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Origin of induced Sn magnetic moments in thin FeÕCr ÕSnÕCr multilayers

Sanghamitra Mukhopadhyay and Duc Nguyen-Manh
Department of Materials, University of Oxford, Parks Road, Oxford OX1 3PH, United Kingdom

~Received 18 February 2002; revised manuscript received 31 May 2002; published 14 October 2002!

The origin of magnetic moment induced on one monolayer of Sn embedded within thin layers of Cr in
Fe/Cr/Sn/Cr and Cr/Sn multilayers is investigated by first-principle spin-polarized electronic structure calcu-
lation. The structures consist of 1.15 nm~8 monolayers! and 1.3 nm~9 monolayers! of Fe, and 0.86 nm~6
monolayers! to 2.4 nm~17 monolayers! of Cr. The position of the Sn monolayer in Cr is either symmetric or
asymmetric with respect to the Fe layers. It is found that in all these multilayers the Sn atoms get a small
magnetic moment which is predominantly 5d in character. This is induced by the exchange interaction with the
3d-Cr orbitals at the Cr/Sn interfaces. We find that the presence of Fe layers reduces the magnetic moment of
Cr atom at the Cr/Sn interface, and therefore the induced magnetic moment on Sn atom decreased from
0.067mB /atom in Cr/Sn structure to 0.044mB /atom in Fe/Cr/Sn/Cr structure. These predictions are in strong
correlation with Mössbauer observations at the119Sn site: the measured hyperfine field which in turn is affected
by magnetic moment of surrounding Cr atoms, decreases from 13 T for Cr/Sn to 2 T for Fe/Cr/Sn/Cr multi-
layers. It is also found that the magnetic moment of a Cr atom depends strongly on its distance from the Fe
layer, and therefore the induced magnetic moment of Sn is also influenced by the thickness of Cr multilayers.
Our results show that the magnetic moments on Cr sites decrease smoothly away from the Fe layer and then
increase abruptly at the Cr/Sn interface.

DOI: 10.1103/PhysRevB.66.144408 PACS number~s!: 75.70.Cn, 71.15.Mb, 73.20.At, 71.15.Ap
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I. INTRODUCTION

The magnetic properties of Fe/Cr multilayers are e
tremely useful technologically1 and raise interesting funda
mental questions.2,3 Many experimental studies have be
reported4,5 on this system. However, there is no reliab
method to study the magnetic moments of thin Cr layers
Fe/Cr multilayers. Results of perturbed angular correlati6

and neutron diffraction experiments7 are not conclusive for
thin Fe/Cr multilayers.8 Another technique, scanning electro
microscopy with polarization analysis, has been used for
Cr layers, but is unsuitable for epitaxial Fe/Cr multilaye
since Fe/Cr wedges are used in this experiment.8 Recently,
epitaxial Fe/Cr/Sn/Cr multilayers were grown to investiga
the magnetic moment of thin Cr layers embedded within
layers by introducing a monolayer~ML ! of 119Sn probe
which could be studied by Mo¨ssbauer experiment.9 The
Fe/Cr system has been studied theoretically.10–13A thorough
recent review by Fishman8 may be of interest to readers. Th
Cr/Sn, and Fe/Cr/Sn systems, however, remain relatively
explored. A good understanding of the novel Fe/Cr/Sn
system is, therefore, required.

It was expected that the magnetic moments of Cr lay
would not be affected by the presence of nonmagnetic
atoms in the Mo¨ssbauer experiment.14,15 A large hyperfine
field of 13 T was, however, observed at the Sn nuclear s
in Cr~0.5 nm!/Sn~1 ML! multilayers.14,15 A strong enhance-
ment of the hyperfine field up to 12.9 T was also observe16

in a presurface zone of the bulk, single-crystal~110!Cr, im-
planted with 119Sn. In both the cases the hyperfine fiel
were attributed to the neighboring Cr atoms, and were la
compared to that of approximately 6 T for a single Sn imp
rity in bulk Cr.17 In the Fe/Cr/Sn/Cr multilayers the hyperfin
field decreased dramatically9,18 to 2 T for thin ~0.5 nm wide!
Cr layers. It was not clear whether any magnetic mome
0163-1829/2002/66~14!/144408~10!/$20.00 66 1444
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were induced on the Sn atoms, and in turn convoluted
results for the Cr atoms. In this paper we will show that t
position of the Sn atom at the substitutional site of b
Cr~100! is also important along with the strong hybridizatio
between Sn and Cr to explain the experimental results m
tioned above.

