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Magnetotransport properties of magnetic granular solids: The role of unfilled d bands
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We calculate the magnetoresistance and magnetothermopower of magnetic granular solids. Contrary
to previous theories of the giant magnetoresistance (GMR), we demonstrate that the unfilled d bands of
magnetic grains play an essential role in the transport properties of these systems. Our results relate
GMR and magnetothermopower to microscopic and geometric quantities, and provide a natural ex-
planation for many experimentally observed features, such as the (M/M, ) dependence of the GMR, the
giant magnetothermopower and its 1/p scaling behavior, and the absence of negative GMR in rare-
earth —nonmagnetic structures.

The discovery of a novel magnetotransport
phenomenon of giant magnetoresistance (GMR) in a
variety of antiferrornagnetically coupled, transition-metal
multilayers has attracted much attention. ' Recent ex-
periments have shown that this extraordinary GMR also
occurs in magnetically inhomogeneous media containing
nonaligned ferromagnetic grains of microscopic size. '

As in their multilayer counterparts, the resistivity drops
several tens of percent when the magnetic field orients
the xnagnetic moments. These experiments open a new
class of systems for understanding the underlying physics
of GMR.

Previous theoretical explanations of GMR have fo-
cused on the existence of spin-dependent potential
scattering at the interfaces or in the bulk of ferromagnet-
ic layers &, 6, 8 —i& In addition to the limitation of being
valid only for layered systems, such theories totally ig-
nore the existence of the unfilled d bands in the transition
metal constituent. While these models

cannot

GMR data
for layered systems reasonably well (sometimes using
physically nontransparent parameters), ' they are com-
pletely inadequate to explain certain other features, such
as a very small magnetoresistance in rare-earth struc-
tures, ' ' the giant magnetothermopower (GMTP), and
its strong correlation with the GMR. ' ' Given the
fact that all systems that show appreciable negative MR
consist of transition metal entities surrounded (or
separated) by a nonmagnetic metal, and considering the
special role played by the unfilled d bands in transition
metals, ' it should not be surprising that the electronic
structure must be taken into account in order to reach a
comprehensive understanding of these systems.

In this paper, we present a theoretical study of the
magnetotransport properties of magnetic granular solids.
Gur model di6'ers substantially from Refs. 8 and 9. We
show that the ordinary spin-dependent s -s scattering aris-
ing from a spin-dependent potential cannot by itself
coherently explain GMR, GMTP e6'ects, as well as other
features. Moreover, we demonstrate that the asymmetric
density of state (DOS) for majority- and minority-spin d
bands in the transition metal constituent gives rise to

strong spin-dependent scattering (even in the absence of
spin-dependent scattering potential), and is responsible
for the novel magnetotransport properties in these sys-
tems. Our approach treats the GMR and the GMTP on
an equal footing, and explains many experimentally ob-
served features. In particular, we obtain closed expres-
sions for the GMR and the GMTP of the granular sys-
tems. These formulas relate the rnagnetotransport prop-
erties to microscopic and geometric quantities, and are in
accordance with experimental measurements.

We confine our discussions to low temperatures and
neglect magnon and phonon scattering. The former as-
sumption limits our consideration to scattering processes
that do not cause spin mixing. ' The current in the sam-
ple is assuxned to be carried by the s electrons which are
scattered by randomly distributed impurity potential
V =g~gj. v (r rj —R~—), as well as by interfacial
scattering potentials V =g gjv (r —r'. —R~), where R~
is the position of granule p, r' is the position of a bulk or
surface scattering center relative to R . The s electrons
can be scattered into either s band (s-s scattering) or d
band (s-d scattering) when scattered either at interfaces
or inside magnetic grains. ' We focus here on situations
in which the sizes of magnetic particles and their separa-
tions are less than electron mean-free path. This simple
case deserves a detailed study because analytical expres-
sions for GMR and GMTP can be obtained, which yield
a clear physical picture and permit a direct comparison
between theory and experiment. In the following we con-
sider each spin component and proceed in the context of
the conventional two-current model, based on the
Boltzmann equation. '

Magnetic granular solids are inhomogeneous systems.
However, when the granules are distributed randomly,
and when their sizes and separations are less than the
mean-free path of conduction electrons, the relaxation
rates for each spin channel can be obtained by adding
the contributions of individual grains. We choose a
space-fixed frame xyz and specify spin-l and -l with
respect to the global quantization axis z along the exter-
nal magnetic field H. The relaxation rate 1/H due to the
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pth granule is given by'

k-k'
P(k'scr', kso )

k

+g Q P(k'do', kso).(o =1, J, ),
where P ( k'l' o', klo') is the transition rate between states
(k'1'o') and (klo. ) due to the interface and bulk scatter-
ing of the pth granule. Note that we assume that each
s-d scattering event contributes to the relaxation rate ir-
respective of k k'. ' To proceed, we further introduce a
frame x'y'z' attached to the pth granule with z' along its
magnetic moment m . The x'y'z' frame is related to the
global xyz frame by the Euler angles (a~,P, y ), where

p~ is the angle between m~ and H. ' In the local x'y'z'
frame an interfacial or bulk scattering potential in the pth

I

granule is written as

v+ 0

0 V
(2)

Hereafter we omit the superscripts 8 or S of v whenever
it is not necessary to distinguish v and v . For generali-
ty we have assumed both v and v to be spin dependent.
It will be seen that it is neither necessary nor sufhcient to
require v+Av in order to describe both CxMR and
GMTP effects. If spin-wave excitations are included, the
spin-1' and -$ states are admixed; however, the cross sec-
tion for such processes is very small at low tempera-
tures. ' Spin-fIip scattering through the spin-orbit in-
teraction is also unlikely because of the quenching of or-
bital angular momentum in transition metals.

