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Influence on tunnel magnetoresistance of spin configurations localized within insulators
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We theoretically study effects on tunnel magnetoresistance~TMR! of spin configurations localized within
insulating barriers. Two cases are treated herein: interaction between a tunneling electron and an isolated
classical spin being canted at an angle to the magnetization axis of the ferromagnetic leads, and interaction
between a tunneling electron and many quantum spins within the insulating barrier. The characteristic features
of TMR observed ind-doped ferromagnetic tunnel junctions and in grain boundaries of metallic manganites
are discussed in view of the results obtained.
DOI: 10.1103/PhysRevB.65.104433 PACS number~s!: 75.70.Pa, 73.40.Gk
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I. INTRODUCTION

The tunnel magnetoresistance~TMR! of ferromagnetic
tunnel junctions~FTJ’s! has attracted much interest for i
potential use in technological applications.1,2 It is well
known that TMR depends crucially on the quality of insula
ing barriers; magnetic impurities and/or magnetically act
defects in the barrier strongly influence TMR. Recent dev
opment of fabrication techniques for samples has mad
possible to control the quality of the insulating barrier. Ja
sen and Moodera3,4 have measured TMR for FTJ’s wher
thin Fe, Co, or Ni layers are inserted within the barrierd
doping!. They have observed an enhancement of the T
ratio for Fe doping, but decreases for Co and Ni dopi
Another example of TMR being influenced by the quality
barriers may be grain boundary~GB! tunneling in mangan-
ites. GB tunneling was originally observed for polycrysta
line samples of metallic manganites at low temperatures
which TMR ratios of several 10% have been reported.5,6 Re-
cent experiments have demonstrated that tunneling throu
well-controlled, artificially fabricated GB brings about qui
high TMR ratios.7 Detailed study of the voltage and temper
ture dependence of GB-TMR has revealed that sp
dependent inelastic tunneling8 or inelastic tunneling due to
imperfection of the GB~Ref. 9! plays an important role. The
magnetic-field dependence of TMR, on the other hand, s
gests a second-order tunneling through GB.10

The interpretations of the characteristic behaviors of G
TMR in manganites described above are quite reasonabl
a GB should include both structural and magnetic imperf
tions. In the GB of manganites, the atomic disorder preve
electrons from hopping, making the double exchan
interaction11,12 ineffective and resulting in an insulating cha
acter of the GB. Because the localized spins of mangan
ions should still exist in the GB, the tunneling electrons m
interact with the localized spins. A similar phenomenon m
occur ind-doped FTJ’s, while TMR ofd-doped FTJ’s is at
first sight different from the GB-TMR in manganites, as F
Co, and Ni atoms introduced into oxide barriers can be o
dized to form localized spins.

The interaction between the tunneling electrons and lo
ized spins gives rise to spin-flip tunneling, which is known
0163-1829/2002/65~10!/104433~6!/$20.00 65 1044
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reduce the magnitude of TMR. Spin-flip tunneling has so
been studied for systems in which the localized spins
located at or near the interfaces,13–17 or paramagnetic
impurities.18 However, because the tunneling electron sho
interact with many localized spins in the GB, the extent
which the spin-flip tunneling influences the GB-TMR ma
still be nontrivial. As for the enhancement of TMR i
d-doped FTJ’s, Jansen and Lodder19 have extended the
theory of resonant tunneling20,21 to show that a spin-
dependent distribution of resonant levels can afford the
served results. However, the role of a possible canting
magnetic moments of Fe, Co, or Ni within the barrier has
yet examined.

The purpose of the present work is to investigate the
fluence on TMR of various spin configurations of both cla
sical and quantum spins within the insulators. We deal he
with the following two cases. The first involves an intera
tion of a tunneling electron with an isolated classical sp
being canted at an angle in relation to the magnetization
of the ferromagnetic leads. In view of the results obtained
possible mechanism of enhanced TMR in Fe-doped FT
will be discussed. The other involves the interaction betwe
a tunneling electron and quantum spins of finite number
the insulating barrier, which may be considered a mode
GB tunneling in manganites. We will study the effects of t
spin configurations and spin-flip tunneling on TMR in th
case. The linear-response theory is adopted to calculate
tunnel conductance at a zero-bias limit in a one-dimensio
model. The outline of the paper is as follows: The model a
basic formula for tunnel conductance are given in Sec.
TMR’s for junctions with classical spins and quantum sp
are treated in Secs. III and IV, respectively, and Sec. V
devoted to a summary of this paper.

