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Effect of magnetic impurities on electronic transport of heterogeneous ferromagnets
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Electronic transport in granular Co-Ag films is studied between subhelium and room temperatures in fields
up to 16 T. A number of unusual properties are found including a strong variation of magnetoresistance at low
temperatures and sublineat?R/dT?<0) temperature dependence of high field resistance above 50 K. We
show that paramagnetic impurities or small magnetic clusters embedded in the normal-metal matrix influence
significantly the electronic transport in heterogeneous ferromagnets. The effect is strongly enhanced as com-
pared with paramagnetic impurities in homogeneous normal metals, and is comparable and even superior over
the phonon scattering up to room temperatures. This mechanism is argued to be responsible for the peculiar
properties of resistance and magnetoresistance of granular ferromd&@8t83-18209)04538-3

I. INTRODUCTION of phonons to the resistance decreases faster than that of
magnons. One would, therefore, expect that the resistance in
Discovery of the giant magnetoresistariGMR) effectin ~ high fields will saturate at least not slower than in zero field,
magnetic multilayersand heterogeneous alldystriggered 1N @ full contradiction with the experimental results.
numerous studies on a variety of systeffios recent reviews In an attempt to solve this puzzle, we extended our

see Refs. 4 and)5It is now widely believed that the effect is measuremt?rnr}% of granular Co-ﬁg filmsfto higher tem-
mainly due to the elastic spin-dependent scattering of cor2€ratures. The measurements where performed at magnetic

duction electrons at the interfaces between magnetic angf S UP to 16 T, which would guarantee an alignment of
ranular magnetic moments up to room temperature. The

nonmagnetic regions and in Fhe_bulk of the ferromagnetlggesults presented below reveal unexpected details of the tem-
regions. The applied magnetic field changes the magneti

X . . . ﬁerature dependence of resistance. The high-field resistance
configuration of the system, e.g., aligns the magnetic mo

¢ diff les in h 1 (H) of as-grown samples with Co volume concentration
ments of ditferent granules in heterogeneous alloys, antyg|qy approximately 30% isublinearat temperatures above
hence, change@ecreasesthe resistance.

g o 50 K. It is unnecessary to note that the sublinearity in metals
One of a few subjects left to be clarified is the temperayg g very unusual feature.

ture dependence of the GMR. Experimentally it was found \e show in this paper that all peculiarities mentioned
that the magnetoresistance is strongly suppressed in bofhove can be explained consistently if electron scattering on
multilayer and granular materials with the increase of tem-paramagnetic impurities or/and small paramagnetic clusters
perature but the details of this variation are different. In mul-embedded in the nonmagnetic matfil is taken into ac-
tilayers the magnetoresistance is almost constant at low tencount. We demonstrate that in heterogeneous magnetically
peratures T<50—60 K), and decreases by a factor of 2 or ordered ferromagnets where the macroscopic resistance of
3 towards room temperatufe!! This dependence was ex- spin-up electrons differs strongly from that of the spin-down
plained successfully by an enhancement of the spinones, the effect of such scattering is strongly enhanced in
independent phonon scattering and the spin-flip scattering byomparison with the spin-dependent scattering on paramag-
magnons with an increase of temperatufé:1012:13 netic impurities in nonmagnetic metals. While in normal
In granular materials the variation of magnetoresistance i§etals the contribution of the spin-dependent impurity scat-
qualitatively comparable to that of multilayers at high tem-tering to the resistivity is of second order in ttemal) pa-
peratures. At low temperatures however, the magnetoresié@meterJ/V (J is the s-d exchange interactiorV is the

tance was found to change even stronger than at high ten$Pin-independent impurity potentialin ordered heteroge-
peratures, contrary to the saturation observed ifneous ferromagnetic materials this contribution is of the first

multilayers1®14-1° |n_ addition, the resistanc&(H), mea- order inJ/V. It appears that this scattering governs the tem-

sured in high magnetic fields, and the magnetoresistance Perature dependence B(H) and MR at low temperatures
(MR) change at low temperatures almost linearly with tem-2nd is comparable or even dominating the phonon contribu-
perature, while the zero-field resistarR€D) saturatesup to tion at temperatures as high as room temperature.

