PHYSICAL REVIEW B

VOLUME 51, NUMBER 21

1 JUNE 1995-1

Transverse magnetoresistance of YBa,Cu;O, single crystals with different oxygen content

E. B. Amitin, A. G. Blinov, L. A. Boyarsky, V. Ya. Dikovsky,* K. R. Zhdanov, M. Yu. Kameneva,
O. M. Kochergin, V. N. Naumov, and G. 1. Frolova
Institute of Inorganic Chemistry, Novosibirsk 630090, Russia

L. N. Demianets, I. N. Makarenko, A. Ya. Shapiro, and T. G. Uvarova
Institute of Crystallography, Moscow 117333, Russia
(Received 30 September 1994; revised manuscript received 28 December 1994)

The normal-state transverse magnetoresistance (AR /R,) has been studied in the ab plane of three
YBa,Cu;0, single crystals with oxygen indices x =6.95, 6.88, and 6.62. A linear quadratic-field depen-
dence AR /R,= AH?+ BH has been found up to 15 T in the temperature region where superconducting
fluctuations are negligible. The linear component dominating in oxygen-deficient samples is probably re-
lated to the interaction between charge carriers and dynamic antiferromagnetic spin fluctuations in

CuO, layers of YBa,Cu;0,.

I. INTRODUCTION

In the last few years a lot of interest has focused on the
coexistence of both the electron and spin subsystems in
the CuO, layers of cuprate high-temperature supercon-
ductors (HTSC’s). Studies of inelastic neutron scatter-
ing'7* in La,_,Sr,CuO, and YBa,Cu;0, single crystals
have allowed observation of the transformation from
long-range antiferromagnetism to the system of dynamic
antiferromagnetically correlated spins (DACS’s), as the
density of charge carriers (n) in the CuO, layers in-
creases. Thus the transition of YBa,Cu;0, at x =6.41 to
metallic conductivity (and superconductivity) is accom-
panied by the decreasing to zero of both the Néel temper-
ature and the mean magnetic moment of the Cu?" ions.
With further increase of x (in the metallic phase) the
magnetic correlation length &, decreases monotonically
and the spin excitation spectrum w(k) is shifted to the
high-frequency region.*> These facts together with the
non-Korringa behavior of *Cu-NMR spin-lattice relaxa-
tion® [the normal-state relaxation rate weakly depends on
temperature at the planar Cu(2) sites] are interpreted as
an effect of strong interaction between the charge-carrier
and spin subsystems in the CuO, layers. What we are in-
terested in here is a possible manifestation of this interac-
tion in the transport and galvanomagnetic properties of
cuprate HTSC’s.

In the present study the transverse magnetoresistance
AR /R, of YBa,Cu;0, (YBCO) in the normal state is in-
vestigated. The existing studies of magnetoresistance of
HTSC single crystals in most cases deal with the strong
effects connected with the broadening of the resistive
transition and suppression of superconductive fluctua-
tions in a magnetic field (for example, Refs. 7-11). As
for the normal-state region (7T >1.5T,), the quantitative
analysis of different contributions to AR /R, is rather
complicated because these effects are small (the ab-plane
magnetoresistance AR /R, for the yttrium system is
1073-107* in this temperature region in the field H =10

0163-1829/95/51(21)/15388(5)/$06.00 51

T). In fact, the work of Osofsky and co-authors!? is the
only study known to us in which attempts at such
analysis have been undertaken for single crystals of
YBa,Cu;0,; and GdBa,Cu;0,. In particular, the trans-
verse magnetoresistance of the YBa,Cu;0, system has
been shown to be negative in low fields and to reverse
sign in the field ~8 T, the dependence AR /R (H) being
close to quadratic in high fields. The variation of the field
dependence of magnetoresistance as related to change in
the oxygen index was not investigated at all to our
knowledge.

II. EXPERIMENT

Single crystals of YBa,Cu;O, were grown from solu-
tion in a melt of BaO-CuO eutectic in a platinum crucible
under slow cooling from 1200 to 910°C with subsequent
decantation of the melt. The resulting plates with the
thickness of ~20 um were used for cutting out samples
of 2X0.2X0.02 mm?3 size. The ¢ axis of the samples was
oriented along the minimum size of the plate. The op-
timum oxygen concentration was achieved after anneal-
ing the samples in oxygen flow at 450°C for 48 h. In this
treatment the oxygen index x increased up to 6.95 and
the oxygen distribution remained homogeneous; this was
checked by high-resolution electron microscopy (for
more details, see Ref. 13). The samples of compositions
YBa,Cu;0q s and YBa,Cu;0g4¢, were obtained by an-
nealing the crystals saturated with oxygen in a flow of
gaseous helium at 500°C for 3 and 10 h, respectively.
The characteristics of the superconducting transition for
the prepared samples are presented in Table 1.

