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The giant magnetoresistan@MR) effect in granular and multilayer thin films has been widely investigated
because of possible device applications. Despite this intensive effort, the underlying mechanisms responsible
for the effect have not been identified. We present measurements of the thermoelectric(pe®eand
thermal conductivity on a wide variety of granular and multilayer GMR systems. The strong magnetic field
dependences of both the TEP and the thermal conductivity are found to be closely related to the magnetore-
sistance. The TEP measurements require that the high density of states in the ferromagnetic materials play a
major role in the GMR effect. The thermal conductivity measurements indicate that the scattering mechanisms
in granular samples are elastic while multilayer samples have a significant inelastic, spin-flip component.
[S0163-182696)09745-7

I. INTRODUCTION where V; is the potential at theth interface arising from
difference in the work functions of the two metalsjs the
Nanoscale metallic ferromagnets, in the form of thin lay-s-d exchange energyr is the conduction electron spin di-
ers and single-domain particles, when separated by nonmagection, andM; is a unit vector in the direction of the mag-
netic metals, can exhibit remarkable changes in electricahetization of the ferromagnet at thith interface. The inter-
resistance as they magnetfz&his so-called giant magne- face is located af and the coefficientd/ and J contain
toresistancdGMR) effect has been widely studied and is jrformation on interface roughness. When two interfaces are
currently finding application.Despite this intensive effort, separated by a distance less than the conduction electron’s

however, the underlying mechanisms responsible for the efy,in flin mean free path, the potential experienced by the
fect, whether in layered systems or granular materials, have >

not been positively identified. It is our assertion that, by fo-€lectron is_differept when thie, are parallel from when they
cusing on the GMR effect itself and ignoring the changes irfre oppositely aligned. At the S|mplest level, the scattering
other transport properties, researchers have missed essenf@i€ can be calculated from Fermi's golden rule, and it is

information that narrows the range of possible mechanismaisually assumed that the density of sta@®S is constant
In particular, the thermoelectric powdf and thermal throughout the mult!layer structure. At the other extreme,
conductivity*® both show “giant” changes; we will refer to  Some modef€ exploit the difference between the spin-up
these effects as giant magnetothermoe'ectric powe@nd Sp|n'den DOS in the transition metals, but the inter-
(GMTEP) and giant magnetothermal resistai@WTR) in  faces are ignored and it is assumed that the GMR effects
the course of this paper. arise only from the differences in the bulk resistivities of the
Essentially all theories of the GMR posit two conduction SPin bands of the constituent ferromagnet. Itis difficult to see
channels for spin-up and spin-down electrons and dowanaIQ_OW to extend mod_els of the latter type to granular materials.
spin-flip scatterind® At one extreme, models considered Furthermore, the size of the GMR effect has been shown to

heretofore have focused on elastic scattering at the interfacéig¢pend on the magnetic material near the interface, rather

of p|anar StructureS, with a potentia' of the fdﬁ'n than that which lies deepel’ within the magnetiC blé%k
A . Moreover, the thickness of the magnetic layers is typically of
V(o)=2(V;+Jo-M;)8(z—z), (1) order 1 nm, less than the mean free path in the bulk material.
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We will argue that the band structure in the vicinity of the coupling is not essential: GMR has been observed in systems
interface plays the central role. Each of these models hasomposed of uncoupled magnetic grandfeghe construc-
been refined to account for scattering within the nonmagnetition of novel structures with uncoupled, pinned, or biased
layer and for spin-flip scattering, but the essential elementferromagnetic layers that exhibit the GMR effect has been
remain? termed “spin engineering.”

Our goal is to present data on the GMTEP and GMTR As noted above, theories of this effect have built on the
effects in a variety of multilayered and granular samples. Wewo-current model of Fert and Campb#&liSeparate resistiv-
will argue that, while the interface scattering picture ad-itiesp, andp are defined for each spin channel and an asym-
equately explains the data, the density of final states rathenetry parameterr= p,/p; is introduced. Here, “up” and
than the spin dependence of the interfacial potentials is thédown” refer to the local magnetization direction for each
key factor in producing the magnetotransport effects. Onenagnetic layer or granule. The global quantization axis is
major finding is that the thermoelectric pow&H,T) of all defined by the external field and can be denoted by sub-
systems studied obeys the simple relatid®(H,T) scripts+ and—. If spin-flip and bulk scattering are ignored,
x1/p(H,T) as the field is varied, where(H,T) is the it is straightforward to show’? by projecting the up and
sample resistivity. This is similar in form to the familiar down components of the and — spin polarizations at suc-
Nordheim-Gorter rulé? but gives much larger effects. We cessive interfaces, that
demonstrated in earlier work on granular syst&asnd

multilayer$ that such dependence follows from the usual PP ap;
Mott formula for the thermoelectric coefficient. In fact, our pF:(pﬁpT) ) )
approach is simply an extension of Mott's arguments as to
the source of electrical resistance in transition méefals. and
The thermal conductivity of both granular and multilay-
ered systems also varies with the resistance, as expected (py+p1) (I+a)p;
from the Wiedemann-Fran@VF) law. In the case of granu- L Ay (4)

lar materials, the WF law holds over a broad temperature

range, indicating, as is frequently assumed, that the scatteThis leads to

ing processes are primarily elastic. However, multilayer

samples donot obey the WF law: The effective Lorentz

number is field and temperature dependent. This suggests R=

that the scattering processes which contribute to the GMR in

layered systems have a significant inelastic component. Wghe problem is then to determine the asymmetry parameter

will discuss this in terms of low-energy spin-wave excita-  for a particular model. Using the Kubo formalism, Levy,

tions that are present in multilayers, but absent in nanoscalghang, and Felt (LZF) calculateda under the assumption

magnetic particles. that the electronic structure, i.e., the DOS, is constant
In Sec. Il we will briefly review the theory of the GMR ' throughout the sample. This would best apply if conduction

effect and extend it to include the GMTEP and GMTR ef- takes place in the bands and it—d scattering is unimpor-

fects. Section Il describes our experimental techniques anghnt. When bulk scattering can be ignored in favor of inter-

