LOW TEMPERATURE PHYSICS VOLUME 29, NUMBER 4 APRIL 2003

Anisotropy of the hopping magnetoresistance of antiferromagnetic La »,CuQOy44 4 Single
crystals
B. I. Belevtsev,* N. V. Dalakova, A. S. Panfilov, and I. S. Braude

B. Verkin Institute for Low Temperature Physics and Engineering, National Academy of Sciences
of Ukraine, pr. Lenina 47, 61103 Kharkov, Ukraine

A. V. Bondarenko

V. N. Karazin Kharkov National University, pl. Svobody 4, 61077 Kharkov, Ukraine
(Submitted October 4, 2002
Fiz. Nizk. Temp.29, 400—405(April 2002

The anisotropy of the hopping conductivity of antiferromagnetie@iz0, | 5 single crystals with
Tn~188 K is investigated in the temperature range 5—-295 K and the anisotropy of their
magnetoresistance, in the temperature range 5-55 K. The resistance is measured by the
Montgomery method for different combinations of directions of the transport current

and magnetic field relative to the crystallographic axes. For the case when the field and transport
current are directed parallel to the Cufayers, a transition from negative to positive
magnetoresistance is observed when the temperature is rai$ed2® K. For fields perpendicular

to the CuQ layers, only negative magnetoresistance is observed. The nature of the positive
magnetoresistance is discussed. It is shown that the effect is most likely due not to the interaction
of the spin of the charge carriers with the surrounding magnetic medium but to the orbital

motion of these carriers. The corresponding values of the positive magnetoresistance and its
behavior as a function of magnetic field and temperature are found using the well-known

model of Shklovskii and Efros, which is based on taking into account the compression of the
impurity wave functions of the charge carriers in the magnetic field2@®3 American

Institute of Physics.[DOI: 10.1063/1.1542472

1. INTRODUCTION For layered perovskite compounds one might expect: 1
guasi-two-dimensional behavior of the conductiviiyclud-
The unique magnetic and conducting properties ofing the hopping conductivily 2) substantial anisotropy of
La,CuQ,, s oxides with an excess of oxygen have been atthe conductivity for directions perpendicular to and parallel
tracting considerable attention in the last 15 years, since thi® the CuQ planes. The first of these expectations is not
discovery of high-temperature superconductivity in perov-confirmed by experiment. It has been fofdhat for insu-
skite copper oxides. The stoichiometric oxide,Ca0, (6§ lating LaCuQ,, s crystals at sufficiently low temperatures
=0) is an antiferromagneti@A\F) insulator with a Nel tem-  the resistance has a temperature dependence of the form
peratureTy, of around 300—320 K3 Saturation with excess
oxygen (6>0) gives rise to charge carriefsxygen holes

and leads to suppression of the AF ordewering of Ty).  corresponding to the case of three-dimensional hopping con-
At a sufficiently high value ofs (>0.05) the system be- ductivity with a variable hopping lengtfVHLC). This
comes a metal and, below 35-40 K, a superconductor. Thgeans that the charge carriers execute hops not only within
crystal lattice of LaCuQ, . 5 belongs to the family of layered he cuq layers but also between them. In addition, a sig-
perovskite lattices. FOF <530 K the lattice is orthorhombic. pjficant anisotropy of the hopping conductivity has been ob-
In the symmetry groufBmabthe c axis is perpendicular to  served in high-quality samplé$:the conductivityoy, in the

the CuQ layers, while thea andb axes are parallel to thefn. girection parallel to the CuDlayers is one to two orders of
The excess oxygen is found in the interstices between,CuGnagnitude higher than the conductivity, in the direction
layers. The conductivity of the system is governed by holegerpendicular to the layers.