II. MODEL

We adopt herein a one-dimensional tight-binding mo
for FTJ’s consisting of two ferromagnetic metal leads se
rated by an insulating barrier. Localized spins exist with
the barrier and interact with the tunneling electrons. A sc
matic figure of the system is presented in Fig. 1.

The Hamiltonian is given by
©2002 The American Physical Society33-1
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H5Ht1Hv1HK1HJ . ~1!

Ht represents electron hopping between nearest-neig
sites and is given as

Ht5(
i j s

t i j cis
† cj s , ~2!

wheres5↑ or ↓. The second term,

Hv5(
is

v iscis
† cis , ~3!

gives site- and spin-dependent energy levelsv is , which also
represent the exchange splitting of the ferromagnetic le
HK and HJ indicate the exchange interaction between tu
neling electrons and localized spins, and between local
spins within the insulating barrier, respectively. They can
written as

HK52K(
n

Sn•sn ~4!

and

HJ5J (
^mn&

Sm•Sn2mB(
n

Sn
zhex. ~5!

Here, S and s are the localized spin and the spin of th
tunneling electron, respectively,K and J indicate the cou-
pling between localized spins and the tunneling electron
between localized spins, respectively, andhex is the external
magnetic field acting on the localized spins. Theg factor is
taken to be 2.0. The external magnetic field is introduc
only to control the spin configurations of the localized spi
The Zeeman effect on the itinerant electrons is neglected.
also assume that the antiparallel~AP! alignment of the mag-
netization of the ferromagnetic leads can be altered to a
allel ~P! alignment by an infinitesimally small magnetic fiel

The tunnel conductance at the zero-bias limit can be
culated using the Kubo formula or, equivalently, a formu
given by Caroliet al.,22,23

G5
e2

h
2p2t2t82Tr~DLGI

2DRGI
11DLGI

1DRGI
2!, ~6!

whereDL(R)s is the density of states at the edge site of
L(R) lead, andGIs

1(2) is a retarded~advanced! Green’s func-
tion for the barrier region I. The trace includes the summ
tion overs, and t and t8 are the hopping integrals betwee
theL lead and regionI, and between theR lead and regionI,
respectively.

III. TMR FOR JUNCTIONS WITH CLASSICAL SPINS

In this section, we formulate an expression of the TM

FIG. 1. Schematic figure of a one-dimensional tunnel junct
treated in the present work. Arrows indicate localized spins in
barrier region I. L and R indicate the left- and right-hand side lea
respectively.
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ratio for FTJ’s with a single classical spin within the barrie
which is canted at an angleu in relation to the magnetization
axis of the ferromagnetic leads. The conductance of a
FTJ may be obtained by taking an average over the distr
tion of u by assuming that the real FTJ is a parallel juncti
formed by the present one-dimensional model.

A. Formalism of the TMR ratio

As we deal with a single spin, theHJ term in the Hamil-
tonian is irrelevant. We first consider a case in whichhex

50. The effect of the external field will be taken into co
sideration in the next subsection. TheHK term gives spin-
dependent energy levels within the barrier for the tunnel
electrons,

vn2~1 !KS/2[e↑(↓) . ~7!

