that the magnetic moments
in these samples are in or near the film plane. After several
attempts to fit these spectra in a consistent way, we settled
with a fitting model employing up to five components, three
of which were assigned to the interfadiée in the case of

the 1-2 Fe monolayer samplesd the remaining two to the

Fe monolayers between the interfaces. This fitting model is
based on the assumption that each Fe monolayer displays
distinct hyperfine interactions depending on its distance from
the interface. Assuming that each pair of the Fe monolayers
which are at the same distance from the two respective in-
ferfaces are identical then, for this group of samples, we end

FIG. 10. Assumed structural model of the Fe/Pt structure used i . .
the analysis of Mesbauer spectra. Open circles denote Fe atom&P With two components, one corresponding to the mono-

and shaded circles Pt atoms. layer underneath the interfa¢eomponents_,) and one cor-
responding to the next Fe monolay@omponentS_,) as

samples have a special morphology as compared to th&own in Fig. 10. The expected contribution for each of
thicker Fe samples to be described later. In the present cadéese components in each spectrum is shown in the following

each Fe monolayer faces, at least from one side, a Pt laye@ble:
Furthermore, some interdiffusion is expected giving rise to a

distribution of the hyperfine fields. The magnetically split Interface components  S_,; S_,
spectra could also be fitted with a model similar to that ap-

plied for Fe alloys which was first introduced by Steaths. Sample 5/9 802/0 202/0

In this model the hyperfine field and the isomer shift change>ample 7/9 S7% 43%

linearly with the number of the nonmagnetic neighbors. Al-Sample 9/9 40% 40% 20%
though good fits were achieved with this model we chose th&ample 12/9 33% 33% 33%

three component fit for reasons of consistency with the
model employed to fit the spectra of the thicker Fe sampleThese values are correct under the assumption that there are
which will be described next. It is worth noting however that no significant deviations in the films such as steps and/or
the hyperfine fields and the isomer shift values listed indiffusion beyond the interface.
Table Il are within the range of the values observed for bulk  Following the above description, the spectra were ana-
FePt disordered alloy§'® and they agree with the values lyzed with four components for the 5/9 and 7/9 samples and
determined by Branét al® for a 2 Fe/20 Pt multilayer. with five components for the ®/and 12/9 samples as shown

X FelY Pt (X: 5-12.5 A;Y: 5-14 A) multilayers.Taking in Table lll. The fits were constrained to the instrumental
that the interlayer distance is 2.2 A for Fe and 2.3 A for Pt linewidth (0.28 mm/$ for all the components. The relative
then these samples contain 2—6 Fe monolayers-ahd6 Pt intensity of each component was constrained to be the same
monolayers, respectively. Figure 9 showsddbauer spectra for the spectra taken at RT and LHe with the exception of
taken at RT and LHe with these samples in order of increassample 9/14 for which satisfactory fits could not be achieved
ing Fe thickness. We notice first that they all display six-linewith this constraint. A distribution of hyperfine fieldsH
patterns with inhomogeneous broadening which is reducedas allowed for the two of the three componeftempo-

TABLE Ill. Hyperfine parameters of the Fely Pt samplegx: 5-12 A;y: 5-14 A). Parameter symbols are the same as in Table Il.
Component symbols are described in the text.