Sec. IV describes the close relationship between the GMTER;ce scattering, the asymmetry parameter can be written as
and GMR effects in a wide variety of materials. We demon-

strate in Sec. V how our results on GMTR reveal fundamen-
tal differences between the scattering processes at work in a=
granular and multilayer systems and finally, in Sec. VI, dis-

cuss our results in light of the existing theories of GMR.  Note that in the absence of a spin-independent potevtial
«a is unity and the MR ratio vanishes. LZF obtain satisfactory
Il. MAGNETOTRANSPORT THEORIES values of R for an Fe/Cr multilayer usind/V=0.5. As a

Giant magnetoresistance was first discovered in antiferro=onsequence of the assumption of a common DOS for both

magnetically coupled Fe layers separated by Cr spacre spin chapnels throughou_t _the structure, the asymmetry pa-
MR ratio was defined as " rameter is a constant, arising solely from the ratio of spin-

dependent and spin-independent matrix elements.
PAE— PF Exactly the opposite point of view has been adopted by
R=—", (2)  Edwards and Mathotf They base their analysis on Mott
Par scattering within the bulk ferromagnetic layer where the high

which approaches unity if the resistivipg in the ferromag- DOS at the Fermi energy in the bands causes—d scat-
netic state is much smaller than the resistivity in the antifertering processes to dominate the resistivity. Interfacial scat-
romagnetic or unmagnetized staig-. There has been an tering is ignored and the resistivity is calculated from parallel
unfortunate tendency to substityie for pe in the denomi- and series connections of resistors representing the spacer
nator, thereby inflating the value &. Subsequent research and magnetic layers. The asymmetry ratio then refers to the
demonstrated tha® oscillates with the thickness of the non- low- and high-resistivity channelpl, and pf within the
magnetic spacer layer in a large number of multilayer sysmagnetic layers. In the limit that the resistivities of both spin
tems based on Fe, Co, and Permalloy magnetic layers sepehannels in the magnetic metal are much larger than that of
rated by various nonmagnetic met&{s® Antiferromagnetic  the spacer, the MR ratio is again given by H§), with

a—1)\2

a+1

®)

V+J\2

V=3 ©
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a=ph/ph In Mott scattering, thes-band resistivity is pro-
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The inverse relationship between the thermoelectric power

portional to thed-band DOS. Here, one spin subband is as-and the resistivity is a key result of this analysis. As we show

sumed to have a high DOS at the Fermi leyg(Eg) and the

other a low DOSg, (Eg); hencea=gy(Er)/g, (E). Ed-

in Sec. IV, this relationship is obeyed by a wide variety of
GMR systems, both multilayer and granular.

wards and Mathon ascribe the decrease in the MR ratio with If the scattering mechanisms that give rise to the GMR
increasing spacer thickness to the short-circuiting effect ofnd GMTEP are elastic, the WF law will hold with a ratio
the spacer; in the LZF model, however, it is attributed to theclose to the classical Lorentz number,

effective decoupling of the layers as the spacer-layer thick-

ness and electron mean free path become comparable.

While both models explain the resistivity data they differ
fundamentally. In the LZF pictureg is a constant, deter-

ke(H,T)/To(H,T)=Ly=2.45<10"8 WQ/K2. (12

Here, k¢(H,T) is the electronic contribution to the thermal
conductivity anda(H,T) is the electrical conductivity. In

mined only by the relative magnitudes of the contact poteny,re metals, Eq(12) holds at temperatures well above the
tial and thes-d exchange constant, while in the Mott picture, pepye temperature, where large-angle scattering processes
a is determined by the spin-dependent DOS in the ferromaggsredominate, and at low temperatures, where the relaxation
netic metal. The correct approach cannot be unabiguoushyie is determined by impurity and/or boundary scattering.

distinguished from the resistivity data alone. However, thene|astic, low-angle scattering predominates at intermediate
models predict different behavior for other transport properyemperatures, causing the WF ratio to fall significantly below

ties, particularly the thermoelectric coefficient.
In metals the diffusion thermoelectric pow@reP) is cal-
culated through the Mott formuta

m2k3T
3e

JE @

d |n0'(E))
E

From Egs.(3) and(4), one can show that

!

WzkéT

T,
A 3e \(1ta) pyf
F
m2k3T a p1
_ i}
FT 3e (a(1+a)+pT>E (8b)

Here, a’=da(E)/JE and p{z&pT(E)/aE. Clearly, if the

asymmetry ratio is independent of energy, as it is in the LZF
model, the TEP is the same in both ferromagnetic and anti-

Lo.2! With increasing impurity content, the WF ratio ap-
proaches the Lorentz number over the accessible temperature
range.

