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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 @ monolayersand 1.3 nm(9 monolayers of Fe, and 0.86 nni6
monolayergto 2.4 nm(17 monolayersof 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 predominantlg t 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
0.067ug/atom in Cr/Sn structure to 0.044 /atom in Fe/Cr/Sn/Cr structure. These predictions are in strong
correlation with M®sbauer observations at théSn 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.
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[. INTRODUCTION were induced on the Sn atoms, and in turn convoluted the
results for the Cr atoms. In this paper we will show that the
The magnetic properties of Fe/Cr multilayers are ex-position of the Sn atom at the substitutional site of bcc
tremely useful technologicaftyand raise interesting funda- Cr(100) is also important along with the strong hybridization
mental question$® Many experimental studies have beenbetween Sn and Cr to explain the experimental results men-
reported® on this system. However, there is no reliable tioned above.
method to study the magnetic moments of thin Cr layers in First-principle electronic structure calculations for the
Fe/Cr multilayers. Results of perturbed angular correltionCr/Sn multilayer have been done by tight-binding linear
and neutron diffraction experimefitare not conclusive for muffin-tin orbital (TB LMTO)*®% and full-potential linear
thin Fe/Cr multilayer§.Another technique, scanning electron augmented plane-wa%emethods. It was shown in these
microscopy with polarization analysis, has been used for thirspin-polarized calculations that the magnetism of the Cr lay-
Cr layers, but is unsuitable for epitaxial Fe/Cr multilayersers adjacent to the Sn layers was influenced by the interface
since Fe/Cr wedges are used in this experifidRecently,  states at the Sn/Cr interface. The reduction of the symmetry
epitaxial Fe/Cr/Sn/Cr multilayers were grown to investigateis also expected to alter the magnetism of the Cr layer adja-
the magnetic moment of thin Cr layers embedded within Fecent to the Sn layer compared to that of bulk Cr. Further, the
layers by introducing a monolayeiML) of '°Sn probe magnetic structure of the Cr/Sn layers is influenced by fer-
which could be studied by Mwsbauer experimefitThe romagnetic Fe when these are embedded within Fe layers.
Fe/Cr system has been studied theoreticdlly®A thorough ~ Momida and Ogucht obtained theoretically large hyperfine
recent review by Fishm&mnay be of interest to readers. The fields at Sn sites for Fe/Cr/Sn/Cr multilayers, which is con-
Cr/Sn, and Fe/Cr/Sn systems, however, remain relatively ursistent with the experimental resuftsdowever, these au-
explored. A good understanding of the novel Fe/Cr/Sn/Cithors reported that “despite such a large field at the Sn
system is, therefore, required. nuclear site, the total spin moment of Sn is completely zero.”
It was expected that the magnetic moments of Cr layersn their work Momida and Ogucfi discussed only about
would not be affected by the presence of nonmagnetic SAs-5p orbitals of Sn. It is usual practié&to include only the
atoms in the Mesbauer experimeft:® A large hyperfine 5s-5p orbitals as the basis set for Sn to explain band mag-
field of 13 T was, however, observed at the Sn nuclear sitesetism in ternary intermetallic systems of transition metals
in Cr(0.5 nm/Sn(1 ML) multilayers**®A strong enhance- and Sn. In this context, it is interesting to see the effect of the
ment of the hyperfine field up to 12.9 T was also obsef¥ed 5d orbitals of Sn in the Fe/Cr/Sn structure where Cr/Sn
in a presurface zone of the bulk, single-crystelOCr, im-  forms a bcc latticé? and antiferromagnetic Cr atoms which
planted with 1*°Sn. In both the cases the hyperfine fieldshave 3l electrons are the nearest neighbors of Sn atoms. In
were attributed to the neighboring Cr atoms, and were larg¢his paper we show that the inclusion of the &rbitals of Sn
compared to that of approximately 6 T for a single Sn impu-leads to magnetic moment on the Sn atoms. The nature of
rity in bulk Cr.}” In the Fe/Cr/Sn/Cr multilayers the hyperfine variation of this magnetic moment is similar to the observed
field decreased dramaticalli? to 2 T for thin(0.5 nm widé  magnetic hyperfine field of Sn in Cr/Sn and Fe/Cr/Sn
Cr layers. It was not clear whether any magnetic momentsystem$**®which is important in the light of a recent in-
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teresting observatidn of a strong correlatioinot necessar-
ily linear) between the experimental hyperfine field and the
calculated magnetic moment.