First-principle electronic structure calculations for th
Cr/Sn multilayer have been done by tight-binding line
muffin-tin orbital ~TB LMTO!19,20 and full-potential linear
augmented plane-wave21 methods. It was shown in thes
spin-polarized calculations that the magnetism of the Cr l
ers adjacent to the Sn layers was influenced by the inter
states at the Sn/Cr interface. The reduction of the symm
is also expected to alter the magnetism of the Cr layer a
cent to the Sn layer compared to that of bulk Cr. Further,
magnetic structure of the Cr/Sn layers is influenced by f
romagnetic Fe when these are embedded within Fe lay
Momida and Oguchi21 obtained theoretically large hyperfin
fields at Sn sites for Fe/Cr/Sn/Cr multilayers, which is co
sistent with the experimental results.9 However, these au-
thors reported that ‘‘despite such a large field at the
nuclear site, the total spin moment of Sn is completely zer
In their work Momida and Oguchi21 discussed only abou
5s-5p orbitals of Sn. It is usual practice22 to include only the
5s-5p orbitals as the basis set for Sn to explain band m
netism in ternary intermetallic systems of transition met
and Sn. In this context, it is interesting to see the effect of
5d orbitals of Sn in the Fe/Cr/Sn structure where Cr/
forms a bcc lattice,14 and antiferromagnetic Cr atoms whic
have 3d electrons are the nearest neighbors of Sn atoms
this paper we show that the inclusion of the 5d orbitals of Sn
leads to magnetic moment on the Sn atoms. The natur
variation of this magnetic moment is similar to the observ
magnetic hyperfine field of Sn in Cr/Sn and Fe/Cr/
systems9,14,15 which is important in the light of a recent in
©2002 The American Physical Society08-1
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teresting observation23 of a strong correlation~not necessar-
ily linear! between the experimental hyperfine field and
calculated magnetic moment.

The variation of magnetic moment across the thicknes
a Cr layer is a complex phenomenon, and depends on
overall width of the Cr layer,24 proximity to other species25

as well as the position of the Cr layer at which the momen
measured.23 In the scope of the present work it is also im
portant to find out how the magnetic moment of Cr is infl
enced by Sn in Cr/Sn and Fe/Cr/Sn/Cr multilayer structu
Two major cases arise from symmetry consideratio
namely, the symmetric and the asymmetric positions of a
ML in the multilayers, which are studied here.

In Sec. II we discuss the computational details of the c
culations. In Secs. III and IV results for the symmetric a
asymmetric multilayer structures. Conclusions of our stu
are summarized in Sec V.

II. COMPUTATIONAL DETAILS

The electronic structure of Fe/Cr/Sn multilayers was co
puted using self-consistent spin-polarized supercell ene
band calculations within the local spin-density approxim
tion to density-functional theory.26 We used the TB-LMTO
method within the atomic sphere approximation~ASA!27 and
the combined corrections were also taken into account. T
technique was proved to be useful for studying the magn
properties of multilayer systems.20,28 The actual multilayer
system was modeled by a (m1n1 l ) supercell withm layers
of Fe, n layers of Cr andl 51 layer of Sn along the~100!
direction. The structures Fe9 /Cr3 /Sn/Cr3 , Fe9 /Cr4 /Sn/Cr4 ,
Fe9 /Cr8 /Sn/Cr8 , Fe9 /Cr14/Sn/Cr2, and Fe8 /Cr15/Sn/Cr2
were studied, where the subscripts give the number of M
in the multilayer structure. Two typical superlattice structu
are illustrated in Figs. 1~a! and 1~b!. Sn was always taken a
one ML. The position of the Sn layer varied for different se
of calculations. In these calculations we considered both
and Sn to have the bcc structure and the constructed su
cell had tetragonal symmetry.

All our calculations were semirelativistic within the fro
zen core approximation.29 The inflated muffin-tin sphere
overlapped the structure of the supercell, and no em
spheres were required for space filling.29 The atomic sphere
overlaps were well within the permissible limit~16%! of the
ASA. An overlap of 13% between the Sn and the Cr ato
was maintained in all our calculations. Thus, the overlap
the atomic spheres did not introduce any spurious varia
of the magnetic moment. The supercell calculations w
performed with a~8,8,2! k mesh. This corresponded to
total of 30k points in the irreducible Brillouin zone. Th
Brillouin zone integration ink space was done by means
the improved tetrahedron method.30 All the s,p,d partial
waves were included in the basis of Cr, Fe, and Sn while
Sn we took the 4f -orbital downfolded. It was observed tha
downfolding of 4f did not change the occupation and stru
ture of thel 53 partial density of states~DOS!, but down-
folding of 5d had a dominant effect on the self-consiste
results for the magnetic moments. Self-consistent calc
tions were performed within the accuracy of 131022 mRy
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for the total energy and 831025 electronic charge/(a.u.)3 for
the charge and spin densities.