S S, Sre Spt
Sample T (K) i.s. H A i.s. H A i.s. H A i.s H A i.s. H A
5/9 300 0.09 351 8.7 0.08 321 138 010 291 46.1 0.14 254 314
80 0.38 387 6.1 0.39 369 99 039 348 348 041 325 493
7/9 300 0.08 350 9.1 0.09 332 160 014 305 475 0.22 269 31.0
4.2 0.30 408 7.3 033 388 138 038 360 401 040 330 265
9/9 300 0.12 359 220 010 346 11.0 013 334 194 0419 310 279 031 280 19.7
4.2 0.25 4005 221 023 387 111 026 374 195 036 355 287 038 332 187
12/9 300 0.02 352 180 002 339 180 001 330 220 011 306 299 024 274 120
4.2 0.25 394 180 023 380 180 023 367 219 029 350 302 036 326 11.9
9/5 300 0.04 362 18.6 0.06 345 93 004 341 206 008 330 304 023 301 211
4.2 0.27 396 186 0.24 384 93 024 375 203 027 359 346 036 333 17.2
9/14 300 0.15 357 183 0.13 337 217 020 313 183 025 280 255 030 236 16.2
4.2 0.26 395 148 0.28 383 74 025 369 148 038 348 393 039 318 236
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FIG. 11. Massbauer spectra of the 25t8p), 38/9(middle), and
60/9 (bottom samples recorded at LHe. The inskertext to middle
spectrum shows the absorption peak-&5 mm/sec fitted with the
corresponding bulk Fe line.
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as we move from the interface to the inner monolayer com-
ponents. It is interesting to note that none of the components
of this analysis displays hyperfine interaction parameters
similar to the bulk iron values. We must also note that analy-
sis of the Mmsbauer spectra of the Fe/Pd system by Kisters
et all gave similar results.

X Fe/9 Pt (X: 25, 38, and 60 A) multilayer§hese three
“thick” Fe layer samples were examined in order to inves-
tigate further the variation of the hyperfine parameters as we
move to deeper monolayers in the Fe layer. Figure 11 dis-
plays Massbauer spectra of these samples at LHe. At first
sight these spectra look like normal Fe calibration spectra
with the magnetic moment in the plaf@s witnessed by the
3:4:1 peak ratipy but a careful inspection shows some extra
broadening in the wings. This is seen easier by fitting these
spectra with one “bulk iron” component constrained to the
instrumental linewidth(see inset of Fig. 1)1

The sample with the thinnest Fe lay@ample 25/9 has
six pairs of Fe monolayers corresponding to the interface
pair and five symmetric pairs of monolayers between the
interfaces. The Mssbauer spectra of this sample were fitted
with the same model as the “thin” samples, extending the

nentsSg, andSpy) assigned to the interface in order to simu- number of components up to the monolager. The inter-
late the interdiffusion in the Fe and Pt monolayers. This disface was approximated with two components, $gand the

tribution was ~10 kOe. The third componeng, was

Srep- The linewidths were constrained to the instrumental

assigned to parts of the interface Fe monolayer without P¥alue and the intensities of the components beyondSthe

impurities (Fig. 10.

were constrained to the relative abundances of the corre-

The results of the above analysis are shown in Table lllsponding monolayer. The intensities of the interface and the
We notice first that th&—1 component appears with a hy- S_; components were left free to account for Pt diffusion.

perfine field larger than the bulk Fe value by 8% at RT andThe results of this heavily constrained fit were rather satis-
by 17% at LHe. This component appears already in the 5/9actory. As can be seen from Table IV the hyperfine param-
sample where only a small fraction is expected for thiseters vary as we move from the interface to the center of the
monolayer. For this sample the intensity ratio of thew.,;  Fe layer approaching the bulk Fe values at $i¢ mono-
andAmjg lines yields an angle of 68° for the direction of the layer.

magnetic moment relative to the vertical to the plane. This Following the same model and constraints we fitted the
intensity ratio for the remaining samples is 3:4 in agreemen88/9 and 60/9 samples incorporating the components corre-
with a planar direction of the magnetic moments for Fe layersponding to the extra monolayefthree and eight pairs, re-
thickness above 7 A. Katayanet al? arrived at a similar  spectively to the componer_s which has reached the bulk
conclusion from magnetization measurements in Fe/Pt mulhyperfine parameters. The results in Table IV show that there
tilayers. TheS—2 monolayer also displays hyperfine fields is a consistency of the hyperfine parameters displayed by the
larger than bulk iron with an average value of 384 kOe at‘thick” samples as compared with the parameters of the
LHe and 342 kOe at RT. Similar enhancement of the hyper~thin” samples displayed in Table Ill. We notice again an
fine field is observed for th§, component, while th&-.and  enhancement of the magnetic hyperfine field for $he and