The variation of magnetic moment across the thickness of
a Cr layer is a complex phenomenon, and depends on the
overall width of the Cr layet? proximity to other speciés
as well as the position of the Cr layer at which the moment is
measured® In the scope of the present work it is also im-
portant to find out how the magnetic moment of Cr is influ-
enced by Sn in Cr/Sn and Fe/Cr/Sn/Cr multilayer structures.
Two major cases arise from symmetry considerations,
namely, the symmetric and the asymmetric positions of a Sn
ML in the multilayers, which are studied here.

In Sec. Il we discuss the computational details of the cal-
culations. In Secs. Il and IV results for the symmetric and
asymmetric multilayer structures. Conclusions of our study
are summarized in Sec V.

’{éw"
u’

II. COMPUTATIONAL DETAILS

The electronic structure of Fe/Cr/Sn multilayers was com-
puted using self-consistent spin-polarized supercell energy-
band calculations within the local spin-density approxima-
tion to density-functional theorf. We used the TB-LMTO FIG. 1. (a) Fey/Crs/Sn/Cy, (b) Fey/Crys/Sn/Cr, multilayer
method within the atomic sphere approximati@&sA)*’ and  structuresnot to scale
the combined corrections were also taken into account. This
technique was proved to be useful for studying the magnetic B )
properties of multilayer systen?&2 The actual multilayer for the total energy and:810 ° electronic charge/(a.. or
system was modeled by an¢-n+1) supercell withm layers  the charge and spin densities.
of Fe, n layers of Cr and =1 layer of Sn along th€100 The present study was confined to thin Cr layers only, and
direction. The structures E£Cr;/Sn/Ck, Fe/Cr,/Sn/Cy,  so the spin-density wave calculations were not in the scope
Fey/Crg/Sn/Cg, Fey/Cri4/Sn/Cp, and Fg/Cr5/Sn/Cr,  of the work. In order to perform the antiferromagnetic calcu-
were studied, where the subscripts give the number of MLéations we assumed that the Cr atoms of the consecutive
in the multilayer structure. Two typical superlattice structuredayers had alternate spin directions, while all the Fe atoms
are illustrated in Figs. (& and Xb). Sn was always taken as had the same spin directions. Although at the Fe/Cr interface
one ML. The position of the Sn layer varied for different setsboth ferromagnetic and antiferromagnetic coupling have
of calculations. In these calculations we considered both Cbeen assumed as initial conditions, after the self-consistent
and Sn to have the bcc structure and the constructed superalculations it was found that the Cr atoms were antiferro-
cell had tetragonal symmetry. magnetically coupled with nearest-neighbor Fe atoms. Ini-

All our calculations were semirelativistic within the fro- tially no exchange splitting was assumed for the Sn layer. In
zen core approximatioft. The inflated muffin-tin spheres view of the reported dependencies of the Cr magnetic mo-
overlapped the structure of the supercell, and no emptyent on the exchange correlation poterittafwe assumed
spheres were required for space filliftgThe atomic sphere the Vosko-Wilk-Nusair parametrization of the Ceperly-Alder
overlaps were well within the permissible lin{it6%) of the  exchange correlation potential, because it produced a mag-
ASA. An overlap of 13% between the Sn and the Cr atomshetic moment of 0.58g/atom for bulk Cr which is close to
was maintained in all our calculations. Thus, the overlap othe experimentally measured value (Qu§Zatom) for the
the atomic spheres did not introduce any spurious variatioexperimental lattice constant 2.88 A.
of the magnetic moment. The supercell calculations were Since bulk Fe and Cr are almost lattice matched, we chose
performed with a(8,8,2 k mesh. This corresponded to a the experimental value for the bulk Cr-lattice constant,
total of 30k points in the irreducible Brillouin zone. The 2.88 A as the in-plane lattice constant for the case of the
Brillouin zone integration irk space was done by means of Fe/Cr multilayers. The out-of-plane interplanar separation
the improved tetrahedron methdUAll the sp,d partial  for both Fe-Fe and Cr-Cr were chosen as 1.44 A which is
waves were included in the basis of Cr, Fe, and Sn while fohalf the experimental bulk Cr-lattice constant. When Sn was
Sn we took the 4-orbital downfolded. It was observed that introduced within the Cr layer, it replaced one Cr layer. In
downfolding of 4f did not change the occupation and struc-the Fe/Cr/Sn/Cr multilayer, the Cr-Sn separation was taken
ture of thel =3 partial density of state€0S), but down- as 1.57 A which is the experimentally measured distance be-
folding of 5d had a dominant effect on the self-consistenttween the Cr and Sn layet#\ self-consistent first-principle
results for the magnetic moments. Self-consistent calculacalculation showed that the lattice constant for bcc Sn was
tions were performed within the accuracy 0k10 2 mRy 3.7 A. Thus, the interlayer separation between the Cr-Sn lay-
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FIG. 3. LP DOS of Sn-8 orbital in(a) Cr;/Sn, (b) Cr,/Sn, and
(c) Crg/Sn. 17 and | indicate the up and down spin, respectively.
Energy is zero at the Fermi energy.

