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Temperature dependence of resistance and magnetoresistance of nanogranular Co-Ag films
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We report a number of unusual features in the temperature dependence of the resistance and the magnetore-
sistance of nanogranular Co-Ag films at low temperatures. These include a nonmonotonic temperature depen-
dence of the resistance in a nonmagnetized state, anomalously low exponents in the power-law temperature
dependence of the resistivitdown to pc TY) at high magnetic field, and almost linear temperature depen-
dence of the giant magnetoresistance with no saturation at low tempef&0163-182008)01221-1

INTRODUCTION magnetic and magnetically ordered granular films, and dif-
fers significantly from theoretical expectations.

Since the discovery of the giant magnetoresistance
(GMR) effect in magnetic multilayefsand heterogeneous
aIons,z'3 numerous studies on a variety of systems have been Granular films of Co-Ag were prepared by coevaporation
reported(for recent reviews, see, e.g., Refs. 4 andRela-  of Co and Ag using two independent electron beam sources.
tively little attention has been paid to the temperature depenFilms were deposited on room temperature glass or sapphire
dence of the effect, despite its importance for the selection ofubstrates. Cobalt volume concentrations varied from 15 to

mechanisms and the development of a microscopic theory 0f0%. No post-deposition thermal treatment was done. Depo-
GMR. sition rate, relative concentration, and the final films thick-

It is now widely believed that the GMR effect is due to Ness were monitored and controlled by two quartz thickness

the spin-dependent scattering of electrons in heterogeneofRonitors. Up to 24 samples were deposited simultaneously.
ferromagnetic systems. The effect is expected to increase d4'€ relative concentrations varied smoothly due to a shift in
temperature decreaSesue to the reduction of phonon scat- the geometrical location of the substrates relative to the
tering and spin-flip scattering by magnons or, in disordereVaPoration sources. Transport measurements were per-
magnets, by localized magnetic excitations. Indeed, it wa prmed on samples of about 100 nm th|cknes§. Th'Ck f|Im§ of
shown in the early experimentd that the absolute value of more than 4?0 nrfnz(\;ve?r’g usetcri]_ fﬁr magnetlzatlo(;\fstL:dles.
the magnetoresistance increases as the temperature Jé?-'”f.‘ef S"Iimf es of 20— nmEMl)c é]etshs wireltuse d (')Ir rans-
creases. Qualitatively, all published data agree at high tenjlISSION €lectron microscopit - both cobalt and siiver

peratures. However, at low temperatures two types of behaJ '€ found 1o be crystalline with typical grain sizes of the

2 .
ior have been reported. In magnetic Fe/Cr multilayers botﬁ)rder of 3 nm'? Cu-Ag films were used for a number of test

current-in-plane and current-perpendicular-to-plane magnee-Xpe”mentS' They were deposited in the same manner and

toresistances were fouhdto vary strongly with temperature v_\;ere found to have a microstructure similar to the Co-Ag
above 60 K, but show a tendency to saturate at low tempera('— mF\; ist q ¢ ist di
tures. Although no microscopic theoretical description of the, esistance and magnetoresistance wereé measured in a
GMR temperature dependence has been developed so f ?ur-probe configuration in a temperatt_;re_range from room
Gijs et al® and Petroffet al® found their experimental data emperature down to 1.5 K in magnetic fields up to 16 T.

consistent with the electron-magnon scattering as the GM&/Iagnetlzatmn was measured using a superconducting quan-

decreasing mechanism. Markedly different behavior was relUm interference device magnetometer in the same tempera-

ported for Co/Cu superlattic¥sand granular Co-Ag filmgt ~ tUre range in fields up 0 5 T.

