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Anisotropy of the hopping magnetoresistance of antiferromagnetic La 2CuO4¿d single
crystals
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The anisotropy of the hopping conductivity of antiferromagnetic La2CuO41d 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 CuO2 layers, a transition from negative to positive
magnetoresistance is observed when the temperature is raised toT'20 K. For fields perpendicular
to the CuO2 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 field. ©2003 American
Institute of Physics.@DOI: 10.1063/1.1542472#
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1. INTRODUCTION

The unique magnetic and conducting properties
La2CuO41d oxides with an excess of oxygen have been
tracting considerable attention in the last 15 years, since
discovery of high-temperature superconductivity in pero
skite copper oxides. The stoichiometric oxide La2CuO4 (d
50) is an antiferromagnetic~AF! insulator with a Ne´el tem-
peratureTN of around 300–320 K.1–3 Saturation with excess
oxygen (d.0) gives rise to charge carriers~oxygen holes!
and leads to suppression of the AF order~lowering of TN).
At a sufficiently high value ofd (.0.05) the system be
comes a metal and, below 35–40 K, a superconductor.
crystal lattice of La2CuO41d belongs to the family of layered
perovskite lattices. ForT,530 K the lattice is orthorhombic
In the symmetry groupBmab the c axis is perpendicular to
the CuO2 layers, while thea andb axes are parallel to them.3

The excess oxygen is found in the interstices between C2

layers. The conductivity of the system is governed by ho
in the CuO2 layers, and the magnetic state is determined
the spin of the copper ions Cu21 (S51/2). At a sufficiently
low value ofd ~i.e., in the insulating state! antiferromagnetic
ordering is observed within the CuO2 layers. The magnetic
interaction between layers is extremely weak. It has b
established that all of the spins in the CuO2 layers are rotated
by a small angle from the plane of the layer ('0.17°).1 The
CuO2 layers therefore have small ferromagnetic momen
which undergo AF ordering in the direction perpendicular
the layers forT,TN ~Ref. 1!.
3001063-777X/2003/29(4)/5/$24.00
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For layered perovskite compounds one might expect!
quasi-two-dimensional behavior of the conductivity~includ-
ing the hopping conductivity!; 2! substantial anisotropy o
the conductivity for directions perpendicular to and para
to the CuO2 planes. The first of these expectations is n
confirmed by experiment. It has been found4,5 that for insu-
lating La2CuO41d crystals at sufficiently low temperature
the resistance has a temperature dependence of the form

R~T!}exp@~T0 /T!1/4#, ~1!

corresponding to the case of three-dimensional hopping c
ductivity with a variable hopping length~VHLC!. This
means that the charge carriers execute hops not only w
the CuO2 layers but also between them. In addition, a s
nificant anisotropy of the hopping conductivity has been o
served in high-quality samples:2,6 the conductivitysab in the
direction parallel to the CuO2 layers is one to two orders o
magnitude higher than the conductivitysc in the direction
perpendicular to the layers.

The known studies of the magnetoresistance
La2CuO41d in the hopping conductivity regime cannot b
considered exhaustive.1,7,8 A positive magnetoresistanc
should be expected for VHLC.9 However, only negative
magnetoresistance has been observed for La2CuO41d . The
case when the magnetic fieldH and transport currentJ are
perpendicular to the CuO2 layers~i.e.,Hic andJic) has been
studied in detail. Under such conditions one observe
rather sharp decrease of the resistance in the vicinity of
tain characteristic fieldsHc , which depend on the
© 2003 American Institute of Physics
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temperature.1,7,8 For fields far from the valueHc the magne-
toresistance is negligible~for H!Hc) or has a quite large
constant value~for H@Hc). The value ofHc is maximum
~around 50 kOe! for T→0. With increasing temperature th
value of Hc decreases, and the decrease is especially r
nearTN . This effect is absent aboveTN . All of this indicates
that the magnetoresistive effect in this case is due to cha
of the magnetic state of La2CuO41d under the influence o
the external field. Indeed, it has been shown1,10 that a suffi-
ciently high magnetic field leads to a transition
La2CuO41d from the AF to a weak ferromagnetic~WF!
state, in which the ferromagnetic moments of the CuO2 lay-
ers are parallel. Possible magnetoresistance models invo
this transition are considered in Refs. 7 and 10.