a shallow minimum, which we will not discuss in this paper
in the low-temperature limit. It was argued first in Ref. 19
that the temperature dependencdr¢H) and MR cannot be Granular films are complex systems with an electron
explained by scattering on phonons and/or magnons. Botimean free path of the order of the inhomogeneity scale. It has
these scattering mechanisms lead to a saturation of resistivityeen argued in Refs. 4,21,22 that the magnetic granular sys-
at low temperature in zero as well as in high magnetic fieldstems are self-averaging. The global resistivity is proportional
Moreover, the magnons freeze out at low temperatures o the average scattering sampled in each spin channel by the
high fields. With a reduction of temperature the contributioncurrent line. Therefore, the formalism of the conductivity in

Il. THEORETICAL MODEL
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granular films is analogous to that of the current perpendicukg. (2), that the resistance; |(T) of the matrix due to the
lar to plane geometry in multilayers. The magnetoresistancenagnetic impurity scattering can be written as

in this case has been successfully descfbéy the two-

current modét* with volume and interface resistances in a r(M=r? +rf |, (4)
series for each spin orientation. It was shown in Ref. 23 tha\t/vherero is the residualzero temperatuiepart of the this
the two-current model without spin flip holds if the electron =~ "~ = 1.l P P

mean free path and the thickness of magnetic and nonmaégS'Stance’

netic layers are shorter than the spin-diffusion length. As- J\2

suming that the spin-diffusion length is the largest length r?,FVO(liv , 5)
scale also in granular systems, we use the two-current model

to calculate the resistance and MR in these systems. As &= ;. and rh is the temperature-dependent resistance
gued in the Introduction, in addition to the interface scatter{grm given by '

ing and bulk scattering on phonons and spin waves, we con-

sider also scattering on magnetic impurities and small . J =
magnetic clusters within the nonmagnetic matrix. rH:rOV_S[ +2(S=(S)) +{/g| S—(Sycothy
Scattering of an electron with spgion a magnetic atom

in a cluster with a total spis can be described by the inter- Eq

action energy of the form: +(S) WW) : (6)
U=V(r)+ 2J(r) .5 i Note that the second term in this equation is smaller than the

S ' first one by a factod/V'S, which is much smaller thad/'V if

HereV is the _spin—independent s_catterin_g potential_and thtaSI?Laggial resistance in each channel is

second term is thes-d exchange interaction normalized to

spin one. The conductivity of electrons with spin-ugp,f Ry (HT)=R, L(T)+RN(T)+YI¢- (7)

and spin-down ¢ ) scattered on randomly distributed impu- ' ’ ’

riies via interaction energyl) is given by® HereR,; | is the spin-dependent resistance due to scattering

on the interfaces and within ferromagnetic grains. The last
mechanism in granular films is much less important than the
HSp)*—S(s+1) first one?>?” We also include intoR, | the residual resis-
tancer?vl due to scattering on magnetic impurities within the
+(Sz>cothE—<Sz> _ En } normal-metal matrixRN(_T) includes the resistance due to
kT KT sintP(Ey /kT) electron-phonon scattering as well as electron-electron and
+OIV)?) @ electron-magnon scattering contributions. We shall demon-
' strate in the following that in our samples the latter two are
HereE,=gugH/2, with g being the magnetic scattgrfac- less significant than the electron-phonon scattering.
tor, oy is the conductivity related to the scattering poterial It was shown in Ref. 28 that the spin asymmetry of the
only and is inversely proportional to the clusters volume conCo-Cu interface and of the bulk Co is temperature indepen-
centration.J=J(kg) andV=V(kg), wherekg is the Fermi  dent. We, therefore, neglect in what follows the temperature
wave vector. The average spin component along the maglependence ok, |. The total resistance of the sample is
netic field(S,) is given by now

o J\2
UT'1=0'0(1_ZS—V<SZ>+(S—V)