EXPERIMENTAL TECHNIQUES

a roughly linear increase of the GMR term with the tempera- EXPERIMENTAL RESULTS AND DISCUSSION
ture reduction and even sharper increase at low
temperatured! There are two ways to measure the full value of magne-

In this paper we present a detailed experimental study oforesistanceAR(T) =R(T,0)—R(T,Bg,), whereBg, is the
the resistance and magnetoresistance in a series of granufald at which resistance has reached a saturated value. We
Co-Ag films studied down to 1.5 K and up to 16 T magneticwish to emphasize that the two do not provide the same
field. We offer a possible explanation for the discrepancy irresults at low temperatures. The first way is to measure the
the previously reported results and show that the temperatutemperature dependence of the resistance of a nonmagne-
dependence of the zero and high field resistance, and of thtzed sample at zero field and then of a fully magnetized
magnetoresistance, is unusual when compared to that of nosample at high fiel@.,;. The results of these experiments are
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FIG. 1. Resistance of a Gg\g;, sample as a function of tem-
perature, measured at zeftairgin statg: solid circles and 16 T
field: open circles.

FIG. 3. Resistance of a Gg\g;5 sample measured as a function
of the applied magnetic field at 40 and 4.2(ikse?.

rate, AR(T) continues to increase roughly linearly down to

plotted in Fig. 1 for a CgAg-, sample. It is important to the lowest temperatures measured.

notice that the zero field curve has been measured in a virgin _Th€ origins of the difference betweeAR(T) and
state before the sample was magnetized for the first time> R (T) are probably due to magnetic hardening of Co-Ag
AR(T) is found by subtracting the high field curve from the MIXtures at low temperatures. The latter illustrates itself in
zero field curve and is plotted in Fig. 2. Also plotted in Fig. (he development of a history-dependent resistivity and hys-
2 is AR(T) for a CosAgss sample, extracted the same way. teresis in magnetoresistance. As shown in Fig. 3, the magne-

Both curves are roughly linear in the measured temperaturiresistance measured at 40 K is an even function of the field
range down to 1.5 K. and shows no hysteresis. At 4.2 K the hysteresis and history

Another way to find the magnetoresistance value dependence are clearly observed. The resistance of a nonvir-
shall call it AR*(T)] is by measuring resistance as a func- 9in state reaches its maximum at an applied field of about

tion of magnetic field at different temperatures. The magne—_io'2 T'_AISO clearly seen is the _disp_arity b_etween the zero
toresistance of a GeAg-s sample measured at 40 and 4.2 K field resistance before magnetic field is applied and the maxi-

(insed is plotted in Fig. 3. We find no hysteresis in magne—mum resistance reached during a field scan. In all the

toresistance curves at temperatures above 30 K and in thi2mples studied, the largest resistivity measured by scanning

range AR* (T) is defined asR(T,0)—R(T,16 T). At tem- magnetic field at fixed low temperature is lower than the

peratures below 30 K resistance becomes history dependerr‘?ts'Stance of a virgin nonmagnetized state at the same tem-

with a pronounced hysteredisee Fig. 3, ins¢t At these low perature.

temperatures we defindR* (T) as Ry.{T)— R(T,16 T), _ tSimilar d(ijff(tar:ence petween t_h? virgin sta:]e cT(?jro _field rfg-ld
where R,,{(T) is the highest resistance found during the StStance and the maximum resistance reached during a fie

field cycle. AR*(T) values are plotted in Fig. 2 as solid scan has been found in various multilayered magnetic

circles and triangles for the Gghgys and CagAgy, samples structures:'314The difference between two values can be of
75 70 y

i ; , the order of 10% in Co/Cu multilayered nanowitesind
respectively. The difference betweA&R(T) andAR*(T)is S .
evigent at ?/ow temperatures. WhihBR*ET; seems tc() s)atu— significantly ‘larger in Co/Ag, Co/AgSn, and Co/AgMn

multistructures:*® Despite this uncertainty, the magnetore-

sistance value of multilayered structures is usually deter-
mined from the field ramp experiments, which might be the
origin of different reported GMR temperature dependencies
at low temperatures.

The hardening onset can be found from the data shown in
Fig. 4. Here we plot two resistance temperature dependencies
of the CgsAg,s sample. The firstopen circley was mea-
sured by cooling a virgin samplgefore magnetic field was
67 applied for the first timg and the secon¢solid circles was
measured by heating the sample after a 16 T field has been
applied and removed at 1.5 K. The two curves diverge below
about 30 K, which provides a reasonably accurate indication
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of the hardening onset. The experiment shown in Fig. 4 is
analogous to the measurement of magnetization under zero-
field-cooling versus field-cooled conditions, which in a su-

perparamagnetic system serves to define the blocking tem-
perature.