Early treatments of the GMR neglected spin-mixing pro-
cesses which, because they require the creation or absorption
of a magnon, are inelastié.However, it is well known that
the WF ratio of ferromagnetic metals drops precipitously be-
low the Curie temperaturé. In earlier work, Colquitt*?°
demonstrated that the rapid decrease in thermal conductivity
with temperature is the consequence of inelastit scatter-
ing by magnons. Presumably, the WF ratio decreases with
temperature because magnon creation reduces the thermal
current more effectively than the electrical current. We will
show, in Sec. V, that the thermal conductivity of granular
materials satisfies the WF law with a ratio close_tp while
for multilayer systems, which can support long-wavelength
spin waves, the WF law is not obeyed.

IIl. EXPERIMENT

ferromagnetic states; there is no GMTEP. However, when Both multilayer(primarily Co/Cy and granulatprimarily

the asymmetry ratio is energy dependent, we have

m2K3T o
AS=Sp—Se=—7 ;RW. (9)

AgCo) samples were used in these studies. Several other
combinations of magnetic and nonmagnetic materials were
examined to test the generality of the results reported here.
Copper-cobalt multilayers were grown at IBM by dc magne-
tron sputtering by methods described previod#§iyhe struc-

The GMTEP depends on the square root of the MR ratio andures for thermoelectric measurements had the form glass/

on the existence of an energy-dependent asymmetry.

Fe(50 A)/[Co(10 A)/Cu(t)]35Co(10 A)/Fe25 A). Four such

As a GMR system is magnetized, the resistivity and othemultilayers were prepared with=8.3 A, 9.2 A, 17.5 A, and

transport properties switch from their antiferromagnétc

unmagnetizedto their ferromagneti¢or magnetizeflvalues
by means of a control functiof(H,T). In antiferromagneti-
cally coupled multilayers with no anisotrofdyand in granu-
lar systems with a uniform particle sizeéthe control func-

19.3 A; these were chosen to be close to the first and second
peaks in the GMR’ We abbreviate these d€0o(10 A)/
Cu(t)]y to denote the glass substrate. A second set of
samples was prepared similarly, with 16 A of either
CuggNig; or CusgNig, as the spacer layer. The former

tion is closely related to the magnetization throughsample has a magnetoresistance ratio that decreases with

f(H,T)=[M(H,T)/M(%,T)]? In general, we can write

p(HT)=pae1-f(H,T)]+pef(H,T), (10)
and, settingo Inf(H,T)/0E=0, we arrive at the very useful
expressioh

AS(1-R) PAF
S(H, T)=Spe+ = (1—p(H'T) . (1

temperature, but remains observable at 5 K, while the GMR
of the latter sample vanishes near 108°kthree samples of
Permalloy/copper were grown at Hitachi Research Laborato-
ries, by methods described elsewh&ejith Cu spacer lay-
ers 10, 16, and 20 A thick, separating 10 A layers of
NiogFeg,. These also were grown on a 50 A Fe buffer and
contained 20 bilayers. Two Fe/Cr multilayer samples were
grown by dc magnetron sputtering on water-cooled cover
glass substrates. The Fe layers were 5 A and 50 A thick
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while the Cr thickness of 20 A was chosen to correspond tdeads and type-E thermocouples. Radiation loss from the
ferromagnetic coupling between the Fe layers. Magneticsample was minimized by reducing the sample area and by
x-ray, and M@sbauer analysis reveals that the sample witttementing the exposed Kapton of two segments together so
the thinner Fe layers is composed of small Fe islands whicthat the low-emissivity metal films faced outward. Despite
are superparamagnetic. We call this a granular multilayer. these precautions, the background thermal conductivity sig-
Granular samples ofAgCo were grown at lllinois by nhificantly exceeds the nominal conductivity of the Kapton.

means of dc magnetron cosputtering. Co and Ag were spulVe focus, therefore, only on the field-dependent part, which
tered simultaneously from separate guns at an Ar pressure &t due solely to the samples. To measure the thermal conduc-
5x 1072 torr while the substrates were rotated past each guHVvity, & measured power was applied to a microchip resistor
at =36 rpm. The sputtering rates of the two guns were aduSed as a heater and the temperature rs& K) was mea-
justed to achieve a composition corresponding to 20 vol. 9gured through the differential thermocouple by a Keithly

Co. Cover glass substratégs um thick) were held near 152B voltmeter. Several sequences of heating and cooling
room temperature and the final films were 5000 A thick.Were averaged at each field and temperature. Because current