FIG. 2. DOS of(a) 8 Sn, andb) bcc Sn and]| indicate the up
and down spin, respectively. Dashed lines showi®agnified DOS
of the &d orbital. Energy is zero at the Fermi energy.

ers was in between the Cr-Cr separation in bcc Cr and th#on. It is observed that the magnetic moments on the Sn
Sn-Sn separation in bce Sn. atoms reflect the nature of magnetization of the interfacial Cr
layers as assumed in the discussion of the hyperfine field on
IIl. MULTILAYERS WITH SYMMETRICALLY the 1'%n site!® From the present calculations magnitude of
POSITIONED Sn LAYERS exchange splitting is nearly the same for 3 and 8 MLs of Cr.
It is coherent with experimental observatiGhSthat the hy-
In this section we present calculations with Sn at the mirperfine fields of Sn are nearly equal for(@.5 nm, and 7
ror symmetry position in the Fe/Cr/Sn/Cr multilayer struc- MLs (1 nm) of Cr in Cr/Sn structures. The magnetic moment
ture. In the Cr/Sn multilayer the Sn layer gets magnetic moon Sn atom embedding 4 MLs of Cr falls by 31% from that
ments due to induced magnetism from interfacial Cr layersfor 3 MLs of Cr. There is no such experiment to our knowl-
When sandwiching Fe layers are present, we consider thaidge for 4 MLs of Cr and the sharp reduction in the magnetic
these are ferromagnetically coupled across the Cr/Sn layeraoment has not been observed so far. The two embedding
and modulate magnetic structure of the latter. The spinSn layers in the GF/Sn structure have opposite spin polar-
polarized DOS along with that for thedSorbital of Sn in the  jzations (because the number of Cr layers between the Sn
ground-state tetragonal, and bcc structures are shown in Figwyers is evep which results in a reduction in the magnetic
2(a) and 2b), respectively. No exchange splitting is observedmoments of both the Sn layers. If there is an odd number of
in the DOS, indicating pure Sn is indeed nonmagnetic.  intermediate Cr layer¢e.g., in Cg/Sn), the two sandwich-
The spin-polarized layer projected density of staleB  ing Sn layers have the same spin polarization, and conse-
DOS) for the d orbital of the Sn Iayer for Cr/Sn multilayers quenﬂy have |arge|’ magnetic moments than in th@/Sn
are shown in Fig. 3. Panel®), (b), and (c) in the figure
correspond to increasing thickness of the Cr layer in thg S€- TABLE I. Magnetic moment on Sn and Cr interfacing with Sn
quence Cy, Cry to Crg. The LP-DOS structures of Sn in i, gitferent structuresin units of ug /atom).
multilayers differ from that of pure bulk Sn due to reduced
symmetry of the interface, and bonding with interfacial Cr stryctures GEre Sn Clight
atoms. A clear exchange splitting for the Sd-brbital is

observed in the multilayers, which is responsible for theBulk Cr 0.59
magnetic moment on the Sn atom. Although the splitting isCrs/Sn 1.006 0.067 1.006
relatively large, the small density of states at and below thé&/Cr;/Sn/Cp 0.608 0.044 0.608
Fermi energy leads to a small magnetic moment at a Sn sit€&r,/Sn 0.622 0.046 0.622
The magnitude of the exchange splitting depends on th&e,/Cr,/Sn/Cr, 0.640 0.048 0.640
number of Cr layers between the two Sn MLs in the Cr/SnCrg/Sn 0.986 0.069 0.986
structures. The magnetic moments of Sn and the interfaciate, /Cry/Sn/Cyg 0.562 0.046 0.562
Cr layers in different structures are given in Table | alongre,/Cr,,/Sn/Cp 0.167 0.032 0.598
with the magnetic moment for bulk bce Cr calculated for thegg, /cr,5/Sn/Cy, ~0.143 0.016 0.582

same lattice constant used for Cr in the multilayer calcula
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FIG. 4. LP DOS of Sn-8 orbital in (a) Fey/Cr;/Sn/Cg, (b)
Fey/Cr,/Sn/Cy, and(c) Fe /Crg/Sn/Cg. 1T and] indicate the up
and down spin, respectively. Energy is zero at the Fermi energy.

