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Enhanced Fe moment at Pd ÕFe interfaces studied by low-temperature
conversion electron Mo ¨ ssbauer spectroscopy

L. Cheng, Z. Altounian,a) D. H. Ryan, and J. O. Ström-Olsen
Centre for the Physics of Materials, Department of Physics, Rutherford Physics Building, McGill University,
3600 University Street, Montreal, Quebec H3A 2T8, Canada

Conversion electron Mo¨ssbauer spectroscopy~CEMS! has been employed to study the magnetic
moment of Fe in proximity to Pd at the interfaces of@Pd 53 Å/Fet Å] 25 multilayers grown by dc
magnetron sputtering~t was varied from 5 Å to 40 Å!. At room temperature, all of the multilayers
were ferromagnetically ordered. Analysis gives an interface Fe layer thickness of;2 monolayers.
The ground state hyperfine field (Bhf), extracted from the temperature dependence ofBhf , was
found to be as high as 38.9 T, corresponding to a ground state Fe moment of 2.8mB . © 2002
American Institute of Physics.@DOI: 10.1063/1.1448800#
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I. INTRODUCTION

Theoretical predictions of novel properties for magne
surfaces and interfaces have stimulated much interest in
perimental studies of magnetic multilayers. The common
systems incorporate Fe, since it has a large magnetic mom
and is suitable for Mo¨ssbauer studies which provide inform
tion on the local environment, magnetic ordering, and the
moment. Studies have shown that the magnetic propertie
ultrathin Fe layers are modified by the reduced dimens
and are strongly influenced by the material in contact. T
magnetism of Fe in proximity to Pd is one of the most
triguing problems because Pd is nearly ferromagnetic. Po
ization of Pd by Fe~or Co! due to 3d– 4d interactions leads
to the well-known giant Fe~or Co! moment in dilute Fe~or
Co! alloys with Pd.1,2 The interaction between Fe and Pd
the 2D interface also plays an important role in the magn
coupling between Fe across Pd layers,3–6 the distribution of
the polarization of the Pd,3,7,8 and the Fe moment. Accordin
to calculations on a Fe/Pd~001! system, the enhancement
the Fe moment can be 0.6mB ~Ref. 6!–1mB .9 However, only
a few attempts have been made to deduce the Fe mome
the Pd/Fe system,10–13among which Mo¨ssbauer studies pro
vided contradictory information. Depth-profiling Mo¨ssbauer
spectroscopy by Hosoitoet al.10 showed that about 30% o
the Fe in 3.5 Å probe layers at the Pd interface was pa
magnetic at room temperature~RT! and exhibited a reduce
Bhf of 31.5 T at 4.2 K, while the rest of the Fe had a
enhancedBhf of 36.5 T at 4.2 K. In the room temperatur
conversion electron Mo¨ssbauer spectroscopy~RT-CEMS!
studies by Boufelfelet al.11 and Li et al.,12 no paramagnetic
component was observed, and theBhf of interfacelike Fe was
larger than that of bulk Fe. In order to clarify these discre
ancies and further investigate the ground state moment o
at the interface with Pd, low temperature CEMS has b
employed in this study.
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II. EXPERIMENTAL TECHNIQUES

The @Pd 53 Å/Fet Å] 25 (t55, 10, 15, 20, 30, and 40 Å!
multilayers, namedSt for simplicity, were deposited on a
Si~100! substrate at ambient temperature using dc magne
sputtering. The base pressure prior to sputtering was
31027 Torr, and the Ar pressure during sputtering was
mTorr. The deposition rates, monitored by quartz-crystal s
sors and calibrated using x-ray reflectometry measureme
were 1 Å/s and 2 Å/s for Fe and Pd, respectively. Pd and
layer thicknesses were obtained by fits to x-ray reflectome
profiles. CEMS spectra were collected using a He110% CH4

gas-flow proportional counter installed in a nitrogen-flo
cryostat, and analyzed using a nonlinear least-squares fi
routine using Lorentzian lines with a Gaussian distribution
hyperfine fields.

III. RESULTS AND DISCUSSION

The CEMS spectra of the multilayers taken at room te
perature~RT! ~Fig. 1! show ferromagnetic six-line patterns
The line shape ofS5 is very broad, but no pronounced par
magnetic component is present in the spectrum, which i
agreement with Boufelfelet al.11 and Li et al.,12 but in con-
flict with Hosoito et al.10 By general consensus, a 5 Å Fe
layer grown by sputtering breaks into an islandlike structu
The absence of superparamagnetic components in theS5

spectrum suggests an indirect exchange interaction of
through magnetically polarized Pd atoms. For theS15, S20,
andS30 spectra, lines 1 and 2 are slightly sharper and str
ger than lines 5 and 6, so two sextets with differentBhf’s and
isomer shifts (d) relative toa-Fe were assumed which whe
superimposed on each other reproduce the observed a
metry in the line shape. One sextet with vanishingd and
sharper lines~with a field width of;0.8 T! is attributed to a
bulklike Fe site, while the other with a positived and wider
lines ~with a field width of;1.5 T! is attributed to an inter-
facelike Fe site. The sextets of interfacelike Fe, which
depicted by dashed lines in Fig. 1~b!, have a relative area tha
decreases with the total Fe thickness. If we convert the r
tive areas of the subspectra to Fe thicknesses by multiply
the relative area of interfacelike Fe by the total Fe thic
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7189J. Appl. Phys., Vol. 91, No. 10, 15 May 2002 Cheng et al.
nesses, the interfacelike Fe thickness is found to be cons
at 861 Å per Fe layer. If the interfacelike Fe is distribute
equally on each side of the Fe layer, then 2.060.3 monolay-
ers~ML ! of Fe are interfacelike at each Pd/Fe interface. T
d ’s of the interfacelike Fe are in the range of 0.08–0.
mm/s, which suggests a lower S electron density at the
nucleus at the Pd/Fe interface with respect to bulk Fe.
quadrupole splittings of all samples are negligible. The in
facelikeBhf’s are;33 T, while the bulklikeBhf’s are slightly
reduced. There is no dramatic change in eitherd, or Bhf as
the Fe thickness is reduced, so our study does not s
evidence of the bcc to fcc transition claimed by Liet al.12

Since metastable fcc Fe is very unlikely to be stabilized up
40 Å, the Fe in our multilayers is most likely bcc in a
samples.