in the CuQ layers, and the magnetic state is determined by  The known studies of the magnetoresistance of
the spin of the copper ions €t (S=1/2). At a sufficiently  La,CuQ,, , in the hopping conductivity regime cannot be
low value of § (i.e., in the insulating statentiferromagnetic  considered exhaustive:® A positive magnetoresistance
ordering is observed within the CyQayers. The magnetic should be expected for VHLE.However, only negative
interaction between layers is extremely weak. It has beemagnetoresistance has been observed foCL@),, 5. The
established that all of the spins in the Gui@yers are rotated case when the magnetic fiell and transport current are

by a small angle from the plane of the layer(.17°) ! The perpendicular to the CuQayers(i.e.,Hllc andJiic) has been
CuG, layers therefore have small ferromagnetic momentsstudied in detail. Under such conditions one observes a
which undergo AF ordering in the direction perpendicular torather sharp decrease of the resistance in the vicinity of cer-
the layers forT<Ty (Ref. 1). tain characteristic fieldsH;, which depend on the

R(T)=exyd (To/T)Y4], (N
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temperaturé:’® For fields far from the valuél, the magne- T.K
toresistance is negligibléor H<H_;) or has a quite large
constant valugfor H>H,). The value ofH is maximum 5 300100 50 20 10 °
(around 50 kOgfor T— 0. With increasing temperature the 10 ' ro ' ' '
value of H. decreases, and the decrease is especially rapid P
nearTy . This effect is absent abovig, . All of this indicates 104F  Sample Net L
that the magnetoresistive effect in this case is due to changes
of the magnetic state of L&EuO,, s under the influence of

the external field. Indeed, it has been shoWithat a suffi- 10%F

ciently high magnetic field leads to a transition of 5
La,CuQy, s from the AF to a weak ferromagnetioVF) o 5
state, in which the ferromagnetic moments of the Gley- ~ 10
ers are parallel. Possible magnetoresistance models involving <

this transition are considered in Refs. 7 and 10. 101k

The information available on the behavior of the magne-
toresistance for other combinations of magnetic-field and
transport-current directions is extremely spotty and often 10%F
contradictory. It was found in Ref. 1 that the magnetoresis-
tance is close to zero for fields parallel to the Gu@yers

-1 1 1 1 1
(i.e., forH L c) for T>20 K (for transport currents both par- 10 0.2 0.3 0.4 05 0.6 0.7
allel and perpendicular to the CyQayers. At the same
time, in Ref. 7 a rather significant negative magnetoresis- TV VA

tance was observed fat L ¢ (for currents perpendicular to
the CUQ |ayer3’ which can be attributed to a spin-leﬁF) FIG. 1. Anisotropy of the hop_pir_lg_ _conductivity of the é&JO‘H.g cr}/stal.
transition at sufficiently high fieldsH> 100 kOe).”O Since The measurements of the resistivitigsand p, were done_ for directions of
. . . . . the measuring currerL00 ©A) along the crystallographic axesandc.
the spin-flop transition that occurs with increasing field par-
allel to the CuQ layers is continuougwith no jump in mag-
netoresistance at the transitjpit can have a noticeable in- properties of which are described in Ref. 5. Two samples in
fluence on the magnetoresistance even in fields belowhe form of parallelepipeds with dimensions of %.8.3
50 kOe’ We note that in the published studies known to usx 0.39 mm(sample No. 1and 0.75<0.3x 0.29 mm(sample
only a negative magnetoresistance is observed, and only spNo. 2) were cut from it. The crystallographic orientation of
mechanisms of hopping magnetoresistance have been ithe samples was determined by an x-ray method. The
voked to explain it® On the whole it can be stated that the samples were subjected to a prolonged homogenizing anneal
features and mechanisms of the magnetoresistance iR an oxygen atmosphere (400°C, 7 dayss a result of the
La,CuQy, 5 crystals in the hopping conductivity region have annealing the oxygen content increased somewhat, so that
not been studied in sufficient detail, and it therefore seemghe resistivityp of the samples decreased by approximately
that further studies are urgently needed. two orders of magnitude, and the &lgemperaturd (de-