It seems reasonable to identify the hardening onset with
the superparamagnetic blocking temperature of the system

FIG. 2. Absolute magnetoresistance values of89,5 and
CozAg;o samples as a function of temperatur&R(T) and
AR*(T) (see definitions in the texfor both samples are indicated
by open and solid symbols, respectively.
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FIG. 4. Resistance of a Gg\g;5 sample measured as a function FIG. 6. Resistance of GpAgg, film as a function of tempera-
of temperature at zero applied magnetic field. Open circles repreture. Solid line is a fit of the fornR=Ry+ o T3,
sent the resistance measured by cooling the virgin sample, solid
circles represent the resistance measured by heating the sample af-
ter applying and removing a 16 T field at 1.5 K. K. No sample shows a visible saturation of the magnetore-

sistance at low temperatures.
Before presenting data on the temperature dependence of

Ty . The latter can be estimat€hsCV~25kgT,,, whereC  the resistance of Co-Ag films, both in zero and high mag-
is magnetic anisotropy energy density s the particle vol- netic fields, we shall briefly review what is expected to be
ume, andkg is the Boltzmann constant. Fdi,=30 K, as  found. In metals at low temperatures one can usually identify
found in Fig. 4, and the particle diameter of 3 nm, asa number of scattering mechanisms: phonons, magnons, and
found by electron microscopy, we calculateC  electron-electron scattering, each giving rise to a different
~7x 10 erg/cnt. This value is close to that of bulk C8. power-law temperature dependent& Electron scattering
This is consistent with the intrinsic bulk anisotropy energywith phonons is spin independent wit=5 in the clean
density and does not require any extrinsic parameters, sudimit, and is expected to follow a power law with=3 in
as stress, shape, and surface. dirty and disordered metals. To check the credibility of this

We define the full magnetoresistance as a difference beassumption in granular metals with multiple intergranular
tween the resistance in the virgin unmagnetized state and ipoundaries, we used a film of GgAgg, for a control experi-
the fully magnetized states at high applied magnetic fieldment. CyyAggy is a mixture of immiscible nonmagnetic met-
These magnetoresistance amplitudes normalized by the rooats and has a structure very similar to that of Co-Ag films.
temperature values are plotted in Fig. 5 for a series of granuFhe resistance of GyAggy as a function of temperature is
lar CoAg samples. For the samples presented, the magnplotted in Fig. 6, together with a calculated curve of the form
toresistance temperature derivatia®solute valugincreases R=Ry+ aT3. The fit is good at temperatures below 30 K.
for lower Co concentrations. For all the samples the magne- Electron-electron scattering gives rise 42, and it is
toresistance increases roughly linearly with temperature reknown that bulk ferromagnets, such as bulk Co, follow a
duction over about two decades in temperature down to 1.§uadratic power-law temperature dependence at low

temperature$’ We found this behavior also in granular mix-
25 tures with high Co concentrations. Figure&)7and 7b)

Co, AL 004 present the temperature dependence of the magnetoresistance
[Fig. 7(@] and resistancgFig. 7(b)] of the Co rich film
a x=18 Co;0Ag030 Anisotropic magnetoresistance is well developed
20} "f Xfij in this samplg Fig. 7(a)], which indicates the presence of an
o ' o infinite or, at least, large enough ferromagnetic clusters.
g o x=53 Resistance is measured both at zero and 16 T field and is
i fitted by a power lawR=Ry+ aT? both at zero and 16 T
% sl field [Fig. 7(b)]. The fit is good up to temperatures above 60
Lo e ey K
A The lowest power valuey=3/2 usually indicates spin-
mixing  scattering with  magnons in disordered
Lok " ferromagnets® the mechanism believed to be responsible for
. A S . the temperature variation of GMR. In systems with granular