The present study was confined to thin Cr layers only, a
so the spin-density wave calculations were not in the sc
of the work. In order to perform the antiferromagnetic calc
lations we assumed that the Cr atoms of the consecu
layers had alternate spin directions, while all the Fe ato
had the same spin directions. Although at the Fe/Cr interf
both ferromagnetic and antiferromagnetic coupling ha
been assumed as initial conditions, after the self-consis
calculations it was found that the Cr atoms were antifer
magnetically coupled with nearest-neighbor Fe atoms.
tially no exchange splitting was assumed for the Sn layer
view of the reported dependencies of the Cr magnetic m
ment on the exchange correlation potential,31–33we assumed
the Vosko-Wilk-Nusair parametrization of the Ceperly-Ald
exchange correlation potential, because it produced a m
netic moment of 0.59mB /atom for bulk Cr which is close to
the experimentally measured value (0.62mB /atom) for the
experimental lattice constant 2.88 Å.

Since bulk Fe and Cr are almost lattice matched, we ch
the experimental value for the bulk Cr-lattice consta
2.88 Å as the in-plane lattice constant for the case of
Fe/Cr multilayers. The out-of-plane interplanar separat
for both Fe-Fe and Cr-Cr were chosen as 1.44 Å which
half the experimental bulk Cr-lattice constant. When Sn w
introduced within the Cr layer, it replaced one Cr layer.
the Fe/Cr/Sn/Cr multilayer, the Cr-Sn separation was ta
as 1.57 Å which is the experimentally measured distance
tween the Cr and Sn layers.9 A self-consistent first-principle
calculation showed that the lattice constant for bcc Sn w
3.7 Å. Thus, the interlayer separation between the Cr-Sn

FIG. 1. ~a! Fe9 /Cr3 /Sn/Cr3, ~b! Fe8 /Cr15/Sn/Cr2 multilayer
structures~not to scale!.
8-2
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ORIGIN OF INDUCED Sn MAGNETIC MOMENTS IN . . . PHYSICAL REVIEW B66, 144408 ~2002!
ers was in between the Cr-Cr separation in bcc Cr and
Sn-Sn separation in bcc Sn.

III. MULTILAYERS WITH SYMMETRICALLY
POSITIONED Sn LAYERS

In this section we present calculations with Sn at the m
ror symmetry position in the Fe/Cr/Sn/Cr multilayer stru
ture. In the Cr/Sn multilayer the Sn layer gets magnetic m
ments due to induced magnetism from interfacial Cr laye
When sandwiching Fe layers are present, we consider
these are ferromagnetically coupled across the Cr/Sn la
and modulate magnetic structure of the latter. The sp
polarized DOS along with that for the 5d orbital of Sn in the
ground-state tetragonal, and bcc structures are shown in
2~a! and 2~b!, respectively. No exchange splitting is observ
in the DOS, indicating pure Sn is indeed nonmagnetic.

The spin-polarized layer projected density of states~LP
DOS! for the d orbital of the Sn layer for Cr/Sn multilayer
are shown in Fig. 3. Panels~a!, ~b!, and ~c! in the figure
correspond to increasing thickness of the Cr layer in the
quence Cr3 , Cr4 to Cr8. The LP-DOS structures of Sn i
multilayers differ from that of pure bulk Sn due to reduc
symmetry of the interface, and bonding with interfacial
atoms. A clear exchange splitting for the Sn-5d orbital is
observed in the multilayers, which is responsible for t
magnetic moment on the Sn atom. Although the splitting
relatively large, the small density of states at and below
Fermi energy leads to a small magnetic moment at a Sn

The magnitude of the exchange splitting depends on
number of Cr layers between the two Sn MLs in the Cr/
structures. The magnetic moments of Sn and the interfa
Cr layers in different structures are given in Table I alo
with the magnetic moment for bulk bcc Cr calculated for t
same lattice constant used for Cr in the multilayer calcu