In this paper we present the results of a study of theermined from measurements of the temperature dependence
anisotropy of the hopping conductivity and magnetoresisof the magnetic susceptibilihdecreased to 188 K. Here the
tance of LaCuQy. s single crystals. The samples were anti- samples remained in an insulating state and possessed hop-
ferromagnetic, withTy~188 K. The conductivity in zero ping conductivity. Measurements showed that the two
magnetic field was measured in the interval 5-295 K, andamples had essentially the same resistive and magnetoresis-
the magnetoresistance was measured in the interval 5-55 l§ve characteristics. The resistivity was measured by the
The magnetoresistance was measured for different combindjontgomery method* which permits a more reliable study
tions of directions of the magnetic field and transport currenbf the anisotropy of the conductivity than does to usual four-
relative to the principal crystallographic axes. For the casgontact method. Contacts between the measuring wires and
when both the field and the transport current are directedamples were made using a conducting silver paste with a
parallel to the Cu@ layers, one observes a transition from subsequent high-temperature annealing of the samples with
negative to positive magnetoresistance with increasing temhe contacts. The following directions of the measuring cur-
perature. For fields perpendicular to the Gul@yers one rent were usedila andJic (sample No. L1andJla andJiib
observes only negative magnetoresistance. We know of n@Gample No. 2 The magnetic fields were directed parallel to
previous published reports of positive magnetoresistance ahe b or c axis and always perpendicular to the current.
La,CuQ,, s crystals in the AF state. These results suggest
that this effect is due not to spin but to orbital processes; resuiTs AND DISCUSSION
(compression of the wave functions of the charge carriers in

a magnetic field, in accordance with the model of Reéf. 9 The temperature dependengl) for sample No. Xun-
der conditions such that Ohm'’s law holds shown in Fig. 1

for different directions of the measuring currents relative to

the crystallographic axes. It is seen that Mott's law for
The initial material for preparing the samples was aVHLC, i.e., Eq. (1), holds for T=20 K. No noticeable

La,CuQ,, 4 single crystalwith Ty~230 K), the conducting change in the behavior gf(T) near the Nel temperature

2. SAMPLES AND EXPERIMENTAL TECHNIQUES
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FIG. 2. Temperature dependence of the ratio of the resistivitieand p

obtained for measuring currents directed along the crystallographicaaxes F|G. 3. Temperature dependence of the resistivitigsand p, measured

andc. along the crystallographic ax@sandb, which lie in the CuQ@ planes. The
inset shows the temperature dependence of the ratio of these resistivities.

(188 K) was observed. The(T) curves, as expected, are
highly anisotropic, i.e., the values pf in the direction per- rent and field are perpendicular to the Gu@yers, one
pendicular to the Cuplayers is much greater than the value observes the expected behavior of the magnetoresistance,
p. in a direction parallel to these laye(Big. 1). In the in-  due to the AF—SF transitioh’®
vestigated temperature interv@—295 K) the anisotropy of TheR(H,T) curves shown in Figs. 4—6 demonstrate the
the resistivity is minimum in the region of helium tempera- dependence of the absolute value and sign of the magnetore-
tures, wherep./p,~ 10 (Fig. 2). With increasing temperature sistance on the direction of the transport current for the same
the ratio p./p, increases, reaching a value of62 at T  direction of the magnetic fieldalong the Cu@ layers.
~20 K. Further warming all the way up to room temperatureThese results are new. In particular, the positive magnetore-
did not lead to any substantial changepifYp, (Fig. 2. The  sistance of LaCuQ,, s crystals in the VHLC regime has
large values op./p, attest to the high crystalline perfection
of the samples. In our studies we did not observe strong
anisotropy ofp in the crystal planes parallel to the CuO 0.04 T=459K
layers (Fig. 3), primarily because of the unavoidable pres- "
ence of twins in LagCuQy, 4 crystals.