structure. The effect of this odd or even number of Cr layers
in between two sandwiching Sn layers becomes importan
when the number of Cr layers are small and the two embed
ding Sn atoms share the same Cr atoms as their second-¢
third-nearest neighbors.

LP DOS for Sn layer for Fe/Cr/Sn/Cr multilayers are
shown in Figs. 4. Panel®), (b), and(c) in the figures cor- N _ N
respond to increasing thickness of the Cr layer in the se- F!CG-5.(a) Charge densitieaipper pans| and(b) spin densities
quence Cy, Cr, to Crz. Comparing Figs. 3 and 4 for the (onver panae] in Crg/Sn multilayers 0{“(110) plane, pIotteq in the
same thicknesses of Cr, it is seen that the spin-polarized Lt of 10" electrons/(a.u?) The maximum charge density of 100
DOS of Sn is influenced by Fe. From Table I it is found that °ceurs at the Cr siteénnermost contouys The minimum charge

. .density of 25 occurs in between the Sn sitesiermost contou
the magnetic moments of the Sn atoms are 34% smaller in y . . __Ds
nd increases to the maximum in a step of 2. The positive and

the Fe_/Cr/Sn structures_than in the Cr/Sn layers Wh_en the egative spin densities are shown by solid and dashed lines, respec-
layer is 3 and 8 MLs thick. The reduction of hyperfine field tively. The solid contour at the boundary of the positive and nega-
from 13 T (for Cr/Sn _Strucwrbto 2T (for Fe/Cr/Sn St_ruc' tive values is the zero line. Each of the positive and the negative
ture) was reported in those structures by experimentaj,ayima of spin density occurs at the Cr sitesermost contouis
observationg. Therefore, there is a correlation between thegng is+10, and— 10, respectively. The steps in the plot are 1.
calculated magnetic moment and experimental hyperfine

field. However, in the light of a recent calculatidnthe  dent on the choice of exchange correlation potential. The

amount of reduction of the magnetic moment may be deperspin polarization of the Sn atom, when it is symmetrical with
the positions of the Fe layers, has the same direction as the

spin polarization of the Cr atoms that are sandwiching the Sn
layer, which is consistent with the observation of Mibu
et al®

TABLE Il. The Contribution of different Orbitals on Magnetic
Moment on Sn in different structurés units of ug/atom).

Contributions of various orbitals to the magnetic moment

Structures 5 5p 5d 4f Total

of Sn are shown in Table IlI. It is observed that the magnetic
Cr3/Sn —0.009 -0.006 0.052 0.030 0.067 moment on Sn is dominated by contributions from it$ 5
Fe/Cry/Sn/Cg  —0.005 —0.001 0.030 0.020 0.044 pand. Contributions from the andp bands are one order of
Cry/Sn —0.006 —0.004 0.038 0.016 0.046 magnitude smaller, and are opposite in direction compared to
Fey/Cr,/Sn/Cy, —0.007 —0.002 0.035 0.021 0.048 that from thed band. These aspects are explained below in
Crg/Sn —0.010 -0.006 0.057 0.028 0.069 terms of charge-density distributions in the structures.
Fe,/Crg/Sn/Cg —0.005 —-0.000 0.032 0.019 0.046 The self-consistent valence charge and spin densities for
Fe /Cr,/Sn/Cp,  —0.004 —0.000 0.024 0.013 0.032 Crg/Sninthe(110 plane are plotted near the Cr/Sn interface
Fe/Cris/Sn/Cp,  —0.003 —0.002 0.014 0.005 0016 in Figs. Ha), and §b), respectively while those for

Fey/Crg/Sn/Cyg structures are shown in Fig(&, and &b),
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FIG. 7. LP-DOS of interfacial Cr-8 orbital in (a) Cr;/Sn, (b)
Cr,/Sn, and(c) Crg/Sn. TheT and| are for the up and down spin,
respectively. Energy is zero at the Fermi energy.

