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Reduction and reorientation of Cr magnetic moments in FeÕCr multilayers
observed by a119Sn Mössbauer probe

M. Almokhtar,* K. Mibu, and T. Shinjo
Institute for Chemical Research, Kyoto University, Uji, Kyoto-fu 611-0011, Japan

~Received 14 January 2002; revised manuscript received 16 May 2002; published 2 October 2002!

The magnetism of Cr thin films in Fe/Cr multilayers was studied using119Sn subatomic layers inserted in the
Cr layers as a Mo¨ssbauer probe for Cr layer thickness from 10 to 160 Å. The size and direction of the Cr
magnetic moments were inferred from the size and direction of the magnetic hyperfine fields at the Sn nuclear
sites. The detected magnetic hyperfine fields indicate that the Cr magnetic moments reduce as the Cr layer
thickness decreases, while they do not remarkably change as a function of the distance from the Fe/Cr
interface. The magnetic hyperfine fields for the samples grown at 200 °C are smaller and more oriented to the
film plane than for the samples grown at room temperature. These observations suggest that the magnetic
frustration resulting from Fe/Cr interface imperfections is accommodated by the reduction of the Cr magnetic
moments for the samples grown at elevated temperatures, whereas it is accommodated by the reorientation of
Cr magnetic moments toward the perpendicular direction to the Fe magnetic moments for the samples grown
at lower temperatures.

DOI: 10.1103/PhysRevB.66.134401 PACS number~s!: 75.70.2i, 75.25.1z, 76.80.1y
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I. INTRODUCTION

In Fe/Cr multilayers, the interplay between the Fe-Cr
terlayer coupling at the interfaces and the magnetic orde
Cr layers is a matter of intensive discussion.1,2 Bulk Cr or-
ders below the Ne´el temperatureTN5311 K as an incom-
mensurate spin-density wave with a sinusoidal modulation
the magnetic moments.3 In Fe/Cr~001! multilayers with ide-
ally flat interfaces, the energy minimum is satisfied by t
Fe-Cr antiferromagnetic coupling at the Fe/Cr interfaces,
ferromagnetic coupling within the Fe layers, and the Cr-
antiferromagnetic coupling within the Cr layers. In re
Fe/Cr superlattices, where the Fe/Cr interfaces are not ide
flat, some atomic pairs would not necessarily be in th
minimum exchange energy, and therefore cannot keep t
preferred alignment. The influence of the interfacial frust
tion is expected to be contained in the Cr layers rather t
in the Fe layers or at the interfaces.4,5 One possible way to
accommodate the magnetic frustration resulting from
steps at the interfaces is forming domain walls connec
the steps at adjacent interfaces for thin Cr layers, or form
domain walls connecting the steps at the same interface
thick Cr layers.4,5 On the other hand, tight-binding calcula
tions predict that the Fe/Cr interfaces with interdiffusion su
press the nearby Cr magnetic moments to reduce the
trated magnetic coupling energy.6,7 In Fe/Cr multilayers with
steps at the interfaces, it is also predicted that a noncollin
commensurate spin-density wave~CSDW! exists in the Cr
layers, and a noncollinear coupling between Fe layers
pears to keep the antiferromagnetic structure in the Cr la
with inhomogeneous layer thickness.8–10

Experimentally, neutron-diffraction studies on Fe/Cr s
perlattices show that Cr layers with thickness larger than
Å form a transverse spin-density wave~TSDW! with the Cr
magnetic moments lying in the film plane and the wave v
tor perpendicular to the film plane at low temperatures.11–17

