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Temperature dependence of the conductance and magnetoresistance of Gr@owder compacts
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CrO, cold-pressed powder compacts show different electronic transport property than the single crystals. We
have analyzed the temperature dependence of the conductance and magnetoréM&amtecold-pressed
compacts of Cr@powders. Our results show that there exist two channels of the conducar@ee is the
inter-granular spin-dependent tunneling conductar@®gp{), which is found proportional to exp(1/T*?).

The other is a spin-independent chanr@k due to the higher-order inelastic hopping through the localized
states due to imperfections in the barri€yg, is found to follow the power lawl” and y is related to the

number of localized states in the barrier. At low temperatures the conductance is determined essentially by the
SDT channel. As the temperature increases, the hopping channel becomes dominant. This spin-independent
inelastic hopping conductance is one of the main reasons for the rapid decrease of MR with increasing

temperature.
DOI: 10.1103/PhysRevB.63.064410 PACS nuniger72.15.Gd, 73.40.Gk
I. INTRODUCTION second-order hopping through two localized states in the tun-

nel barrier. A good fit of the theory with the experimental
Chromium dioxide (Cr@ has been predicted to be half- data is found in their study.

metallic by band-structure calculatidn.Spin-polarized The higher-order inelastic hopping theory was proposed
photoemissioh and  superconducting  point-contact in 1988 by Glazman and Matveé¥who presented a micro-
experimentdhave shown that the Cghas a high degree of scopic theory on the inelastic hopping through two or more
spin polarization, close to 100%. The nearly perfect spirlocalized statesN=2) involving electron-phonon interac-
polarization of CrQ suggests that it would be ideal for ap- tion, in which a power-law dependence of temperature has
plications in ferromagnetic tunneling junctiohsyhere a  been given. This theory has been applied and verified in
large magnetoresistan¢®IR) ratio is expected. Several re- analyzing the “leak” or S| conductance in tunneling
cent publications have reported that Gr@olycrystalline  structures:*3In 1995, Xu, Ephron, and Beasféyanalyzed
films>® and cold-pressed powder compaétexhibit a MR the higher-order hopping through “chains” ®-localized
ratio more than 35% at low temperatures5 K). The con-  states in their tunnel barriers and presented a confirmation to
duction mechanism of these CsGtructures is due to the the hopping conductand®@", which is given as follows:
intergranular tunneling that is affected by the so-called Cou-

lomb blockade and shows a strong temperature GROp“Ty, (1)
depen_dencé.g’lo . _ wherey is given by?13

Unlike the metallic transport of single-crystal GzQhe
conductances of CrO, cold-pressed powder compacts and y=N—-[2/(N+1)]. 2)

polycrystalline films significantly increases with increasing
temperature. It is also found that the MR ratio decreasedlotice the value ofy is not continuous. In the case of the
rapidly with increasing temperature. In general, MR becomesecond-order hoppingN=2), G3*<T**% For the third-
less than 5% whe>100K and is almost zero at room order hopping N=3), y=2.5, and for the fourth-order hop-
temperature. What are the causes for the strong temperatup@g, y=3.6.
dependence o6 and MR? Is it mainly determined by the It is well known that the grain boundaries play the role of
nature of grain boundaries and grain sizes, or is it related ttunnel barriers in Cr@or CrO,+Cr,0O; cold-pressed powder
the intrinsic properties of Cr{? Answers to these questions systems. 2 In this work, we analyze the temperature depen-
are important, and the analysis of the temperature depermience of the conductance and the MR of cold-pressed pow-
dence of the transport properties may help us better undegdler compacts of Cr It is found that the suppression of
stand the physics involved and achieve a higher MR ratio atunneling MR with increasing temperature in these systems
higher temperatures for practical purposes. There have bed$ also caused by the inelastic hopping conductance, a spin-
several suggestions mddein regard to the mechanism of independent channel. At low temperatur€<{(50K), the
MR reduction at high temperature in cold-pressed gg@w-  conductancés of the cold-pressed Ceamples is found to
der systems although detailed analysis is lacking so far. be proportional to expf1/TY?), which is consistent with the
The MR reduction at high temperature has been foundheory of intergranular tunneling. At high temperature, a
and analyzed in a number of simple magnetic tunnel juncpower-lawT?” term dominates the conductance. Our results
tions not involving CrQ by Shang et aft! and it is attributed  clearly show that there is an additional channel contributing
to the existence of a spin-independéat) channel, which is to the conductance of the cold-pressed £r€mpacts,
a higher-order inelastic hopping conductance following thewhich is due to the inelastic hopping of electrons through the
power law T332 The power of 1.33 corresponds to the localized states in the grain-boundary barrier.
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TABLE I. Annealing effect of CrQ powder samples. 85
- - 30+ Z
Annealing Annealing Percentage .
Sample temperature time  of Cr,0; Resistivity A 215
—~ 204 G
I No annealing 0 <5% 0.1Qcm 6.2K ® :
[ 400°C 10 mn  ~10% 05Qcm 65K =" .
I 400°C 20 min ~20% 2Q0cm 30K = 10+ e
IV 400°C 60 mn  ~35%  14Qcm 32K sl o wmper O
A sample IT
o4 ® samgle[II
0 sample IV
Il. EXPERIMENTS S+ y