Syt components display smaller hyperfine field values due t&_, components, albeit smaller this time, and a decrease of
the Pt impurities. Turning now to the isomer shift values wethe isomer shift as we move away from the interface, reach-
notice that they are all larger than the corresponding bulking the bulk iron value at th&_; monolayer. We notice in
iron values, both at RT and LHe, with a tendency to decreasparticular an oscillation of the magnetic hyperfine field as we

TABLE IV. Hyperfine parameters of the Fe/9 Pt sampleé: 24.7, 38.4, and 60.5 A Parameters symbols are the same as in Table II.
Component symbols are described in the text.

Sample S S_2 S_3 S_4 S_s So Srelpt
THK) is. H A is. H i.s. H A is. H A is. H A is. H A is. H A
25/9 300 0.11 356 11 0.07 343 18 0.07 332 18 00 326 18 0.0 333 18 0.13 314 18 0.21 285 9
42 027 383 11 0.23 365 18 0.19 352 18 0.12 335 18 0.13 343 18 0.24 337 18 0.25 315 9
38/9 300 0.11 351 9.6 0.10 335 115 0.00 328 26 0.00 333 26 0.0 331 26 0.04 322 26 0.20 289 6
42 027 38 9 025 363 12 0.26 345 25 0.10 337 25 0.09 345 25 0.20 338 25 0.32 310 9
60/9 300 0.17 344 6 003 336 7 0.03 3285 37 0.0 330 37 0.0 330 37 0.07 313 37 0.22 283 3
42 027 377 6 025 358 7 027 343 36 0.11 341 36 0.11 340 36 0.17 332 36 0.32 305 3
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move across the Fe layer in a similar fashion observed in the —e— Fe/Pt present ¢ Fe Freeman at.al.
Fe/Pd casé.We will discuss the implications of these oscil- 320 — Fe/Pd A Fe/Pt Kioussis at.al.
lations in the next section. ¢ T T et
-340 |.o-Fe P o _
8 o
V. DISCUSSION A ®
-360 |- . -

As we have described in the previous sections, the struc- é
ture of the Fe/Pt films has been characterized by XRD and =~ .. | * i
TEM and both these techniques point to good quality multi- =
layers regarding growth in each grain along {f&1) direc-
tion. The analysis of the XRD data indicates that deviations
related to steps and roughness in each grain do not exceed
one to two monolayers. The same holds for the interdiffusion
between Fe and Pt at the interface.

Both the SQUID magnetometry and Msbauer measure-

me_nt_s show_ a dependence of the magnetic properties on the FIG. 12. Variation of the hyperfine fielB assigned to each Fe
individual thickness of the Fe and Pt layer for each samplemonolayer with the distance from the interface. Experimental data
In other words, the magnetic behavior of each sample seemge for Fe/Pt of the present studfyll circles) and for Fe/Pd taken
to be determined by the number of Fe and Pt monolayergiom Ref. 19. The solid line represents least square fit to the Fe/Pt

Thus, in the case of ultrathin samples with one to two Feyata. Diamond and triangle symbols represent theoretical calcula-
monolayers, magnetic hyperfine interaction appears at Rfons.

