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Hyperfine fields for Sn and magnetic moments in FeÕCr ÕSnÕCr multilayers
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The paper is devoted to a theoretical study of the magnetic moments and hyperfine fields in Fe/Cr/Sn/Cr
multilayers. The calculations are conducted by the full potential linearized augmented plane wave, atomic
sphere approximation screened Korringa-Kohn-Rostoker~SKKR! and full potential SKKR methods. The re-
sults obtained are compared with the Mo¨ssbauer spectroscopy experiments and the results of other calculations.
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I. INTRODUCTION

Scientific interest in multilayer magnetic systems is det
mined by both their importance for technical applicatio
and unsolved fundamental problems of the formation
magnetic properties and other physical characteristics in l
dimensional systems. One of the first objects of study w
the Fe/Cr multilayer system prepared in the 1980s.1 Up to
now, though, experimental studies have been unable to
termine definitely the character of the magnetic order in
multilayers. Recently the authors of Ref. 2 succeeded in
taining Fe/Cr and Cr multilayer systems with a Sn monola
inserted. The systems Cr/Sn and Fe/Cr/Sn/Cr were inve
gated with different physical techniques including the Mo¨ss-
bauer spectroscopy. The main results were the detection
hyperfine field~HFF! at Sn nuclei and the dependence of
magnitude on the Cr layer thickness. The HFF changes f
2 to 10 T with the Cr thickness changing from 1 to 8 nm. T
authors attributed these variations to the magnitude of
magnetic moment at the Cr atom closest to the Sn atom;
is, they supposed that the magnetic moment sharply
creased with the decrease of thickness. The Mo¨ssbauer ex-
periments cannot directly answer the question about the c
acter of the magnetic structure and the magnitude of
Cr magnetic moments. That is why the first-principles c
culations of the electron structure are a good addition
experiment.

As soon as the experimental data had been available,
oretical first-principles calculations of the electron structu
and magnetic characteristics of Fe/Cr/Sn/Cr and Cr/Sn m
tilayers were conducted.3–5 The authors asserted that the
results agreed, to a certain extent, with experiment, and
lowed that the magnetic moment of the Cr atoms are prop
tional to the HFF at Sn atoms when interpreting experime
results. After a comparison of all the results of Refs. 3 and
however, some questions appeared.

~a! The magnitude of Cr magnetic moments
Fe3 /Cr3 /Sn/Cr3 in Ref. 3 (20.19mB , 0.01mB and
20.11mB) is much smaller than that in Fe9 /Cr3 /Sn/Cr3 in
Ref. 4 (20.70mB , 0.39mB , and20.61mB). This looks ex-
tremely strange in view of the assertion of Refs. 3 and
about a weak effect of the Fe layer thickness on magn
characteristics.
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~b! Relaxation of the magnetic moment magnitude fro
zero at Sn to high values for bulk Cr is long-distance
Fe9 /Cr14/Sn/Cr2 ~12 layers! and short-distance in
Fe9 /Cr8 /Sn/Cr8 ~one layer!.4

For these reasons we were interested in additional ca
lations in order to reconcile the results obtained by differ
methods, to explain the connection between the HFF at
nuclei and the magnetic moment magnitude at the neares
atoms and to reveal the characteristic changes of the m
netic moment over the depth of the Cr film in experimen2

To this aim, we performed calculations of the periodic
films Fe/Cr/Sn/Cr and Cr/Sn with different thicknesses of
Fe, Sn, and Cr layers. These first-principles spin-polari
electronic structure calculations are based on spin-den
functional theory in the local-density approximation~LDA !.
They were conducted by the following methods: fu
potential linearized augmented plane wave method~FP
LAPW! realized in the program package WIEN2k,6 and the
screened Korringa-Kohn-Rostoker method developed
Jülich7 in the atomic sphere approximation~ASA SKKR!
and in the full-potential scheme~FP SKKR!. In paper3 the FP
LAPW method was used, while in4 the tight-binding linear
muffin-tin orbital method in the atomic sphere approximati
~ASA TB LMTO!, that is an approximation of the ASA KKR
method. Thus, our calculational methods cover those use
Refs. 3–5, which allows us to compare the results of th
papers with ours.