The TSDW minimizes the frustrated magnetic coupling e
ergy at the imperfect Fe/Cr interfaces by shifting its nodes
the interfaces and magnetically decoupling the Cr lay
0163-1829/2002/66~13!/134401~7!/$20.00 66 1344
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from the adjacent Fe layers.11 The Fe/Cr multilayers grown
by magnetron sputtering on MgO~001! substrates at 100 °C
show a transition from TSDW to the paramagnetic state w
increasing temperature.16 On the other hand, the Fe/Cr sup
perlattices grown on Al2O3(1102) substrates at 300 °C b
molecular-beam epitaxy~MBE! show that the Cr layer with
the thickness of 80 Å has a transition from CSDW to TSD
below 250 K, while the Cr with the thickness of 42 Å has
CSDW down to 30 K.14,15 At small Cr thickness, the exis
tence of a spiral CSDW in the Cr of the Fe/Cr multilaye
grown on Al2O3(1102) or GaAs~001! substrates at elevate
temperatures has been suggested indirectly by detectin
strong noncollinear magnetic coupling between the Fe l
ers, using the magneto-optic Kerr effect and polarized n
tron reflectometry.15,17,18 In the case of Fe/Cr multilayer
grown at room temperature, a ferromagnetically coupled
uncoupled behavior between the Fe layers was detected
the Cr layers were assumed to be nonmagnetic.17 Perturbed
angular correlation measurements show that the Cr layer
Fe/Cr multilayers grown by MBE on MgO~001! substrates at
150 °C are nonmagnetic below 51 Å. At larger thickness a
low temperatures, Cr layers order with a longitudinal sp
density wave while Fe/Cr multilayers grown o
Al2O3(1102) substrates at 300 °C order with a TSDW.19,20

These distinct differences in the magnetic structure of
layers are believed to be correlated with the length scale
the Fe/Cr interface roughness, which in turn depends on
growth conditions.1,2 The investigations of Fe/Cr multilayer
grown at different temperatures show that samples grow
room temperature were characterized by a small terr
length and a large density of steps at the Fe/Cr interfa
compared with samples grown at elevated temperature17

Therefore the frustration energy is expected to be larger
the samples grown at room temperature and consequentl
effect on the Cr spin order would be stronger.

For a further understanding of the effect of the grow
conditions on the Cr magnetization in Fe/Cr multilayers,
investigated the local magnetic structure, such as the ma
tude of the magnetic moment and the atomic spin orienta
©2002 The American Physical Society01-1
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of Cr, in Fe/Cr multilayers grown on the MgO~001! sub-
strates at 200 °C and at room temperature using119Sn ~1 Å!
inserted in the Cr layers as a Mo¨ssbauer probe.

II. EXPERIMENTAL PROCEDURE

@Fe (10 Å)/Cr (t Å)/Sn (1 Å)/Cr (t Å) #339/Fe (10 Å)
multilayers were epitaxially grown in the bcc@001# direction
on MgO~001! at 200 °C and at room temperature using
ultrahigh vacuum deposition technique withe-gun heating. A
Cr ~50 Å! buffer layer was deposited at 200 °C on t
MgO~001! substrate prior to the multilayer growth for bo
growth temperatures in order to relieve the strain result
from the MgO substrate. The deposition rate was set aro
0.3 Å/s and the pressure was in the 1029-Torr range. The
thickness of the Fe layers was fixed at 10 Å and the Cr la
thickness between two Fe layers,tCr52t, was changed from
10 to 160 Å. The crystallographic structure of Cr and
layers was checked by x-ray diffraction~XRD! in high- and
low-angle regions using CuKa radiation. The in-plane lat-
tice spacing was investigated through off-axis x-ray diffra
tion scans around the bcc Cr~112! peak. The current-in-plane
magnetoresistance measurements were carried out w
conventional four-point-probe method and with an exter
magnetic field applied in the film plane parallel to the ele
tric current. The local magnetic properties of the Cr layers
room temperature were probed through119Sn conversion
electron Mössbauer spectroscopy using a Ca119mSnO3 g-ray
source and a He11%(CH3)3CH gas-flow counter. The di
rection of the incidentg rays was set parallel to the film
normal.