0 50 100 150 200 250 800

The CrQ, samples in our experiments were prepared from T(K)
commercial powders used for magnetic recording. The pow- .
ders were characterized by x-ray diffraction and transmission F!G- 2. The temperature dependence of the MR. The dotted line
electronic microscopyTEM). The single-domain CrQpar- is the guide to the eye. Inset shows the MR at5 K for sample I.
ticles were rod shaped with an aspect ratio of about 9:1, and
the average length was about 400 nm, which was determined [ll. RESULTS AND DISCUSSION
from TEM micrographs. Cr@disks with a diameter of 9.5
mm and a thickness of about 1 mm were cold pressed usi
a hardened steel die under a pressure »fL6° N/m?. Four
samples were made: sample | was the original Qr@ntain-
ing no measurable @d; from routing x-ray diffraction;
samples I, 1ll, and IV were composites of Cy@nd CpOg
of different ratios, which was induced by annealing €i®
air at 400 °C for different times. Table | lists the annealing
effects and the composition of the four samples, which wer

n Figure 2 shows the temperature dependence of MR for all
Bur samples. The inset is the MR vs field pldt=aK for
sample |; other samples have similar MR behaviors. The MR
ratio is defined asRy — Ry-0)/Ry=( and the large negative
MR ratio at low temperatures is consistent with the inter-
granular spin-dependent tunnelin@DT) involving half-
metallic grains. One can see that the MR ratios of samples IlI
and IV are larger than that of samples | and Il at 5 K, but the

- . . . Qiifference becomes negligible when the temperature is
estimated from the x-ray diffractiofKRD) pattern. Figure 1 higher. The higher MR at low temperature of annealed

gives the XRD pattens of the original Cs@ample and an samples lll and IV is associated with the improved barrier

annealed §ample, which shows tha§@§ is introduced by .layer due to the precipitation of &5 at the grain bound-
the annealing. The transport properties were measured using:

. ) X ies.
a Quantum Design physical properties measurement system Figure 3 shows the temperature dependence of the con-
(PPMS, and the magnetoresistance measurements were

made in fields from—5 T to 5 T and over temperature range ctanceG of these samples; all have been normalized to the
5 K to 300 K. The resistivity of sample | is about G0Lcm conductance aT=5 K. One can see that the conductance

at room temperature, and is about 0.5, 2, andlie for increases with temperature and shows a significant slope

samples I, Ill, and 1V, respectively. The resistivity increasesChange starting from about 50 K. In Fig. &,is plotted in a

significantly by heating due to the introduction of,Og, a logarithmic scale and the axis is 17" From the IG vs
gniicantly by 9 . 298 & 1712 plot one sees that foF<50K InG is linear to 172,
good insulator and antiferromagnet, which causes the dilu-

4 . : . . which is typical of intergranular tunneling. The tunneling is
tion effect and the increase in barrier thickness. usually treated as an elastic process and is a spin-dependent

process. The intergranular tunneling conductance as a func-

] After annealing 25
] 400°C, 20 min —o—Sample I, original CrO,
b —4+—Sample II, ~10% Cr,0,
1] 6.0, cro 50 —=—Sample IIL, ~20% Cr,0,
(012) (054)3 —CO—Sample IV, ~35% Cr,0,
- g m}
€4 N 154
5 'S
8‘ (110) (101) (211) e
&p Original é 10
] CrO, powder G
] 5.
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20 30 40 50 60 70 T(K)

290

FIG. 1. Annealing effects as indicated by x-ray diffraction pat- FIG. 3. The conductancé as a function of temperature for all
terns. samples.
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FIG. 4. Logarithmic conductance @ as a function of ¥ A
linear relationship exists ai<50K. A=~6.2K, 6.5 K, 30 K, and
32 K for samples I, 11, lll, and IV, respectively, which is determined
from the slope of the linear part of @& vs T2

tion of temperature is given B 16
Gspr=Go(1+ P?m?)exd — (A/T)Y?], (3

whereP is the spin polarizationm=M/Ms is the relative
magnetizationG, is a constant, and is proportional to the
Coulomb charging energl{. and barrier thickness. At tem-