0 50 100 T© 150 200 250 diameterd=3 nm, which is equal to about 10 lattice con-
stantsa, the magnons are quantized with the lowest energy
FIG. 5. Temperature variation of magnetoresistance magnitude& wo~ T(d/a)?~10-20 K, whereT, is Curie temperature
normalized by their values at 260 K for five Co-Ag films with of cobalt. Therefore, at temperatures below 10 K the magnon
different cobalt concentrations. Co volume concentrations from botscattering freezes out, and the expongri$ expected to be
tom up are 53, 41, 34, 23, and 18%. not lower than 2. As we shall show in the following, no one
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FIG. 9. Resistance temperature dependence of five Co-Ag
samples measured at 16 T field. Thin solid lines are fits of the form
R=Ry+aT"”. Cobalt volume concentrationsand power valuey
122 for the samples aréa) x=53%, y=1.57; (b) x=41%, y=1.40;
(c) x=34%, y=1.33; (d) x=23%, y=1.17; (6] x=18%, vy
a =1.11.
o~
11.8
CoigAQgy, respectively. No minimum was found in our
natso samples with higher Co concentrations. A resistivity mini-
0 20 o 0 %0 100 mum and an onset of a negative resistivity temperature co-
(b) T(K) efficient in metallic systems has been associated with either

_ localization or electron-electron interaction in two-
_F'G' 7. (8) Magnetoresistance of Gghgs, sample measured at - gimensional(2D) electronic systems, as argued recently in
T'_2| K W|tr|1 fle.ld Iapplled Eazg\lle!(crosse);fand perpendlcullar Col(Cr/Ag)/Co and Col/Ag/Co muItiIayerég, or with a
s & funoton of lmperatte measured at 2er0 ang 6 T . Sofione0 EMect found usually in mefalic systers wi die
i , ' aramagnetic impurities. It was recentl roposed b
lines are fits of the fornR=Ry+ aT?. 9 20 P ) y p p y
Geoghegaret al~” that the Kondo effect is responsible for a
resistivity minimum found in CoAg ribbons. However, the
Kondo temperature of Co in metallic matrices, such as Cu
of the power-law mechanisms listed above or their combina@nd Au is of the order of 1000 F(,anzd this rules out such an
tions satisfactory describe the behavior of Co-Ag films.  €xplanation for Co-based systeffs: We shall demonstrate
We plot in Fig. 8 the low-temperature part of the resis-in the following that the nonmonotonic resistivity tempera-
tance temperature dependence of samples@ps and ture dependence can be qualitatively understood in terms of
Co,pAgs, measured in their virgin state at zero magneticthe two-current model without involving a Kondo mecha-

field. The zero field resistance of these samples is nonmoné!S™M-

tonic with minima at about 12 and 22 K for GAg,s and _ The variat_ion_ of t_he resistance with tempgrature ur_1der
high magnetic field is no less puzzling than its zero field

17.83 4250 dependence. We plot in Fig. 9 the resistance of five Co-Ag
. films with different Co concentrations as a function of tem-
17.82} * Coshers o |4oas perature measured at 16 T field. Also shown are calculated
° Coghes S : curves of the formrR=Ry+ aT?. Good fits, with systemati-
1781 F R 44246 cally decreasingy values 1.57, 1.4, 1.33, 1.17, and 1.11, are
g SOl © found atT<60 K for samples with decreasing Co volume
% y780F o R °°°° Ja2aq € concentration of 53, 41, 34, 23, and 18%, respectively. As
o o éyf’——- we mentioned above, a known scattering process with the
1779 * e ,r'. o0 J4242 lowest power-law valugy=3 is that with magnons in disor-
.., ‘gga;.‘:oof dered magnets. Samples with Co concentrations Iov_ver than
1778k ]"O"" = = L0 42% follow power-law temperature dependencies with val-

ues consistently lower thah.
Since GMR is associated with the relative orientation of
FIG. 8. Nonmonotonic temperature variation of resistance ofleighbor magnetic entities, it is useful to compare GMR data
Co,sAg,5 and CqgAgs, samples in their unmagnetized virgin state With magnetization data. We show in Fig. 10 the magnetiza-
at zero magnetic field. tion of a CqyAg,o sample as a function of temperature mea-