for the 3/9 sample, while the magnetic transition temperature
for the 3/19 sample is at+240 K, manifesting the effect of tion AH of hyperfine fields, indicate that the Fe-Pt interdif-
the interlayer exchange interaction. A linear temperaturdusion is mostly at the first monolayer and the large hyper-
variation of the magnetization is observed for the latterfine fields observed for th&—1, S—2 components is an
sample indicating a two-dimension@D) magnetic behavior inherent property of the Fe/Pt multilayers whose origin we
due to the weak interlayer exchange interaction and a consevill discuss next.
quent loss of spin excitations across the film. The weak in- As was mentioned already, Kistees al! have also ob-
terlayer exchange also drives the magnetic vector to the noserved large hyperfine fields in the Fe/Pd system by using the
mal to the film plane in this sampl@=20°£5°) while as  “one monolayer probe” Massbauer technique. The hyper-
the number of Pt monolayers decreases or the number of RHime field values follow a damped oscillation as a function of
monolayers increases the magnetic vector turns to the plartee distance of the corresponding monolayer from the inter-
(®=39° for the 3/9 sample, 68° for the 5/9 sample, and 90Face. They simulated their RT data with a semiempirical
for all thicker Fe layer samplgskatayamaet al* and Brand  model employing a superposition of a short-range exponen-
et al’ arrived at similar conclusions regarding the perpen-ial distance dependence and a damped Ruderman-Kittel-
dicular magnetic anisotropy. Kasuya-YosiddRKKY)) like oscillating term. The important
We turn now to a discussion of the hyperfine parameterparameters in this fit are the range parameavhich ex-
derived from the analysis of the Nsbauer spectra. Perhaps presses the range of hybridization of the Fe&hd the Pd-
the most striking result is the appearance in these spectra dfl electron wave functions and the wavelengthof the
magnetic components with hyperfine fields with values ofRKKY term. These parameters were found equal to 1.65 and
~400 kOe at 4.2 KTable IV). Itis critical for the rest of the  4.43 ML'’s, respectively. We have plotted in Fig. 12 the hy-
discussion to compare these large values with correspondirgerfine fields assigned to each Fe monolayer averaged over
values observed in disordered FePt Invar allog®t all the Fe/Pt samples we measured at Lfables Ill and
concentration: 25-35 YHesseet al!’ have reported val- V) together with the corresponding values of the Fe/Pd
ues ranging from 350-370 kOe with isomer shift values(Ref. 19 system. There is a striking similarity between these
from 0.30—0.36 mm/sec, respectively. Similarly, Sumiyamatwo sets of data as should be expected since both the Pd and
et al*® observed hyperfine fields at 4.2 K ranging from 357—the Pt counterparts of the Fe multilayers are both “nearly
364 kOe in the same concentration range. These hyperfin@agnetic” metals. A fitting of the Fe/Pt data to the same
field values, although large, are considerably smaller than theemiempirical equation gives a hybridization range param-
maximum values observed in the present study. Furthermoreter 5=1.50 and the wavelength of the RKKY terf=4.95
the magnetic moments observed for the Invar affbyse  ML's.
much smaller than the values of the Fe/Pt multilay@able We have also plotted in Fig. 12 calculated values by Free-
I) and smaller than the bulk Fe values. Components wittman and Ftifor a free standing nine monolayer Fe slab. In
hyperfine parameters similar to the ones observed for thhis calculation they have employed the full-potential linear-
Invar alloys are observed in the spectra of the 3/9 and 3/1&ed augmented plane wave meth@eLAPW) in order to
samplegTable Il), where the Fe-Pt interdiffusion could pro- determine atomic magnetic moments and hyperfine fields for
duce an environment similar to the Invar alloys. The sameach Fe monolayer. As we can see from this figure there is a
holds for theSg,, Sp; components in the thicker Fe layer good agreement between theoretical and experimental val-
samples. These observations, together with the fact that thees, despite the fact that the Fe counterpart for the former is
components0, S—1, andS—2 have been constrained in the the vacuum. In a recent calculation, Vétial® have deter-
analysis to the instrumental linewidth without any distribu- mined magnetic moments and hyperfine fields for an Fe/Pt
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FIG. 13. Variation of the hyperfine fiel@ assigned to indi- . . .
vidual Fe monolayers with the average lattice spadpgof the Fe FIG. 14. Variation of the spin-wave stiffness constandeter-
layer for each of thex A Fe/9 A Pt samples. mined by Massbaue(solid circles and SQUID(open squaresiata

with the inverse Fe layer thickness for each of thé Fe/9 A Pt

multilayer with 5 Fe and 4 Pt monolayers. In this calculations@mples. The solid line is a least square fit to thessbauer data.