R:(H,T)R,(H,T)
R(HD+R,HT)

1
(S)=[S+5 5 8)
The last term in Eq(2) originates from the inelastic scatter- ExperimentallyR; (H,T) changes in our samples by about
ing of electrons. Generally speaking, the inelastic scattering0% between 300 and 1.5 K, i.e., the temperature-dependent
gives also a spin-mixing term. This term, however, vanishegart of the resistance is smaller than the residual one. We
for the usual model of isotropic scattering at the Fermican, therefore, expand Eq3) and(8) in powers of Ry(T)
surface?® The total conductivity of an alloy in magnetic field andr{ . This gives

is equal too;+ o, . Therefore, the terms linear inJV)

Eql 1 Eq
cot (25+1)ﬁ ——cothﬁ. 3 R(H,T)=

cancel out, and only terms of orde}/{/)? contribute to the RR R2+R? J\2
total resistance. R(H,T) ==+ Lé ! 12 Rn(T)+To| g
Consider now the effect of spin-dependent impurity scat- ! L (RFRY)
tering on the resistance of granular ferromagnet-normal = =
metal mixtures. We assume that the applied magnetic field is X| S—(Sycoth—=+(S))y =5 =7 —
. : , . kT KT sintf(E /kT)
high enough to align the magnetic moments of ferromagnetic
grains in the entire temperature range in which we are inter- 2\ Ri—R,
ested. Within the framework of the two-current model, the tro| g R*R, (S=(Sy)). ©)

total resistance in each channél () is a sum of the corre-
sponding intragranular, intramatrix, and interface spin-Hence, the leading scattering contribution of magnetic impu-
dependent and spin-independent resistances. It follows fromties embedded in the nonmagnetic matrix of a granular fer-
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romagnetic system iinear in the small parametel/V. This

is different from the standard case of nonmagnetic metals

with dissolved magnetic impurities, referred earlier. The 300

nonlinear term is of order){VSY?2, and can be neglected.
For S>1 the factorS—(S,) can be approximated as

Ag (111)

200 -
S p( 2Br) ik
—(S)~exp — 5| if KT<Ey,

100 -

Intensity (counts/sec)

KT
S=(S)~zg. I En<kT<2SE,,

35 37 39 41 43

2(S+ 1)EH i KT E,. (10) Diffraction angle 20

=57

S—(S)~S

] ] FIG. 1. X-ray diffraction of four simultaneously deposited
For uoH=16 T andg=2 the energyEy is eqUIvaIent 10 Co,—Agg, samples. Samplél) is as-deposited, the rest are an-
10.75 K. Therefore, one should eXpeCt the fO”OW|ng tem'neajed as fo”owing: samp(@) at 200 °C for 30 min' Samp|6) at
perature dependence of the cluster resistance: 300°C for 30 min, and samplé&}) at 400°C for 180 min. The

(1) At T<10 K, the temperature-dependent part of thediffraction of a pure Ag film is shown as a reference.

clusters resistance decreases exponentially with the decrease
of the temperature. One should, however, take into accourack sufficient mobility to reach complete well-ordered seg-
that spins from different clusters and/or grains are coupledegation and form an irregular structure of small crystallites
via Ruderman-Kittel-Kasuya-YosidadRKKY) exchange. observed by the high resolution transmission
This random coupling leads to a spread of e values. microscopy*'*

Therefore, depending on the distribution®f, the clusters The x-ray-diffraction patterns for samples with low Co
term decreases at low temperatures much slower than expoencentration deposited on room-temperature substrates are
nentially. characterized by the fcc peaks of silver shifted towards
(2) At T>10 K, the clusters term is linear il over a  higher reflection angles and their intensities suppressed by
wide temperature range. up to two orders of magnitude as compared to pure silver
(3) At elevated temperatures the clusters term is sublinedilms. The contraction of the silver lattice must be associated
and saturates &T>2SE,. with the partial substitution of Ag atoms by smaller Co at-