II. MODELS AND CALCULATIONAL METHODS

In our calculations we have used two models. The fi
was chosen from simple considerations based on the ex
mental data, that is, the multilayer system was presente
alternating layers in the~001! plane of a bcc lattice. As the
lattices of bulk Fe and Cr are close, the Fe-Fe, Fe-Cr,
Cr-Cr interlayer distances are taken equal to 0.144 n
which corresponds to the half of the lattice parameter of b
Cr ~0.288 nm!. The Cr-Sn interlayer distance is chosen
accordance with the experimental data as 0.157 nm.2 This
model coincide with that of Ref. 4.

Our attempts to obtain the equilibrium position of plan
from the calculations of lattice relaxation have given an e
tremely overestimated value of the Cr-Sn interlayer distan
©2003 The American Physical Society07-1
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TABLE I. The magnetic moments (mB) in Fe9 /Cr3 /Sn/Cr3.

Fe Fe Fe Fe Fe Cr Cr Cr Sn

ASA TB LMTO ~Ref. 4! 20.70 0.39 20.61 20.04

ASA SKKR 2.32 2.40 2.38 2.49 1.93 20.61 0.27 20.46 20.02

FP SKKR 2.23 2.30 2.30 2.41 1.91 20.56 0.28 20.51 20.02

FP LAPW 2.26 2.33 2.32 2.43 1.96 20.55 0.33 20.55 20.01
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as in Ref. 3, where the Cr-Sn interlayer distance was fo
to be 0.173 nm. To make a comparison our results with R
3, we have conducted calculations for the second model w
the Fe-Fe, Fe-Cr, and Cr-Cr interlayer distances equa
0.144 nm and the Cr-Sn distance of 0.173 nm.

The distortions of the crystal lattice in the multilayer sy
tems under consideration should be studied carefully, as d
in Ref. 5. The lattice relaxation is rather sensitive to t
choice of approximation and calculation method; howev
we found that the distortions do not essentially affect
character of the Cr magnetic moment variations over the
depth and its dependence on the Cr thickness.

The Fe9 /Cr3 /Sn/Cr3 , Fe9 /Cr8 /Sn/Cr8 ,
Fe9 /Cr14/Sn/Cr2 , Fe4 /Cr2 /Sn/Cr, Fe8 /Cr3 /Sn2 /Cr3 ,
Fe3 /Cr3 /Sn/Cr3, and Cr3 /Sn systems were calculated in th
first model, and Fe3 /Cr3 /Sn/Cr3 and Cr3 /Sn were calculated
also in the second model.

The FP LAPW calculation is conducted in a scala
relativistic approximation for the valence electrons and fu
relativistic approximation for the core electrons which a
separated by an energy of 7 Ry. The basis of wave funct
is restricted by the parameterRMT* Kmax57 and the expan-
sion of wave functions over spherical harmonics is limit
by a maximum angular momentum equal to 10. The calcu
tions are conducted within the LDA of Perdew and Wang,8 as
the usually more correct generalized gradient approximat9

is known to overestimate the magnetic moments for Cr
oms. The value of the largest vector equal toGmax520 is
used in the Fourier expansion of the charge density.

For the SKKR calculation a screening potential with
barrier height of 4 Ry is used, and the structure consta
include coupling to the next six nearest neighbors. The
culations employ the exchange-correlation potential in
LDA of Vosko, Wilk, and Nusair.10 An angular momentum
cutoff of l max53 is used for the Green function, thus impl
ing a cutoff for the charge density~in the case of the ASA
and FP calculations! and potential~in the case of the FP
calculations! components at 2l max56. The shape of the
Voronoi cells for the FP calculations is described by t
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proper shape functions expanded up to 4l max512. The en-
ergy integration is performed by means of a Gauss
quadrature, with 33 points on a semicircle.

