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Ab initio study of the angular dependence of giant magnetoresistance in FeÕCr superlattices
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Self-consistent electronic structure calculations for Fe/Cr superlattices with a spiral magnetic configuration
were performed by means of a modified linear muffin-tin orbital method. Based on these results calculations of
the conductivity as a function of the magnetic configuration and the angular dependence of giant magnetore-
sistance have been performed. Different magnetic configurations such as spiral structures and tilting modes are
compared at the level of total energy and GMR.
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I. INTRODUCTION

There is currently significant interest in artificially layere
magnetic structures. It was mainly caused by the discov
of interlayer exchange coupling~IXC!1 and giant magnetore
sistance~GMR! in Fe/Cr~001! superlattices.2,3 It was found
that the electrical resistivity of the system with antiferroma
netically ~A! coupled successive iron layers drops stron
when the magnetic moments of adjacent Fe layers
aligned ferromagnetically~F! by an external magnetic field
A large amount of theoretical interpretations of GMR co
sider diffusive spin-dependent electron scattering being
source of the effect. These calculations assume mostly a
electron dispersion for the multilayer.4–6 Based on these
models the experimental results have been analyzed to
tinguish between the influence of bulk or interfa
scattering.7,8 At the same time several authors9–11 showed
the important role of the detailed electronic structure of
superlattice as a function of the magnetic configuration
the explanation of the GMR effect. These calculations ta
the coherent scattering of the electrons in the superla
potential into account, in particular, the coherent scatter
of the electrons at the potential steps of the interfaces
tween magnetic and spacer layers but neglect spin-depen
impurity scattering. Within this approach was shown that
drop of the resistivity can also be caused by the change o
Fermi velocities11 as a function of the magnetic configur
tion. In real samples both effects are superimposed and
influence can not be separated.

Until now most of the theoretical investigations of GM
in superlattices were restricted to considerations of colline
A andF, magnetic configurations. The variation of the effe
with changing angle between the layer magnetizations
studied within model approaches12,13and only once by using
a fully relativistic spin-polarized screened KKR method fo
Co/Cu trilayer.14 Experiments have found for the most pa
simple cosa behavior for the changes of the current-in-pla
~CIP! GMR signal with the anglea between the layer
magnetizations;15 however, for the current perpendicular
the plane of the layers~CPP!, significant deviations have
been established.16,17

Another important motivation for the investigation o
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noncollinear magnetic configurations are recent polari
neutron spectrometry measurements in Fe/Cr superlattic18

The authors discuss the existence of noncollinear excha
coupling of the Fe layers caused by a spiral modulation
the Cr moments. Based on these results, we assume th
istence of noncollinear magnetic order in the Fe/Cr super
tice. The mechanism of formation and stabilization of helic
spin-density waves is discussed elsewhere.19 For a review
see also Pierceet al.20 and Zabel.21

Recently the traditional band structure calculati
methods22 and the local spin-density approximatio
~LSDA!23 were extended to the case of non-collinear ma
netic systems. A review of the method including current a
plications is given by Sandratskii.24 The approach was
proven to yield reliable results for various properties of ma
netic materials. In particular, a successful application
study magnon dynamics in ferromagnetic metals was p
sented using a modified linear muffin-tin orbital meth
~LMTO!.25 The same modified LMTO method was used
this paper to study the angular dependence of GMR in Fe
superlattices.

II. ELECTRONIC STRUCTURE OF SPIN SPIRALS AND
TRANSPORT IN NONCOLLINEAR MAGNETS

Starting from now, we shall assume that in the materi
under consideration the spin-orbit interaction can be
glected. Under this assumption the spatial and the spin v
ables are independent. For noncollinear magnets at ce
atomic positiont there is the local magnetization axis give
by the spherical anglesw t , u t with respect to the globa
coordinate system. In this case the spin functions will be
the form26

x̃1
t 5S cos~u t/2!exp~2 iw t/2!

sin~u t/2!exp~ iw t/2!
D ,

~1!

x̃2
t 5S 2sin~u t/2!exp~2 iw t/2!

cos~u t/2!exp~ iw t/2!
D .