III. RESULTS AND DISCUSSION

A. Structural characterization

Bulk Cr and Fe have a similar bcc structure with the l
tice constants at room temperature of 2.88 and 2.87 Å,

FIG. 1. X-ray diffraction patterns in the high-angle region f
@Fe (10 Å)/Cr (t Å)/Sn (1 Å)/Cr (t Å) #329/Fe (10 Å), 2t510,
16, 24, 28, 44, 80, 120, and 160 Å, grown at 200 °C. The estima
multilayer periods are shown.
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spectively. The high-angle XRD measurements in theu-2u
scan with the scattering vector normal to the film plane
the samples grown at 200 °C are shown in Fig. 1. The ob
vation of the Fe/Cr/Sn/Cr~002! fundamental peak with super
lattice satellite peaks indicates that Fe and Cr grow epita
ally with the @001# direction perpendicular to the film plane
and that the artificial periodicity is well established throu
the samples. Sn was found to grow epitaxially with Cr a
the Sn atoms are expected to locate on the substitutional
of the bcc Cr~001! lattice, forming a little strained bcc lattice
with the Cr atoms.21 The modulation periods were estimate
from the positions of satellite peaks using the relationL
52p/dQ, wheredQ is the average spacing between theQ
values of the peaks (Q54p sinu/l), and agree well with the
designed period as shown in Fig. 1. The high-angle x-
diffraction patterns for multilayers grown at room temper
ture show also good epitaxial growth.

The low-angle x-ray patterns for the samples grown
200 °C and at room temperature are shown in Figs. 2 an
for comparison. The periods determined from the peak p
tions agree with the values obtained from the high-angle
fraction patterns. The feature of the diffraction patterns in
cates that the layers have well-defined interfaces for b
growth temperatures. The samples grown at 200 °C appe
have sharper interfaces than those grown at room temp
ture as inferred from the decay of the intensity of the high
order Bragg peaks as a function of the scattering vector. T
result agrees well with the x-ray diffraction studies for Fe/
superlattices without Sn, which also show that the interfac
roughness is generally larger for the samples grown at ro

d

FIG. 2. X-ray diffraction patterns in the low-angle region fo
@Fe (10 Å)/Cr (t Å)/Sn (1 Å)/Cr (t Å) #329/Fe (10 Å), 2t516,
28, 44, and 80 Å, grown at 200°C. The estimated multilayer peri
are shown. The intensity is multiplied by the value shown abo
each curve on the left side to shift the base line up in they axis.
1-2
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REDUCTION AND REORIENTATION OF Cr MAGNETIC . . . PHYSICAL REVIEW B 66, 134401 ~2002!
temperature than those grown at higher temperatures.1,2,17,18

Note that the surface mobility reduces by decreasing
growth temperature and therefore lower substrate temp
tures introduce more steps in the superlattice.22 The struc-
tural properties of Fe/Cr superlattices with submonatomic
layers inserted in the Cr layers, where four different int
faces~i.e., Fe/Cr, Cr/Sn, Sn/Cr, and Cr/Fe! exist, have been
quantitatively examined by x-ray reflectivity and diffus
scattering measurements using synchrotron radiation nea
Fe and Cr absorption edge.23 It is shown that the roughnes
structure is not much different for the four kinds of interfac
and the Sn atoms form ultrathin layers rather than be
dispersed in the Cr layers, and that the estimated root-m
square roughness is around 6 Å for the Fe/Cr multilayers
with the Sn probe grown at 200 °C.

The x-ray diffraction measurements with the scatter
vector in the film plane show that the structural relation
the film plane is MgO@100#//Cr@110#//Fe@110#. The estimated
in-plane ~100! lattice constant for @Fe (10 Å)/
Cr (5 Å)/Sn (1 Å)/Cr (5 Å)#339/Fe (10 Å) is 2.89 Å, in-
dicating that the average in-plane unit-cell dimensions do
remarkably change by inserting the Sn probe.