We should mention that the meaning of the term ‘‘ma
netic moment of atom’’ is slightly different in these method
In the FP LAPW method the magnetic moment is a result
the integration of the spin density over a nonoverlapp
muffin-tin sphere of a certain radius; in the ASA SKK
method the volume of integration sphere is equal to
Voronoi polyhedron for each atom; and in the FP SKK
method the integration is performed over Voronoi polyh
drons.

III. A COMPARISON OF RESULTS OBTAINED BY
DIFFERENT CALCULATIONAL METHODS

Tables I, II, III, IV, and V give comparative result
for the systems Fe9 /Cr3 /Sn/Cr3 , Fe9 /Cr8 /Sn/Cr8 ,
Fe9 /Cr14/Sn/Cr2 , Fe3 /Cr3 /Sn/Cr3, and Cr3 /Sn. First of all,
we should note a feature which essentially distinguishes
results from the previous ones in Refs. 3 and 4. Using
SKKR method we have found two solutions in th
Fe9 /Cr14/Sn/Cr2 system which we call ‘‘low spin’’ and
‘‘high spin.’’ The difference in Cr magnetic moment betwee
the two solutions is shown in Fig. 1.

The difference in total energy between the solutions d
not exceed 1 mRy in both ASA SKKR and FP SKKR met
ods, and is smaller than the accuracy of the approximati
made in the calculational scheme and in the model. So,
example, the spin-orbit interaction whose magnitude
higher than the difference obtained, lowers the energy of
high-spin state~we have calculated the energy of spin-orb
interaction by the FP LAPW method in Fe3 /Cr3 /Sn/Cr3, it
amounts 1 mRy per atom!. Allowance for this interaction
within the framework of the SKKR method cannot, howev
be made at present.

We did not succeed in finding the second low-spin state
Fe9 /Cr14/Sn/Cr2 by the FP LAPW method. We could no
also find an additional solution in other systems by
TABLE II. The magnetic moments (mB) at Cr atoms in Fe9 /Cr8 /Sn/Cr8.

Cr next Cr Cr Cr Cr Cr Cr Cr next

to Fe to Sn

ASA TB LMTO ~Ref. 4! 20.70 0.59 20.56 0.59 20.52 0.51 20.36 0.56

FP LAPW 20.57 0.50 20.52 0.58 20.55 0.59 20.49 0.69
7-2
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TABLE III. The magnetic moments (mB) in Fe9 /Cr14/Sn/Cr2.