54 O experimental data ( Sample 1)
—fit G, +C, T ®+C, T °
4 - fitt G, +C, T"®
3_
© | e
2] G, ~exp(-a/T)"
T"* hopping is dominant
1 at about 50K < T< 300K
0 100 200 300
T(K)
70 O experiment data ( Sample III )
-~ 25 36
60 —fit G, +C T +CT
-~ 25
ol T fit G, +C, T

404 72¢ hopping is dominant
O 30 at about 50K « T < 300K

PHYSICAL REVIEW B 63 064410

peraturesT<50K, the linear relationship between@and
1/TY2 shown in Fig. 4 implies that the intergranular tunnel-
ing is the major contribution to the conductance at low tem-
perature. TheA can be determined from the slopes of the
linear part of Fig. 4. It is found that=6.2 K, 6.5 K, 30 K,
and 32 K for samples I, Il, 1ll, and IV, respectively, as shown
in Table I. The difference in the values Afcorresponds to
the difference in GO barrier thickness and the Coulomb
charge energy of the four samples.

It is found that the linear dependence ofGnon 1/T/2
does not hold at high temperature. As seen in Fig. 4, when
T>50K, InG starts to deviate from the linear behavior for
all samples. This phenomenon suggests at high temperature
Ggpr is not the major conduction mechanism and other
mechanisms may become dominant. As mentioned before,
the suppression of spin-dependent contribution to the con-
ductance may result in a decrease of the MR at high tem-
perature when a spin-independent chariimadlastic hopping
conductance becomes dominant with increasing tempera-
ture. As a matter of fact, a power-law temperature depen-
dence ofG, which is characteristic of the higher-order inelas-
tic hopping, is observed over the high-temperature region
(T>50K), as seen in Fig. 3. Our analysis of the data shows
that the conduction in the CgQpowder compacts contains
mainly two channels: the tunneling channel with an expo-
nential 1TY? dependence and the hopping channel that fol-
lows a power law, and the total conductance is the combina-
tion of the two:

64 O experimental data ( Sample IT)
—fitt G, +C, T +C, T
5-
------- fit G, +C T
44
O]
34
o] g5 G, ~exp(-A/T)"™
T"* hopping is dominant
1' atabout 50K < T < 300K
0 50 100 150 200 250 300
T(K)
160
140 O experimental data ( Sample IV')
—fit G, +C, T°+C,T°
120 A 28
------- fitt G, +C, T
1004

804 T2° hopping is dominant
(b gp ] atabout50K < T<300K

20 401 )
10 ©r e 201 e
ol i 07 NG, ~exp(-a/T)"
T T T T T T T -20+— T T T T T T
0 50 100 150 200 250 300 0 50 100 150 200 250 300
T(K) T(K)
FIG. 5. lllustrations of the theoretical fits & as a function ofl obtained from Eq(4) for samples I, II, lll, and IV, respectively. At low

temperatures is mainly decided by the tunneling term; at high temperatGrés dominated by higher-order hopping that follows a power

law.
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G=Ggprt+Gg=C exgd — (A/T)Y+C,TY, (8

whereC,; andC, are free parameters. It is found that E4).

fits our experimental data surprisingly well as will be dis-

cussed later. e
Keeping in mind the power-law temperature dependencevc} ] 0 2000 4000

of the inelastic hopping conductan@{°’<T” and y=N - vmV)

—[2/(N+1)], the spin-independent conductar@e, is due E, 1571 © experimental

N
o
I (a.u.)

: : : fitby: o,V 4o V2545, V*° #F
to the inelastic hopping of electrons through sevékillo- . 1 s 2 L 2 e
calized states in the barriers. That is, besides the elastic in- 177777 :'t iy' °*z RS
e itby: o,V " e

tergranular tunneling, the imperfections in the grain-

boundary barriers provide a hopping conductance channel. 10 teesss Sample I
The power-law term has previously been considered in . i .

simple magnetic tunnel junctions by Shaetcal.;** however, 0 1000 2000 3000 4000
the first term in Eq(4) was not involved in those cases due V((mV)

to the nongranular nature of their junctions.
The SDT channeltunneling and SI channel(hopping

have different temperature dependences, and they are th 0.68
dominant conduction mechanisms over different temperature -~ (b)
regions. The SDT channel dominates the conductance at lon  ¢.64- 2 I~V
temperature and the Sl channel dominates at high tempera — -
ture. The enhanced role of the latter at high temperature ex-"oy