former, the Sn atom has eight nearest-neighld®N) up-
spin-polarized Cr atoms and six second-nearest-neighbor
(2NN) down-spin-polarized Cr atoms. However, since the
2NN atoms are only 14% farther than the 1NN atoms in a
bcc lattice, the influence of the 2NN atoms are only slightly
lesser than that of the 1NN atoms. Thus, the Sn atoms in bulk
ol g Cr is effectively induced by only about two up-spin polarized

! . } " i Cr atoms. On the other hand in the Cr/Sn multilayer a Sn

— il - ‘ atom has eight up-spin-polarized 1NN Cr atoms, two down-
FIG. 6. (@) Charge(upper panegl and (b) spin (lower panel spin-polarized Cr atoms, which are 17% farther from its
densities in Fg/Crg/Sn/Cg multilayers on(110 plane, plotted in 1NN Cr atoms, and four Sn atorishich replace four down-
102 electrons/(a.u.)®. All other attributes are the same as those

of Fig. 5. .
20.0 ]

respectively. From these plots it is found that the charge is

localized at the interfacé) layer between Cr and Sn, and at 0.0

the next-to-the-interfacéNI) layer in Cr. Although strong

metallic bonds exist between Sn and its first-nearest- 20.0 :

neighbor(1NN) Cr atoms, Sn atoms share some charge with U A

the Cr atoms present as next-nearest neighbors to the inter- § 20.0 | (o) E

face. However, there is a weak directional bonding between t

two Sn atoms in the same layer. Charge density is smeared § ©° Bt

out from Cr atoms at the interface when the Cr/Sn structure < |

is embedded within Fe layers. Comparing the spin densities S:; 200t L

of the two structures it is found that up-spin electrons move @ ,  t' ) ¢« 1

away from the Sn atoms towards interfacial Cr atoms in Fe/ 4§

Cr/Sn/Cr, thereby reducing the magnetic moment on the Sn = o sttt sl iz

layer. Two opposite kinds of spin density coexist in the Sn

layer. One arises due tal53d hybridization between the Sn 20.0 b l 3

and thel Cr layers. The origin of the other iss-3d hy- Lottt bl
bridization between the Sn and the NI layers. -05-04-03-02 '?5'1 0.0 R°'1 02 03 04 05

The participation of the & orbitals of Sn occurs mainly nergy (Ry)
due to the bcc structure of Ghaving electrons in its @ FIG. 8. LP DOS of interfacial Cr8 orbital in (a)
orbitals and Sn in these multilayers. This may be understood-e, /Cr;/Sn/Cg, (b) Fey/Cr,/Sn/Cy, and (c) Fey/Crg/Sn/Ch.
clearly when we compare the cases of a single substitutiondlhe 1 and | are for the up and down spin, respectively. Energy is
Sn impurity in bulk Cr, and the Cr/Sn multilayer. In the zero at the Fermi energy.
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spin-polarized 2NN Cr atomsHence, a Sn atom in a Cr/Sn the induced magnetic moment on Sn is 34% less than that in
multilayer is effectively influenced by about six up-spin- the Cr/Sn structure. The quenching of the negative spin
polarized Cr atoms. So even by a very rough estimate, thdensity occurs also in the NI Cr layers in Fe/Cr/Sn/Cr struc-
magnetic moment induced on a Sn atom in a Cr/Srtures, but since there are only 2NI Cr atoms to influence the
multilayer is about three times higher than its value in bulkinduced magnetic moment of Sn, the overall induced mag-
Cr. This is in excellent correlation with the experimentally netic moment on Sn decreases in this structure. The elec-
observed values of hyperfine field: 6 T for Sn in bulk'€r, tronic origin of this kind of spin density will be understood
and 13 T for Sn in Cr/Sn multilayeré:'® from a discussion of the LP DOS of the Cr layers.