Although the spatially varying spin direction in general lea
to the loss of the translational invariance of the crystal l
9586 ©2000 The American Physical Society
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PRB 62 9587AB INITIO STUDY OF THE ANGULAR DEPENDENCE . . .
tice, the particular case of the spiral spin structures, a
called simple spin density waves~SDW!,26 allows a straight-
forward generalization of the traditional band structure c
culation methods. The magnetic configuration of a SDW
determined by a constant vector of the spiralq. For two
equivalent atomic positionst and t8, separated by the lattic
translationR, mutual directions of the magnetization ax
obey the condition

w t85w t1qR, u t85u t ; R5r t82r t . ~2!

This condition allows the generalization of the Bloch the
rem to the crystals with spiral magnetic configuration
introducing instead of the usual lattice translationTR a new
operatorT̃R

q ~Ref. 27!

T̃R
q 5U~qR!TR , T̃R

q c̃k~r !5exp~ ikr !c̃k~r !, ~3!

whereU(w) is the operator of the spin rotation by anglew

around the axis of the spiral andc̃k(r ) are the Bloch func-
tions of the system.k is the Bloch vector. It was shown22 on
the basis of the generalized Bloch theorem that the mo
cation of the band structure calculation methods leads
secular equation which dimension for both commensu
and noncommensurate spin spirals is only two times lar
than for collinear magnets. In particular, the modification
the LMTO formalism25 requires the substitution of the sta
dard LMTO structure constantsStL,t8L8

k ~Ref. 28! by the new

ones S̃tL,t8L8
k,q which are expressed throughStL,t8L8

kÀqÕ2 and
StL,t8L8

k¿qÕ2 .
The collinearF and A magnetic configurations can b

regarded as particular cases of the spin spirals. The fe
magnetic order corresponds simply toq50. The electronic
structure of an antiferromagnet can be calculated as a c
mensurate magnetic spiral with a spiral vector of lengthq
5p/c directed along one of the basis translational vectorc.
Next, with u t590° one obtains a magnetic configuratio
where all atomic layers normal toc are intrinsically ferro-
magnetic. Under these conditions any fixed spiral vector w
a length 0<q<p/c corresponds to a certain constant val
of the angle 0<a<180° between the layer magnetization
So, carrying out the electronic structure calculations for a
of spiral vectors, we can study the dependence of the tr
port properties on the angle between the layer magne
tions a.

The transport properties are calculated by means of a
earized Boltzmann equation in relaxation time approxim
tion

2eS ] f k
o

]ek~a!
D vk~a!E5

gk~a!

t
. ~4!

The Boltzmann equation is an integral equation to determ
the deviation of the electron distribution functiongk(a) from
the Fermi-Dirac equilibrium distributionf k

o if an external
electric fieldE is applied.vk(a) is the velocity of the elec-
trons. The scattering of the electrons is described by me
of an isotropic relaxation timet. e is the charge of the elec
tron andk is a short-hand notation for wave vectork and
band indexn.

With the current density
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j ~a!52e(
k

vk~a!gk~a! ~5!

and Ohm’s law

j ~a!5ŝ~a!E ~6!

the conductivity tensor becomes

ŝ~a!52e2t(
k

d@ek~a!2e f #vk~a! ^ vk~a!. ~7!

Obviously, the conductivity tensor reflects the electronic a
magnetic structure of the multilayer via the dispersion l
ek(a), the Fermi velocitiesvk(a) and Fermi surfaceek(a)
5e f . It has to be mentioned that the influence of an exter
magnetic field via a Lorentz force which would cause norm
magnetoresistance is not included in the calculation@see Eq.
~4!#. The influence of an external magnetic field that chan
the relative orientation of the layer magnetizations a
causes GMR in magnetic multilayers, however, enters
calculation via the electronic structure. Consequently,
GMR ratio

GMR~a!5
s~0!2s~a!

s~a!
~8!

can be calculated as a function ofa. Under the assumption
that an increasing external magnetic field changes the r
tive orientation of the layer magnetizations continuou
GMR(a) describes the field dependence of the GMR rat

Because of the tetragonal symmetry of the conside
multilayers the conductivity tensor consists of two differe
components.sxx5syy is the in-plane conductivity and
causes CIP-GMR, whereasszz is the conductivity perpen-
dicular to the planes and causes CPP-GMR.