The information available on the behavior of the magn
toresistance for other combinations of magnetic-field a
transport-current directions is extremely spotty and of
contradictory. It was found in Ref. 1 that the magnetores
tance is close to zero for fields parallel to the CuO2 layers
~i.e., for H'c) for T.20 K ~for transport currents both par
allel and perpendicular to the CuO2 layers!. At the same
time, in Ref. 7 a rather significant negative magnetore
tance was observed forH'c ~for currents perpendicular to
the CuO2 layers!, which can be attributed to a spin-flop~SF!
transition at sufficiently high fields (H.100 kOe).7,10 Since
the spin-flop transition that occurs with increasing field p
allel to the CuO2 layers is continuous~with no jump in mag-
netoresistance at the transition!, it can have a noticeable in
fluence on the magnetoresistance even in fields be
50 kOe.7 We note that in the published studies known to
only a negative magnetoresistance is observed, and only
mechanisms of hopping magnetoresistance have been
voked to explain it.10 On the whole it can be stated that th
features and mechanisms of the magnetoresistance
La2CuO41d crystals in the hopping conductivity region hav
not been studied in sufficient detail, and it therefore see
that further studies are urgently needed.

In this paper we present the results of a study of
anisotropy of the hopping conductivity and magnetores
tance of La2CuO41d single crystals. The samples were an
ferromagnetic, withTN'188 K. The conductivity in zero
magnetic field was measured in the interval 5–295 K, a
the magnetoresistance was measured in the interval 5–5
The magnetoresistance was measured for different comb
tions of directions of the magnetic field and transport curr
relative to the principal crystallographic axes. For the c
when both the field and the transport current are direc
parallel to the CuO2 layers, one observes a transition fro
negative to positive magnetoresistance with increasing t
perature. For fields perpendicular to the CuO2 layers one
observes only negative magnetoresistance. We know o
previous published reports of positive magnetoresistanc
La2CuO41d crystals in the AF state. These results sugg
that this effect is due not to spin but to orbital proces
~compression of the wave functions of the charge carrier
a magnetic field, in accordance with the model of Ref. 9!.

2. SAMPLES AND EXPERIMENTAL TECHNIQUES

The initial material for preparing the samples was
La2CuO41d single crystal~with TN'230 K), the conducting
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properties of which are described in Ref. 5. Two samples
the form of parallelepipeds with dimensions of 1.330.3
30.39 mm~sample No. 1! and 0.7530.330.29 mm~sample
No. 2! were cut from it. The crystallographic orientation o
the samples was determined by an x-ray method. T
samples were subjected to a prolonged homogenizing an
in an oxygen atmosphere (400 °C, 7 days!. As a result of the
annealing the oxygen content increased somewhat, so
the resistivityr of the samples decreased by approximat
two orders of magnitude, and the Ne´el temperatureTN ~de-
termined from measurements of the temperature depend
of the magnetic susceptibility! decreased to 188 K. Here th
samples remained in an insulating state and possessed
ping conductivity. Measurements showed that the t
samples had essentially the same resistive and magneto
tive characteristics. The resistivity was measured by
Montgomery method,11 which permits a more reliable stud
of the anisotropy of the conductivity than does to usual fo
contact method. Contacts between the measuring wires
samples were made using a conducting silver paste wi
subsequent high-temperature annealing of the samples
the contacts. The following directions of the measuring c
rent were used:Jia andJic ~sample No. 1! andJia andJib
~sample No. 2!. The magnetic fields were directed parallel
the b or c axis and always perpendicular to the current.