T(K)
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%%%\% %000 HereRg, Ry, andRg are the resistance of the ferromagnetic
layer, normal layer, and the interfaces, respectivéty.
=(p;+p)te/4, wherep, |y are the resistivities of the spin
%, 5 up and spin down channeRy=pyty and Rs=(r;+r)/2,
1251 o, where ther (|, is the resistance of the interfaces for spin up
%04 o (down) electrons.B and y are the spin asymmetry coeffi-
¥ %6 cients for the ferromagnetic layers and the interfage.
100 | , , . , , =(p,—p)(py+p)) and y=(r —ry)/(r +r;). The last
0 50 100 150 200 250 two terms in Eq.(1) are of particular interest for us. The
T(K) spin-diffusion length increases with temperature decrease,
o _ therefore, these terms should decrease. This implies that the
FIG. 10. Magnetization of CAdso sample as a function of yagstivity R(T,0) can increase with temperature decrease at
temperature measured at 1daR T fields. low temperatures whefRg, Ry, and Rg almost saturate.
Since at high temperatur®qT,0) falls with the decrease of
temperature, one can expect the functR{r,0) to pass a
minimum. This effect in layered or granular magnetic sys-
sured at 1 ath 5 T fields. T 1 T curve shows a certain tems is related to the spin-coupled interface resistance, as
saturation trend at the lowest temperatures due to the blockvas considered first in Refs. 26 and 27. The lower the tem-
ing effect. The trend is expected from the previously esti-perature, the weaker the spin relaxation and the higher this
mated anisotropy energy densityC. For C=~ additional interface resistance. We find a certain confirma-
7% 10P erg/cn? and the saturation magnetization of bulk co- tion of this scenario from the correlation between the tem-
balt Ms=1500 emu/c, we calculate the anisotropy field Perature of the minimd, (Fig. 8 and GMR values at low
H,=2C/M.~10" Oe (equivalent® 1 T in Sl units. Mag- temperature$F|g._5). Both the interface reS|sta_nce and the
netization h 5 T field decreases linearly with temperature MR are proportional to the square of the spin asymmetry

increase in the entire temperature range. This implies that étﬁﬁff'c'em' Therefore, the larger the GMR the higfigy

this field all granular moments are aligned along the applie& uld be, which is, indeed observed.

. . Consider now the resistance in a strong magnetic field.
field and u.4B exceed«T in the whole temperature range, . o

; . . . The resistanc®(Bs,) of all our samples shows no minimum
where w5 is an effective moment of a single Co grain. The

) . : ) and is a monotonic function of temperature, which implies
fit to the experimental curve by the Langevin functitat P b

. . ) that the spin diffusion is less important in the magnetically
meB>KT this function reduces t0 2kT/ueB) gives for — orqered state than in the disordered one. This can also be

718 . .
werr the value of 3.X10° ™ emu. This is by a factor 2-3  geen from the expression of the respective resistance expres-
smaller than the value expected 3 nm Coparticle. Fol-  gjons[Eq. (41) in Ref. 23] in small parameterse and 7y .

lowing this w.f estimation, the magnetization in 16 T field Therefore, the usual two-current equation R{fT,B,) can
varies by a few percent only when temperature is reduce@e ysed®

from the room one to 1.5 K. We can, therefore, neglect the
temperature induced changes of magnetization in the follow-
ing discussion. (R +Ry)(R+Ry)+R; (R +R,+2Ry)
The GMR effect in multilayers is usually discussed in the R(T,Bga)= :
framework of the two-current model for electrons with spins Ri+R +2Ry 4Ry,
up and dowrf:?3 It was suggestéd* that this model should
work also in the case of granular systems. A theory of the
resistance of multilayers in the transverse geometry, whictHereRy andR; |, are resistances of the nonmagnetic matrix
took into account both volume and interface spin-dependendnd of ferromagnetic grains, respectiveR; |, includes
scattering, was developed in Refs. 23 and 25. It was sfbwn spin-dependent and spin-independent intragranular and inter-
that the Boltzmann equation model is reduced to the macroface scatteringsR;| describes the spin-mixing scattering
scopic transport equations when the spin-diffusion length iseading to the momentum transfer between the two channels.
much larger than the mean free path. The resistance in bofResistance®;, and Ry can be split into the residual and
the antiparallel B=0) and paralle(strong field$ situations  the temperature-dependent par )= R(T‘aﬁ R%l()l)(T),
depends not only on the mean free path but also on they=R{’+R{(T), while R, is zero at zero temperature.
spin-diffusion lengths Jy and L in the normal and ferro- The relative change in the resistance with the increase of the
magnetic layers, respectively. Up to leading order in the patemperature is small, of the order of 10% per 100 K. There-
rametersyy=ty\/2lsy and pe=t:/2l ¢ (ty andte are the fore, the temperature-dependence parts are small, an@Eq.
widths of the nonmagnetic and magnetic layers, respeccan be expanded in powers tﬂ(ﬁ)(T), R(Nl)(T), and
tively), the zero field resistand®(T,0) can be written as R;(T). The result is