Since the relaxation time which describes the scatterin
the system was assumed to be constant from the very be
ning @Eq. ~4!# the GMR ratio is independent ont. This is a
quite rough approximation. As it was shown by Bind
et al.29 the relaxation timetk

s is in general strongly spins
and statek dependent in layered structures. This influenc
of course the absolute values of the conductivities and
GMR ratio. With the present calculations we would like
demonstrate that the experimentally obtained functional
pendence with respect to the relative angle between the
entations of the layer magnetizations is determined by
electronic structure of the layered system. Spin-depend
bulk or interface scattering would modify the absolute valu
but not the functional dependence.

III. DETAILS OF CALCULATION

We have studied a superlattice with six atomic layers
iron followed by six chromium monolayers along~001! di-
rection of the bcc lattice witha52.87 Å. The symmetry of
this system corresponds to the tetragonal groupD4h . The
thickness of the Cr layer (8.6 Å) was chosen close to
experimental value of the so-called first antiferromagne
maximum of the IXC.30 The magnetic moments of both iro
and chromium were supposed to be parallel to the multila
plane. The Fe individual layers were assumed to be intrin
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9588 PRB 62YAVORSKY, MERTIG, PERLOV, YARESKO, AND ANTONOV
cally ferromagnetic. The calculations were carried out
seven values of the spin-spiral vectorsq along ~001! direc-
tion, so that the anglea between the magnetizations of th
successive Fe individual layers increase from 0~F coupling!
up to 180°~A coupling! with steps of 30°. For the distribu
tion of the magnetic moments inside the Cr individual lay
we have chosen the model suggested in Ref. 18. Namely
Cr at the interfaces assumed to beA coupled with the Fe
layers, while inside the layer the angle of Cr-Cr coupling w
fixed to a constant valueb. Under this boundary condition
for each valuea occur in general five different values ofb,
with Db572°. As an example Fig. 1 shows the magne
configurations for the casea5120° and the two values ofb
(b1596°,b25168°). For both collinear configurations,a
50 anda5180°, exist only three nonequivalent values
b.

The self-consistent LMTO band structure calculatio
were carried out at a grid of 5760k points in the Brillouin
zone. All k-integrations have been performed by the tetra
dron method.31 For the calculations of the conductivity ten
sor 22528k points have been used.

IV. RESULTS AND DISCUSSION

The current-in-plane and the current-perpendicular
plane components ofŝ along with the densities of states
the Fermi level, the absolute values of magnetic mom
averaged over all Cr monolayers, and the total energies
compiled in Table I.

A. Magnetic moments and total energy

Comparing the total energy the ground state of the sys
corresponds to antiferromagnetic coupling between the

FIG. 1. Relative orientation of the magnetic moments in 6
6Cr superlattices for the angle of coupling between the Fe la
a5120° and for the angle between the Cr layer magnetization~a!
b1596° and ~b! b25168°. The black arrows correspond to th
moments of Fe and the grey arrows to the moments of Cr.
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layers and an intrinsically antiferromagnetic chromium lay
The total energy of this configuration was chosen to be ze
The values of the magnetic moments are in this case clos
the ones of the pure constituents. The change of the magn
order in the Cr layer from collinear to noncollinear leads to
considerable increase of the total energy by more than
mRy per unit cell. The energy difference between the l
favorable configurations, however, is very small which c
be understood in terms of the strongly reduced Cr mome
The Cr moments of the noncollinear configurations are m
than two times smaller. At the same time the density of sta
at the Fermi level increases.