The indexn is omitted for simplicity, as there is only on
localized spin. In order to obtain an explicit expression of t
TMR ratio as a function of the canting angleu of the local-
ized spin, we take a local spin axis parallel to the localiz
spin. Consequently, the expression of the conductanceG is
given by a 2 by 2matrix equation where Green’s function
expressed as

GI
65S G↑

6cos2
u

2
1G↓

6sin2
u

2
~G↑

62G↓
6!cos

u

2
sin

u

2

~G↑
62G↓

6!cos
u

2
sin

u

2
G↑

6sin2
u

2
1G↓

6cos2
u

2
D ,

~8!

with spin-dependent Green’s functionsGs
6 , the expression

of which will be given later, and the local density of states
given by

Da5S Da↑ 0

0 Da↓D , ~9!

with a5L,R.
By introducing spin polarizationPa ,a5L,R, of the fer-

romagnetic leads as

Da65~16Pa!Da0 , ~10!

and taking the trace over the spin, we get

G5
4p2e2

h
t2t82DR0DL0@~11PLcosu!~11PRcosu!G↑

2G↑
1

1~12PLcosu!~12PRcosu!G↓
2G↓

1

1PLPRsin2u~G↑
2G↓

11G↓
2G↑

1!#, ~11!

which is the general expression obtained for tunnel cond
tance.

Because we focus our attention on TMR ford-doped
FTJ’s where the Fe, Co, and Ni ions are located at the mid
of the barrier, the lifetime broadening of the energy leveles

due to intermixing with the ferromagnetic leads can be
glected. Consequently, the local Green’s functionsGs

6 can be
approximated as Gs

2Gs
1;1/Ds

2 and G↑
2G↓

11G↓
2G↑

1

;2/D↑D↓ , with Ds5es2eF , where the energy of Green’

n
e
s,
3-2
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INFLUENCE ON TUNNEL MAGNETORESISTANCE OF . . . PHYSICAL REVIEW B65 104433
function is taken as the Fermi energyeF . Here we assume
Ds.0 due to strong on-site Coulomb repulsion at the io
site within the barrier.

The expression of the tunnel conductance is simplified

G5G0F 1

D↑
2

1
1

D↓
2

1
2

D↑D↓
PLPR1S 1

D↑
2

2
1

D↓
2D ~PL1PR!

3^cosu&1S 1

D↑
2

1

D↓
D 2

PLPR^cos2u&G , ~12!

with

G054p2
e2

h
t2t82DL0DR0 , ~13!

where^•••& indicates an average over the distribution ofu.
The tunnel conductanceGP for P alignment of magneti-

zation of the ferromagnetic leads is calculated by takingPL
.0 andPR.0, andGAP for AP alignment is calculated by
choosingPL.0 andPR,0. The TMR ratio is defined as

MR ratio5
GP2GAP

GP
. ~14!

We see that whenD↑5D↓ , the expression of the TMR ratio
is reduced to 124,25

MR ratio5
2PLPR

11PPPR
. ~15!

In the following we study the effects of the angle distributi
on the TMR ratio, because the spin-dependent distributio
the energyes has already been studied.19

B. Calculated results and discussion

First, we calculate theD↓ /D↑[d dependence of TMR for
a uniform distribution ofu, 2u0,u,u0. Calculated results
of the TMR ratio as functions ofd are shown in Fig. 2 for
u050.0, 0.5p, andp, with uPLu5uPRu[P50.3. We see tha
the TMR ratio is enhanced ford.1.0 when the distribution
of u0 is confined to aroundu050. These results are quit
reasonable, as↓ spin electrons are blocked from tunnelin
while ↑ spin electrons are not whenD↓ /D↑.1.0. This is a
kind of spin-filtering effect. In the case thatD↓ /D↑.1.0 and
P.0, the spin filtering is effective when the localized spin
nearly parallel to the magnetization of the ferromagne
while it is ineffective when the distribution of the localize
spins is isotropic. The spin-filtering effect caused by t
spin-dependent energy level may be clearly understood
schematic diagram shown in Fig. 2~b!. When the up spin
energy level of the impurity is closer to the Fermi ener
than the down spin energy level, the spin polarization of
transmittance through the barrier becomes higher.

Second, we study the effects of local uniaxial anisotro
of the localized moments within the barrier. We assume t
the direction of the localized spin is determined by the f
lowing anisotropy energy:
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Ea5k sin2~u2ua!2mBhexScosu, ~16!

where the angleua characterizes the anisotropy axis. W
determine the direction of the localized spinu by minimizing
Ea for a given value ofhexS/k, assuming a uniform distri-
bution ofua such that2u0,ua,u0. Figure 3 represents th
calculated TMR ratios as functions ofhexS/k for d51.5 and
2.0 with P50.3, u050.5p. The MR ratio increases with
increasinghexS/k as expected.