ASA TB LMTO4 ASA SKKR ASA SKKR FP SKKR FP SKKR FP LAPW

low-spin high-spin low-spin high-spin high-spin

Fe 2.33 2.33 2.23 2.23 2.29

Fe 2.40 2.40 2.31 2.31 2.37

Fe 2.38 2.38 2.30 2.30 2.37

Fe 2.47 2.47 2.40 2.41 2.43

Fe 1.99 2.02 1.97 2.00 2.06

Cr 20.62 20.53 20.62 20.52 20.64 20.64

Cr 0.54 0.39 0.51 0.41 0.55 0.58

Cr 20.52 20.38 20.51 20.41 20.56 20.61

Cr 0.55 0.38 0.53 0.43 0.61 0.65

Cr 20.48 20.35 20.52 20.40 20.60 20.64

Cr 0.44 0.31 0.51 0.37 0.60 0.65

Cr 20.39 20.30 20.49 20.35 20.59 20.64

Cr 0.34 0.26 0.48 0.31 0.59 0.66

Cr 20.28 20.24 20.46 20.28 20.57 20.63

Cr 0.21 0.19 0.44 0.24 0.58 0.67

Cr 20.17 20.18 20.43 20.22 20.55 20.63

Cr 0.11 0.14 0.43 0.19 0.58 0.68

Cr 20.08 20.09 20.34 20.14 20.48 20.56

Cr 0.17 0.11 0.45 0.20 0.69 0.80

Sn 0.03 0.01 0.02 0.01 0.02 0.00

Cr 0.60 0.45 0.60 0.49 0.67 0.68

Cr 20.57 20.67 20.76 20.66 20.76 20.73

Fe 2.11 2.13 2.09 2.11 2.12

Fe 2.40 2.41 2.33 2.34 2.40

Fe 2.38 2.38 2.30 2.31 2.38

Fe 2.39 2.39 2.29 2.30 2.35
te

n

c
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o

ear
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LAPW or SKKR methods, though we repeatedly attemp
to do this by changing the starting density~LAPW! and po-
tential ~SKKR! and mixing schemes in the self-consiste
procedure. The solutions obtained for Fe9 /Cr3 /Sn/Cr3
~Table I!, Fe3 /Cr3 /Sn/Cr3 ~Table IV!, and Cr3 /Sn ~Table V!
by the FP LAPW and FP SKKR methods agree with ea
other very well. A good agreement between the high-s
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solution in FP SKKR and in FP LAPW method is als
achieved for the Fe9 /Cr14/Sn/Cr2 system~Table III!. The
solution found for this system in paper4 undoubtedly corre-
sponds to the low-spin one~Fig. 1!. We would like to note
that the overestimated value of the Cr magnetic moment n
Fe is characteristic of ASA TB LMTO calculations~Tables I
and II!. That is why we classify this solution as a low-sp
n
TABLE IV. The magnetic moments (mB) in Fe3 /Cr3 /Sn/Cr3, the values in brackets give the Cr-S
interlayer distance~nm!.

Fe Fe Cr Cr Cr Sn

FP LAPW ~Ref. 3!~0.173! 2.56 1.70 20.19 0.01 20.11 0.00
FP LAPW~0.173! 2.52 1.88 20.50 0.34 20.56 20.002
FP SKKR~0.173! 2.50 1.82 20.52 0.29 20.52 20.017
ASA SKKR~0.173! 2.59 1.84 20.54 0.29 20.46 20.014
FP LAPW~0.157! 2.50 1.88 20.62 0.37 20.56 20.009
7-3
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one, in spite of its partial coincidence with the high-spin o
near Fe atoms. We do not know whether it is possible
obtain the high-spin state in the ASA TB LMTO metho
most probably so.

Table IV gives the results of calculation for th
Fe3 /Cr3 /Sn/Cr3 system. One can see a large difference
tween the results obtained in Ref. 3 and ours. It is the m
so surprising as the results for the Cr3 /Sn system are in
reasonable accordance~Table V!. One could assume a poss
bility of existence of a second low-spin solution, as in t
Fe9 /Cr14/Sn/Cr2 system, but we could not find it. So, w
should conclude that the result obtained in3 for the
Fe3 /Cr3 /Sn/Cr3 system with small magnetic moments at t
Cr atoms is not confirmed by either our calculations or th
of other authors.4

IV. Cr MAGNETIC MOMENT AND ITS RELATION TO
THE HFF AT Sn

When discussing the magnetic characteristics of the m
tilayers under study, we will base ourselves on the FP LAP
calculations. This is due to the fact that theWIEN2K package
makes it possible to obtain the hyperfine magnetic fi
~HFF!. Moreover, we have shown that all the FP LAP
results are in a good accordance with the FP SKKR ones
exception is the low-spin solution in the Fe9 /Cr14/Sn/Cr2
system that we found by SKKR and did not find by the
LAPW method. We do not consider it at present believi

TABLE V. The magnetic moments (mB) at the Cr atoms and the
hyperfine field~T! at the Sn nuclei in Cr3 /Sn, the values in bracket
give the Cr-Sn interlayer distance~nm!.

Cr center Cr next to Sn HFFSn

FP LAPW ~Ref. 3!~0.173! 0.86 21.20 28.7
FP LAPW ~0.173! 0.72 21.07 24.9
FP LAPW ~0.157! 0.56 20.91 20.5

FIG. 1. The magnetic moment magnitude at Cr atoms in
Fe9 /Cr14/Sn/Cr2 system as a function of the layer number~counted
from the Fe layers, the 15th layer being Sn!.
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it to be more unfavorable in energy due to the spin-or
interaction.