These features are qualitatively reproduced for all ot
values of the anglea of Fe-Fe coupling. In each case th
magnetic configuration with the smallest total energy refle
the tendency for chromium moments to be coupled anti
romagnetically~under the above mentioned boundary con
tions!. In addition, the favorable angleb between chromium
magnetizations is distinguished by the smallest value of
density of states at the Fermi level and the largest value
the chromium moments. At the same time along with t
change of the coupling between the iron layers fromA to F
the absolute values of the Cr moments are substantially
minished. Due to this tendency the differences between
calculated data at fixeda and variousb decrease, and in the
ferromagnetic configuration the system is nearly frustra
with respect to the orientation of the chromium moments

In the following we concentrate on magnetic configur
tions with the smallest total energy at fixed angle of Fe-
coupling. Figure 2~a! shows the distribution of the absolut
values of the magnetic moments in 6Fe/6Cr superlatti
with collinear ferromagnetic, antiferromagnetic, and a no
collinear configuration (a560°). In the middle of the Fe
layer there are four atomic layers with the value of the m
netic moment close to the one of bulk iron. Among o
another these moments differ by less than 0.03mB . At the
interface occurs appreciable charge transfer from iron
chromium which is accompanied by a decrease of the
moment and at the same time an increase of the Cr mom
For antiferromagnetic coupling (a5180°) the Cr moments
are nearly constant and maximal in comparison to other c
figurations. Ata560° the Cr moments are reduced to ha
size and are suppressed fora50. Due to the even number o
atomic Cr layers and the ideally sharp interfaces the form
tion of an antiferromagnetic Cr state is impossible. Con
quently, Cr tends to be nonmagnetic. At the interface cer
appreciable values of magnetic Cr moments are preserve
the strong exchange interaction with iron, while at t
middle of the Cr layer the moments go down and at
center there is a minimum with an absolute value close
zero. The overall tendency of the decrease of the magn
moments along with the changing of the angle of coupl
from 180° to 0 can be seen from Fig. 2~b!. The values of
magnetic moments in the middle of the Fe layer are mo
determined by the strong Fe-Fe interaction and are alm
unchanged~they are not shown!. The interface Fe momen
decreases smoothly by 0.085mB while for the Cr atoms at the
interface and at the center of the layer these changes
0.35mB and 0.5mB , respectively.

The dependence of the total energy on the angle of Fe
coupling is shown in Fig. 3. The energy difference betwe
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TABLE I. Calculated data for 6Fe/6Cr~001! superlattices with a spiral magnetic order. Asterisks indic
energetically favorable configurations for each value of the angle of Fe-Fe coupling.

Fe-Fe angle Cr-Cr angle scpp scip N(Ef) ^mCr& DEtot

a @deg# b @deg# @a.u.# @a.u.# @states/~Ry atom!# @mB# @mRy/cell#

180 180* 0.01388 0.04346 13.23050 0.58 0.
108 0.01910 0.04033 14.58174 0.16 1.79
36 0.01793 0.04131 15.37726 0.23 1.63

150 318 0.01881 0.04058 14.27062 0.23 1.73
246 0.01941 0.04030 14.19064 0.16 1.90
174* 0.01535 0.04225 12.90766 0.56 0.25
102 0.01986 0.04014 13.92668 0.16 1.93
30 0.01877 0.04069 14.48649 0.23 1.77

120 312 0.02104 0.04176 12.45971 0.21 1.97
240 0.02179 0.04176 13.15168 0.15 2.22
168* 0.01813 0.04085 11.27665 0.50 0.78
96 0.02255 0.04220 12.72269 0.16 2.13
24 0.02109 0.04170 12.36733 0.21 2.03

90 306 0.02535 0.04575 12.28913 0.18 2.19
234 0.02570 0.04563 12.29866 0.13 2.42
162* 0.02159 0.04308 10.42604 0.42 1.51
90 0.02659 0.04619 11.82488 0.14 2.28
18 0.02548 0.04584 11.78713 0.19 2.32