The phonon resistance increases linearlfat®, where  oms or small clusters of Co aton'®**The results of x-ray
is the Debye temperature. Thus, at sufficiently high temdiffraction are supported by magnetization and susceptibility
peratures, the total resistance in high magnetic fields can baeasurement§ that indicate the presence of small clusters
sublinear inT (d InR/dIn T<1 or d?R/dT?<0). built of a few Co atoms, coexisting with larger few-
The model is not restricted to granular metals only. In anynanometer size grains.
system with large asymmetry in the spin-up and spin-down The presence of small Co clusters in silver matrix of our
scattering, the effect of magnetic impurities on the resistancgamples is confirmed by the x-ray diffractidfig. 1) of four
is enhanced. The effect should be present, e.g., in layeregimultaneously deposited Go- Agg, samplesivolume con-
structures with magnetic impurities or loose spins embeddedentration of Co is 18% and Ag is 82%hat passed different

within the nonmagnetic layers:*° post-deposition thermal treatment. Samfile was left as-
deposited, sampl€2) was annealed at 200°C for 30 min,
IIl. EXPERIMENTAL RESULTS sample(3) was annealed at 300 °C for 30 min and santg)e

was annealed at 300 °C for 180 min. As expected for films

Granular films of Co-Ag were prepared by codepositiondeposited on a room-temperature substrate, diffraction peaks
of Co and Ag on room-temperature glass or sapphire subef Ag are strongly suppressed and shifted toward higher dif-
strates using two independent electron-beam sources. It feaction angles. Annealed samples show systematically
well evidenced that Co and Ag segregate essentially comsharper diffraction peaks moving toward undisturbed Ag
pletely under the proper fabrication conditicisThis segre- peak angle. Sharpening of the peaks might indicate an in-
gation occurs because the surface free energy of Corease of Ag grains, whereas the shift in their location indi-
(2.71 Jin%) is more than twice that of Ag (1.30 JAn*®  cates a systematic cleaning of silver matrix from small Co
causing cobalt to coagulate. There is a very poor latticénclusions. Concentration of Co impurities frozen in Ag ma-
match since fcc Ag has a lattice paramet41086 that is  trix can be roughly estimated from the position of the peaks.
about 15% larger than that of fcc G8.544. The heat of The estimated values are 8, 7.6, 5.5, and 4% for samples
formation between Co and Ag is positiye 26 kd/gratom>3  (1)—(4), respectively. All other samples discussed in this pa-
so there is no tendency for formation of the compound CoAgoer were deposited at similar conditions and, most probably,
or for alloying. It was, therefore, found that evaporated orcontain significant amount of cobalt inclusions within silver
sputtered films of Co-Ag condensated at high substrate tenmmatrix.
peratures Tsus>400 K) are completely segregated to Co  We plot in Fig. Za) the resistance of five as-deposited
grains embedded in a silver matrix. However, when films aresamples with Co volume concentrations 18, 23, 34, 41, and
deposited on a room-temperature substrate, adatoms migh8% (samples A—E, respectivelyneasured as a function of
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(d?R/dT?) as a function of temperature for the as-deposited

FIG. 2. Resistance of five as-deposited films with Co volumesamples A—E at zers) and 16 T field(b). The derivative isiega-
concentrations 18%A), 23%(B), 34%(C), 41% (D), and 53%(E) tive for samples A and B at high field

divided by their room-temperature values as a function of tempera-

ture measured at zea) and 16 T magnetic fieldb). field and high fieldR(T) curves are plotted as a function of
temperature. The zero field curves are “normal” in the sense
fi¥at thed2R/d T2 is positive at all temperatures. The high-
field curves are “abnormal” for the low Co concentration
samples:d?R/dT? is negativeat T higher than 50 K, and
approaches zero only at about 300 K, i.e., only at high tem-
peratureR(H,T) —R(H,0) starts to increase almost linearly

temperature at zero magnetic field. The resistance saturat
in the low-temperature limifwe do not discuss here the shal-
low minimum observed in some samplesTat 20 K). As
will be shown in the next section the resistance of Ag-rich
samples follows at low temperatures the dependence