From Fig. 5 it is found that an intrusion of positive spin  The LP DOS for & band of the Cr layers in Cr/Sn and
density into the Sn layer occurs in Cr/Sn multilayer systemFe/Cr/Sn/Cr multilayers are shown in Figs. 7 and 8, respec-
which indicates an increase in the magnetic moment of the tively. Panelsa), (b), and(c) in both the figures correspond
Cr layers. This effect enhances also the induced magnetito increasing thickness of the Cr layer in the sequengg Cr
moment on Sn layer. From Fig. 6 it is found that the presenc€r, to Cr;. The LP DOS of the Cr-8 band at the interface is
of Fe reduces the intrusion of positive spin densityl @r  different from that of bulk Cr due to hybridization of the
layer into the Sn layer. So in case of Fe/Cr/Sn/Cr multilayer<Cr-3d band with Sn-Spdbands. In all the structures, inter-
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S o6k ) FIG. 10. Magnetic moments of Cr layers in
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1S ®) \ and (b). The up and down arrows represent up
g 02 E : and down spins, respectively. The lengths of the
L SI” l A & T l arrows represent magnitudes of the magnetic mo-
i | ' ments. The dashed line shows the calculated
§ 06f-———tF-————— 72— Sl Tl iy il il il ekt magnetic moment of bulk Cr.
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face states are seen within 0.1 Ry below the Fermi energyn Cr/Sn multilayer&’ (without Fe but an increase in mag-
The enhancement of the magnetic moment of the interfaciatetic moment has been foufidat | Cr layer. The other em-
Cr is due to these interface staf@$'Bonding states are also bedded layers in between the Sn atoms have a constant mag-
prominent below 0.2 Ry of the Fermi energy, which occurnetic moment. The presence of Fe in Fe/Cr/Sn/Cr multilayers
due to bonding between Cr and Sn, and the peaks gehodulates the magnetic moment throughout the structure.
smeared out in the presence of Fe. The Cr atoms at the Fe/Cr interface experience a strong ex-
Magnetic moment of each of the layers in the Fe/Cr/Sn/Cghange interaction in comparison with the Cr atoms at the
structures is plotted in Fig. 9. It is seen from pan@sand  Cr/Sn interfaces. This difference in the exchange interaction
(b) that the magnetic moment of the Cr layer interfacing withis responsible for the smooth decrease in magnetic moment
Fe is 0.7t which is, as usual, high&than that in bulk Cr  of Cr from Fe interface to the Sn interface. We note that the
(0.59ug). Then it decreases while away from the Fe layercalculated magnetic moment of Cr decreases at the interface
towards Sn layer up to NI Cr. At the interface with Sn, mag-of Cr/Mo in a thick multilayef* A similar behavior was
netic moment of Cr increases from that of the NI Cr layer.experimentally observed at the interface of thiki4 nm)
For Fe/Crg/Sn/Cy structure, as seen in pare), the mag-  Cr/V samples® Our self-consistent calculations for Fe/Cr/
netic moment of Cr in the first 4 ML from the interface Mo/Cr multilayers with the same configuration as
(including the layer interfacing with Fes almost constant. Fe,/Cry/Sn/Cg confirmed also the decreasing behavior of
Then it decreases up to NI Cr and increases again@t  the Cr magnetic moment from the Fe interface to the Mo
(with Sn) similarly as for other two structures as discussed ininterface. However, the nature of such a reduction is different
connection with Figs. @ and 9b). The increase in mag- from that in Fg/Crg/Sn/Cg multilayer. In the latter case,
netic moment on the Cr layer is not equivalent to that in the there is an abrupt increase of the magnetic moment in the Cr
presence of a free surface because in such a case an increasgyer. Such an increase is absent in Fe/Cr/Mo/Cr multilayer

in the magnetic moment would have occurred at the subsugalculation. This increase is attributed to the presence of the
face layer also. The interface states due to the difference imterface states, as explained in Sec. IIl.

the atomic environment between Cr and Sn lead to the in-
crease in the magnetic moment as calculated e&?IiéThe
magnitude of increase in magnetic moment also depends o
the number of Cr layers in between Sn and Fe.