For all the multilayers exceptS5 , the Fe moment is in
the sample plane, evident by the intensity ratios
3:4:1:1:4:3 in all the spectra or subspectra.S5 has a ratio of
3:3.7:1:1:3.7:3, corresponding to a slight (12°67°) out of
plane tilt. This strong in-plane anisotropy has been found
persist even in 1 ML of Fe grown on Pd~001!, unless the Fe
was deposited at low temperatures.14 This anomalous in-
plane anisotropy was attributed to interfacial alloying duri
RT depositions.15,16 However, the morphology of the inter
face has long been a controversial issue, and b
noninterdiffused10,17–19 and interdiffused11,15,16 interfaces
have been reported. In our case, thed ’s of the interfacelike
Fe are generally lower than that of Fe atoms in Pd, whic

FIG. 1. The RT-CEMS spectra of@Pd 53 Å/Fet Å] 25 , t55, 10, 15, 20, 30,
and 40 Å as labeled in the figures. The vertical lines are experimental
and the solid lines are calculations. For the spectra fitted using two sex
the dashed lines are calculations for interfacelike Fe.
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0.17760.002 mm/s.20 Though the possibility of alloy forma-
tion cannot be totally ruled out, at least the Pd–Fe alloy
effect is insignificant in our Pd/Fe multilayers and the inte
diffusion between Pd and Fe must be less than 2 ML.

In order to obtain the ground state hyperfine fields
interfacelike Fe and study the evolution ofBhf with tempera-
ture for both interface and bulklike Fe, CEMS spectra ofS10

andS15 were taken from 90 K to 296 K. Using the RT spe
trum as a guide, one-sextet and two-sextets were used
the spectra ofS10 andS15, respectively. As shown in Fig. 2
the errors of theBhf’s of S10 do not permit the form of the
temperature to be determined. While forS15, the Bhf’s of
both subspectra follow aT3/2 relationship. By extrapolating
Bhf~T! to 0 K, the ground state hyperfine field (Bhf~0!! of S10

is 38.960.1 T assuming a linear temperature dependen
and 37.860.1 T for aT3/2 dependence. ForS15, theBhf~0!’s
are 36.460.1 T and 34.360.2 T for the bulklike and inter-
facelike Fe, respectively.

The final problem is how to relateBhf to the local mo-
ment. In the bulk, the major contribution toBhf is the nega-
tive polarization field (Bcp) of the core electrons due to thed
electrons via the Fermi contact interaction.Bcp is approxi-
mately proportional to the magnetization, so isBhf , which is
the basis of the empirical interpretation ofBhf . However, at
a surface or interface, the contributions from the conduct
electron (Bce) and the dipolar field (Bdip), which are strongly
dependent on the local environment, might become pro
nent. As a result,Bhf might not scale with the magnetizatio
the same way as in the bulk. A detailed calculation of t
electronic structure andBhf structure is necessary to evalua
the Fe moment at the Pd/Fe interface. As this type of ca
lation is not available, we can only present qualitative arg
ments. First of all, the T orT3/2 dependence ofBhf resembles
the characteristic temperature dependence of the spontan
magnetization of 2D ferromagnets. In addition, magneto
etry and CEMS studies of 1 ML Fe~110! on W~110! ~Ref. 21!
have demonstrated thatBhf and the magnetization follow the
same temperature dependence, though the Fe exhibite
enhanced moment but a reducedBhf with respect to bulk Fe.

ta
ts,

FIG. 2. The temperature dependence of the hyperfine fields. The solid
are for fits usingT3/2, while the dotted lines are for the fit using linear
dependence. The open squares and solid squares are for the interfacelik
bulklike Fe, respectively, ofS15 ; the triangles are for the hyperfine fields o
S10 .
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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So it is still plausible to assume thatBhf represents the tem
perature dependence of the magnetization of Fe at the P
interface in our multilayers. ForS15, the spin stiffness pa
rameters obtained from fits to theBhf~T! are 1 and 2 times
larger than that of bulk Fe for the bulklike and interfaceli
Fe, respectively. Secondly, according to calculations for F
a clean Surface,22 and interfaces of Fe/Ag~001! ~Ref. 23! and
Fe/W~110!,24 Bcp scales approximately with the moment r
gardless of the local environment with a scaling factor
;213 to214 T per unpaired spin. Assuming the same sc
ing factor at the Pd/Fe interface, a 2.8mB moment could give
rise to aBcp of 236.4 to239.2 T, which is very close to the
interfaceBhf obtained in our study. The interfaceBhf of our
multilayers could be corresponding to a Fe moment
2.8mB , if the sum ofBce andBdip is small compared to the
Bcp.

IV. CONCLUSIONS

Low-temperature CEMS has shown that the Pd/Fe m
tilayers contain bcc Fe layers with 2.060.3 ML interfacelike
Fe at each Pd/Fe interface. The ground stateBhf is ;14%
larger with respect to that of bulk Fe. If the effectiveBhf of
Fe at the interface is mostly from the polarization of the c
electrons, the calculated Fe moment of 2.8mB is consistent
with the theoretical prediction.6
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