With the distance to the Cr film, the Fe magnetic mome
changes typically for all systems with relatively small vari
tions of its magnitude, see, for example, Tables I, II, III, a
IV. The behavior of the magnetic moment at Cr seems to
more complicated than at Fe atoms. However, the situa
becomes clear if the effect of Fe and Sn on Cr is conside
separately. In the first case, the tails of Fe d-electron st
are hybridized with the Crd electrons of the correspondin
spin direction. As the states under the Fermi level at Fe
oms have a preferred spin direction, the effect of hybridi
tion on the electron states of Cr atoms with this spin dir
tion will be greater than on the states with the opposite s
direction. The hybridisation makes bands wider and fla
~Fig. 2!, and dependence of this effect on the spin direct
results in a decrease of the magnetic moments of Cr at
with the moment parallel to Fe. This decrease may be
served for all the second Cr atoms if counting from
~Tables I, II, III, IV, V, VII, and VIII !. This influence spreads
out to more distant Cr atoms, but fades rather quickly. E
dently, the influence of the Fed electron tails is limited to
2–3 atomic layers Fe nearest to Cr, which manifests itsel
a weak dependence of the Cr magnetic moments on the
film thickness~Fig. 3!.

The Sn atoms affect the magnetic moment formation i
different way. The break of thed electrons links at Sn result
in a growth of the magnetic moments; the change of
potential near the magnetic atom leads to additionalsp-d
hybridization and a decrease in magnetic moment.11 This

e

FIG. 2. The density of states of d-electrons with spin up at
Cr atoms in the center of Cr3 /Sn and at the second from the F
layers Cr in Fe9 /Cr8 /Sn/Cr8.

TABLE VI. The magnitude of hyperfine field~T! at Sn nuclei in
dependence of the magnitude of magnetic moments (mB) at neigh-
boring Cr and at Sn atoms~FP LAPW!.

MCr MSn HFFSn MCr

Fe3 /Cr3 /Sn/Cr3 0.56 0.009 11.3 0.56
Fe9 /Cr3 /Sn/Cr3 0.55 0.007 11.8 0.55
Fe9 /Cr8 /Sn/Cr8 0.69 0.006 15.4 0.69
Fe9 /Cr14/Sn/Cr2 0.80 0.004 18.5 0.68
Cr3 /Sn 0.91 0.007 20.5 0.91
7-4
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competition defines the final value of the magnetic mom
at Cr near the Sn layer. If there is only one Sn layer,
magnetic moment of the closest Cr is greater. In the cas
two Sn layers, the hybridization prevails and the magne
moment decreases~Table VII!. We should note that this ef
fect does not depend on the magnetic moment direction

The interference of the two edge effects from both the
and Sn layers results sometimes in a complicated but ge
ally understandable picture of the formation of the magne
moment at Cr atoms.

Due to the Fe influence, we have reasons to expe
decrease of the magnetic moment with the decrease of th
film thickness. This may be clearly seen in the FP LAP
calculations of Fe9 /Cr3 /Sn/Cr3 ~the magnetic moment of th
Cr next to Sn is 0.55mB , Table I! and Fe9 /Cr8 /Sn/Cr8 ~the
magnetic moment is 0.69mB , Table II!.

The Mössbauer experiments give the magnitude of
HFF that depends in a complicated way on the space di
bution of the magnetic moment. So, it is important to kno
to what extent we can base ourselves on the experime
data for interpretation of the magnetic moment behavior.
mentioned, theWIEN2K program package allows us to calc
late the HFF. The calculated values of the HFF at Sn nu
are much higher than the experimental ones. This is cha
teristic of all the existing calculational schemes.12,13 The
causes of this discrepancy are not clear as yet; however
obtained dependences of the HFF changes with chem
composition, crystal lattice and so forth, are in a rather go
agreement with experimental data, see, for example, Refs
and 14.