they also employ the FLAPW technique but they let the sys- Lo
tem relax first. They obtained hyperfine field values of 275SUch @ phase. The XAS and EXAFS data indicate the forma-

328, and 315 kOe for th&,, S_;, and S_, monolayers tion of such a phase for Fe layer thickness less th@A
resp;ectively about 80 kOe smaller than the experiméntaMVhiCh transforms gradually to bce as this thickness increases
values. The interplanar distances, as determined from the r@' the Ptlayer thickness decreases. This gradual variation is

laxation calculation, were 1.71 and 1.73 A between $je apparent also in the hyperfine fields as shown in Tables IlI
andS_;, and S_, ar,ld S_,, respectively. When they used and IV. We must however stress the point that neither in the

more Trealistic interplanar spacings of 1.90 A theyXAS and EXAFS data nor in the Msbauer data a clear fcc

calculated® hyperfine field values which were close to the Phase appears. This result supports further our finding that
experimental data, namely 356, 408, and 402 kOe, respeéhe enhanced hyperflne fields are directly connected with the
tively. We have included these values also in Fig. 12. Thidnterplanar spacing. _ _
sensitivity of the hyperfine field calculation to the interplanar AS Was mentioned in Sec. IV A, the spin-wave stiffness
spacings implies that the local spin density is substantiallfO”Stamb decr.eases as the Fe layer thickness mcreases..We
affected by these spacings. A careful inspection of Tables lifiétermined this constant also from the average hyperfine
and IV shows that the hyperfine fields for each individualfi€lds Hay for each sample by employing the relation
monolayer decrease as the Fe layer thickness increases. Ac-

cording to the above observation this would imply a decrease _ T3

of the corresponding interplanar distance. The structural re- Hal ) =Ha(4.2 K)[1-bT]

finement of the XRD data provides average Fe interplanaand using the average values determined at RT and LHe. By
spacings within the Fe layer for each sample. As can be seqgiotting these values versus the inverse of the Fe layer thick-
from Table | these spacings indeed decrease as the Fe layegss D! (Fig. 14 we get a linear relation with
thickness increases with constant Pt layer thickness. By plot,=5.0x 108 K32 which is very close to the bulk Fe value
ting the hyperfine fields for each component assigned to thef 5.2x10 6 K32 In the same graph we have included the
individual monolayers versus the average interplanar dish values calculated from the magnetization data which are in
tancedg, for the samples with the same Pt thicknéb&).  remarkable agreement with the values determined from the
13) we get linear relations. These variations are in accorhyperfine field values. This agreement manifests the propor-
dance with the decrease of tiaeFe hyperfine field in high tionality of the average hyperfine field and the magnetization
pressure experiment.Oscillatory d-spacing variations at for each sample.
interfaces have been predicted by Chensing a method of

embedded atom method molecular dynamics and by Tsakala-

kos and Khachaturigi with analytical lattice statics.

So far we have seen that enhanced hyperfine fields and We have demonstrated in this work the possibility to de-
atomic magnetic moments with respect to bulk iron appear inermine the hyperfine field associated with each Fe mono-
the Fe/Pt multilayers investigated in this work. It appeardayer in the Fe slab of the Fe/Pt system by employing stan-
from the above discussion that the interplanar distance andard F&’ Mossbauer spectroscopy. The quality of the Fe/Pt
the Fe-Pt hybridization of the electronic wave functions aremultilayers studied in this work was a main factor for this
key factors for this enhancement. As was mentioned alreadychievement. The results show that the hyperfine field values
enhanced magnetization appears also in the so called “higfollow an oscillatory variation as we move from the interface
spin” fcc Fe phasgwhich also exhibits lattice expansign to the center of the Fe layer. This variation seems to depend
so our results could be also correlated with the existence an two factors: the hybridization of thed3and = electron

VI. CONCLUSIONS
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