FIG. 2. DOS of~a! b Sn, and~b! bcc Sn↑ and↓ indicate the up
and down spin, respectively. Dashed lines show 63 magnified DOS
of the 5d orbital. Energy is zero at the Fermi energy.
14440
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tion. It is observed that the magnetic moments on the
atoms reflect the nature of magnetization of the interfacial
layers as assumed in the discussion of the hyperfine field
the 119Sn site.15 From the present calculations magnitude
exchange splitting is nearly the same for 3 and 8 MLs of
It is coherent with experimental observations14,15 that the hy-
perfine fields of Sn are nearly equal for 3~0.5 nm!, and 7
MLs ~1 nm! of Cr in Cr/Sn structures. The magnetic mome
on Sn atom embedding 4 MLs of Cr falls by 31% from th
for 3 MLs of Cr. There is no such experiment to our know
edge for 4 MLs of Cr and the sharp reduction in the magne
moment has not been observed so far. The two embed
Sn layers in the Cr4 /Sn structure have opposite spin pola
izations ~because the number of Cr layers between the
layers is even!, which results in a reduction in the magnet
moments of both the Sn layers. If there is an odd numbe
intermediate Cr layers~e.g., in Cr3 /Sn), the two sandwich-
ing Sn layers have the same spin polarization, and con
quently have larger magnetic moments than in the Cr4 /Sn

FIG. 3. LP DOS of Sn-5d orbital in ~a! Cr3 /Sn, ~b! Cr4 /Sn, and
~c! Cr8 /Sn. ↑ and ↓ indicate the up and down spin, respective
Energy is zero at the Fermi energy.

TABLE I. Magnetic moment on Sn and Cr interfacing with S
in different structures~in units of mB /atom).

Structures Crle f t Sn Crright

Bulk Cr 0.59
Cr3 /Sn 1.006 0.067 1.006
Fe9 /Cr3 /Sn/Cr3 0.608 0.044 0.608
Cr4 /Sn 0.622 0.046 0.622
Fe9 /Cr4 /Sn/Cr4 0.640 0.048 0.640
Cr8 /Sn 0.986 0.069 0.986
Fe9 /Cr8 /Sn/Cr8 0.562 0.046 0.562
Fe9 /Cr14/Sn/Cr2 0.167 0.032 0.598
Fe8 /Cr15/Sn/Cr2 20.143 0.016 0.582
8-3
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SANGHAMITRA MUKHOPADHYAY AND DUC NGUYEN-MANH PHYSICAL REVIEW B 66, 144408 ~2002!
structure. The effect of this odd or even number of Cr lay
in between two sandwiching Sn layers becomes impor
when the number of Cr layers are small and the two emb
ding Sn atoms share the same Cr atoms as their secon
third-nearest neighbors.

LP DOS for Sn layer for Fe/Cr/Sn/Cr multilayers a
shown in Figs. 4. Panels~a!, ~b!, and ~c! in the figures cor-
respond to increasing thickness of the Cr layer in the
quence Cr3 , Cr4 to Cr8. Comparing Figs. 3 and 4 for th
same thicknesses of Cr, it is seen that the spin-polarized
DOS of Sn is influenced by Fe. From Table I it is found th
the magnetic moments of the Sn atoms are 34% smalle
the Fe/Cr/Sn structures than in the Cr/Sn layers when the
layer is 3 and 8 MLs thick. The reduction of hyperfine fie
from 13 T ~for Cr/Sn structure! to 2 T ~for Fe/Cr/Sn struc-
ture! was reported in those structures by experimen
observations.9 Therefore, there is a correlation between t
calculated magnetic moment and experimental hyper
field. However, in the light of a recent calculation33 the
amount of reduction of the magnetic moment may be dep

TABLE II. The Contribution of different Orbitals on Magneti
Moment on Sn in different structures~in units of mB /atom).

Structures 5s 5p 5d 4 f Total

Cr3 /Sn 20.009 20.006 0.052 0.030 0.067
Fe9 /Cr3 /Sn/Cr3 20.005 20.001 0.030 0.020 0.044
Cr4 /Sn 20.006 20.004 0.038 0.016 0.046
Fe9 /Cr4 /Sn/Cr4 20.007 20.002 0.035 0.021 0.048
Cr8 /Sn 20.010 20.006 0.057 0.028 0.069
Fe9 /Cr8 /Sn/Cr8 20.005 20.000 0.032 0.019 0.046
Fe9 /Cr14/Sn/Cr2 20.004 20.000 0.024 0.013 0.032
Fe8 /Cr15/Sn/Cr2 20.003 20.002 0.014 0.005 0.016

FIG. 4. LP DOS of Sn-5d orbital in ~a! Fe9 /Cr3 /Sn/Cr3, ~b!
Fe9 /Cr4 /Sn/Cr4, and~c! Fe9 /Cr8 /Sn/Cr8 . ↑ and↓ indicate the up
and down spin, respectively. Energy is zero at the Fermi energ
14440
s
nt
d-
-or