First of all, let us discuss the proportionality between t
total spin polarization at Sn atom and the HFF at Sn nuc
Table VI gives the data of calculations of different system
One can see that no correlation exists between the mag
moment and the HFF at Sn. At the same time we must c
clude that there is a correlation between the HFF at Sn nu
and the magnetic moment at the closest Cr that allows u
draw qualitative conclusions on the local magnetic mom
variations from the HFF at Sn. This, however, should
done with care, because under certain circumstances the
density oscillations from the second and third neighbors
the Sn atoms may prevail. Table VIII gives the results for
Fe4 /Cr2 /Sn/Cr system where the magnetic moments of
atoms closest to Sn are oppositely directed. The large v

TABLE VII. The magnetic moments (mB) at magnetic atoms
and the hyperfine field~T! at the Sn nuclei in Fe8 /Cr3 /Sn2 /Cr3.

Fe Fe Fe Fe Cr Cr Cr HFFSn

FP LAPW 2.32 2.35 2.44 1.9620.43 0.25 20.24 8.3

TABLE VIII. The magnetic moments (mB) at magnetic atoms
and the hyperfine field~T! at the Sn nuclei in Fe4 /Cr2 /Sn/Cr.

Fe Fe Cr Cr HFFSn Cr Fe Fe

FP LAPW 2.38 2.14 20.63 0.44 12.4 20.72 2.09 2.49
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of the HFF at Sn is due to the Fe atoms that are in the sec
coordination sphere.

Although the allowance for relaxation of the lattice p
rameter that was mentioned in Sec. II changes the magni
of Fe and Cr magnetic moment and HFF at Sn~15–20 %!, it
does not change the tendency of their behavior. We can
this from Tables IV and V, where data for two differen
Cr-Sn interlayer distances~0.157 and 0.173 nm! are given.

V. CONCLUSION

The first-principles calculations of Fe/Cr/Sn/Cr syste
by the FP LAPW and~FP, ASA! SKKR methods allow us to
make the following conclusions. The calculations by
SKKR and FP LAPW methods agree well for all the syste
investigated with the exception of a low-spin solution
Fe9 /Cr14/Sn/Cr2. Good agreement of the overwhelmin
majority of solutions ensures the reliability of the resu
obtained.

In the Fe9 /Cr14/Sn/Cr2 system, two solutions are foun
by the SKKR method with a difference in total energy le
than 1 mRy. The characteristic difference between these
lutions is the high and small values of the Cr magnetic m
ments. The high-spin solution coincide with that obtained
the FP LAPW method, the low-spin one agrees with th
obtained in Ref. 4 by the ASA TB LMTO method. We di
not succeed in corroborating the solution obtained in Re
for Fe3 /Cr3 /Sn/Cr3 with low Cr magnetic moments and
HFF at Sn by either the FP LAPW or SKKR method.

An analysis of the theoretical data obtained allows us
explain, from the viewpoint of band structure, the decre
of HFF at Sn nuclei and of the magnetic moment of t
closest Cr atoms with the Cr film thickness decrease. Th
variations are determined by the influence of the closest
Fe layers on the Cr magnetic moments. At the same time,
change of HFF by 1.8 times when changing the Cr fi
thickness from 1.2 nm~eight layers! to 0.43 nm~three lay-
ers!, found in calculations, does not agree with a sharp d
almost to zero of the HFF at Sn nuclei found experimenta

FIG. 3. The magnetic moment magnitude (mB) at atoms in
Fe9 /Cr3 /Sn/Cr3 and Fe3 /Cr3 /Sn/Cr3 ~the ninth layer is Sn!.
7-5



a
g
in
s
s
th
m
d

in

he
up-
nd

w

i,

pt

J

o

.

lid

.

in
d in

ARZHNIKOV, DOBYSHEVA, FEDOROV, AND UZDIN PHYSICAL REVIEW B68, 024407 ~2003!
when changing the Cr thickness from 4 to 0.5 nm.2 To ex-
plain the experiment, it seems necessary to invoke some
ditional mechanisms affecting the formation of the Cr ma
netic moment and the HFF at Sn nuclei. As pointed out
Ref. 2, one of the pretenders to this role is the roughnes
the Fe-Cr interface. As experiments15 show, this roughness i
rather large. Another attractive idea to be mentioned is
existence of a second, low-spin solution in all the syste
under study whose energy reduces with the Cr thickness

*Electronic address: arzhnikov@otf.pti.udm.ru
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