R(T)=R(0)+aT” (12) with temperature, as one should expect for phonon scatter-
ing.
with y=3. Note that the same dependence has been found in The temperature dependence of the resistivity observed in
nonmagneticCu,,Ads, granular films- high fields differs qualitatively from what is expected from

Figure 2b) presents the resistance of the same samplethe traditionally discussed mechanisms. At low temperatures
measured at 16 T applied field. The effective moment of ahe resistivity can usually be well fitted by a combination of
single Co grain obtained from the magnetizationthe power-law temperature dependentes; T, where dif-
measurements is about 4x 1078 emu, i.e., the magnetic ferent terms describe different temperature-dependent scat-
energy of a grain in field 16 T is about 0.5 eV. The granulartering mechanisms. Scattering on phonons is spin indepen-
moments are well aligned by this field at temperatures belowdent withy=5 in the clean limit, and followg/= 3 in dirty,

300 K. disordered or granular metallic mixtures. Electron-electron

The overall behavior of the low Co concentration samplesscattering withy=2 is effective in bulk ferromagnets and
is qualitatively different at high fields: there is no resistanceferromagnet rich mixtures. The lowest power-law exponent
saturation at low temperatures, and a “belly” is observed afis y=3/2 corresponding to the scattering by magnons in dis-
about 100 K. The behavior is better illustrated in Fige)3 ordered ferromagnets. Application of a high field is expected
and 3b), where the second derivative$R/dT? of the zero  to suppress the possible magnon-dominated contribution and
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FIG. 5. The measured temperature-dependent part of the zero-
FIG. 4. (d°R/dT?) as a function of temperature for the as- field resistance’R=R(T) —R(0) of samples A, B, and C and the
deposited samplél) and the most annealed sam#® at 16 T  corresponding fitting curves calculated from E3).
field.
R(T,0). In the framework of the two-current mode(T,0)

leavesy to be not lower than two. Regardless of the domi-'S 9IVen by

nating mechanisms all these dependences predict the power- 1 R

law saturation of resistivity in the low-temperature limit. R(T,00=~(R+R))+ N (12
However, the resistivity of our films in high fields follows 4 2

Eq. (11) with y close to 1 for Ag-rich samples. Strictly speaking, the resistanc&s | are different from that

At elevated temperatures resistivity of metals is usuallyin high field, since all the impurity spin scattering is now
dominated by the phonon scattering and tends to a lineaemperature independent. We neglect this difference since
variation when temperature approaches the Debye tempergre contribution of the impurity scattering to the residual
ture. Addition of the magnon or electron-electron scatteringresistance is supposed to be small. For samples with rela-
can modify the general form of the resistivity-temperaturetjvely low cobalt concentration we try to fit the experimental
curve, in particular at low temperatures. However, for anydata by the phonon scattering only. As has been shown by
common metallic system, including granular mixtures, thex.ray diffraction, the silver matrix is strongly disturbed by
resistivity-temperature curve Is concave in any temperaturgopalt inclusions, and it is reasonable to assume that the
range, i.e., the second derivatigléR/dT? is positive. In our  noncoherent electron-phonon scattering domin&gs The

samples this derivative in high fields is positive at low tem-temperature-dependent zero-field scattering can be written as
peratures only and is negative in a wide range of elevated

temperatures. T\3 re/mx2dx
Annealing suppresses strongly the “belly” effect, as  6R(T,00=R(T,0)—R(0,0=a;(0) @) J -
N ? o e'—1
demonstrated in Fig. 4. The belly is pronounced much more (13

in the as-deposited sample than in the most annealed sample

(4) in the me_asured temperature range. . The coefficienta;(0) and the Debye temperatué are
We show in the next section that all these peculiar prop-