3. RESULTS AND DISCUSSION

The temperature dependencer(T) for sample No. 1~un-
der conditions such that Ohm’s law holds! is shown in Fig. 1
for different directions of the measuring currents relative
the crystallographic axes. It is seen that Mott’s law f
VHLC, i.e., Eq. ~1!, holds for T>20 K. No noticeable
change in the behavior ofr(T) near the Ne´el temperature

FIG. 1. Anisotropy of the hopping conductivity of the La2CuO41d crystal.
The measurements of the resistivitiesra andrc were done for directions of
the measuring current~100 mA! along the crystallographic axesa andc.
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~188 K! was observed. Ther(T) curves, as expected, ar
highly anisotropic, i.e., the values ofrc in the direction per-
pendicular to the CuO2 layers is much greater than the valu
ra in a direction parallel to these layers~Fig. 1!. In the in-
vestigated temperature interval~5–295 K! the anisotropy of
the resistivity is minimum in the region of helium temper
tures, whererc /ra'10 ~Fig. 2!. With increasing temperatur
the ratio rc /ra increases, reaching a value of'62 at T
'20 K. Further warming all the way up to room temperatu
did not lead to any substantial change inrc /ra ~Fig. 2!. The
large values ofrc /ra attest to the high crystalline perfectio
of the samples. In our studies we did not observe str
anisotropy ofr in the crystal planes parallel to the CuO2

layers ~Fig. 3!, primarily because of the unavoidable pre
ence of twins in La2CuO41d crystals.

For T,20 K we observed a deviation from Mott’s law
This effect was investigated earlier5 and has been attribute
to the phenomenon of phase separation in La2CuO41d

crystals.12 At sufficiently low temperatures, phase separat
leads to the presence of small superconducting inclusion
the insulating matrix. This causes a deviation from Mot
law and leads to a negative magnetoresistance which
creases with decreasing temperature~see Ref. 5!.

Measurements showed that not only the magnitude
even the sign of the magnetoresistance depend on the d
tion of the transport current relative to the CuO2 layers. Fig-
ures 4–6 show data on the behavior of the magnetoresist
in fields parallel to the CuO2 layers. In the case when th
current is parallel to the CuO2 layers one observes a trans
tion from negative to positive magnetoresistance with
creasing temperature. The transition occurs nearT'18 K
~Fig. 5!. At the same time, when the current is perpendicu
to the CuO2 layers one observes only negative magnetore
tance, the value of which increases monotonically with
creasing temperature~Fig. 6!. In the case when both the cu

FIG. 2. Temperature dependence of the ratio of the resistivitiesra and rc

obtained for measuring currents directed along the crystallographic axa
andc.
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rent and field are perpendicular to the CuO2 layers, one
observes the expected behavior of the magnetoresista
due to the AF–SF transition.1,7,8

TheR(H,T) curves shown in Figs. 4–6 demonstrate t
dependence of the absolute value and sign of the magne
sistance on the direction of the transport current for the sa
direction of the magnetic field~along the CuO2 layers!.
These results are new. In particular, the positive magnet
sistance of La2CuO41d crystals in the VHLC regime has

FIG. 3. Temperature dependence of the resistivitiesra and rb measured
along the crystallographic axesa andb, which lie in the CuO2 planes. The
inset shows the temperature dependence of the ratio of these resistivit

FIG. 4. Field curves of the magnetoresistance for different temperature
the case when the measuring current is parallel to the CuO2 layers. The
magnetic field is directed parallel to these layers, along the crystallogra
axis b.
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been observed for the first time. The curves in Fig. 4 refl
the competition of at least two mechanisms for the mag
toresistances of different sign. BelowT'20 K the predomi-
nant contribution is the negative magnetoresistance du
the phase separation effect inherent to La2CuO41d , i.e., the
separation of the system into regions enriched with and
pleted of charge carriers~holes!.12 At a small value ofd the
hole-enriched regions are of the nature of isolated meta
inclusions in an insulating matrix. At high temperatures t
presence of these inclusions has a weak effect on the hop

FIG. 5. Change in sign of the magnetoresistance upon an increase in
perature for the case of a measuring current parallel to the CuO2 layers. The
magnetic field is directed parallel to these layers, along the crystallogra
axis b.