M (emu/cm3)
&
S
T
S

S
S

$

@



13672 A. GERBERet al. 57

R(T,Bsa) that in granular systems electron scattering by surface exci-
tations of the grains, either elastic or magnetic, or by some
(R(TO)J“ Rf\,o))(R(lOH RY) local structural defects become important. However, this

= 0 L o0 5 possibility can be ruled out for the following reason: the
R”+RY+2R{ : o :
1 l N surface magnetic excitations, such as 3D spin waves, should
freeze out at low temperatures, while the experimental re-

0 0
x{1+RD R(l )+R§\') sults for the CuAg evidence against any elastic excitations
" (RO+RO)(RO+R+2RY) beyond 3D phonons.
Let us summarize briefly our major experimental findings.
" R”+RY (1) The full values of the giant magnetoresistance in a

series of granular CoAg samples, defined as a difference be-

R
L (R0 R0 (R0 1 R0) (0)
R™”+R RV +R}7+2R . . L ; ;
(Ry N (R : N tween the resistance in the virgin unmagnetized states and in

(R(TO)+R§,°))2+(R(1°)+Rﬁj’))z the fully magnetized states at high applied magneti(; field,
f\,l) 5 5 5 5 5 5 5 demonstrate a roughly linear temperature dependencies over
(RP+RM)I (R +RP)(R®+R(V+2RY) about two decades of temperature down to 1.5 K. No low-
) o012 temperature saturation expected for magnon-dominated spin-
IR (RI7-RY) flip scattering was found.
”(R(T0>+ RO)(RO+RO)(RO+RO+2R0) | (2) Samples with low Co concentrations show a non-

monotonic temperature dependence of the resistance at zero
) applied field. A correlation between the temperature of the

As was argued above, in the temperature range in whichinima and the magnitude of magnetoresistance is found.
magnons are not quantizeR, is proportional toT>? in (3) At high magnetic fields resistance can be fitted to
disordered systené,while the temperature dependence of Power-law temperature dependencies with unusually low ex-
R(H) andR{M can be caused by spin-wave scatteriigqin  Ponents. These exponents decrease systematically with Co

disordered systeri&?3, electron-electron scattering{, see ~ concentration reduction down to about 1.1 in the,8gs,

Fig. 7 for CayAgsg) and phonon scattering@ in disordered ~ Sample. _ . L

systems, see Fig. 6 for CuAg allpyAccording to Eq.(3), We succeeded in expla|n|r_1g the minima in the tempera-
the high field resistandg(T,B.,) is a sum of positive terms, ture dependence of the zero field reS|stanqe in the framework
and its temperature dependence cannot be weakerTtHan of the two-current model. However, we failed to explain the
Moreover, magnons freeze out at temperatures lower thaifSt Of the unusual properties by the currently used models of
Thu=gueB/k, whereusg is the Bohr magneton. Fd =16 electron scattering. The discrepancies found imply that either

T, T, is about 20 K. Therefore, at temperatures lower thanthe two-current model is not applicable in a straightforward

20 K resistance is expected to saturate quickly, itgvay to granular systems, or that some additional, probably,

temperature-dependent part decaying asr T3. These the- _soft local excitation® are ir_nporta_nt. The effects are intrigu-
oretical predictions disagree with the experimentally found"9 and deserve special discussion.

behavior ofR(Bg;, T) (Fig. 9). No samples studied show the
low-temperature saturation. Moreover, the approximated
power-law exponents decrease systematically down to 1.1 We acknowledge support for this research by the Israel
for samples with low Co concentration. One could suggesScience Foundation, under Grant No. 238/96.
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