IV. MULTILAYERS WITH ASYMMETRICALLY
POSITIONED Sn LAYERS

We made self-consistent spin-polarized calculations for i
the Fe/Cr/Sn/Cr multilayers with the Sn layer positioned be-
tween unequally thick Cr layers, namely, for
Fe;/Cri5/Sn/Cr, and Fg/Cr4/Sn/Cp structures. Corre-
sponding magnetic moments are shown in Fig. 10 in panels
(@ and (b), respectively. Results for the §#Cry; structure
are shown in panelc) for comparison. Since the last struc-
ture can be obtained from the second one with the Sn ML
replaced by a Cr ML, a comparison of magnetic moments in
these two structures gives useful information about the effect
of Sn in Fe/Cr multilayers. The EéCr,5/Sn/Cy, structure
has even number of antiferromagnetic layers in between twi
ferromagnetically coupled Fe layers. So this structure is en-
ergetically higher than the state where the magnetic moment
of the Fe layers are antiferromagnetically coupled across thg
Cr/Sn structuré? It is found that in Fg/Cry,/Sn/Cp struc-
ture the magnetic moments on Cr sites decrease monoton
cally away from the Fe layers up to the NI Cr layer, but
increases at thé Cr layer. The variation of the magnetic
moment on the other side of the Cr/Sn interface has not bee
found since there are only two Cr MLs between Fe and Sn,
The decrease in magnetic moment away of Cr atom from thed-=3;
Fe/Cr interface is also found in fCr;s/Sn/Ch structure, g
but no increase at the Cr/Sn interface. No such decrease i
magnetic moment is found in the Fej&structure, and is
consistent with reported experimental and theoretical FIG. 11. Spin densities for FéCr;5/Sn/Cy, (upper pané| and
results**3 Thus the Sn ML has a significant influence on theFe,/Cr,,/Sn/Cp, (lower panel multilayers on(110) plane. The
magnetic moments of the Cr layers embedded in Fe. Th®wer part of the figures are for the Cr layers nearer to the Fe layers.
decrease in magnetic moment of Cr atoms has not been se®ther attributes are the same as in Fig. 6.
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4.0 S S A A AR not much difference between the down-spin states of the two,
30 ¢ ] dissimilarities are observed in the up-spin states indicating
20 ¢ T E that the exchange splitting of Sn depends on the exchange
1.0 b ¥ splitting of its nearest-neighbor Cr atoms. The LP DOS for
0.0 A LS RSN o S s AL sl LRS! the d-band of both the Cr layers interfacing with Sn on the
1.0 F WM two sides are given in Fig. 13. Along with the interface
20 ¢ l 3 states, sharp bonding and antibonding states are seen near the
g 3.0 ¢ E Fermi energy. The interfacial layers which are only 2 MLs
g 4.0 (b)= A A A away from the Fe layer have bonding states 0.15 Ry below
T30 E the Fermi energy as seen in pan@sand(d). The bonding
zeop f : states appear in the energy band 0.2—0.1 Ry below the Fermi
o 1OF ] energy both on the up-spin- and down-spin-polarized LP-
8| 0.0 Ly N LAUARLANP. N g s S s AR DOS states and have seen also in the interface layers across
& 10¢ € the Cr/Sn interface shown in pané#, (b), (c), and(d). The
20 ¢ l ] bonding states become weak on the interfacial layers which
3.0 ¢ g are only 2 MLs away from the Fe layer as seen in pati®ls
40 T 03 S0 01 00 0 0 03 07 os and (d). The appearance of a sharp peak above the Fermi

level of thel layer of Cr atoms in the R&Cr,5/Sn/Cp, struc-
ture as seen in Fig. 18 indicates antibonding with the Sn
FIG. 12. LP DOS of Sn-8 orbital in (a) Fe;/Crys/Sn/Cp, and  atoms. The interface states are still present in the up-spin-
(b) Fey/Cry,/SniCp. The T and | are for the up and down spin, polarized LP DOS. The lack of bonding states in the down-
respectively. Energy is zero at the Fermi energy. spin-polarized LP DOS and the presence of occupied inter-
face states in the up-spin-polarized LP DOS are the reasons
There is hardly any difference in the charge distributionsfor the occurrence of negative magnetic moment in |tk
of the symmetric and asymmetric structures. The close proxayer.
imity of the Fe layers on one side of the structures does not The magnetic coupling and the layer-wise variation of
affect the charge distribution. Spin-density plots of thesemagnetic moments strongly depend on the quality of the
structures are shown in Fig. 11. Asymmetrical distributionsinterface?3® and must be taken into consideration to interpret
of the spin density are clearly visible. It is also found that theexperimental observations quantitatively. Although our cal-
spin density of Cr at the nearest-neighbor site of Sn dependaulations were done assuming ideal sharp Fe/Cr interfaces
strongly on their distance from the Fe layer. There is a ferwhich are rare in practice due to interface roughness and
romagnetic coupling between the Sn and the neareskttomic interface intermixing between Fe and Cr, the reduc-
neighbor Cr layers. The antiferromagnetic coupling betweenion of the magnetic moment of Sn from Cr/Sn structure to
the Sn and the NI Cr layer is weak, which is expected for the=e/Cr/Sn structures shows a strong correlation with the re-
d-d coupling. duction of experimentally observed magnetic hyperfine field.
The electronic origin of the spin-density distributions areThis finding gives valuable insight about the role of Sn in
shown in Fig. 12 where values of LP DOS for thé Band of ~ probing magnetic moments of Cr atom in Fe/Cr multilayer
Sn are given for the asymmetric structures. Although there isystems.