. . . . . the fitti ters. Evi tl |
erties of the high-field resistance can be understood if scal e fiting parameters. Evidenths,(0) can be excluded

. both h d I i ol b rom the fitting procedure if the resistance normalized by a
terlng on both p onons and sma mag”e.“c clusters embeqy,ogen temperature value is fitted. We prefer however, to
ded in the nonmagnetic metal are taken into account.

extract the coefficiena,(0) and its high-field counterpart
a;(H), which will allow us to compare their ratio to that
calculated from the two-current model.
We plot in Fig. 5 the resistance of samples A, B, and C
The credibility of the model has been tested by the fol-measured as a function of temperature at zero magnetic field
lowing analysis. We start from the zero-field resistanceand the corresponding fitting curves calculated from Eq.

IV. ANALYSIS

TABLE |. Fitting parameters for samples A, B, and C.

R(0,00—R(H,0)

Sample  C%) R(0,0 0K S AK [a(H)ay(0)]eac [ai(H)/a1(0)]s
A 18 5.13 208 13 75 1.45 1.5
B 23 5.12 250 75 63 1.45 1.9

C 34 441 220 3.9 4.1 1.40 1.7
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(13). The agreement is very good in the entire temperature 1.6
range. The fitted Debye temperatuisse Table )l are rea-
sonably close to the valu®@ =203 K quoted for pure AG®
The quality of the fit implies that in these samples with rela- 12
tively low cobalt content the phonon scattering in silver ma-
trix dominates the temperature dependence of the zero-field
resistance. Fitting by Eq(13) is significantly poorer for
samples with higher cobalt concentration. Additional scatter-
ing mechanisms, like the coherent phonon scattering,
electron-electron and electron-magnon scattering have to be
considered to fit the resistance of the Co-rich samples. In
order to reduce the number of mechanisms in discussion and
the number of fitting parameters we shall restrict our future
analysis to three samples: A, B, and C. 00
Following the preceding discussion, the temperature-
dependent part of the high-field resistance can be written as

0.8

SR (Q)

300

OR(T,H)=R(T,H)—R(0,H)

(T)3J®/Tx2dx
=a H J—
1( )® o o1
s Fd st g
+ayy S— o sW(e) +§ %

(2S+1)(Eyte) 1 (Eyte)

KT 20T

X cot

(14)

0 50 100 150 200 250 300
Here,w(e) is the distribution function of the random mo- TE
lecular fields generated by the RKKY interaction. We choose
in the following a Lorenzian distribution with a widtA,
although the correct distribution(e) is not known?® With () wH=16T
the Debye temperature found from fitting the zero-field re- 15k
sistance, we are left with four fitting parametasgH),a,,S, .
andA.
We show in Fig. 6 the results of the fitting procedure of .
the high-field data calculated by E4.4). The calculated and ~ __ 10T
fitting parameters are presented in Table I. Undoubtedly, the € .
calculated curves fit perfectly the experimental data over ® | .
more than two decades of temperature range. We found that R
bothSandA are sensitive to the distribution function and to ' -
the details of the fitting procedure. However, in any case, I A
is lower than 10 K and an effective impurity, defined via the
calculatedS value, contains between 3 and 10 Co atoms in oo pe---""
agreement with Refs. 14,16. At temperature above 20 K, 0 50 100 150 200 250 300
where the RKKY interaction can be neglectefl<0), an T(K)
equally good fit can be obtained with three parameters FIG. 6. The temperature-dependent part of the high-field resis-
a;(H), a,, and S only. Moreover, the normalized tancesR=R(T)—R(0) as a function of temperature for samples
temperature-dependent ~ part of the  resistancé&—-C [(@—(c), respectively. Symbols are experimental data, solid
SR(H,T)/6R(H,27(K) at T>20 K is fitted by just two pa- lines are calculated according to Ed4). Dotted curves are also
rametersa;(H)/a, andS (see Fig. 7. calculated from Eq(14) with coefficienta;=0 and present the
The ratioa defined asy="R, /Rl can be found from the impurity scattering cqntribgtion on!y: Dashed curves are calculated
experimental data via the following expressidiR(0,0) from the same equa_tlon_wnh coefficiemf=0 and present the pho-
—R(H,0)]/R(0,0)=(1— a)2/(1+ a)z_ Given «, one can non scattering contribution only.
calculate the theoretical ratia;(H)/a;(0), which follows
from the two-current model, Eq$9) and(12), and compare Table |. Considering the basic simplification of the two-
it with the ratio obtained from the fitting. Both fitted and current model, the agreement is reasonable and confirms the
calculated values for the three samples A—C are shown ireliability of our analysis.
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FIG. 7. The normalized temperature-dependent part of the high-
field resistance for sample A. Symbols are experimental data. The
line is the fit calculated from Eq14), with (A=0) and two fitting 24
parameters onlya,(H)/a, andS.