For T<20 K we observed a deviation from Mott’s law. 0.02
This effect was investigated earfieand has been attributed
to the phenomenon of phase separation inpQLED,, s
crystals'? At sufficiently low temperatures, phase separation 0
leads to the presence of small superconducting inclusions in
the insulating matrix. This causes a deviation from Mott's
law and leads to a negative magnetoresistance which in-

Jila, Hilb

-0.02

AR(H)/ R(0)

creases with decreasing temperat(see Ref. & 6.8K
Measurements showed that not only the magnitude but 6.0K

even the sign of the magnetoresistance depend on the direc- —0.04

tion of the transport current relative to the Culdyers. Fig- ' 55K

ures 4—6 show data on the behavior of the magnetoresistance Sample Ne1

in fields parallel to the Cu@layers. In the case when the _0.06F 51K

current is parallel to the CuQayers one observes a transi-
tion from negative to positive magnetoresistance with in-
creasing temperature. The transition occurs nesrl8 K H, kOe
(Fig. 5). At the same time, when the current is perpendicular ol - _ o dift _
to the cuQ Iayers one observes only negative magnetoresisE'G' 4. Field curves of the magnetore&_stance or different temperatures in
. . . . the case when the measuring current is parallel to the ,dagers. The
tance, the value of which increases monotonically with de'magnetic field is directed parallel to these layers, along the crystallographic

creasing temperatuig. 6). In the case when both the cur- axisb.
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FIG. 5. Change in sign of the magnetoresistance upon an increase in tem-

perature for the case of a measuring current parallel to the, Gyy@rs. The

FIG. 7. Plot of IfR(H)/R(0)] versusH? at different temperatures. The mea-

magnetic field is directed parallel to these layers, along the crystallographisuring current and magnetic field are parallel to the Clegers.

axisb.

conductivity of the system. The transition of these inclusions

been observed for the first time. The curves in Fig. 4 reflecto the superconducting state leads to a deviation op(ig
the competition of at least two mechanisms for the magneeurve from Mott’s law(1) and to the appearance of a rather

toresistances of different sign. Beloli=20 K the predomi-

strong negative magnetoresistarisee the detailed discus-

nant contribution is the negative magnetoresistance due tsion in Ref. 5.

the phase separation effect inherent tg@aQ,, s, i.e., the

An extremely probable cause of the positive magnetore-

separation of the system into regions enriched with and desistance in the case of VHLC is the mecharidmased on

pleted of charge carrieroles.'? At a small value ofs the

compression of the impurity wave functions in a magnetic

hole-enriched regions are of the nature of isolated metallifield. For the case of a weak magnetic field,&L ., where
inclusions in an insulating matrix. At high temperatures thel ,,= (4/2H)*? is the magnetic length arid, is the localiza-
presence of these inclusions has a weak effect on the hoppinign length the value of the magnetoresistance according to

-0.02
S
o
~-0.04
z
o
<
-0.06
-0.08} 55K
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this mechanism is given by the expressSion

4 3/4
R(0) Ly/ \ T
wheret,=5/2016, andl, is the quantity that appears in Eqg.
(1) for R(T) in the case of VHLC. Analysis of the data has
shown that this mechanism is in qualitatit@nd even semi-
quantitative agreement with the experimental results. In-
deed, we have found that the field dependence of the positive
magnetoresistance is quadratic[R(H)/R(0)]<H?; see Fig.
7), in accordance with with formulé). The decrease of the
magnetoresistance at high temperatuiféig. 5 also agrees
with this mechanism. Moreover, the measured values of
AR(H)/R(0) correspond to formul&) for L.~2 nm. Esti-
mates ofL. in previous papefs gave a value of around 1
nm. It should be noted, however, that the samples investi-
gated in the present study were much less resistive than the
samples in Ref. 5, for example. Therefore, the localization
length in them may be somewhat larger. It is apparently this
circumstancdi.e., the rather large localization length in the
samples studied herehat has made it possible for us to
observe the positive magnetoresistance ofQe0, , 5 crys-

FIG. 6. Field dependence of the magnetoresistance at different temperaturFélS in the insulating state

in the case of a measuring current perpendicular to the,Qagers. The

magnetic field is directed parallel to these layers, along the crystallographic

axisb.

Thus the positive magnetoresistance observed in the
present study corresponds in a number of respects to the
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