B. Magnetoresistance measurements

Magnetoresistance measurements at 300 K for
samples designated as@Fe(10 Å)/Cr(t Å)/Sn(1 Å)/
Cr(t Å) #339/Fe(10 Å), where the Cr thicknesstCr52t
510, 16, and 24 Å are shown in Fig. 4. The saturation fi
decreases from 1 to 0.15 T and increases again to 0.3 T w

FIG. 3. X-ray diffraction patterns in the low-angle region f
@Fe (10 Å)/Cr (t Å)/Sn (1 Å)/Cr (t Å) #329/Fe (10 Å), 2t516,
28, 44, and 80 Å, grown at room temperature. The estima
multilayer periods are shown. The intensity is multiplied by t
value shown above each curve on the left side to shift the base
up in they axis.
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the Cr layer thickness increases from 10 to 16 to 24 Å. T
oscillatory behavior of the saturation fields is confirmed a
by magnetization measurements. Therefore Fe(10
Cr(t Å)/Sn(1 Å)/Cr(t Å) multilayers show an oscillatory
magnetic coupling consistent with that observed for Fe
multilayers.24 The GMR values are low because the antife
romagnetic coupling between the Fe layers is weakened
the spin-independent electron scattering is increased by
existence of the Sn layers.

C. Mössbauer spectroscopy

The hyperfine fields at the Sn nuclear sites measured
Mössbauer spectroscopy originate mainly from the spin
larization ofs electrons at the nuclear sites and can be eva
ated from the Fermi-contact term

H5~8p/3!mBm~0!, ~1!

where,m(0) is the spin density at the nuclear site,mB is the
Bohr magneton. When the Cr layers in Fe/Cr multilayers
magnetically ordered, the basic spin configuration is thou
to be an antiferromagnetic structure with the magnetic m
ments aligned ferromagnetically in one~001! plane and an-
tiferromagnetically between adjacent~001! planes. The Sn
atoms in the present samples are located at substituti
sites of the bcc Cr, which can be paramagnetic or antife
magnetic. As Sn is a nonmagnetic element, the Sn nuc

d

ne

FIG. 4. Magnetoresistance curves at 300 K f
@Fe (10 Å)/Cr (t Å)/Sn (1 Å)/Cr (t Å) #339/Fe (10 Å), 2t510,
16, and 24 Å, grown at 200°C.
1-3
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probe can be successfully used to study the magnetic p
erties of Cr single crystals25 and Cr thin films21 by detecting
the electron-spin polarization at the Sn nuclear sites, whic
induced by the neighboring Cr spin moments.

1. FeÕCr multilayers grown at elevated temperature

The spectra collected at room temperature for the sam
grown at 200 °C with the multilayer structure
@Fe (10 Å) / Cr (t Å) / Sn (1 Å) / Cr (t Å) #339/Fe (10 Å),
wheretCr52t5160, 120, 80, 44, 28, 24, 16, and 10 Å, a
shown in Fig. 5. Each spectrum was fitted with six Loren
ians 1 mm/s in linewidth, convoluted with a distribution
hyperfine fields. The spectra are symmetric and there
were fitted assuming that the value of the isomer shift is
same for all the components with different hyperfine fie
and that the effect due to the electric quadrupole interac
is negligibly small. The fitted histogram of hyperfine field
was found to have a Gaussian-like distribution. The isom
shift ~relative to CaSnO3) was found to be 1.5660.2 mm/s.
This is a reasonable value when the Sn atoms are sandwi
by Cr atoms forming a layered structure.26 The Gaussian-like
distribution with a relatively sharp distribution width, i
comparison with the distribution for dilutely dissolved Sn
a Cr matrix,25 indicates that the magnetic circumstanc
around the Sn sites are relatively uniform.

The spectrum for Cr layer thickness 2t580 Å shows a
clear magnetically split six-line pattern with a distribution
the hyperfine fields. The defined Gaussian-like distribut
proves that the Cr magnetic moments are ordered throug
the film with a definite value of the magnetic moment. T
main weight in distribution is concentrated between 7 and
T with a relative area of about 70% and a peak around 9
This large value of the hyperfine field indicates that the m

FIG. 5. ~a! Mössbauer spectra measured at 300 K
@Fe~10 Å!/Cr~1 Å!/Sr~1 Å!/Cr~1 Å!#329/Fe~10 Å!, 2t510, 16, 24,
28, 4, 80, 120, and 160 Å, grown at 200 °C and~b! the hyperfine
field distribution.
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netic moments of the interfacial atomic Cr planes in tw
antiferromagnetic Cr films, which sandwich the monatom
Sn layer, are oriented to the same direction. In the case w
the magnetizations of the interfacial atomic Cr layers sa
wiching the Sn layer are antiparallel, a zero net transfer
hyperfine field would be expected at the Sn nuclear sites.
intensity ratio of the six peaks in the Mo¨ssbauer spectrum
shows that the Cr magnetic moments have dominantly
plane orientation. The best fit gives an average angle of
hyperfine field relative to the film normal of 70°.