-

P
t
in
Cr

l

e

n-
dent on the choice of exchange correlation potential. T
spin polarization of the Sn atom, when it is symmetrical w
the positions of the Fe layers, has the same direction as
spin polarization of the Cr atoms that are sandwiching the
layer, which is consistent with the observation of Mib
et al.9

Contributions of various orbitals to the magnetic mome
of Sn are shown in Table II. It is observed that the magne
moment on Sn is dominated by contributions from its 5d
band. Contributions from thes andp bands are one order o
magnitude smaller, and are opposite in direction compare
that from thed band. These aspects are explained below
terms of charge-density distributions in the structures.

The self-consistent valence charge and spin densities
Cr8 /Sn in the~110! plane are plotted near the Cr/Sn interfa
in Figs. 5~a!, and 5~b!, respectively while those for
Fe9 /Cr8 /Sn/Cr8 structures are shown in Fig. 6~a!, and 6~b!,

FIG. 5. ~a! Charge densities~upper panel!, and~b! spin densities
~lower panel! in Cr8 /Sn multilayers on~110! plane, plotted in the
unit of 1023electrons/(a.u.)3. The maximum charge density of 10
occurs at the Cr sites~innermost contours!. The minimum charge
density of 25 occurs in between the Sn sites~innermost contours!,
and increases to the maximum in a step of 2. The positive
negative spin densities are shown by solid and dashed lines, res
tively. The solid contour at the boundary of the positive and ne
tive values is the zero line. Each of the positive and the nega
maxima of spin density occurs at the Cr sites~innermost contours!
and is110, and210, respectively. The steps in the plot are 1.
8-4
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ORIGIN OF INDUCED Sn MAGNETIC MOMENTS IN . . . PHYSICAL REVIEW B66, 144408 ~2002!
respectively. From these plots it is found that the charge
localized at the interface~I! layer between Cr and Sn, and
the next-to-the-interface~NI! layer in Cr. Although strong
metallic bonds exist between Sn and its first-neare
neighbor~1NN! Cr atoms, Sn atoms share some charge w
the Cr atoms present as next-nearest neighbors to the i
face. However, there is a weak directional bonding betw
two Sn atoms in the same layer. Charge density is sme
out from Cr atoms at the interface when the Cr/Sn struct
is embedded within Fe layers. Comparing the spin dens
of the two structures it is found that up-spin electrons mo
away from the Sn atoms towards interfacial Cr atoms in
Cr/Sn/Cr, thereby reducing the magnetic moment on the
layer. Two opposite kinds of spin density coexist in the
layer. One arises due to 5d-3d hybridization between the S
and theI Cr layers. The origin of the other is 5s,p-3d hy-
bridization between the Sn and the NI layers.

The participation of the 5d orbitals of Sn occurs mainly
due to the bcc structure of Cr~having electrons in its 3d
orbitals! and Sn in these multilayers. This may be understo
clearly when we compare the cases of a single substituti
Sn impurity in bulk Cr, and the Cr/Sn multilayer. In th

FIG. 6. ~a! Charge~upper panel! and ~b! spin ~lower panel!
densities in Fe9 /Cr8 /Sn/Cr8 multilayers on~110! plane, plotted in
1023 electrons/(a.u.)23. All other attributes are the same as tho
of Fig. 5.
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former, the Sn atom has eight nearest-neighbor~1NN! up-
spin-polarized Cr atoms and six second-nearest-neigh
~2NN! down-spin-polarized Cr atoms. However, since t
2NN atoms are only 14% farther than the 1NN atoms in
bcc lattice, the influence of the 2NN atoms are only sligh
lesser than that of the 1NN atoms. Thus, the Sn atoms in b
Cr is effectively induced by only about two up-spin polariz
Cr atoms. On the other hand in the Cr/Sn multilayer a
atom has eight up-spin-polarized 1NN Cr atoms, two dow
spin-polarized Cr atoms, which are 17% farther from
1NN Cr atoms, and four Sn atoms~which replace four down-

FIG. 7. LP-DOS of interfacial Cr-3d orbital in ~a! Cr3 /Sn, ~b!
Cr4 /Sn, and~c! Cr8 /Sn. The↑ and↓ are for the up and down spin
respectively. Energy is zero at the Fermi energy.