Last, we present calculated results of sample-to-sam
fluctuations of the tunnel conductance for both P and
alignments. The fluctuations are defined by

dG

G
5

~^G2~u!&2^G~u!&2!1/2

^G~u!&
, ~17!

FIG. 2. ~a! Calculated results of the TMR ratio as functions
D↓ /D↑[d with P50.3 andu050,0.5p and p. ~b! A schematic
diagram showing the spin-filtering effect due to the spin-depend
energy levels of the magnetic impurity.

FIG. 3. Calculated results of the TMR ratio as functions
hexS/k with P50.3 andd51.5 and 2.0.
3-3
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J. INOUE, N. NISHIMURA, AND H. ITOH PHYSICAL REVIEW B65 104433
for both P and AP alignments. Figure 4 shows the calcula
results ofdG/G as functions ofd with u050.0 andp and
P50.3. As can be seen from Eq.~12!, there is no fluctuation
at d51.0. Large fluctuations in the P alignment come fro
the linear term of cosu. Because the linear term vanish
when PL52PR , the fluctuations in the AP alignment ar
very small.

In order to compare theoretical and experimental resu
one should relateDs with the electronic state of Fe, Co, an
Ni atoms resolved into the barrier ofd-doped FTJ’s in which
we are interested. Because the resolved atoms may
magnetic layers with a thickness of less than one monola
the transition atoms could be oxidized by nearby oxyg
atoms to form localized spins. If this is the case, the m
netic states of these ions depend on the number ofd elec-
trons. When this number is,5, the magnetic state may be
high-spin state, and the spin of an additional electron the
fore tends to align parallel to the localized spin, which mea
thatK is positive in the present model. In contrast, when
number ofd electrons is>5, the spin of the tunneling elec
tron will be antiparallel to the localized spin, meaning thatK
is negative. Because Fe ions have the least numberd
electrons among Fe, Co, and Ni, it is highly probable that
ions satisfy a relation ofD↓ /D↑.1.0, while the others do
not, offering a possible explanation for the enhanced TM
ratio for the d dopant of Fe atoms in FTJ’s. Jansen a
Lodder19 have included a spin-dependent distribution of t
energy level of impurities by extending the work done
Bratkovsky.20 They showed that the spin-dependent distrib
tion of the energy level of impurities may enhance the TM
although the spin-independent distribution may reduce
TMR. Our work focused on the role of the spin-depend
energy level itself and the angle distribution of the localiz
moment. Our results may be supplemental to the works d
by Jansen and Lodder.19

IV. TMR FOR JUNCTIONS WITH QUANTUM SPINS

In this section, we treat the tunneling of an electron t
interacts with localized quantum spins within the barrier. B
cause the localized spins themselves interact with each o
one should basically treat a many-body problem to calcu
the tunnel conductance. One should therefore perform

FIG. 4. Calculated results of fluctuations in conductance
parallel and antiparallel alignment of the magnetizations as fu
tions of d with P50.3 andu050 andp.
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merical calculations in this case to obtain the TMR ra
instead of formulating a simple expression of the TMR ra
as in the previous section.

A. Method of calculation

We now deal with the full Hamiltonian; a uniform hop
ping t between the nearest-neighbor sites is assumed forHt ,
and Hv includes uniform exchange splitting2(1)Dex for
↑(↓) spin electrons in the ferromagnetic leads and a sp
independent potentialu in the barrier region.