When the Cr layer thickness is decreased to 2t544 Å,
the peak in the hyperfine field shifts to 7 T. A clear reducti
of the hyperfine fields is observed by decreasing the Cr la
thickness to 24 Å. The hyperfine field distribution betwe
0.5 and 5.5 T has a relative area of 82% and a peak at 2
By decreasing the Cr layer thickness to 16 Å, the peak in
distribution is found to be at 2 T and the maximum hyperfi
field in the distribution is around 5 T. This defined value
the hyperfine field indicates that the Cr layers still keep
magnetic order throughout the film. For@Fe (10 Å)
/Cr (5 Å)/Sn (1 Å)/Cr (5 Å)#339/Fe (10 Å), there is still
a distribution of the hyperfine fields up to 5 T with a peak
1 T.

The Mössbauer spectra measured at low temperatu
down to 15 K, do not show a big temperature dependenc26

Therefore the reduction of the hyperfine fields cannot be
tributed to the decrease in the magnetic transition temp
ture for the smaller Cr layer thickness.

In conclusion, a reduction of the hyperfine fields was o
served by decreasing the Cr layer thickness below 80
while the hyperfine field distributions do not remarkab
change by increasing the Cr layer thickness from 80 to 1
Å. This monotonic reduction of the hyperfine fields is a
indication of the gradual reduction of the Cr magnetic m
ments by decreasing the Cr layer thickness. The reductio
the Cr magnetic moments in Fe/Cr multilayers has be
theoretically predicted by tight-binding calculations as a
sult of the frustrated interlayer magnetic coupling at Fe
rough interfaces.5–7 Due to the strong antiferromagnet
Fe-Cr coupling compared with that of the Cr-Cr coupling,
is energetically less expensive to suppress~or strongly de-
crease! the Cr magnetic moments near the interfaces than
keep the frustrated magnetic arrangement. Note that the e
tronic structures of the Fe/Cr/Sn/Cr system with ideally fl
interfaces have also been calculated by first-princip
calculations,27 where a reduction of the Cr magnetic m
ments at Cr/Sn interfaces was predicted when Cr layers
sandwiched by Fe layers.

2. FeÕCr multilayers grown at room temperature

The Mössbauer spectra and the hyperfine field distrib
tions for the multilayer structures of@Fe (10 Å)/
Cr (t Å)/Sn (1 Å)/Cr (t Å) #339/Fe (10 Å) (tCr52t580,
44, 28, and 16 Å! grown at room temperature, are shown
Fig. 6. For the Cr thickness of 80 Å, the hyperfine fiel
again have well-defined distribution with about 80% betwe
9 and 14 T and a peak at 11 T. The comparison of the Mo¨ss-
bauer spectra of samples grown at 200 °C and at room t
perature shows a clear difference in the intensity ratio of

r

1-4
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six split peaks. The spectra collected for the samples gro
at room temperature show that the magnetic hyperfine fi
tend to orient out of the film plane. The fitted angle of t
hyperfine field is 34° relative to the film normal. The hype
fine field distribution for 2t544 Å shows a peak at 10 T
with about 80% of the total distribution between 6 and 13
By decreasing the Cr layer thickness to 28 Å, the peak in
distribution shifts to 8 T and the hyperfine field still keeps t
out-of-plane orientation. A clear reduction in the hyperfi
fields was observed when the Cr layer thickness was redu
to 16 Å. For this thickness, the Mo¨ssbauer spectra are near
the same for samples grown at 200 °C and at room temp
ture.