After annealing at 300 °C for 10 min, the samples showednd voltage leads would add prohibitively to the_heat leak,
Curie law behavior from room temperature£0 K, which ~ Se€gments of the same sample were mounted adjacent to the
we identify as the blocking temperature. An analysis of thethermal conductivity experiment so that the resistance could
magnetization curves above the blocking temperature coull® measured at the same field and temperature.
be fit with a single Langevin function corresponding to
980 Co atoms/parti_cl@rssuming 1.6y per Co at_orm or ap- IV. MAGNETOTHERMOPOWER
proximately 27 A in diameter. GranulavgFe films were
grown by coevaporation under ultrahigh vacuum onto thin In general, the thermoelectric coefficients of metals do not
glass substrates. The Fe concentration was 20 vol. %. Th&epend strongly on fields for temperatures greater than 10%
samples were superparamagnetic, but had a distribution @ff the Debye temperatufé.Consequently, a large field de-
particle sizes. A more complete description of the growth,pendence of the thermopower is even more anomalous than
characterization, and magnetoresistance oMgEe samples large changes in resistance, particularly at ordinary tempera-
is available elsewher®. tures. We will restrict our analysis to temperatures above 100
Thermopower measurements were performed on narrol§ to avoid phonon drag contributions. Figurélshows the
strips of the samplétypically 10x2 mm?) using standard field dependence of the thermopow@rand the resistance
methods. The counterelectrodes were either Au or Pb fin® for [Co(10 A)/Cu(8.3 A)], at 293 K® The thermopower
wires placed in close contact with a pair of fif@5 wm)  saturates at-25.5 uV/K, comparable to that of elemental
type-E thermocouples. Current leads were placed outside tHeo, and much larger than that of CL.8 «V/K). The change
region between the thermocouples, so that resistance am®lAS=6.7 uV/K and, as shown in Fig. (b), the data sat-
TEP data could be taken in sequence at each fieldisfy Eq. (11) accurately. The slope of the curve is propor-
temperature point. At all fields the contribution of the volt- tional to AS and, as demonstrated in the inset to Fig).1
age leads to the measured TEP was subtracted off using puexhibits the linear temperature dependence predicted by Eq.
lished zero-field values for the TEP of Au or Pb. (9); changes inpae are of order 1% over this temperature
While the samples for thermoelectric and resistivity mea-+ange. Figure (b) also shows the data at 120 K. Note that
surements could be grown on glass substrates, a special efur definition of A S differs in sign from that of Piraut al®
fort was required to reduce the substrate thermal conductan@ad that our data are in rough agreement with theirs. The
on the thermal conductivity specimens. Early multilayerlinear relation between thermopower and conductance is a
work maintained a constant heat current across a (60RO  general property of the multilayer samples studied. Similar
A) sample grown on a thick substrate and monitored theplots of data taken at room temperature are shown for
field-dependent change in temperature gradiefhick  NigFe o(10 A)/Cu(10 A), Co(10 A)/CusgNi (16 A) [Fig.
granular films were removed from their backing for 2()],** [Co(10 A)/Cu(17.5 A)], [Fig. 2b)], and[Fe(50 A/
measuremerit.For our thermal conductivity measurements, Cr(20 A)] [Fig. 2(c)]. We note that the data for Fe/Cr are
new multilayer Co/Cu samples were grown on low-thermal-difficult to interpret for reasons described in Sec. VI A.
conductivity (0.1 W/mK), 13-um Kapton film with the Quite similar results have been obtained on granular
same sequence as those grown on glass. In this case, spasamples*® A representative plot of the thermoelectric
layer thicknesses of 10 A and 23 A were grown; the inter-power versus the conductance foAgCo granular sample is
layer coupling strength and MR ratio were unaffected by theshown in Fig. 3. Clearly, both the initial and saturated values
Kapton substrate. These will be denotg€o(10 A)/  of S are considerably smaller than for multilayers. Analo-
Cu(t A)]k, with the subscript referring to the Kapton sub- gous effects have been observed for other granular materials.
strate. Even for multilayer films no thicker than 800 A, the Figure 4a) shows a plot of the thermoelectric power vs the
Kapton contributes only=15% to the total thermal conduc- conductance of the granuldtgFe film at 300 K, while Fig-
tance. GranulaAgCo samples were also grown on Kapton ure 4b) shows a similar plot for the 8 A)/Cr(20 A) granu-
substrates in the same manner as above but in this case tlae multilayer.
concentration was approximately 28 vol. % Co and the In the discussion leading to E¢Q) we showed thaAS is
samples were not annealed after growth. determined by the energy dependence of the asymmetry ra-
Heat loss through electrical leads to the heater andio. In a simple Born-approximation picture of interfacial
through the thermocouples was reduced to negligible levelscattering, we suggest that the asymmetry is dominated by
by using long lengths of 13 m wires for Constantan voltage the spin-split DOS in the ferromagnetic material, i.e.,
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FIG. 1. (a) Resistance and thermoelectric power of the Co/Cu 1/R (Q—l)
multilayer at 293 K vs field applied in the plane of the samfibe. (b)
The thermopwer vs conductance with field as an implicit variable at 9.3 T . T T
300 K and 120 K. The inset shows the temperature dependence of Fe (50 A)/Cr (20 A) A
the slope of such plots. 9.2 | g0k ®
9.1 s
a=d,(Ep)/g;(Ep), (1339 g
3 90r .
whereg; (E) is the final DOS for scattering processes in- »
volving up- and down-spin electrons, respectively. Similar, 8.9 .
but distinct, conclusions have been reached by Ireiu,>®
who argue that the relevant densities of states are associated 88 7
with localized impurity moments within the spacer layer. o , , ,
However, as the definitions of up and down spins are tied to " 0312 0316 0320 0.324

the magnetic layers or granules, we assert that these shoul%)
properly be considered the DOS of the magnetic layers or
granules near the interfaces, making this an extension of the
usual Mott picture for the resistivity of transition metals. The
necessary quantity is

1R (Q7)

