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Magnetothermopower of a Agsoco2o granular system
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A large magnetothermopower (MTP) has been found to accompany the magnetoresistance (MR) in a

Ag«Co20 granular system. The zero-field thermopower is negative and its magnitude increases as the
magnetic field increases. The MTP is inversely proportional to the resistance in the temperature range
where the diffusion thermopower dominates. These observations support the spin-split density-of-states

(DOS) model which yields both the MTP and the MR for multilayers and granular systems, even with a
spin-independent potential at the interfaces.

Giant magnetoresistance (GMR) effects, first
discovered in magnetic multilayers, ' have recently been
reported ' in granular systems such as AgCo and CuCo.
The latter materials are composed of single-domain mag-
netic particles that have precipitated within the nonmag-
netic matrix. Considerable theoretical and experimental
effort has been directed toward understanding the ori-
gin of the GMR effect, with the focus on the role of spin-
dependent scattering at the interfaces between magnetic
and nonmagnetic constituents. The thermoelectric power
of multilayer systems was also found ' to have a strong
magnetic-field dependence. As we have noted"' in the
context of multilayers, that fact argues strongly against
theories that attribute the GMR effect solely to spin-
dependent interfacial potentials.

In this paper, we report the existence of a significant
magnetic-field dependence of the thermoelectric power
S(H) of AgCo granular systems and show, as was the
case in multilayers, that the thermopower is accurately
proportional to the inverse of the resistance. Further, at
higher temperatures S (H) takes the sign of the magnetic
constituent rather than of the matrix. We outline a mod-
el in which the matrix resistivity and that due to scatter-
ing from magnetic particles are in series; a more complete
theory will be published separately. ' The dominant re-
laxation mechanism is taken to be that in which s elec-
trons scatter into the d bands of the magnetic particles.
The large difference in density of states (DOS) between
minority- and majority-spin bands provides a single
mechanism capable of explaining the close relationship
between magnetoresistance and magnetothermopower.

Granular AgCo thin films were prepared with a con-
ventional sputtering apparatus. Co and Ag were sput-
tered simultaneously using two independent sputtering
guns under an Ar pressure of 5 X 10 Torr, while the
substrates were rotated at a speed of about 0.6 rps. The
sputtering rates detected with quartz thickness monitors
were 3.3 A/s for Co and 30 A/s for Ag. Thin films with
a nominal concentration of 20 at. % Co (14 vol. %) were
deposited up to 4300-A thickness on thin cover-glass sub-
strates. Samples were annealed according to published
procedures to obtain a large magnetoresistance ratio.
The magnetization was measured with a superconducting
quantum interference device magnetometer between 300
and 5 K under a magnetic field up to 50 kOe. The mag-

netoresistance was checked at various temperatures and
magnetic fields. Thermopower and resistance were mea-
sured over a temperature range between 300 and 15 K in
a magnetic field from 0 to 10 kOe on the same sample.
Fine gold wires were used as electrodes and fine
constantan-chromel wires as ther mocouples. The ap-
paratus and experimental details were described in a pre-
vious paper. "

Magnetoresistances for different annealing conditions
at different temperatures were compared with each other.
The behavior is qualitatively the same for all samples, but
the field required for saturation and the magnetoresis-
tance ratio depend on annealing time. The sample an-
nealed at 300 'C for 10 min was used for the detailed
magnetothermopower (MTP) study. The sample has a
magnetoresistance ratio, [R (0)—R (50 kOe)]/R (0),
about 14% at room temperature and 33% at 5 K. At 300
K, the magnetization vs magnetic-field curve does not
saturate at low fields and the data can be fit reasonably
well to a single Langevin function. This indicates that
the Co grains in the sample show a superparamagnetic
behavior; the grains are found to have an effective mo-
ment of 1450pz, which corresponds to a mean grain size

o
of about 26 A diam, assuming fcc Co.