It is interesting to estimate quantitatively the effect of the
paramagnetic impurity scattering on the temperature- _ 20
dependent part of resistivity and compare it with the phonon £
scattering. This is done in Figs(&—6(c). The dashed and
dotted lines are calculated from E(L4) for phonon only
(a,=0) and impurity only[a;(H)=0] terms, respectively.

For sample C the temperature variation of resistivity is domi-
nated by the impurity scattering below 80 K and by phonon
scattering at higher temperatures, whereas at room tempera 12L— 1+ . I
ture the impurity scattering contributes about 15% of the
total temperature-dependent value. For sample A the tem- T X)
perature variation of resistivity is dominated by the impurity
scattering in theentire range from helium to room tempera-

ture. At room temperature the impurity contribution is about 2.8
twice that of phonons.

1.6 -

2.6
V. APPLICATIONS TO THE GMR EFFECT

Magnetoresistance and its temperature variation dependg 54|
directly on the resistance at high field and therefore, on the &
paramagnetic impurity scattering. We show in Fig. 8 the *
magnetoresistance of samples A and C as a function of tem- 2.2
perature. The solid line is the theoretical dependence calcu-
lated with parameters given in Table I, whereas the dashed
and dotted lines are calculated for the phonon only and im- 2.0
purities only scattering contributions respectively. The tem-
perature dependence of the magnetoresistance of sample # 0 50
appears to be totally dominated by the impurity scattering in T K)
the entire temperature range. .

It is natural to wonder how will the magnetoresistance FIG- 8. MagnetoresistancaR=R(0)—R(16T) of samples
and its temperature variation change if magnetic impuritied"~C @s @ function of temperatuféa)—(c), respectively. Symbols
are removed from the body of granular ferromagnets. Pos@'@ €xperimental data, solid curves are calculated using (Egs.
deposition annealing is a possible technique to clean the sygw' DOtteq curves are C.aICUIateq W.'th coefficieaj=0 and
tem, as evidenced by the x-ray diffraction. Magnetoresis—present the |mpur|ty _sgatterTg contribution only. Dashed curves are

. calculated with coefficierd,=0 and present the phonon scattering
tance of the as-deposited and annealed samfleg4) at contribution only
200 and 1.5 K is shown in Fig. 9. The blocking temperature '
of our films is of order of 30 K Therefore, superparamag- the as-deposited sampil®) is not entirely saturated at 1.5 K
netic cobalt grains of 3 nm size or larger at 1.5 K should besven under 16 T field and is very far from saturation at 200
aligned above the field of order of 0.1 T. This is almost metK. This is an explicit demonstration of a significant magne-
in the most annealed samplé). The magnetoresistance of toresistance contribution of small clusters coupled by the
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RKKY exchange in a spin-glass-like state.