FIG. 2. Plots of the thermoelectric power vs the inverse of the
resistance for multilayers dofa) Permalloy/copper and Co/Cu-Ni,
(b) Co/Cu at the second antiferromagnetic peak, @d-e/Cr. All
data were taken at room temperature.
a'le=g|(Er)/9,(EF)—9{(EF)/g;(Ep). (13

eV 1. Application of Eq.(9) to the data of Fig. (B) results
The minority and majority spin thermoelectric coefficientsin a valuea'/a=1.9 eV™1, reasonably close to elemental
for Co have been determined by Cadeville and Rod%sel Co.
from which we obtaing{(EF)/gT(EF):—4.l ev'! and In applying Eq.(9) to granular materials, we have ignored
9/(EF)/9,(Ep)=—1.6 eV !, giving a valuea'/a=2.5 the resistivity p,, of the matrix. To include it, we define
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3 661 % % 10.0 | .
0.96 i |
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6.2 0.94 9.6 L L ! L
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. . . (a) 1R (107'Q™")
60 1 I 1
0 2 4 6 8 10 12
3.5 T T T T
H (kOe) Fe (5 A)/Cr (20 A)
FIG. 3. Thermopower and resistivity of a granukgCo sample. . 200K -

SM:(TrzkéT/Se)g}yl(E.F)/gT,l(EF) and app!y the usual
Nordheim-Gorter rule in thed=0 (demagnetizedstate to
give

S (uV/K)

1- R
SAF:(ST"‘SL)TB"‘(ST_SQ%"‘BSO, (14

whereS, is the thermopower of the matrix am®= p,,/par

is the ratio of the matrix to total resistivity in zero field. The

NG rule cannot be applied directly in the saturated limit,
because spin-up and spin-down carriers have different resis-
tivities. Either direct calculation from the Mott formula or
application of the NG rule to each spin subband followed by (b)
appropriate additiof gives the following result:

VR RB

AS= 1 (1-R=B)(S;=S)— 1= (S +5,-25).

(15 .
] ] ] o the spacer layer to the conductivity in the saturated state.
When the matrix resistance is negligiblg<0), we recover  ppplication of these formulae to a number of multilayers is

Eq. (9. _ o also shown in Table I.
If we assume tha§, is equal to the intrinsic TEP of the

matrix material, the contribution of the matrix TEP A5
can be estimated using E{.5). Becausep,,<pg, the maxi-
mum value off is, Bma—= 1 —R. Substituting this into Eq. The importance of inelastic scattering is a fundamental
(15) we see that the maximum contribution of thgterm is  issue in understanding the source of the GMR effect. In prin-
—2RS, which is small for 8~ B, typically less than ciple, this can be determined from the applicability of the
5-10 % of the observed value AfS. This indicates that the Wiedemann-Franz law but, in practice, it is usually difficult
large GMTEP and also the GMR must result from scatteringo separate electronic from lattice and magnon thermal con-
into magnetic bands and not into the matrix-spacer layeductivities. One method, usually applied to nonmagnetic
bands. metals, is to study the relationship between electrical and
In Egs.(14) and(15) there are three unknown quantities thermal magnetoresistances, the latter sometimes called the
(S;,S;,and B). Using the experimental values &fS and  Maggi-Righi-Leduc effect® For the systems of interest here,
R, and S, +S; equal to the value for bulk Co, we have this method is particularly useful because the the large nega-
adjustedp to yield the observed zero-field thermopower for tive changes in electrical resistance are mirrored in the ther-
the AgCo sample. As seen in Table I, the asymmetry derivamal resistance and are almost certainly due to the same
tive is also very close to the bulk Co valug’'/a=2.5 mechanism. This is advantageous since the background ther-
eV 1. Kita et al*” have determined related expressions formal leakages due to radiation, the conduction through sensor
multilayers, where the effect of the spacer layer is to providdeads and any residual gas in the sample space, and the effect
a leakage path in parallel with the magnetoresistance. In thigf the substrate and phonons are independent of magnetic
case,8 measures the ratio of the leakage conductivity due tdield.

1.0 1 i 1 |
0.150 0.155 0.160 0.165 0.170 0.175

1R (Q7)

FIG. 4. Plots of the thermopower vs conductance for samples of
(a) granularMgFe and(b) Fe/Cr granular multilayer. The tempera-
tures are indicated.

V. THERMAL CONDUCTIVITY
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TABLE I. Properties of a number of Co-based and Co-like GMR systems. ML-2 is a sample found in Ref.
8. The quantityg is the ratio of matrix to demagnetized resistivities for the granular system, the ratio of
spacer layer to saturated conductivities in the multilayers. Its value has been adjusted to bring observed and
calculated TEP values into reasonable agreement. The partial thermopowers are $ixed-a@0 uV/K and
S, =—-12 uVIK, their 300 K values for bulk Co, and are assumed to be linear in temperature. The 300 K
matrix thermopower of the Cu-Ni alloy is taken to bet0 xV/K and that of pure Cu or Ag kV/K.