Figure 1 shows the magnetic-field dependence of the
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FIG. 1. Room temperature MTP (circles) and the magne-
toresistance (triangles) of the granular sample Ag«Co20 an-
nealed at 300 C for 10 min.
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magnetoresistance and MTP at room temperature. Nei-
ther resistance nor thermopower saturate at 10 kOe, and
the resistance decreases by about 5%, while the magni-
tude of thermopower increases by about 10%. The ther-
mopower value is negative (about —6@V/K at zero field),
between the thermopower values of Co and Ag bulk met-
als ( —30 pV/K for Co and 1.5 pV/K for Ag), but closer
to that of Ag. An MTP (S) vs inverse resistance (1/R)
plot for the same data is shown in Fig. 2. The thermo-
power is inversely proportional to the resistance. This
behavior was observed in multilayers "" and was pre-
dicted for granular systems. ' The linear relationship be-
tween S and 1/R continues to hold well for T ~ 75 K, as
Fig. 3 shows at 100 K.

In the temperature range from room temperature to
about 75 K, the zero-field thermopower has a linear tem-
perature dependence. The resistance is also linear in tern-
perature in this range. Figure 4 shows the temperature
dependence of the thermopower at zero field and at the
highest applied magnetic field (9.8 kOe). The thermo-
power data shown in this figure have already been
corrected for the temperature dependence but not the
field dependence of the gold leads according to published
data. ' As the temperature is decreased below 50 K, the
MTP deviates from the linear relation between S and
1/R in high magnetic fields and the zero-field value
changes sign.

In a normal homogeneous metal, the ordinary magne-
toresistance is below l%%uo and its origin is clear; the
diffusion thermopower is not sensitive to the magnetic
field, ' and the resistance is not simply related to the ther-
mopower. However in granular systems, the coexistence
of a large MTP with a large magnetoresistance indicates
that they have a common origin. In fact, in the tempera-
ture range where the diffusion thermopower is dominant,
both the zero-field values and the inverse relationship be-
tween 5 and R can be understood within the context of
the two-current model. In order to explain the unusually
large MTP, we assume that the spin-dependent DOS at
the Fermi surface plays an essential role in the scattering.
Further, because the temperature coefficient of zero-field
resistance in this temperature range is about 5.7X10
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FIG. 3. —S vs 1/R plot for 100-K data of 300 C 10-min
sample. The solid line has a slope of about 4 pV 0/K.
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K ', an order of magnitude smaller than that of pure
metals, we assume that the interfacial (with a random
spin-independent potential U) and impurity scattering
are the dominant mechanisms. Therefore, we consider
only elastic scattering, ignoring the spin-mixing contribu-
tion caused by magnon scattering, which is a reasonable
approximation as discussed previously. As in the multi-
layer case, we choose the applied magnetic-field direction,
i.e., the net magnetization direction, as the spin-
quantization axis of the electrons, and use f and $ to
refer to the global spin-quantization axis. The spin-
dependent DOS in the magnetic grains are given by
g+ (E~) and g (EF) with + ( —) parallel (antiparallel) to
the loca/ magnetization.

Assuming that only s electrons contribute to the con-
duction and that s-d scattering is the principal relaxation
process at the interfaces, we obtain the scattering rate for
f s electrons due to magnetic particles
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FICx. 2. The same data as shown in Fig. 1 on a —S vs 1/R
plot. The solid line has a slope of 12 pV Q/K.

FICx. 4. The temperature dependence of the thermopower for
magnetic field 0 kOe (open circles) and 9.8 kOe (closed circles).
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Here, P(k'd f,ks1) is the relaxation rate of s-d spin-
preserving scattering. It is more convenient to consider
partial relaxation rates, P(k'd+, ks1), which are the
scattering probabilities for the s electron (ks $ ) to be scat-
tered into ferromagnetic d states (k'd+ ). In the Born ap-
proximation, these are proportional to squared matrix
elements of U and to the final DOS in majority (+) and
minority ( —) d bands after a summation over k'. The
angle 8 between the pth particle's local magnetization
axis and the global quantization axis appears in the spi-
nor matrix elements (+

~
l ) (and (+ 1) ). Total scatter-

ing rates for spin-up and -down channels can then be
found by summing the scattering rate from all magnetic
particles and from scattering centers in the nonmagnetic
matrix. Assuming the spin-flip mean free path is
significantly longer than the interparticle distance, we ob-
tain

S(H) = +PdSd P,—S, PPd(S, —Sd ) 1

pd p, pd p, p(H) '

where

R+ X++R X R X++R+X

R++R ' ' R++R
f p (vr k&T/3 e~)[Bing (E)/BE]~z +2fopoSO

(6)

describe the thermoelectric power.
To treat the thermopower, we apply the Mott forrnu-

la' to Eq. (4), to obtain the relationship between the mea-
sured thermopower and resistance as functions of applied
field. After some algebra we find

g s. (E )(csess )

fo+g +(E )( (ssc +
2 %o

where
(2)

J dn[&k' U/k) f'. (3)

Here f is the volume fraction of the surface layer of
magnetic grains, f0 is the volume fraction of the nonmag-
netic matrix, and 1/~o is the scattering rate within the
matrix for each channel.