: - : 060
plains the rapid decrease in the MR. e 0 V%

According to the analysis of Glazman and MatvEeand G o )

. . ~ experimental y.
Xu, Ephron, and BeasléeYy, the order of electron inelastic 0.56 - fitby: o V %40 V2546 V3 &P
K R X X o y: o, +0, +o, p

hopping N can be increased by increasing temperature or ~ | _____ fit by: 0.V 4o V 25 &
bias voltage. Higher level of impurity and a thicker barrier [ fitby: 0.V " R
can also result in a higher order of inelastic hopping. In our 529 i P
data, it is found that both the second-order hopping ( Sc000ea Sample Il
=1.33) and third-order hoppingyE2.5) exist, and the 0.48 . . r
fourth-order hopping X=3.6) become non-negligible at 0 1000 \2/0(()omv ) 3000 4000

temperatures higher than 250 K for the longer time-annealed

samples Il and IV. . FIG. 6. Conductance as functions of voltageTat 300 K for
The conductance of our samples can be fitted generally byampies | and 1ll. Both the experimental data and theoretical fits

according to Eq(6) are given.
G=Cyexd — (A/T)¥2]+C,T133+ C;T25+C,T3C. (5)

] . ) creasing temperature also favors higher-order hopping in
In the first term of the spin-dependent tunneling Cha””ebgreement with the theory of Glazman and Matveev.
ex —(A/M)Y?], theA values are determined from the slopes ~The |-V characteristics have been measured at room tem-
n Flg 4. The Second, thll’d, a.nd fOUI’th teI’mS_ represent th%erature and |t is a|so found that the Conductamas a
spin-independent chann@lg, of power-lawT” with y equal  fynction of bias voltage/ can be approximately fitted by a
to 1.33 (second-order hopping 2.5 (third-order hopping  power law. Figure 6 gives the I-V curves a@das a func-

and 3.6(fourth-order hopping respectively. It is found that, tjon of v for samples I and I1l. The conductance can be fitted
for samples | and Il, th@3*® term is never needed and the by

T25term can be omitted except at very high temperatures. In
other words, the hopping conductance is dominated by the G=0y+ o VB4 o, v22 (6)
second-order hoppingT¢3d. For the annealed samples Il
and 1V, theT>33term can be omitted and the hopping con-whereo,, o;, ando, are free parameters. Better fits at the
ductance is dictated by tHE*® term. An even better fit can high-bias end can be obtained if one includes a higher-order
be obtained at high temperatures if we take into account germ of V36 Similar bias dependence @ has been ob-
higher-order ternT35, Figures %a)—5(d) show the details of served in samples Il and IV but is not shown here for the
the theoretical fits of the temperature dependence of the cosake of clarity. For sample |, where the temperature depen-
ductance using different terms described above for all foudence followsT*33 G could not be expressed simply 433
samples. It can be seen that EB) works very well in de- [see Fig. 6a)]. Instead, it is necessary to add tWé° term
scribing the phenomena. particularly at high-bias voltage. This behavior can be ex-
The increase in they value with annealing reflects the plained considering that a higher bias should lead to a higher
increase in the order of the inelastic hopping possibly due t@rder of hopping in addition to the fact that the experiment is
the changes in effective barrier thickness, which is associatedone at a relatively high temperature, which also promotes
with the increases of the number of localized stdtedn-  higher-order hopping. It should be mentioned, although the
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power-law dependence of the inelastic hopping conductancdaedependent hopping channel with increasing temperature.
on biasV?” is predicted under conditioeV>kgT, the theory However, the mechanisms introduced in Refs. 7, 11, 17, and
explicitly states that increasing temperature or bias voltagd8 may still play important roles.
favors hopping along chains with more localized statds (
>2) resulting in an increasing nonlinear dependence of the IV. CONCLUSIONS
conductance on temperature and volté?gE‘.Our experimen- We have studied the conductance and magnetoresistance
tal results show that the power-law relationship between the : .
; ! ) g of CrO, powder compacts. Besides the intergranular tunnel-
hopping conductance and bias voltage still holds in our cold- o
ing conductance, a spin-independent conductance has been
pressed powder systems at room temperature. found d he inelastic hiah der hopoing th h th
Besides the inelastic hopping, there are several oth pund due to the Inelastic higher-order hopping through the
. ’ . ?ocahzed states in the grain boundaries. At low temperature,
mechanisms that have been proposed to be responsible for . . S )
: T : 7 e integranular spin-dependent tunneling is the major con-
the rapid reduction in MR at high temperature. C@t\al. : . SN :
duction mechanism. When temperature is higher, the inelas-

suggested the existence of spin-flip processes introduced l% hopping plays a more important role. The suppression of

the excitation of antiferromagnetic magnonsﬁrin the interface,Ehe MR at high temperature is correlated to the increase of
layer or maybe the weakly exchange coupled ons at the the spin-independent hopping channel with temperature. It is