Material TK) R B SP(uVIK) S uVIK)  SEYuVIK)  SEYuVIK)
AgCo 100 014 041 2.7 -3.0 -2.65 -3.0
Co/Cu8.3 A) 300 0.23 0 -19 -25.7 -16.7 -25.3
Co/Cu8.3 A) 100  0.28 0 -8.1 -11 -5.4 -8.6

Co/Cu9.2 A) 300 0.52 0 -19 -28.5 -14.5 275
Py/CU10 A) 300 018 0.1 -16 -20.9 -15.5 -20.4
Co/CuNi 300 0.06 0.18 -26 -28.1 -24.4 -26.4
ML-2 300 017 0.37 -11.5 -15.9 -12.2 -15.8
ML-2 79 031 0.22 -35 -5 -35 -5.3

Early measurements of the thermal conductivity of granu-cal resistance at 100 K of &gCo granular sample, grown on
lar sample® and multilayer® demonstrated the presence of Kapton. We use the Wiedemann-Franz law, Etp), to
large negative magnetothermal resistance, which we abbrevrite the thermal conductance in terms of the electrical re-
viate as GMTR. However, these studies did not report consistance as
current measurements of the GMR, which prevents a direct

comparison of the two effects. We correct that deficiency
here. Figure &) shows the thermal conductance and electri-
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K(H,T)=TLexp1(H,T)/yR(H,T)+KO(T). (16
Here,R(H,T) is the electrical resistancé,,{(H,T) is the
experimental Lorentz number, which may depend on field
and temperaturelKo(T) is the contribution from phonons,
magnons, and the substrate, which we assume to have neg-
ligible field dependence; angl is a geometrical factor that
corrects for the different separations of the electrical and
thermal contacts(The electrical and thermal measurements
were, as noted earlier, carried out simultaneously on two
separate segments of the same sample. For this sample the
geometrical factor isy=0.6) A test of this relationship is
shown in Fig. Bb), where it may be seen that the experimen-
tal Lorentz number is field independent. As Fig. 6 shows,

L exptiS, Within experimental uncertainty, independent of tem-
perature and consistent withl ¢,,=(2.0=0.2)X 1078
WQ/K?2, quite close to the free electron value. The tempera-

30 L T T T T T
Ag,,CO,
5 1
%
—
e {
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=}
hat
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T(K)

FIG. 6. The experimental Lorentz number fdgCo determined

FIG. 5. (a) The thermal conductivity and electrical resistance of from the slope of curves such as that in Figh)5The datum at 100
a granular AgCo sample vs applied field(b) A test of the
Wiedemann-Franz law on the same data.

K was taken after the sample was remounted. The dashed line
marks the free electron value.
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FIG. 8. Data similar to that of Fig. (@) taken on a Co/Cu
225 | . multilayer with thicker Cu spacer layers. The failure of the
Wiedemann-Franz law is evident.
< 220t .
E In order to extract the field-dependent Lorentz number,
w 215 1 we extrapolate the linear portion of th&(H,T) vs
1/R(H,T), generally valid for fields below 3.5 kOe. We then
210 7 interpret the infinite-resistance intercept as lattice and sub-
strate contributiork, and subtract it from the data. The re-
20.5 — . ! ' maining thermal conductance is assumed to be entirely elec-
08 10 12 14 16 tronic, and the Lorentz number is calculated according to Eq.
(b) 1/R (107Q") (16). While uncertainty in the extrapolated value is reflected

in the magnitude of the effective Lorentz number, the field
FIG. 7. (8 Thermal conductance and electrical resistance of aand temperature dependences are not affected. The results
Co/Cu multilayer sample grown on Kapton vs applied field, mea-are shown in Fig. 9 for this sample, for which the geometric
sured at 50 K(b) A plot of thermal vs electrical conductance with factor is v=0.045+0.006. For fields below 2 kOe, the val-
the field as an implicit variable. The nonlinearity reflects a failure of yes remain constant at each temperature. The failure of the
the Wiedemann-Franz law. WF law suggests that inelastic scattering may be more im-

) . portant in multilayers than in granular materials. Because
ture independence dfe,, suggests that the field-dependent i, jilayer samples can support low-energy magnons while
electrlc_al and thermal resistances are dominated by elastigy 4| magnetic particles cannot, the possible involvement of
scattering processes. spin waves is a reasonable starting point in seeking an ex-

The electronic term in Eq16) comprises only 25% of the  pjanation for the failure of the WF law. We return to this
thermal conductivity at zero field and 100 K. At this tem- jssue in Sec. VI B below.

perature, the nominal thermal conductance of the Kapton
film is negligible. It is natural to assign this excess to the
lattice thermal conductivity of the film. However, earlier VI. DISCUSSION
measuremenisn thick granular films reported that the elec-
tronic contribution was dominant. Either the process of re-
moving the thick film from its substrate so cold-worked the Taken as a whole, the magnetothermoelectric power data
sample that its lattice contribution was suppressed or thappear to be consistent with the Mott scattering picture, in
process of deposition has modified our Kapton substrates inparticular Eqs(9) and(11). In all cases, changes in the re-
way that produces a much higher thermal conductivity.sistivity are mirrored in the TEP so that TEP is proportional
These two explanations need further investigation. to the conductivity. This relationship, along with the magni-
Similar measurements were performed on two multilayettude of this effect, suggests that changes in the resistivity and
samplegCo(10 A )/Cu(10 A)]x and[Co(10 A)/Cu23 A)lx  TEP arise from a common cause. As was shown above, in
using the method described in Sec. lll. The data taken athe absence of spin-flip scattering, models in which the
50.2 K are shown in Fig. (@). Unlike the granular results, asymmetry ratio is constant in energy do not explain the
the thermal conductivity continues to increase at fields abbserved GMTEP effect. The addition of matrix-spacer layer
which the electrical resistivity is essentially constant. Thisresistivity, as in Eq(15), does not change this conclusion.
can be seen quite clearly in Fig(bj, where we plot the This means the TEP data argue against the LZF model, un-
thermal vs electrical conductances. Unlike in granulardess spin-flip scattering is included in the model.
samples Ly is now field dependent. It is temperature de- By including spin-flip scattering, Pireauat al. have ar-
pendent as well: The Wiedemann-Franz law does not holgued that magnon absorption and emission leads to a differ-
for the multilayer samples. The same effect may be seen oance in the TEP of the majority and minority baridghis
the second sample with the thicker Cu spacer, Fig. 8. difference could be manifested in the GMTEP effect. As