By introducing the spinor transformation'

i(a +y )/2

—i (a —y )/2—e ~ ~ sinP /2 eP

—i(a +y )/2
cos /2

to transform electron states onto the x'y'z' frame, we apply the Born approximation to Eq. (1) and obtain

p
Pt

P sin2 (p(s)+p(d))++ +
ne

cos (p"+p'"')+ sin (p"+p' ')
2 + + v 2

(4)

where p is the effective mass of s electrons,

( ) p N"(EF) k k'

ne2 2A k

n is the density of spin-1 or - J, electrons, and

nsiv&(k's, ks)i + n siv&( k',ssk)i (5=+,—),
vp

N' '(E )
p' '= I dQ nsius( k'd, ks) I+ nsius( k'd, ks)

I
(&=+,—),

ne vp

Here v and a are the volume and surface area of the pth
granule, v is the volume of the sample,
us(k'l, ks) = j%')*,.&us%'k, dr, 'P)„and q'),

&
are the sPatial

parts of electron wave functions, N(' (Ez) and N& '(Ez)
are the DOS of s- and d-electrons at the Fermi surface
with spins along (5= + ) and opposite (5 = —) to m~, and
nz and nz are the bulk and interfacial impurity density of
the individual grain. Note that for transition metals
N+'(E~)WN'"'(EF ) due to the influence of the exchange
field, as is shown schematically in Fig. 1.

From Eqs. (4) and (5) we see that I/H varies from one
grain to another due to the change of p . Assuming theP'
mean-free path to be much larger than the particle sizes
and their separations, we can write the resistivity of each
channel as p =(1—g)po+g p", where (1—g)po is the
contribution from impurity scattering in the nonmagnetic
matrix, rI =+ v~/v is the volume fraction of the magnet-
ic particles, and the summation runs over the whole sam-
ple. This gives

M
P f Psym Pasy

S

M
P $ Psym Pasy

S

where

(1 ) +~( (s)+ (s)+ (d)+ (d))

pipe t
QPID

FIG. 1. A schematic diagram of the density of states of s and
d bands in transition metals.
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and

—K(~(s) +(s) +(d) ~(d) )

are the symmetric and asymmetric parts of resistivity, re-
spectively, M=(gzmzcosP&)lv is the global magnetiza-
tion, M, =g~mz/v is the saturation magnetization,
mp vp 3fp and Afb is the bulk magnetization of the mag-
netic grains. We emphasize that il and M /M, are
geometric factors determined only by Iv I and IP I.
The assumption of a long mean-free path (compared with
the particle sizes and their separations) permits the use of
global average here. It is interesting to note that p& and

p& change linearly with (M/M, ) in opposite directions.
At zero field, because of the random orientations of the
magnetic particles, all electrons experience identical
scattering and p~ =p~. The scattering becomes asym-
metric for two different electron spins when HAO. As H
increases, one branch becomes more conductive while the
other becomes more resistive. When H~H„M/M, =1
and the p &

and p &
reach their maximum asymmetry.

In the two-current model' the two spin channels con-
duct in parallel so that p =

pt)D & /(pt+ p &
). From Eqs. (8)

and (9), we obtain the resistivity and the MR:
'2

1
'

pasy I
p 2 psym

syIIl S

(10)

p(H) —p(0)
)()(0)

Pasy

psym
L

M
'

M,

The field dependence of the MR is fully contained in
geometric factors (M/M, ) through the change of IP I,
whereas dynamics is included in p,ym and p»y. Consider-
ing that the maximum GMR observed in experiments is
43%, and using Eqs. (8), (9), and (11), we estimate the
maximum asymmetry (corresponding to H ~ H, or
M/M, =1) of scattering to be p&/p& =5 (or p&/p& =5 if
p„(0). This is a typical number found in experimental
studies of various transition metal based alloys, ' and is
also consistent with an estimation from DOS data of
transition metals. It is worth emphasizing that the MR
in Eq. (11) is proportional to (M/M, ), which agrees with
experimental measurements reported in Ref. 7.