FIG. 8. LP DOS of interfacial Cr-3d orbital in ~a!
Fe9 /Cr3 /Sn/Cr3, ~b! Fe9 /Cr4 /Sn/Cr4, and ~c! Fe9 /Cr8 /Sn/Cr8.
The ↑ and↓ are for the up and down spin, respectively. Energy
zero at the Fermi energy.
8-5
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FIG. 9. Magnetic moments on Cr layers in~a!
Fe9 /Cr3 /Sn/Cr3, ~b! Fe9 /Cr4 /Sn/Cr4, and ~c!
Fe9 /Cr8 /Sn/Cr8 structures. Sn is positioned a
the origin. The up and down arrows represent
and down spins, respectively. The lengths of t
arrows represent magnitudes of the magnetic m
ments. The dashed line shows the calcula
magnetic moment of bulk Cr.
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spin-polarized 2NN Cr atoms!. Hence, a Sn atom in a Cr/S
multilayer is effectively influenced by about six up-spi
polarized Cr atoms. So even by a very rough estimate,
magnetic moment induced on a Sn atom in a Cr
multilayer is about three times higher than its value in b
Cr. This is in excellent correlation with the experimenta
observed values of hyperfine field: 6 T for Sn in bulk Cr16

and 13 T for Sn in Cr/Sn multilayers.14,15

From Fig. 5 it is found that an intrusion of positive sp
density into the Sn layer occurs in Cr/Sn multilayer syste
which indicates an increase in the magnetic moment of thI
Cr layers. This effect enhances also the induced magn
moment on Sn layer. From Fig. 6 it is found that the prese
of Fe reduces the intrusion of positive spin density ofI Cr
layer into the Sn layer. So in case of Fe/Cr/Sn/Cr multilay
14440
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the induced magnetic moment on Sn is 34% less than tha
the Cr/Sn structure. The quenching of the negative s
density occurs also in the NI Cr layers in Fe/Cr/Sn/Cr str
tures, but since there are only 2NI Cr atoms to influence
induced magnetic moment of Sn, the overall induced m
netic moment on Sn decreases in this structure. The e
tronic origin of this kind of spin density will be understoo
from a discussion of the LP DOS of the Cr layers.

The LP DOS for 3d band of the Cr layers in Cr/Sn an
Fe/Cr/Sn/Cr multilayers are shown in Figs. 7 and 8, resp
tively. Panels~a!, ~b!, and~c! in both the figures correspon
to increasing thickness of the Cr layer in the sequence C3,
Cr4 to Cr8. The LP DOS of the Cr-3d band at the interface is
different from that of bulk Cr due to hybridization of th
Cr-3d band with Sn-5spd bands. In all the structures, inte
n

p
he
o-

ted
FIG. 10. Magnetic moments of Cr layers i
~a! Fe8 /Cr15/Sn/Cr2, ~b! Fe9 /Cr14/Sn/Cr2, and
~c! Fe9 /Cr17. Sn is positioned at the origin in~a!
and ~b!. The up and down arrows represent u
and down spins, respectively. The lengths of t
arrows represent magnitudes of the magnetic m
ments. The dashed line shows the calcula
magnetic moment of bulk Cr.
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ORIGIN OF INDUCED Sn MAGNETIC MOMENTS IN . . . PHYSICAL REVIEW B66, 144408 ~2002!
face states are seen within 0.1 Ry below the Fermi ene
The enhancement of the magnetic moment of the interfa
Cr is due to these interface states.20,21Bonding states are als
prominent below 0.2 Ry of the Fermi energy, which occ
due to bonding between Cr and Sn, and the peaks
smeared out in the presence of Fe.

Magnetic moment of each of the layers in the Fe/Cr/Sn
structures is plotted in Fig. 9. It is seen from panels~a! and
~b! that the magnetic moment of the Cr layer interfacing w
Fe is 0.7mB which is, as usual, higher8 than that in bulk Cr
(0.59mB). Then it decreases while away from the Fe lay
towards Sn layer up to NI Cr. At the interface with Sn, ma
netic moment of Cr increases from that of the NI Cr lay
For Fe9 /Cr8 /Sn/Cr8 structure, as seen in panel~c!, the mag-
netic moment of Cr in the first 4 ML from the interfac
~including the layer interfacing with Fe! is almost constant
Then it decreases up to NI Cr and increases again atI Cr
~with Sn! similarly as for other two structures as discussed
connection with Figs. 9~a! and 9~b!. The increase in mag
netic moment on theI Cr layer is not equivalent to that in th
presence of a free surface because in such a case an inc
in the magnetic moment would have occurred at the sub
face layer also. The interface states due to the differenc
the atomic environment between Cr and Sn lead to the
crease in the magnetic moment as calculated earlier.20,21The
magnitude of increase in magnetic moment also depend
the number of Cr layers in between Sn and Fe.