Adding up the two parallel channel conductances and
using (cos 8& ) =(M(H)/M, ), we can express the resis-
tivity in any given field as

M(H)
I,

M(H)
pd+ I p,

S

(4)

with

R+R
pd= g((R++R ); p, =

R++R
Here pd is the resistivity in the zero-magnetic-field
demagnetized state, p, is the resistivity in the high-field
saturated limit, and R + =f p++ 2fopo. Within this
simple model, the resistivities arising from magnetic
scattering are p+=(2nm*u /ne A')g+(E~) and that from
scattering within the matrix is po= m */2ne ro; n is the
carrier density in each spin channel. In granular systems,
Eq. (4) has been found to be obeyed except in very high
fields. We have attributed the difference between p+ and
p, and hence the magnetoresistance, to the spin-split
DOS difference g+(E~)—g (EF). Previous researchers
have ignored this source of rnagnetoresistance, focusing
rather on differences in the scattering potentials, i.e.,
u+Au, with the final DOS always that of the matrix.
As we will show below, while either or both can explain
the magnetoresistance, a DOS difference is required to

pd
(9)

We found in previous work on Co/Cu multilayers that
Sd = —19 pV/K at 300 K. So is the thermopower of the
matrix, and for Ag, it is 1.5 pV/K. To obtain
Sd = —6 (MV/K, as observed, from Eq. (11) requires that
fopolpd =0.6, so that the matrix resistivity is compara-
ble to that due to embedded particles. Unlike the multi-
layer samples, where the spacer layers are prepared to be
almost free of magnetic impurities, granular solids una-
voidably have relatively higher impurity concentrations
in the form of nonmagnetic grains and at grain boun-
daries. It is reasonable that the resistivity of the Ag ma-
trix is significantly greater than that of pure bulk Ag,
despite the insolubility of Co in Ag.

and where So is the thermopower of the matrix. Equa-
tion (6) gives the required linear relationship between
S(H) and 1/R (H).

It is clear from Eq. (6) that the existence of MTP re-
quires a difference in S, and Sd. However, the conven-
tional model, in which the density of final states always
refers to the matrix, gives X+ =X and makes
S, —Sd=0. There is no magnetothermopower in that
model. A more complete description than given here
would include the possibility of spin-dependent scattering
matrix elements, but the spin-split DOS model by itself
produces both magnetoresistance and magnetothermo-
power. The factor f is proportional to the surface-to-
volurne ratio of the magnetic particles, and causes the
magnetoresistance, the demagnetized-state thermopower,
and the MTP to decrease with increasing particle size at
fixed Co concentration.

The presence of matrix scattering also reduces the
magnitude of the magnetoresistance pd

—p, and the MTP
Sd —S, . In order to estimate its importance, we make a
comparison with the thermopower of antiferrornagnetic
Co/Cu multilayers in the limit of thin Cu spacers, in
which the Cu matrix-layer contribution is negligible. The
expression for the thermopower in that case' is identical
with Sd in the limit fo~0, which is denoted Sd. It is
straightforward to show from the above equations that
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Finally, we comment on the MTP at low temperatures.
For T (75 K, So is no longer dominated by the diffusion
thermopower, but by the phonon-drag ther mopower.
The phonon drag' occurs approximately at the tempera-
ture HD/12 (OD is the Debye temperature), where not
only the magnitude of the thermopower is large, but also
it is very sensitive to the applied magnetic field. This is
the reason that the relation between the MTP and mag-
netoresistance deviates from the inverse linear behavior
below 75 K. Below -40 K, the phonon-drag thermo-
power of the Ag matrix exceeds the particle contribution.