A. Thermoelectric power
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25 problem with the VBS model is in the sign of the GMTEP.
ST SO OO For Co/Cu multilayers, Inoue et al. predict
2.4 o 502K AS=S,— S<0 while we observe a positive value.
‘: 78.9 KK There are some unresolved issues. One is the zero-field
234 , 1%20K value of the TEP of granular systems. In multilayers, the
< °o 2251K 9, zero-field value of the TEP is close to that of the ferromag-
3 22 - * 2689K @@&&%g% 0% netic material as would be expected in the Mott scattering
E L mﬁﬁ:ﬁi picture given above. This suggests that the interface scatter-
& 217 &90%0 g SEE0E ing into the magnetic layers dominates the TEP as well as the
= ; resistivity. However, in granular materials where scattering
g 2.0 1 in the matrix is important, the zero-field TEP differs from
~ that of the ferromagnetic materig@s inAgCo) and even may
1.9 + be of a different sigrfas inMgFe). While we have discussed
the effect of the matrix scattering as if the matrix should
1.8 1 have the TEP intrinsic to the nonmagnetic material, this is
probably not the caséespecially in unannealed samples
17 . . l ' ' Even small concentrations of ferromagnetic materials dis-
0 2000 4000 6000 8000 10000 12000 solved in a nonmagnetic material can have a large effect on

Field (kOe) the zero-field TEP and even cause the TEP to be field
dependent? This is due to the contribution to the TEP from
FIG. 9. The experimental Lorentz number,, vs magnetic ~VBS’s. However, as the size of the magnetic clusters in-
field for the data shown in Fig.(8) along with that taken at other creases there should be a crossover from a situation where
temperatures. Values were obtained from B using values of the TEP is dominated by scattering into VBS's to a situation
Ko extrapolated from the low-field portions of thevs 1R curves.  where the TEP is dominated by scattering into bulk ferro-
magnetic bands. ThilgFe system may be a good example.

was shown in the previous section, magnons can have a me%. the as-prepared state, magnetization and small-angle x-ray
surable effect on the transport properties of multilayers. Yefcattering measurements indicate that the majority of Fe ex-
the GMTEP effect is also seen in granular systems where thi§tS in small (10ug) particles. These unannealed samples
magnon wavelengths are limited by the small size of thd@ve a zero-field room-temperature TEP 0.7 wV/K
ferromagnetic granules. For typical Co granules (27 A inWhich is less than either bulk Fer(15 uV/K) or bulk Mg
diametey the minimum magnon energgssuming the bulk-  (—1.0 #V/K). Upon annealing at 228 °C for 1 h, the small
like dispersion with no anisotropy gajs ~.01 eV. Thus, in Fe particles precipitate out of the matrix, form lar(@b0
the temperature range used in these experiments, especiafig OF Morg Fe clusters, and the zero-field room-temperature
at lower temperatures, magnons should not effect the trandEP is changed te-1.20 4 V/K. Although the analysis here
port properties significantly. The constant Lorentz number ofS VeTy qualitative, it is clear that when there is a large matrix
the granular samples attests to this. Models with an energyrontribution to the resistivity, a more detailed picture of the
independent asymmetry ratio that include spin-flip interacVarious scattering mechanisms is required to accurately de-
tions therefore cannot account for the observed GMTEP eftermine the zero-field value of the TEP especially in granular
fect in both multilayers and granular systens. systems where _the band structure of very small ferromag-
In transition metals with dilute ferromagnetic impurities Netic granules differs from the bulk. _ _ o
virtual bound state6/BS's) have been shown to account for ~ Another problem with the Mott scattering picture is its
the large, solute, and impurity-dependent TR he exist- inability to explain the obser_ved temperature erendence of
ence of VBS at the magnetic/nonmagnetic interface has bedf® GMTEP of Fe/Cr multilayers where theign of the
suggested as the cause of the GMR and GM¥ER/ile GMTEP effect changes with temperature. Our data on_the
the VBS theory yields a scattering potential similar to Eq.F&50 A)/Cr(20 A) sample are in qualitative agreement with
(1), it differs from the conventional theory in that the VBS’s observations first made by other gro&ﬁ’sHov_vever, we note
are a result of resonant scattering. The LZF model explicitlythat we did not observed a sign change in the GMTEP of
excludes resonant scattering. This resonance causes the iffe/Cr granular multilayers. At present we have no explana-
purity d-orbital DOS to factor into the spin-dependent scat-tion for this and more detailed work must be done.
tering potential througts-d hybridization. This leads to an
asymmetry parameter which is energy dependent and equa-
tions for Sy and Sg entirely equivalent to Eqs8). How-
ever, the VBS model is suspect for two reasons. First, the As noted above, the Wiedemann-Franz ratio of transition
VBS contribution to the TEP is determined by the positionmetals drops dramatically below the Curie temperature.
and width of the impurity energy level compared to theKasuy&*and, subsequently, Colqiitiattributed this drop to
Fermi energy so that the TEP of binary alloy systems thathe effectiveness of magnons in thermally relaxing the con-
exhibit VBS's is typically quite different from either of the duction electron distribution. In both descriptions, however,
constituents. As shown in this work, magnetic multilayersonly inelastic magnon scattering was considered, and de-
typically have zero field TEP very close to that of the ferro-tailed balance arguments eliminated the distinction between
magnetic component. In granular systems the situation ismagnon creation and magnon annihilation. In the present
more complicated as we will discuss below. The secondituation, however, we argue that elastic scattering processes