In order to treatHK and HJ , we prepare the following
many-body basis function for the tight-binding basis set,

C ism5cis
† um&, ~18!

wherei and um& indicate the electron position and spin co
figurations of the localized spins in the barrier, respective
When sitei is on the leads,um& represents the ground state
the localized spins determined byHJ , while there are many
intermediate states when the electron is inside the ba
region because the electron creates new states via the
change interaction. The new states can be generated by
eratingH to the ground state of the localized spins, keep
sz1Stot

z constant whereStot
z is the z component of the tota

spin angular momentum of the localized spins.26 All of these
new states are taken into consideration to calculate the tu
conductance. An example of the basis set for a barrier w
two localized spins is shown in Fig. 5, where there are
states generated from an antiferromagnetic alignment of
localized spins. Because the number of basis functions
constructed increases rapidly with increases in the numbe
localized spins, we deal with only eight localized spins w
S51/2 each in the present work. The tunnel conductanc
the zero-bias limit is calculated by using Eq.~6! by taking
the intermediate states thus constructed into consideratio

The following parameter values have been used in u
of t; K52 ~ferromagnetic interaction!, J50.1 ~antiferromag-
netic interaction!, and u52.0 for the barrier potential. The
specific choice of the sign ofK and J has been made by
considering the grain-boundary tunneling in manganites. T
exchange field acting on the nearest-neighbor localized s
from the ferromagnetic leads is assumed to be neglig
small in the present case. The spin configuration of the
calized spins in the ground state is determined by diago
izing HJ for a given external magnetic fieldhex. In order to

r
c-

FIG. 5. An example of a basis set generated from an antife
magntic alignment of the localized spins. Upper and lower arro
in each box indicate the spins of the tunneling electron and lo
ized spins, respectively.
3-4
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INFLUENCE ON TUNNEL MAGNETORESISTANCE OF . . . PHYSICAL REVIEW B65 104433
clarify the contribution of the spin-flip process to the tunn
conductance, we have separately treated the constantK for
the longitudinal (Kz) and transverse (K12) components of
the exchange interaction.

B. Calculated results

First, we treat systems with paramagnetic leads where
Fermi leveleF is taken to be21.0. Figure 6 shows the ca
culated results of the spin-asymmetry ratio (G↑2G↓)/(G↑
1G↓) of the tunnel conductance, whereGs is thes compo-
nent of the tunnel conductanceG. The inset shows the de
pendence ofGs on K12 for a fixed value ofKz52.0. With
increases in the value ofK12 , the tunnel conductance in
creases, because the lowest energy level for the tunnel
tron interacting with the localized spins decreases due to
transverse terms of the exchange interaction. The ratioG↑
2G↓)/(G↑1G↓) plotted as a function of the external ma
netic field hex ~or Stot

z ) increases with increasing magnet
field. This result is quite reasonable, as the↑ spin electrons
become more transparent due to the ferromagnetic exch
interaction with increasing alignment of the localized spi
We see that the spin-flip tunneling, i.e., the contribution fro
the K12 term, decreases the spin-asymmetry ratio
;10%. The contribution is large for intermediate values
Stot

z of the localized spins.
Next we deal with systems with ferromagnetic leads. T

exchange potential6Dex of the ferromagnetic leads is take
to be61.0. With this choice for the exchange splitting, th
bottom of the minority spin density of states is21.0. When
hex50, the localized spins align antiferromagnetically
that Stot

z 50. By changing the magnetization direction of th
ferromagnetic leads, keeping the antiferromagnetic s
alignment of the localized spins unchanged, the TMR ra
defined by (GP2GAP)/GP can be calculated. With furthe
increases inhex, Stot

z increases.
The TMR ratio athex50 is dependent on the position o

the Fermi leveleF . Figure 7 shows the dependence of t
TMR ratio on eF for Stot

z 50.0 and 1.0 withK1250.0. The
solid curve forStot

z 50.0 corresponds to a tunneling throug

FIG. 6. Calculated results of the spin-asymmetry ratio of tun
conductance as a function of the external magnetic field orStot

z .
Inset: Tunnel conductance as a function ofK12 for a case where
the barrier region includes five↑ and three↓ localized spins.
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the usual potential barrier because no spin-filtering effect
ists in this case, and the result is quite similar to that obtai
previously in the free-electron model.27 For eF&20.8, GP↑
.GP↓ is satisfied. EspeciallyeF;21.0, GP↑ is much higher
than GP↓ , resulting in a quite high TMR ratio. AseF is
raised,GP↓ becomes higher and the TMR ratio becomes z
aroundeF;20.8. ForeF.20.8, we getGP↑,GP↓ . When
Stot