60 300 0.02907 0.05130 11.61043 0.15 2.53
228 0.02933 0.05157 11.73950 0.12 2.76
156* 0.02651 0.04940 10.79813 0.32 2.21
84 0.03015 0.05191 11.25422 0.12 2.69
12 0.02967 0.05148 11.26654 0.17 2.48

30 294 0.03905 0.05920 11.81828 0.12 2.90
222 0.03996 0.05961 11.91544 0.11 2.96
150* 0.03515 0.05718 11.01165 0.22 2.87
78 0.04002 0.05962 11.92740 0.10 2.94
6 0.03940 0.05920 11.82056 0.15 2.88

0 144 0.05137 0.06489 11.56448 0.14 3.09
72 0.05272 0.06536 11.59660 0.09 3.04
0* 0.05234 0.06507 11.55000 0.14 3.00
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the F and A configuration isDEFA53 mRy per unit cell.
The orientation dependence of the total energyE(a) can be
fit by a Fourier expansion

E~a!5 (
m50

`

Jmcosma. ~9!

The energy difference as a function of the angle between
layer magnetizations is given by

DE~a!5E~a!2E~p!5J1~11cosa! ~10!

if we restrict our considerations to the first order term.J1
describes the bilinear coupling and is equal to 0.5DEFA
within this approximation. The functionDE(a) is also
shown in Fig. 3. One can see that this simple model rep
duces the angular dependence obtained by theab initio cal-
culation within a few percent ofDEFA . Most probably it
means that the interlayer exchange coupling in Fe/Cr su
he

-

r-

lattices is dominated by bilinear coupling. Similar calcul
tions have been performed by Freysset al.32 In difference to
our results but in agreement with Slonczewski’s proxim
magnetism model33 the authors obtain a parabolic depe
dence of the total energy with respect to the angles betw
the magnetization of successive Fe layers. This contradic
is related to the Cr spiral. In the calculations of Frey
et al.32 the angle between the Fe and Cr interface momen
large whereas the angle between adjacent Cr momen
small. Consequently, the proximity magnetism model is
plicable. In our calculations the angle between Cr mome
is large since the Fe interface moments are included in
spiral. As a result the proximity magnetism model can not
applied and the total energy changes due to Eq.~10!.

B. Transport properties

Concerning the conductivity components: The gene
trend is that the conductivities increase with increasing m
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9590 PRB 62YAVORSKY, MERTIG, PERLOV, YARESKO, AND ANTONOV
netic order between the Fe layers. This is found for CIP
well as for CPP conductivities. The CPP conductivities are
any case smaller than the CIP results but the relative cha
with the magnetic configuration is much stronger for CP
Furthermore, if the conductivities are analyzed as a func
of b, that is, the noncollinear order in the Cr layer we fi
the lowest conductivities always for nearly antiferromagne
order which is the energetically favorable configuration.
can be seen from Table I and as was shown already befo11

the absolute values of the conductivities are not directly p
portional to the density of states but rather reflect the in
ence of the anisotropic Fermi velocities in the layered s
tem.

The calculated angular dependence of CIP- and C
GMR is shown in Fig. 4. If we would use the same expa
sion as for the energy difference for GMR

FIG. 2. Absolute values of the moments in 6Fe/6Cr super
tices: ~a! Distribution of the moments in the unit cell for collinea
a50 anda5180°, configurations, and for the noncollinear co
figuration with a560°. Atomic layers 1 to 6 correspond to F
atomic layers 7 to 12 correspond to Cr, the interface is indicated
a grey bar.~b! Variation of the moments with the angle of couplin
between the Fe layersa for iron and chromium atomic layers at th
interface, and for the atomic layer at the center of the Cr layer
s
n
ge
.
n

c
s
e
-
-
-

P-
-

GMR~a!50.5 GMRFA~11cosa!. ~11!

the result should be a straight line as a function of cos2a/2.
The deviations are a hint that higher order terms have to
included in the fit. Ata5180° CIP-GMR is about 50%,
which is in reasonable agreement with the experimental
sults obtained in Fe/Cr~001! superlattices with a chromium
layer thickness of 9 Å.2 The remarkable feature is that th
maximum of the function occurs ataÞ180°. The possibility
of such a behavior was predicted in the model approac13

under the condition that the spin asymmetry of the scatte

t-

y

FIG. 3. Dependence of the total energy in 6Fe/6Cr superlatt
on the angle of coupling between Fe layers. Circles show the
culated values, the broken line is a guide for the eyes. The solid
is the function 0.5DEFA(11cosa) @see Eq.~10!#.