As can be seen from Eqs. (10) and (11) and the
definitions of p,ym and p»yp the GMR has two sources:
the spin-dependent scattering potential and the spin-
dependent DOS of the d bands. When u+Wu and in
the absence of unfilled d bands, we have p&"'=0 and
p»„=p'+' —p",' s-s scattering alone gives rise to a nega-
tive MR. This is essentially the mechanism proposed in
Refs. 8 and 9. In the second case, where U+ =U and
p"=p'+', GMR arises from asymmetric s-d scattering be-
cause N+ (Ez)AN (EF ). While both mechanisms offer
an equally good explanation of the GMR efT'ect, we point
out that there are other experimental features which can-
not be accounted for by the s-s scattering mechanism
alone. For instance, GMR and related magnetotransport
properties appear to be unique to systems containing
transition metals. Despite many attempts, no evidence of

and

kB 1 B lnpasy $ B lnpsym

3e BE 2 BE

are independent of H. The field dependence of the ther-
mopower enters only through p(H). For the ordinary s-s
scattering model with no unfilled d bands and with spin-
dependent interactions (i.e., u+Wu ) and the same final
density of states X" for both spins throughout the sam-
ple, we have

B»psym B lnpasy n B

BE BE +(') BE

due to
(S)

Bps
( ) n B

~() BE
(5=+, —)

Bpo n B
0 ~(s)

Thus one finds A =0, and [S(H)—S(0)]/S (0)=0 at any
field H, indicating that the s-s scattering mechanism is
unable to explain the experimentally observed GMTP
and its strong correlation with GMR without involving
other mechanisms. ' On the other hand, in our model
the MTP and its correlation with p(H) arise naturally as
a result of unfilled d bands. In the presence of unfilled d
bands, A%0, and S(H) is inversely proportional to p(H).
The s-d scattering should therefore be an essential in-
gredient of the GMR and GMTP effects. This result pro-
vides additional strong support for our argument that the
s-d scattering due to N(+)(Ez)WN( )(Ez) rather than s-s
scattering due to u+Au is the main contributor to the
novel magnetotransport in these systems. It should be
stressed that the above argument that A =—0 for s-s

negative GMR has been reported in rare-
earth-nonmagnetic metal structures. ' ' In rare-earth
metals, the 4f orbits that give rise to the magnetism are
highly localized and there is little difference in spin-1 and
-$ DOS at EF. The failure to observe negative GMR in
rare-earth systems strongly impheates the importance of
the unfilled d bands of the transition metal constituent.

Experimentally, very large magnetothermopower
(MTP) effects correlated with MR have been observed in
multilayers, ' ' and most recent1y, in granular solids. '

MTP depends sensitively on the electronic band struc-
ture, and thus provides a crucial test of any electronic
transport theory. We calculate the MTP of the granu-
lar systems by using the usual relation
S=(m k~T/3e)(Bln)()/BE) and Eq. (10), and obtain

S(H)=~ ~ +C.
p(H)

The quantities

2m. k& T B lnp, B 1np»

BE BE
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scattering is made under the assumption that the energy
dependence of resistivity comes mainly from the density
of states effects. A fine-tuning of the impurity potential
(e.g. , via resonant scattering) might allow for a modeling
of magnetothermopower without s-d scattering but this is
entirely unnatural in our view.

It is worth noting that our theoretical prediction of
1/p(H) scaling behavior of the MTP and its linear tem-
perature dependence in the granular solids have been ob-
served recently. ' The interesting scaling is a direct
consequence of interplay between magnetism and elec-
tronic transport in the system.

At fixed volume fraction, the GMR has been found to
depend on particle size; ' it is optimized when the sizes
are of the order of electron mean-free path A, . Physically,
this is understandable. When the size of grains and their
separations are smaller than A, , an electron sees different
magnetic granules, and the relaxation rate is an average
of the contributions from each grain, i.e., Matthiessen s
rule holds. When the sizes are much larger than A, , how-
ever, intraparticle scattering dominates the physics. In
the limiting case, the system behaves like a bulk fer-
romagnetic material and the GMR vanishes. On the oth-
er hand, grain sizes should not be so small as to greatly
enhance p(0) by increasing interfacial area, or even to
seriously modify the electronic structure of the ferromag-
netic particles. Thus an optimal size for GMR is to be
expected. Unfortunately, the size dependence cannot be
addressed in our treatment. When the sizes become

larger than A, , our approach breaks down, and a random-
resistor-network type of model becomes relevant.

In summary, we have presented a new framework for
dealing with magnetotransport in magnetic granular
solids and multilayers. We have shown that the ordinary
s-s scattering mechanism proposed in Refs. 8 and 9 can-
not explain the experimentally observed GMTP and its
strong correlation with the GMR effect, as well as the
null GMR results of rare-earth-nonmagnetic structures.
Furthermore, we have demonstrated that both the re-
markable GMR and GMTP effects arise naturally from
spin-dependent s-d scattering rates due to the different
DOS for majority and minority d band of the magnetic
component. In the present formulation we are able to
treat GMR and GMTP effects on an equal footing, and to
provide explicit expressions of the GMR and GMTP for
magnetic granular solids. These formulas relate GMR
and GMTP to microscopic and geometric quantities, and
are in accordance with the experimental results.
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