Our approach differs from a model' proposed by
Stearns to explain magnetoresistance effects in Fe and in
multilayers. Although both models put emphasis on the
spin-split DOS of the magnetic component, we treat the s
electrons in the matrix as the charge carriers, and neglect
the d electrons' contribution to the current. The poten-
tial scattering at interfaces gives rise to both the magne-
toresistance and the MTP even though there are no anti-
parallel magnetic boundaries in granular systems as in
Fe. Further, our model explains the M dependence of
the resistivity, while the magnetic boundary scattering
gives a linear relationship between the magnetization and

resistivity.
In conclusion, we have studied the MTP and magne-

toresistance of AgCo granular systems. The MTP is in-
versely proportional to the magnetoresistance over the
temperature range where the diffusion thermopower
dominates. The zero-field thermopower value lies be-
tween those of Co and Ag but closer to that of Ag. These
observations show for the first time in granular systems
the evidence to support the spin-split DOS model. ' This
model provides a unified picture which explains the
GMR and MTP in both multilayers and granular solids
even in the absence of spin-dependent potential scatter-
ing.

J.S. and E.K. thank P. Fenimore, F. Yu, B. Everitt, K.
Pettit, R. Ohigashi, and N. Tea for help and discussions.
This work was supported by U.S. Department of Energy
Grant No. DEFG02-91ER45439 through the University
of Illinois, Materials Research Laboratory. E.K. was
supported by Monbusho-Sponsored Japanese Overseas
Research Fellowship. L.X. was supported by the ONR
Grant No. N0001-4-89-J-1157.

*On leave from Institute of Applied Physics, University of
Tsukuba, Tsukuba, 305 Japan.

M. N. Baibich, J. M. Broto, A. Fert, F. Nguyen van Dau, F.
Petroff, P. Etienne, G. Creuzet, A. Friederich, and J.
Chazeles, Phys. Rev. Lett. 61, 2472 {1988).

S. S. P. Parkin, R. Bhadra, and K. P. Roche, Phys. Rev. Lett.
66, 2152 (1991).

3A. E. Berkowitz, J. R. Mitchell, M. J. Carey, A. P. Young, S.
Zhang, F. E. Spada, F. T. Parker, A. Hutten, and G. Thomas,
Phys. Rev. Lett. 68, 3745 {199~';.

~J. Q. Xiao, J. S. Jiang, and C. L. Chien, Phys. Rev. Lett. 68,
3749 (1992).

~P. M. Levy, S. Zhang, and A. Fert, Phys. Rev. Lett. 65, 1643
(1990); S. Zhang and P. M. Levy, J. Appl. Phys. 69, 4786
(1991); S. Zhang and P. M. Levy, Phys. Rev. B 43, 11048
{1992).

J. Inoue, H. Itoh, and S. Maekawa, J. Phys. Soc. Jpn. 61, 1149
(1992).

7J. Mathon, Contemp. Phys. 32, 143 (1991).
E. E. Fullerton, D. M. Kelly, J. Guimpel, and I. K. Schuller,

Phys. Rev. Lett. 68, 859 (1992).

M. J. Conover, M. B. Brodsky, J. E. Mattson, C. H. Sowers,
and S. D. Bader, J. Magn. Magn. Mater. 102, L5 (1991).
J. Sakurai, M. Horie, S. Araki, H. Yamamoto, and T. Shinjo,
J. Phys. Soc. Jpn. 60, 2522 (1991); L. Piraux, A. Fert, P. A.
Schroeder, R. Loloee, and P. Etienne, J. Magn. Magn. Mater.
110, L247 (1992).
J. Shi, R. C. Yu, S. S. P. Parkin, and M. B. Salamon, J. Appl ~

Phys. 73, 5524 (1993).
J. Shi, S. S. P. Parkin, L. Xing, and M. B. Salamon, J. Magn.
Magn. Mater. 125, L251 (1993).

L. Xing, Y. C. Chang, M. B. Salamon, D. M. Frankel, J. Shi,
and J. P. Lu, Phys. Rev. B 48, 6728 (1993).

~~N. Cusack and P. Kendall, Proc. Phys. Soc. (London) 72, 898
(1958); F. J. Blatt, A. D. Caplin, C. K. Chiang, and P. A.
Schroeder, Solid State Commun. 15, 411 {1974).

~5F. J. Blatt, P. A. Schroeder, C. L. Foiles, and D. Greig, Ther-
moelectric Power ofMetals 1Plenum, New York, 19761.

N. W. Ashcroft and N. D. Mermin, Solid State Physics
(Saunders, Philadelphia, 1976).
M. B.Stearns, J. Magn. Magn. Mater. 104-107, 1745 (1992).