Electric contacts to the samples were made by solder-
ing indium wires to gold pads sputtered onto the surface
of the crystals. The electric resistance was measured by
the four-probe method, the current passing through the
ab plane of the crystals.

To measure the transverse magnetoresistance, the sam-
ples were identically mounted on a rotary platform in the
center of a superconducting solenoid generating a mag-
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TABLE I. Temperatures 7T, and widths AT, (10%/90%) of
superconducting transition of the samples studied.

Sample Oxygen

number content T. (K) AT, (K)
1 6.95 92.8 0.3
2 6.88 91.5 1.9
3 6.62 34.0 22.0

netic field up to 15 T. The angle ¢ between the magnetic
field and the ab plane of the samples could be changed by
rotation of the platform, whereas the current parallel to
the axis of rotation always made the angle of 90° with the
magnetic field. The values of both the magnetic field and
the angle ¢ (which was varied from O to 90°) were deter-
mined by means of two Hall detectors.

The cell temperature was controlled by an automated
system with a copper-Constantan thermocouple as a sen-
sor. Temperature was measured with a resolution of 1
mK with a carbon resistance thermometer manufactured
and calibrated in a magnetic field at the Central Institute
of Committee of Standards (Moscow, Russia). The tem-
perature gradient between the thermometer and the
copper container with the samples was checked by a
differential thermocouple. The field dependence of the
sample resistivity R (H) was taken under a slow ( ~0.005
T/S) sweep of the solenoid current. Improved precision
of the measurements was achieved by means of a compu-
terized data acquisition and processing system. The sys-
tem ensured the evenness of parameter increments and
made corresponding corrections. The inevitable tempera-
ture drift AT(H) due to increasing magnetic field
(0.1-0.2 K for the maximum field) was measured at each
point. The field dependence of magnetoresistance of the
samples was reduced to the initial (without magnetic
field) temperature by the expression

AR /Ry=[R(H)—AT(H)dR /dT—R(0)]/R(0) .

III. RESULTS

The experimental dependence of magnetoresistance
AR /Ry(H)=[R (H)—R (0)]/R (0) on the magnetic field
for the angle ¢ =90° (magnetic field H perpendicular to
the ab plane) at different temperatures is presented in
Figs. 1(a)-1(c). For sample 1 (with the maximum oxy-
gen content) the form of the AR /R ,(H) dependence is in
qualitative agreement with the data from Ref. 12. For
samples 2 and 3 the character of the curves changes no-
ticeably. The results of approximation of the obtained
data by the expression

AR /R,= AH?+B|H| 1

are represented in Fig. 1 as solid lines. The 4 and B pa-
rameters determined by the rms method are presented in
Table II1.

It can be seen from Fig. 1 that the field dependences of
the magnetoresistance are adequately described by ex-
pression (1). According to Table II, the relation between
the linear and quadratic contributions to (1) depends sub-
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TABLE II. Approximation parameters 4, B, and R, of the
magnetoresistance field dependencies in the expression
AR/R,= AH*+BH. Here AR/R (H)=[R(H)—R(0)]/
R (0) is the experimental magnetoresistance (for magnetic field
perpendicular to the ab plane of the crystals).

Sample T R, A B A/B
number (K) (1073Q) (107 T72) (1075 T™YH (T7Y
1 140.8 138.789 3.23 2.87 0.112
120.2 116.387 9.47 3.94 0.240
2 140.8 128.874 2.60 38.62 0.0067
120.2 114.942 8.04 55.88 0.0144
3 140.8 930.180 0.616 41.08 0.00150
120.2 826.751 3.660 50.71 0.00722
81.5 652.897 5.14 85.14 0.00604
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FIG. 1. Magnetoresistance vs magnetic field curves at

@=90" for samples (a) 1, (b) 2, and (c) 3.
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stantially on the oxygen content of the samples. It should
be noted that the sharp (by more than an order of magni-
tude) increase of the linear contribution when x decreases
takes place within the narrow interval of the oxygen in-
dex 6.88 <x <6.95.