FIG. 4. Angular dependence of CIP- and CPP-GMR in a 6
6Cr superlattice as a function of cos2a/2. 0 corresponds toa5p
and 1 toa50.
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PRB 62 9591AB INITIO STUDY OF THE ANGULAR DEPENDENCE . . .
potentials at the two successive interfaces differs sign
cantly. It is interesting that the same result is obtained w
constant relaxation times by taking into account the reali
potential landscape of the superlattices. For the CPP com
nent the effect is much higher and ata5180° CPP-GMR is
about 280%. A comparable difference between CIP and C
was obtained experimentally by Gijset al.34 for Fe/Cr mul-
tilayers.

Finally we would like to discuss the question if the ca
culated spiral magnetic structures are applicable to desc
the angular dependence of GMR. Indeed, the in-plane
rected external magnetic field most likely leads to the
pearance of a magnetic ordering referred to as ‘‘tilting
Namely, in this configuration the angle of coupling betwe
two neighboring iron layers is constant, while in every oth
Fe layer the directions of magnetization are again para
This fact leads to the doubling of the unit cell with respect
the nonmagnetic case. In order to verify this point we ha
carried out energy structure calculations for 2Fe/4Cr~001!
superlattices with both spiral and tilting magnetic configu
tions. The differences between the tilting and the spiral str
ture ata590°, b5150° are illustrated in Fig. 5. The angu
lar dependence of CIP- and CPP-GMR is shown in Fig
For the CIP component there is a fairly good agreem

FIG. 5. Relative orientation of the magnetic moments in 2
4Cr superlattices with~a! tilting and ~b! spiral magnetic structure
(a590°,b5150°).
-
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e

-
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.
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within a few percent between the two configurations. F
CPP-GMR at cos2(a/2)50.25 and 0.067 (a5120° and
150°, respectively! the difference is more pronounced~about
15%). Nevertheless, both curves behave in a very sim
manner. That means, that the behavior of GMR is mai
determined by adjacent magnetic layers. Long-range m
netic order is less important. Consequently, the angular
pendence of GMR computed on the basis of an electro
structure calculation with spiral magnetic order is fully val
and preferable. Because first of all, the doubling of the u
cell for the tilting configuration in comparison to the spir
leads to a considerable increase of the computational e
required to achieve self-consistency. Furthermore, the Fe
surface integration for the conductivity calculation require
much denserk mesh to reach the same accuracy.

V. CONCLUSIONS

Self-consistentab initio calculations of the electronic
structure in 6Fe/6Cr superlattices with a spiral magnetic c
figuration have been performed for the first time. For t
magnetic structure was assumed that Fe layers are intr
cally ferromagnetic and couple under an anglea to the ad-
jacent Fe layer. The coupling at the Fe and Cr interface
fixed to be antiferromagnetic. The Cr moments form a sp
with constant angle. Comparing total energies, it was sho
that at fixed angle of coupling between Fe layers,a, chro-
mium moments tend to order antiferromagnetically. The c
culated GMR is in reasonable agreement with experime
results. The remarkable feature of the calculated angular
pendence is that we obtain differences in comparison to
assumed cosa behavior both in CIP and CPP configuratio
which seems to be specific in Fe/Cr since it was not so p
nounced in Co/Cu.14 Finally we have shown that an assum
spiral structure leads to the same results for the orienta
dependence of GMR as the more realistic tilting mode.

/

FIG. 6. Comparison of the angular dependence of CIP-
CPP-GMR in 2Fe/4Cr superlattices calculated for tilting and sp
magnetic structure.
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