; 17 ~
In?fr;aectiir.aﬁzeosrﬁgycgi\l/ﬁstfnzl'suSh(Z:stti % t:fe:\r’]voe?;rl:?e_suggested that in order to maintain a large MR ratio at high
9 P 99 P temperature, one may need to consider reducing the spin-

dependent spin-flip scattering corresponding to the temper?ﬁdependent channel. For example, reducing the imperfec-

ture dependence of carrier mobilities and MR. It is also POS%ions in the grain boundaries, changing the granule size and

sible that the MR is reduced by the suppression of spin. . .. . )
polarizationP at high temperature due to thermally excitedr};‘;j]r:J csigggtrfgem(;gweot?rz scirs]ggg;g O?Etiﬁ en;%tt)grigleslpful toen

spin waves! Itoh etal!® presented a double-exchange
model showing thalP decreases with increasing temperature,
their calculated results also indicated that MR decreases

more rapidly tharP but can still be large at high tempera-  The authors are grateful to Dr. K. Wang, Dr. L. Spinu,
tures. To explain the rapid decrease of the MR with temperaand Dr. H. Xu for their helpful discussions. This work was
ture, one needs to take into account the inelastic hoppingupported by the Louisiana Board of Regents Support Fund
conduction channel. The suppression of MR at high temperasrant No. LEQSK2000-03-RD-B-10 and Sharp Laborato-
ture is mainly due to the rapid increase of the spin-ries of America.

ACKNOWLEDGMENTS

1K. Schwarz, J. Phys. F: Met. Phyk6, L211 (1986. Prieto, and L. Vazquez, Phys. Rev.68, 9549(2000.
2K. P. Kamper, W. Schmitt, and G. Guntherodt, Phys. Rev. Lett.1°J. S. Helman and B. Abelest, Phys. Rev. L8, 1429(1976.
59, 2788(1987). 11C. H. Shang, J. Nowak, R. Jansen, and J. S. Moodera, Phys. Rev.

3R. J. Soulen, J. M. Byers, M. S. Osofsky, B. Nadgorny, T. Am- B 58 2917(1998.
brose, S. F. Cheng, P. R. Broussard, C. T. Tanaka, J. Nowak, 32| | Glazman and K. A. Matveev, Zh. Eksp. Teor. Fo4, 332
S. Moodera, A. Barry, and J. M. D. Coey, Scien2g2 85 (1989 [Sov. Phys. JETB7, 1276(1989].

(1998. 13y. Xu, D. Ephron, and M. R. Beasley, Phys. Rev.58, 2843
4J. S. Moodera, L. R. Kinder, T. M. Wong, and R. Meservey, (1995.

. Phys. Rev. Lett74, 3273(1995. 143, Inoue and S. Maekawa, Phys. Rev5® R11927(1996.
GE' ; Hvl\(/f':tngdagd '\i ¥V.dCheozg, ?C;inz@?l 1;402(21:91%9 155, Mitani, S. Takahashi, K. Takanashi, K. Yakushiji, S.
74 uzuki and 7. M. fedrow, . PPl Fhys. Lels, (1999. . Maekawa, and H. Fujimori, Phys. Rev. Le#tl, 2799(1998.
J. M. D. Coey, A. E. Berkowitz, L. Balcells, and F. F. Putris, 16T 7hu and J Wang, Phys. Rev 11 918(1999
Phys. Rev. Leti80, 3815(1998; J. M. D. Coey, J. Appl. Phys. 17S.. M. Watts S Wirthl S. V..Moln.ar A Barry, and J M. D. Coey

85, 5576(1999. Phys. Rev. B61, 9621(200
8S. S. Manoharan, D. Elefant, G. Reiss, and J. B. Goodenoughg YS. Rev. ’ (2000.
H. Itoh, T. Ohsawa, and J. Inoue, Phys. Rev. Léd, 2501

Appl. Phys. Lett.72, 984 (1998.
9M. Garcia-Hernandez, F. Guinea, A. Andres, J. L. Martinez, C. (2000.

064410-5