Results of measurements of the angle dependence
AR /R (@) for different fixed magnetic fields at 7'=140.8
K are presented in Figs. 2(a)-2(c). The set of approxi-
mating curves is described by the expression

AR /Ry=(Agy+ A sin’p)H*+(By +B sing)|H| .  (2)

Results of the approximation are shown in Fig. 2 by solid
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FIG. 2. The family of angular dependencies of magnetoresis-
tance in magnetic fields at the temperature 140.8 K for samples
(a) 1, (b) 2, and (c) 3. Intensity of magnetic fields (T): curve 1,
14.5; curve 2, 14.0; curve 3, 13.0; curve 4, 12.0; curve 5, 10.8;
curve 6, 8.9; curve 7, 7.9; curve 8, 5.9; and curve 9, 3.9.
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TABLE III. Approximation parameters Ay, 4, By, and B,
of the family of magnetoresistance angular dependencies at
T=140.8 K in the expression AR/R,=(Ay+ A,sin’p)H>
+(By +B sing)|H|. Here AR/Ro=[R(H)—R(0)]/R, is the
experimental magnetoresistance.

Sample Ay A4, By B,
number (107° T2 (10°¢°T72) (10°°T ") (107> T
1 —4.44 6.76 3.52 —0.694
—3.06 4.69 2.66 36.70
3 —3.02 2.70 3.59 38.80

lines, and the coefficients Ay, A P By, and B¢, are
presented in Table III.

The analysis of the data obtained shows that the
difference in the angular dependencies of the magne-
toresistance for different samples is connected mainly
with the contribution linear in sing. Indeed, according to
Table III, the coefficient B, changes its sign and in-
creases in size almost by two orders of magnitude when
going from sample 1 to samples 2 and 3, while the other
coefficients change considerably less. Thus the next
changes in importance have been found in coefficient 4,
which differs for samples 1 and 3 by no more than the
factor of 2.5. As to the isotropic contributions into (2)
(Apy and Bp), they may be considered independent of x
within the experimental error.

IV. DISCUSSION

The data obtained for the normal-state YBCO HTSC
indicate the presence of an anisotropic component of
magnetoresistance linear in magnetic field. This com-
ponent is predominant for oxygen-deficient samples.
Since the linear run of AR /Ry(H) is seldom found we
have focused our interest on this contribution. Let us
consider possible causes of its appearance. Our investiga-
tion was carried out in the low effective magnetic field
range, where the Larmor radius of the charge carrier (7))
is more than its mean free path (/). In such a case the
one-zone  approximation gives the dependence
AR /R~ H? for the magnetoresistance of metals without
long-range magnetic order. The two-zone model gives a
similar result (AR /Ry~H 2) provided the charge-carrier
mobilities differ in different zones.!* In the intermediate
magnetic field (7, ~I), where peculiarities of the Fermi
surface come into play, the field dependence of the mag-
netoresistance could look linear on a finite interval near
the change from square dependence in the low field to
saturation in the intermediate one. In our case a quasilin-
ear interval of this type could be expected to appear first
in the magnetoresistance of sample 1 with the greatest /
and last for sample 3. However, that is not the case here.
Besides, the linear components in AR /R, of both the
first and the second samples must be close to each other
because their specific resistances (and consequently /)
differ by no more than 10% in the temperature region un-
der consideration. However, as can be seen from Table
I1, the coefficients B of the samples 1 and 2 differ by more
than one order of magnitude.

For high-temperature superconductors, suppression of
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fluctuations of the superconductive order parameter by
the external field can contribute markedly to the magne-
toresistance. This contribution is most substantial near
T,, but it could also be notable at temperatures compara-
tively far from the transition point. Samples 1 and 2 have
T, values close to each other (92.8 and 91.5 K), so the
contribution in question is expected to be approximately
the same for both of them. The data obtained, however,
do not show it to be the case. Besides, sample 3 with the
transition temperature of only 34 K demonstrates the
largest linear component of AR /R, which is rather
difficult to explain.

According to the observed anisotropy of the magne-
toresistance one can conclude that the process under dis-
cussion takes place in a quasi-two-dimensional entity (this
pertains first of all to the component of AR /R linear in
field; see Table III). We assume the resistivity as well as
the galvanomagnetic properties of the normal phase to be
governed by the scattering processes of charge carriers in
the CuO, layer. In such a case, the interaction of charge
carriers with the system of magnetic moments formed by
the d electrons of the Cu?" ions can contribute markedly
to the magnetoresistance of the YBCO HTSC. In accor-
dance with the ideas developed in Ref. 15, the structure
of d-electron spins can be described as a system of local-
ized magnetic moments with intensive antiferromagnetic
correlations; however, no long-range order is observed at
a relatively high oxygen index (x > 6.4). Such a situation
is not typical for three-dimensional magnetics in which
the correlation region is limited by the vicinity of the or-
dering temperature. However, behavior of this kind
could be realized for two-dimensional magnetic systems,
since, according to the Mermin, Wagner, and Hohenberg
theorem,® fluctuations prevent long-range order.