B. Thermal conductivity
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dominate, but that magnon scattering opens a path for ther- 24
mal relaxation that reduces the effective Lorentz number. We =3
present here a simple model that illustrates how low-angle A =085
magnon processes can produce the effects observed in Fig. 9. _ 237
We consider the ferromagnetic configuration and write 8 F i
the rate at which spin-up electrons can be scattered into the § 2.2 1 erromagnetic
spin-down(minority) band of one of the ferromagnetic lay- N _
ers. This occurs through the absorption of a magnon of wave ¢ ,, | 50K
vector Q=|kg s—kg 4, that connects andd segments of s
the Fermi surface. This is presumably a small-angle process £ g : ;
that affects mainly the thermal relaxation. Consequently, 3 2-0W — . 18K
within the context of Fermi’'s golden rule, we can write a i — —
relaxation rate for this process as 19 4 Antiferromagnetic —
Wi (ks —Kq))=2G*(ng)g,(Ef) (17) .
1. T T T
and, similarly, for spin-down electrons, 0.00 0.‘02 004 006 008 0.0
WF(ksiﬁde) — 2G2(nQ+ 1>gT(EF)- (18) Magnon absorption ratio, p
There are two key differences between the two rdigshe FIG. 10. Effective values of the Lorentz numbers for ferromag-

spin-up rate depends on the presence of thermally excitegetic and antiferromagnetic states in the magnon scattering model.

magnons, while the spin-down rate involves magnon creThe parametei is fixed here, although it is proportional to the

ation, and(ii) the densities of states are in the rasiagiven inverse of the elastic scattering rate and therefore temperature de-

by Eq.(13a. In both casesG is a matrix element of the- pendent. The dotted lines indicate regio_ns were the two effective

d exchange interaction an@) is the Bose factor for mag- Lorentz numbers match the data shown in Fig. 9.

nons of wave vectof). L ) )
The situation for antiferromagnetic alignment is quite dif- 98Nt as observed. We demonstrate this in Fig. 10, in which

ferent, as spin-up electrorgefined relative to one of the LF @nd Lae are plotted as functions o with the other

neighboring magnetic layersan scatter by both magnon Parameters fixed at=3 and\A=0.6.

creation and annihilation processes. The rates for both spin

channels are the same and can be written as VII. CONCLUSION

We have presented data on the magnetic field dependence

Walks|—kap) =Walksi—ka,) of the thermF()JeIectric power and therrgal conductivi'?y for a
1 variety of GMR systems, both multilayer and granular, and

(1+ p 19 have proposed a model in which the scattering from the non-

magnetics bands into the magnetid bands dominates the

We assume that these rates add to the non-spin-flip scatterimgsistivity as well as the TEP. The majority of the data are in
ratesW;; and W; , and that those are in the same ratio agreement with this model. The GMTEP effects measured
a=W; /W;; as the electrical resistivities. Defining are inconsistent with theories in which the spin asymmetry
A=Zngl(EF)/Wil andu=X\(ng), we can write the effec- parametera is independent of energy even when spacer-
tive Lorentz numbers in the ferromagnetic and antiferromagiayer or matrix scattering is included. We have also demon-

=G?g,(Ep) <nQ>+l :
o

netic states as strated that magnon scattering and impurity virtual bound
states cannot explain the GMTEP effect in both granular and
L La 1+p+N(1+a) (20 multilayer systems. While the TEP data do not rule out the
P04+ ap) (@t N +uw) )’ contributions from nonresonant spin-dependent potentials to
the GMR, the measurements demonstrate that the DOS of
Lo the ferromagnetic layer or granule must be included to prop-
LAF:m- (21 erly explain the data.

The thermal conductivity in granular samples obeys the
We have assumed that the magnon scattering involves low#/iedemann-Franz law, indicating that the scattering is elas-
angle processes that do not affect the resistivity. tic or large angle, while in multilayered samples the thermal

At sufficiently low temperatures, the magnon absorptionconductivity shows significant deviations from the

will be frozen out; i.e.,u—0. In this limit the effective Wiedemann-Franz law, indicating a significant inelastic
Lorentz numbers are in the ratio Lg/Lae component. We ascribe this deviation to scattering from
=[1+N/(1+a)]?/[1+N a]. For the lowest-temperature long-wavelength magnons. However, to explain the field and
data in Fig. 1, this ratio is 1.1 an#=3 (R=0.25), suggest- temperature dependence of the WF ratio, it is necessary that
ing A=0.6. It is not possible to make a complete model, amnon-spin-flip processes be the dominant scattering mecha-
the inelastic scattering rate is also temperature dependentism.
However, examination of Eq$20) and (21) will show that While development of practical devices based on the
Lg is considerably more sensitive to changesuinand is GMR effect is proceeding by empirical methods, an elucida-
reduced agu increases, making it more temperature depention of the mechanism that underlies the effect may provide
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