Energy (Ry)

30-0 F T T T T T T T T T 30-0 F T T T T T T T T
: : ()
200 £ 4 @ 1200 T ]
100 | 1 10.0 E
0.0 Frwtetiiertessstispsssstross 0.0 Bredktliretirsstsssprssstio o]
100 E {100k ] FIG. 13. LP DOS of Cr-8 orbital in the
l l Fe;/Cry5/Sn/Cy, structure at the Cr/Sn interface
T 200 F §200F 3 (& 15 ML away from Fe, andb) 2 ML away
8 30,0 frrtsmsbstsrsbspessprsssstend 30.0 Ersbsstsrshstersbsrstssstos from Fe. LP DOS of Cr3d in the
8 (b) (d) Fey/Cry4/Sn/Cy, structure at the Cr/Sn interface
g 20.0 £ T 3200 ¢ T E (c) 14 ML away from Fe, andd) 2 ML away
£ 100 3 1100 3 3 from Fe. Thel and | are for the up and down
1% spin, respectively. Energy is zero at the Fermi
g 0.0 & Prerrts 0.0 & Frerrtes e T energy.
S 100k j100¢ :
200 f } jo00E ) :
30-0 E 1 1 1 1 1 1 1 1 E 1 1 1 1 1 1 1 1

E L E, (
~0.5-0.4-0.3-0.2-0.1 0.0 0.1 0.2 0.3 0.4 0.530'0-0.5-0.4-0.3-0.2-0.1 0.0 0.1 0.2 0.3 04 05
Energy (Ry) Energy (Ry)
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V. CONCLUSIONS when its position is asymmetrical within Fe/Cr interfaces.
The magnetic moment on Sn, therefore, depends on the num-

In this paper we have calculated the electronic structur%er of Cr MLs between Fe and Sn. We find that the magnetic
and magnetic properties of thin Fe/Cr/Sn/Cr multilayers us- :

. . - “moment on Cr decreases away from the Fe layer, but in-
ing the TB-LMTO method. We draw three major COhCIUSIonscreases abruptly at the Sn interface. The decrease is due to
from the study. . : ! .

. . . . the differences in the exchange interactions between Fe/Cr
Firstly, it is shown that the magnetic properties of Sn de-

end on the interfacial Cr lavers. A maanetic moment is ir]_and Sn/Cr while the increase is attributed to the presence of
p yers. g interface states.

duced on the Sn layer from interfacial Cr layers, which is We believe that the present study will be useful to gain

attributed to bonding between thel ®rbitals of the Snand ,_ _. " " : : :
. o insight into the magnetic properties of thin Fe/Cr/Sn/Cr sys-
the 3 orbitals of the Cr atoms. The participation of thd 5 rtems where the Sn ML is used as the probe.

orbitals of Sn occurs mainly due to the bcc structure of C
and Sn in these multilayers where a Sn atom has eight
nearest-neighbor, and two second-nearest-neigtibaty
17% farther from the nearest neighboiGr atoms while The work presented in this paper was started when one of
there are only 4 second-nearest-neighbor Sn atoms. Sethe author¢S.M.) was at the Inter University Consortium for
ondly, a correlation has been found between the calculateDAE facilities, Indore, India. She likes to thank Professor A.
magnetic moment on the symmetrically positioned Sn ML inGupta, Dr. G. P. Das, and Dr. K. Mallik for useful discus-
Fe/Cr/Sn/Cr structure with the hyperfine field observed in thesions. She also thanks Professor D. G. Pettifor for reading
1951 Mossbauer experiment. This implies that it is possiblethe initial manuscript and being a kind host. Most of the
to use a probe Sn ML in this experiment to measure thealculations were done using the computer facilities of the
magnetic moments in thin Cr layers. Finally, the magnetisnmMaterials Modelling Laboratory, University of Oxford, par-

of a Cr ML depends on its distance from the Fe layer. Thigticularly on the HP workstation which was jointly funded by
produces different kinds of spin polarization on the Sn layeithe Hewlett-Packard and the HEFCE under the JERI scheme.
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