IV. MULTILAYERS WITH ASYMMETRICALLY
POSITIONED Sn LAYERS

We made self-consistent spin-polarized calculations
the Fe/Cr/Sn/Cr multilayers with the Sn layer positioned
tween unequally thick Cr layers, namely, fo
Fe8 /Cr15/Sn/Cr2 and Fe9 /Cr14/Sn/Cr2 structures. Corre-
sponding magnetic moments are shown in Fig. 10 in pan
~a! and ~b!, respectively. Results for the Fe9 /Cr17 structure
are shown in panel~c! for comparison. Since the last stru
ture can be obtained from the second one with the Sn
replaced by a Cr ML, a comparison of magnetic moments
these two structures gives useful information about the ef
of Sn in Fe/Cr multilayers. The Fe8 /Cr15/Sn/Cr2 structure
has even number of antiferromagnetic layers in between
ferromagnetically coupled Fe layers. So this structure is
ergetically higher than the state where the magnetic mom
of the Fe layers are antiferromagnetically coupled across
Cr/Sn structure.10 It is found that in Fe9 /Cr14/Sn/Cr2 struc-
ture the magnetic moments on Cr sites decrease mono
cally away from the Fe layers up to the NI Cr layer, b
increases at theI Cr layer. The variation of the magneti
moment on the other side of the Cr/Sn interface has not b
found since there are only two Cr MLs between Fe and
The decrease in magnetic moment away of Cr atom from
Fe/Cr interface is also found in Fe8 /Cr15/Sn/Cr2 structure,
but no increase at the Cr/Sn interface. No such decreas
magnetic moment is found in the Fe/Cr17 structure, and is
consistent with reported experimental and theoret
results.4,13 Thus the Sn ML has a significant influence on t
magnetic moments of the Cr layers embedded in Fe.
decrease in magnetic moment of Cr atoms has not been
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in Cr/Sn multilayers20 ~without Fe! but an increase in mag
netic moment has been found20 at I Cr layer. The other em-
bedded layers in between the Sn atoms have a constant
netic moment. The presence of Fe in Fe/Cr/Sn/Cr multilay
modulates the magnetic moment throughout the struct
The Cr atoms at the Fe/Cr interface experience a strong
change interaction in comparison with the Cr atoms at
Cr/Sn interfaces. This difference in the exchange interac
is responsible for the smooth decrease in magnetic mom
of Cr from Fe interface to the Sn interface. We note that
calculated magnetic moment of Cr decreases at the inter
of Cr/Mo in a thick multilayer.34 A similar behavior was
experimentally observed at the interface of thin (,4 nm)
Cr/V samples.35 Our self-consistent calculations for Fe/C
Mo/Cr multilayers with the same configuration a
Fe9 /Cr8 /Sn/Cr8 confirmed also the decreasing behavior
the Cr magnetic moment from the Fe interface to the M
interface. However, the nature of such a reduction is differ
from that in Fe9 /Cr8 /Sn/Cr8 multilayer. In the latter case
there is an abrupt increase of the magnetic moment in the
I layer. Such an increase is absent in Fe/Cr/Mo/Cr multila
calculation. This increase is attributed to the presence of
interface states, as explained in Sec. III.

FIG. 11. Spin densities for Fe8 /Cr15/Sn/Cr2 ~upper panel!, and
Fe9 /Cr14/Sn/Cr2 ~lower panel! multilayers on ~110! plane. The
lower part of the figures are for the Cr layers nearer to the Fe lay
Other attributes are the same as in Fig. 6.
8-7
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There is hardly any difference in the charge distributio
of the symmetric and asymmetric structures. The close p
imity of the Fe layers on one side of the structures does
affect the charge distribution. Spin-density plots of the
structures are shown in Fig. 11. Asymmetrical distributio
of the spin density are clearly visible. It is also found that t
spin density of Cr at the nearest-neighbor site of Sn depe
strongly on their distance from the Fe layer. There is a
romagnetic coupling between the Sn and the near
neighbor Cr layers. The antiferromagnetic coupling betwe
the Sn and the NI Cr layer is weak, which is expected for
d-d coupling.