FIG. 6. Field dependence of the magnetoresistance at different tempera
in the case of a measuring current perpendicular to the CuO2 layers. The
magnetic field is directed parallel to these layers, along the crystallogra
axis b.
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conductivity of the system. The transition of these inclusio
to the superconducting state leads to a deviation of ther(T)
curve from Mott’s law~1! and to the appearance of a rath
strong negative magnetoresistance~see the detailed discus
sion in Ref. 5!.

An extremely probable cause of the positive magneto
sistance in the case of VHLC is the mechanism9 based on
compression of the impurity wave functions in a magne
field. For the case of a weak magnetic field (LH@Lc , where
LH5(\/2H)1/2 is the magnetic length andLc is the localiza-
tion length! the value of the magnetoresistance according
this mechanism is given by the expression9

ln
R~H !

R~0!
5t1S Lc

LH
D 4S T0

T D 3/4

, ~2!

wheret155/2016, andT0 is the quantity that appears in Eq
~1! for R(T) in the case of VHLC. Analysis of the data ha
shown that this mechanism is in qualitative~and even semi-
quantitative! agreement with the experimental results. I
deed, we have found that the field dependence of the pos
magnetoresistance is quadratic (ln@R(H)/R(0)#}H2; see Fig.
7!, in accordance with with formula~2!. The decrease of the
magnetoresistance at high temperatures~Fig. 5! also agrees
with this mechanism. Moreover, the measured values
DR(H)/R(0) correspond to formula~2! for Lc'2 nm. Esti-
mates ofLc in previous papers4,5 gave a value of around 1
nm. It should be noted, however, that the samples inve
gated in the present study were much less resistive than
samples in Ref. 5, for example. Therefore, the localizat
length in them may be somewhat larger. It is apparently t
circumstance~i.e., the rather large localization length in th
samples studied here! that has made it possible for us t
observe the positive magnetoresistance of La2CuO41d crys-
tals in the insulating state.

Thus the positive magnetoresistance observed in
present study corresponds in a number of respects to
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FIG. 7. Plot of ln@R(H)/R(0)# versusH2 at different temperatures. The mea
suring current and magnetic field are parallel to the CuO2 layers.
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mechanism proposed in Ref. 9. On the other hand, the c
petition between the two magnetoresistance mechanism
different sign in the samples studied here precludes a c
pletely reliable comparison of the results with the theory
the positive magnetoresistance in the case of VHLC.9 It also
cannot be ruled out that the positive magnetoresistance
be due to features of the magnetic structure of La2CuO41d ,
e.g., to AF domains and stripes.13 These possibilities are con
sidered in Ref. 14 for the AF crystal YBa2Cu3O6.32, where
for fields and currents parallel to the CuO2 layers a positive
magnetoresistance is observed forH'J and a negative mag
netoresistance forHiJ. Behavior of this sort can be ex
plained if it is assumed that the stripes are aligned along
applied magnetic field. Such an orientation of the stripes
the field is possible if they have a local ferromagne
moment.14 Of course, this explanation cannot be regarded
conclusive, and it must be verified by further experimen
checks. It follows from Ref. 14 that the AF cuprates can ha
anisotropy of the magnetoresistance related to the mu
orientation of the current and magnetic field. For the Cu2

layers this form of anisotropy can depend weakly on
crystallographic anisotropy within the layers. In the stud
described in the present paper, for La2CuO41d single crys-
tals, the magnetic field was always directed perpendicula
the current. We plan further investigations of La2CuO41d

crystals in which we intend to use other mutual orientatio
of the current and magnetic-field directions to elucidate
nature of the positive magnetoresistance in fields paralle
the CuO2 layers.