The hyperfine fields at the peak in the distribution at d
ferent Cr layer thicknesses for the samples grown at 200
and room temperature are shown in Fig. 7. A clear featur
the larger values of the hyperfine fields observed for Fe
multilayers grown at room temperature in comparison w
those grown at high temperatures. We conclude that~i! the
Cr magnetic moments tend to orient out of the film plane
Fe/Cr multilayers grown at room temperature and~ii ! the Cr
magnetic moments are larger when they orient out of the
plane than when they are in the film plane.

The out-of-plane orientation of the Cr magnetic mome
indicates that the interlayer Fe-Cr coupling at the interfa
cannot keep the Cr magnetic moments in the film pla

FIG. 6. ~a! Mössbauer spectra measured at 300 K
@Fe (10 Å)/Cr (t Å)/Sn (1 Å)/Cr (t Å) #329/Fe (10 Å), 2t516,
28, 44, and 80 Å grown at room temperature and~b! the hyperfine
field distribution.

FIG. 7. The hyperfine field at the peak in distribution f
samples with different Cr layer thickness grown at 200 °C~solid
circles! and at room temperature~solid triangles!.
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When the Cr magnetic moments rotate away from the
plane Fe magnetic moments, the frustration of the magn
coupling energy among the Fe-Cr pairs would decrea
Therefore the out-of-plane orientation of the Cr magne
moments is another way through which the Cr magnetic m
ments can escape from the magnetic frustration at rough
terfaces. It is plausible that the reduction of the Cr magne
moments observed for samples grown at elevated temp
tures results from the magnetic frustration among the
plane oriented Cr and Fe magnetic moments. In the c
when the Cr magnetic moments orient out of the film pla
the magnetic frustration energy would be smaller and the
magnetic moments are expected to be kept large. The sm
lateral length scale of interface steps, expected for Fe
multilayers grown at room temperature than at eleva
temperatures,17 is thought to be the origin of the reorientatio
of the Cr magnetic moments. The orientation of the Cr m
netic moments perpendicular to the in-plane Fe magn
moments in Fe/Cr multilayers was also observed by neu
diffraction.13

3. Samples with different probe layer thickness

To confirm that the Fe/Cr interface conditions play t
main role of controlling the magnetic structure of Cr laye
in Fe/Cr/Sn/Cr multilayers, samples with 1 and 2 Å of the
layer have been grown at 200 °C. As shown in Fig. 8 for
sample with the Cr layer thickness of 80 Å, neither the ma
nitude nor the orientation of the hyperfine field is affect
much by increasing the Sn probe layer thickness, in cont
with the remarkable dependence on the growth temperat
Therefore, the observed dependence of the Mo¨ssbauer spec
tra on the growth temperature can be attributed to the cha
in frustration effect at the Fe/Cr interfaces rather than tha
the Cr/Sn interfaces. The conduction-electron polarizat
mediates the spin configuration of Cr across the Sn la
without causing magnetic frustration at the Cr/Sn interfac
~Note that the relative ratio of the components with sma
hyperfine fields increases when the Sn layer thickness
creases more, since the effective number of Sn atoms w
do not contact Cr atoms, and hence with a smallers-electron
spin polarization, becomes larger.! The role of the Fe/Cr in-
terface is also confirmed by the Mo¨ssbauer results of V/C
multilayers with Sn~2 Å! probe layers in the Cr layers

r

FIG. 8. ~a! Mössbauer spectra for@Fe (10 Å)/Cr (40 Å)/
Sn (1 Å)/Cr (40 Å)#329/Fe (10 Å) ~top! and @Fe (10 Å)/
Cr (40 Å)/Sn (2 Å)/Cr (40 Å)#329/Fe (10 Å) ~bottom!, grown at
200 °C and~b! the hyperfine field distribution.
1-5
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M. ALMOKHTAR, K. MIBU, AND T. SHINJO PHYSICAL REVIEW B 66, 134401 ~2002!
where magnetic frustration is not expected at the V/Cr in
faces. The spectra for this system show nearly the same
ture for the samples grown at both room temperature
200 °C, independent of the growth temperature.28

4. Local magnetic structure of Cr as a function of the depth
from Fe interface

The local magnetic structures along the direction perp
dicular to the film plane were characterized by inserting
Sn probe at different distances from the Fe/Cr interface fo
fixed Cr layer thickness.