The electronic origin of the spin-density distributions a
shown in Fig. 12 where values of LP DOS for the 5d band of
Sn are given for the asymmetric structures. Although ther

FIG. 12. LP DOS of Sn-5d orbital in ~a! Fe8 /Cr15/Sn/Cr2, and
~b! Fe9 /Cr14/Sn/Cr2. The ↑ and ↓ are for the up and down spin
respectively. Energy is zero at the Fermi energy.
14440
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not much difference between the down-spin states of the t
dissimilarities are observed in the up-spin states indica
that the exchange splitting of Sn depends on the excha
splitting of its nearest-neighbor Cr atoms. The LP DOS
the d-band of both the Cr layers interfacing with Sn on t
two sides are given in Fig. 13. Along with the interfac
states, sharp bonding and antibonding states are seen ne
Fermi energy. The interfacial layers which are only 2 M
away from the Fe layer have bonding states 0.15 Ry be
the Fermi energy as seen in panels~b! and~d!. The bonding
states appear in the energy band 0.2–0.1 Ry below the F
energy both on the up-spin- and down-spin-polarized L
DOS states and have seen also in the interface layers a
the Cr/Sn interface shown in panels~a!, ~b!, ~c!, and~d!. The
bonding states become weak on the interfacial layers wh
are only 2 MLs away from the Fe layer as seen in panels~b!
and ~d!. The appearance of a sharp peak above the Fe
level of theI layer of Cr atoms in the Fe8 /Cr15/Sn/Cr2 struc-
ture as seen in Fig. 13~a! indicates antibonding with the S
atoms. The interface states are still present in the up-s
polarized LP DOS. The lack of bonding states in the dow
spin-polarized LP DOS and the presence of occupied in
face states in the up-spin-polarized LP DOS are the reas
for the occurrence of negative magnetic moment in theI Cr
layer.

The magnetic coupling and the layer-wise variation
magnetic moments strongly depend on the quality of
interface,4,36and must be taken into consideration to interp
experimental observations quantitatively. Although our c
culations were done assuming ideal sharp Fe/Cr interfa
which are rare in practice due to interface roughness
atomic interface intermixing between Fe and Cr, the red
tion of the magnetic moment of Sn from Cr/Sn structure
Fe/Cr/Sn structures shows a strong correlation with the
duction of experimentally observed magnetic hyperfine fie
This finding gives valuable insight about the role of Sn
probing magnetic moments of Cr atom in Fe/Cr multilay
systems.
e

e

mi
FIG. 13. LP DOS of Cr-3d orbital in the
Fe8 /Cr15/Sn/Cr2 structure at the Cr/Sn interfac
~a! 15 ML away from Fe, and~b! 2 ML away
from Fe. LP DOS of Cr-3d in the
Fe9 /Cr14/Sn/Cr2 structure at the Cr/Sn interfac
~c! 14 ML away from Fe, and~d! 2 ML away
from Fe. The↑ and ↓ are for the up and down
spin, respectively. Energy is zero at the Fer
energy.
8-8
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V. CONCLUSIONS

In this paper we have calculated the electronic struct
and magnetic properties of thin Fe/Cr/Sn/Cr multilayers
ing the TB-LMTO method. We draw three major conclusio
from the study.

Firstly, it is shown that the magnetic properties of Sn d
pend on the interfacial Cr layers. A magnetic moment is
duced on the Sn layer from interfacial Cr layers, which
attributed to bonding between the 5d orbitals of the Sn and
the 3d orbitals of the Cr atoms. The participation of the 5d
orbitals of Sn occurs mainly due to the bcc structure of
and Sn in these multilayers where a Sn atom has e
nearest-neighbor, and two second-nearest-neighbor~only
17% farther from the nearest neighbors! Cr atoms while
there are only 4 second-nearest-neighbor Sn atoms.
ondly, a correlation has been found between the calcula
magnetic moment on the symmetrically positioned Sn ML
Fe/Cr/Sn/Cr structure with the hyperfine field observed in
119Sn Mössbauer experiment. This implies that it is possi
to use a probe Sn ML in this experiment to measure
magnetic moments in thin Cr layers. Finally, the magneti
of a Cr ML depends on its distance from the Fe layer. T
produces different kinds of spin polarization on the Sn la
F.
la

w
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e
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e
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e

se

, J

v.

.

14440
e
-

-
-

r
ht

ec-
ed

e
e
e

s
r

when its position is asymmetrical within Fe/Cr interface
The magnetic moment on Sn, therefore, depends on the n
ber of Cr MLs between Fe and Sn. We find that the magn
moment on Cr decreases away from the Fe layer, but
creases abruptly at the Sn interface. The decrease is du
the differences in the exchange interactions between F
and Sn/Cr while the increase is attributed to the presenc
interface states.

We believe that the present study will be useful to ga
insight into the magnetic properties of thin Fe/Cr/Sn/Cr s
tems where the Sn ML is used as the probe.
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