z 51.0, the↑ spin electrons becomes more transparent,
GP↑ therefore increases. Therefore the TMR ratio atStot

z 51
is large for eF&20.7, while it is small foreF*20.7 as
compared with the TMR ratio atStot

z 50.
Figure 8 shows the TMR ratio with and without spin-fl

tunneling as a function ofhex ~or Stot
z ) for eF520.99 and

20.5. The TMR ratio increases monotonically with increa
ing hex wheneF520.99, while it becomes zero once aroun
Stot

z 51 for eF520.5, as the valueGP↑ being smaller than
GP↓ is compensated for due to the exchange interaction
mentioned above. We see that the spin-flip tunneling
creases the ratio by only;10%.

Because the ferromagnetic manganites are nearly half
tallic with a spin polarization of;0.7,28 the position of the
Fermi level should be close to the band bottom. Theref
the high TMR ratio observed by Philippet al.7 may be rea-
sonably understood. Furthermore, the approximately lin
increase in the TMR ratio with increasing magnetic field is
qualitative agreement with experimental increases.5,10 Lee

l

FIG. 7. Calculated results of the TMR ratio as a function of t
Fermi energyeF for Stot

z 50 and 1 withK1250.0.

FIG. 8. Calculated results of the TMR ratio as a function of t
external field orStot

z for eF520.99 ~circles! and 20.5 ~triangles!
with K1250 ~closed symbols! andK1252.0 ~open symbols!.
3-5
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et al.10 have attributed the dependence of GB-TMR onhex at
high magnetic fields to a second-order process, pointing
that a^cos2u& term appears in the expression of the tun
conductance. It is interesting to note that the same fa
appears in Eq.~12! obtained in Sec. III. Although the size o
the magnetic domains considered by Leeet al. is much
larger than the system treated in Sec. III, a similar mec
nism might be responsible in GB-TMR.

Finally, we would like to remark on the method we ha
adopted. As the exchange interaction in the Hamiltonian i
a many-body interaction, our method can be applied only
the low-carrier~tunneling electron! density limit for a finite
number of localized spins. Because we have dealt wit
zero-bias limit, we assumed that the final states are the s
with the initial ones in the calculation of the trace in Eq.~6!.
Despite these limitations, we believe that the present ca
lation may capture some essential features of GB-TMR
should also be noted that our method is different from t
used for quantum dots showing Kondo resonance bec
we are dealing with ferromagnetic Kondo coupling in th
section. Thus the situation in our case is different from th
considered by Appelbaum29 and Anderson30 where the leads
are paramagnetic.

V. SUMMARY

We have studied TMR in FTJ’s in which the tunnelin
electrons interact with localized spin in the barrier. In t
case where the localized spins are classical at angles in
tion to the magnetization axis of the ferromagnetic leads,
ys

ys

, P
B

.

.
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have shown, by giving an explicit expression of the TM
ratio, that the enhancement of the TMR ratio ind-doped
FTJ’s can be understood in terms of the spin dependenc
the energy levels within the barrier region, and that the TM
ratio increases with increasing external magnetic field wh
the localized spin has a uniaxial anisotropy. We have furt
demonstrated that the sample-to-sample fluctuations of
tunnel conductance are weaker in the AP alignment of
magnetization of the leads. In the case where the tunne
electron interacts with quantum spins, we have extended
treatment of tunnel conductance to take into account
many-body effects of the exchange interaction. We fou
that the TMR ratio is decreased by approximately 10% d
to the spin-flip process caused by the exchange interac
and that it increases with an increasing total magnetic m
ment of GB, in agreement with experimental results. A u
fied theory to treat the exchange interaction between the
neling electrons and localized spins in larger regions rema
to be studied in future. Our theory has been restricted
zero-bias limit and therefore any relevance to tunnel sp
troscopy for spin excitations, etc., may be given in a futu
work. Quantitative comparison between the theoretical a
experimental results may require adequate information
the distribution of the spin-dependent energy levels as w
as the angle distribution of localized spins.
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