The Mössbauer spectra and the hyperfine field distri
tions for Sn sites at 2, 5, and 12 Å from the Fe interface
Fe/Cr multilayers with Cr layer thickness of 24 Å are show
in Fig. 9. The hyperfine field distributions are nearly t
same for the three samples having a peak at 2 T. A li
increase of the relative ratio in the region from 2 to 6 T w
observed as the Sn submonolayer goes to the center of th
layers. Therefore the Cr layers have an ordered magn
structure with a reduced magnetic moment, and the lo
magnetic structure of Cr around Sn does not change thro
out the Cr layers.

For the Cr layers with the thickness of 160 Å, the hyp
fine field distribution shows a peak at 8 T when the Sn la
is located at the center of the Cr layers~i.e., at a distance o
80 Å from the Fe interface! as shown in Fig. 10. When th
Sn probe is located at 5 Å from the Fe interface, the peak i
the distribution is at 7.5 T. The ratio of the fitted six lines
the magnetically splitted spectra indicates that the hyper
field is dominantly oriented in the film plane. The observ
decrease in the second and fifth lines relative to the first
sixth lines, as the Sn position goes toward the middle of
Cr layer, indicates the tendency of the spins to rotate ou
the film plane as the position goes away from Fe interfac

Note that the Mo¨ssbauer studies for V/Cr/Sn/Cr multilay
ers show a clear reduction of the hyperfine fields as the
monolayers are located nearer to the V/Cr interfaces.28 In

FIG. 9. ~a! Mössbauer spectra measured at 300 K
@Fe (10 Å)/Cr (@242t# Å)/Sn (2 Å)/Cr (t Å) #339/Fe (10 Å), t
52, 5, and 12 Å, grown at 200 °C and~b! the hyperfine field dis-
tribution.
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these multilayers, the V layers reduce the magnetic mom
of Cr strongly near the V/Cr interfaces. Also the depth profi
of the present system shows a different feature from tha
magnetic/nonmagnetic multilayers such as Fe/Ag and Co
multilayers with 119Sn probe layers.29 In these multilayers,
the influence of the Fe layers was reported to incre
strongly toward the Fe/nonmagnetic interface. The indu
spin polarization of the spacer conduction electrons by
ferromagnetic Fe layer is the origin of the observed hyperfi
fields in the nonmagnetic element. In Fe/Cr multilayers,
hyperfine fields at119Sn nuclear sites were found to chan
as a function of the total Cr layer thickness between the
layers rather than as a function of the distance from the Fe
interfaces. This confirms that a long-range order exists in
Cr layers, with the size of the magnetic moment depend
on the Cr layer thickness in the whole thickness range s
ied. These results are consistent with the magnetic ph
diagram for Fe/Cr multilayers obtained by neutro
diffraction measurements, which refers to a CSDW in the
layers at room temperature, with the Cr magnetic mome
oriented in the film plane.13,14

IV. CONCLUSIONS

Fe/Cr multilayers grown at elevated temperatures sho
preferred in-plane orientation of the Cr magnetic moments
gradual reduction of the Cr magnetic moments was obser
as the Cr layer thickness decreases, and can be explaine
the competition between the interface frustration, wh
tends to reduce the Cr magnetic moments, and the C
antiferromagnetic coupling, which tends to keep the mag
tude of the magnetic moment. For Fe/Cr multilayers gro
at room temperature, the interface coupling appears to
smaller and the Cr magnetic moments break the antife
magnetic alignment at the Fe/Cr interface and rotate ou
the film plane. In this case, the interface magnetic frustrat
can be relieved by the reorientation of the Cr magnetic m
ments away from the in-plane Fe magnetic moments
therefore the Cr layers can have larger magnetic momen

r

FIG. 10. ~a! Mössbauer spectra measured at 300 K
@Fe (10 Å) / Cr (@1602t# Å) /Sn (2 Å)/Cr (t Å) #324/Fe (10 Å),
t55, 20, and 80 Å, grown at 200 °C and~b! the hyperfine field
distribution.
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