Reduction of GMR with annealing is a well-known effect
which is currently explained by an enlargement of grains an%hi

reduction of the granular surface-to-volume rétib.is dif-
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FIG. 10. Normalized magnetoresistans®/ R(0) [AR=R(0)
—R(16T)] of sampleg1) and(2) as a function of temperature.
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FIG. 11. Normalized magnetoresistance of samples A-E as a
function of temperature.

ficult to separate this effect from cleaning the matrix of the
magnetic impurities. The difference between the two mecha-
nisms can be found by comparing the temperature depen-
dence of magnetoresistance of the as-deposited saftple
and a slightly annealed samp(®) (Fig. 10. Magnetoresis-
tance of sample(l) is the largest at low temperatures,
whereas sampl€2) is superior at room temperature. The
phenomenon is a result of the impurity scattering. Magnetic
moments of 3 nm or larger grains are aligned in 16 T field up
to temperatures well above 300 K and the spin-dependent
scattering on their boundaries is only weakly temperature
dependent. On the other hand, small impurities contribute to
magnetoresistance only at sufficiently low temperatures
when the applied field is high enough to align their moments.
At high temperatures thermal fluctuations exceed magnetic
energy of the impurities that remain not ordered at the high-
est fields applied and therefore, not contributing to the mag-
netoresistance. Reduction of the impurities content by a light
annealing improves the normalized magnetoresistance at
high temperature but reduces it at low temperatures, consis-
tently with the result shown in Fig. 10.

It is tempting to use the same arguments to explain the
ft with temperature of the optimum concentration in the
series of Co-Ag films. We show in Fig. 11 the normalized
magnetoresistance of samples A—E as a function of tempera-
ture. At room temperature the largest magnetoresistance is
measured in sampl€) with volume cobalt concentration of
34%. At 1.5 K the largest effect is found in samples A and B
with 18 and 23 % of cobalt, respectively. The shift of the
optimum concentration can be understood assuming that the
number of impurities trapped in Ag matrix is larger in
samples with low Co concentration.

VI. SUMMARY

We present experimental and theoretical study of elec-
tronic transport in granular Co-Ag films that are widely used
as a model system for the GMR effect studies. Experiments
were performed between room and subhelium temperatures
in fields up to 16 T, the field high enough to saturate granular
magnetic moments in the entire temperature range. A num-
ber of unusual and unexpected effects have been found in
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experiments(1) strong temperature dependence of magnefect of this scattering on the resistivity of heterogeneous fer-
toresistance, in particular in the low-temperature limit whereyomagnets is shown to be comparable and even superior over
following the conventional models, the magnetoresistance ithe phonon scattering up to room temperature and can be
expected to be saturate@) Temperature dependence of re- responsible for all the peculiarities observed in experiments.
sistivity of films with relatively low content of cobalt mea- We showed also that the temperature dependence of the
sured under high magnetic field is almost linear at low tem—ero-field resistance in Ag-rich samples can be well de-
peratures and sublineadiR/dT*<0) above 50 K.(3)  scribed by a simple Eq13) with one fitting parameter, the
Optimum concentratiofi.e., Co concentration of films dem- pepye temperature, which appeared to be close to the Debye
onstrating the highest magnetoresistance vaisi¢empera-  temperature in pure Ag. This implies that the temperature
ture dependent and shifts to lower Co concentration at lovgependence of the zero-field resistance in these samples is
temperature. We find experimental evidence connectingnainly due to phonon scattering in strongly disordered Ag,
these phenomena to the presence of small cobalt clusteygie the scattering of the electrons on the Co-Ag interfaces

(built of a few atoms within silver matrix. ~ causes only the temperature-independent spin asymmetry of
We have developed a theoretical model of the spinthe resistance.

dependent scattering on paramagnetic impurities immersed
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