There are both theoretical (Turov and Shavrov!’) and
experimental'® investigations of transverse magnetoresis-
tance where the contribution to AR /R linear in field has
been shown to be possible in metallic antiferromagnetics
whose symmetry allows for the existence of weak fer-
romagnetism. In a recent work!® such a contribution has
been discovered in the magnetoresistance of the heavy-
fermion system UPt; in which superconductivity and an-
tiferromagnetism coexist. It has been found in Ref. 19
that the coefficient B of the linear component of AR (H)
remains nonzero also above the Néel point, but it falls
steeply in the short range of temperature where £ de-
creases. This fact may show the Turov-Shavrov result to
be true not only for the region of magnetic order but also
(under specific conditions) for the region of fluctuations.
In all likelihood, the same model could be used to explain
the results of our study. However, as opposed to Ref. 19,
in YBCO the magnetic correlation length £ depends only
weakly on temperature, but considerably on x, as demon-
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strated in Refs. 4 and 5. Indeed, the ratio §/a falls from
2.4 to 0.8 as x increases from 6.5 to 6.9, whereas an in-
crease of temperature up to 250 K does not result in a
marked variation of £&. Such behavior might be caused by
the quasi-two-dimensionality of the magnetic system as
well as by strong electron-spin interactions in the CuO,
layer.2°

Finally, we would like to offer a possible explanation of
the sharp decrease of the linear contribution in AR /R,
as the oxygen index approaches 7. As x increases, there
occur a simultaneous decrease of the correlation radius
and an increase of the characteristic frequency of spin
fluctuations w. According to Ref. 21,

o=T/BY*m(£/ay)* , 3)

where =12 ' ~0.4 eV, and a,~3.8 A is the lattice pa-
rameter. Based on (3) as well as the data on the variation
of £ versus the oxygen index,*> we can estimate that in
the interval 6.5<x <6.9 w changes in the range of
101310 Hz. On the other hand, the characteristic fre-
quencies of charge carriers for YBa,Cu;O, are
Q~kpvp~10"-10"° Hz (v; and ky being the Fermi ve-
locity and quasimomentum). For the case of w << and
(£/ay)> 1, the conduction electrons respond to such a
dynamic magnetic system as to a steady long-range-
ordered antiferromagnetic state. As x approaches 7 and
(€/a,) approaches 1,  approaches (2, enhancing “reso-
nantly” the interaction of charge carriers with DACS’s.
As a consequence, extra degrees of freedom of the spin
system are excited and the Turov-Shavrov effect disap-
pears.

V. CONCLUSIONS

The field dependences of transverse magnetoresistance
in the ab plane of single crystals of YBa,Cu;0, with
different oxygen content have been shown to contain con-
tributions both square and linear in magnetic field. The
linear contribution dominates in oxygen-deficient samples
and it drops sharply as the oxygen content approaches 7.
Different possible models of the discovered effect were
considered. The interaction of charge carriers with anti-
ferromagnetically correlated magnetic moments of Cu??
jons in the CuO, layers was suggested as the most prob-
able cause of this effect.

ACKNOWLEDGMENTS

We are grateful to Professor E. V. Matizen for continu-
ous support and interest. This work has been supported
by the International Scientific Foundation and Russian
State Program “HTSC” (Project No. 90216).

*Author to whom correspondence should be sent.

1G. Shirane et al., Phys. Rev. Lett. 63, 330 (1989).

2R. J. Birgeneau et al., Phys. Rev. B 38, 6614 (1988).

3P. M. Gehring et al., Phys. Rev. B 44, 2811 (1991).

4. Rossat-Mignod et al., J. Magn. Magn. Mater. 116, 336

(1992).

5J. Rossat-Mignod et al., Physica B 169, 58 (1991).

6See, for example, M. Takigawa et al., Physica C 162—-164, 83
(1989).

7M. Hikita et al., J. Magn. Magn. Mater. 90-91, 681 (1990).



15 392

8Y. Matsuda et al., Phys. Rev. B 40, 5176 (1989).

9M. Hikita et al., J. Phys. Soc. Jpn. 58, 2248 (1989).

10w, Staguhn et al., J. Phys. Soc. Jpn. 58, 2877 (1989).

11y Tajima et al., Phys. Rev. B 37, 7956 (1988).

12M. S. Osofsky et al., Physica C 182, 257 (1991).

13A. B. Bykov et al., J. Cryst. Growth 91, 302 (1988); I. V. Alex-
androv et al., Pissma Zh. Eksp. Teor. Fiz. 48, 449 (1988)
[JETP Lett. 48, 493 (1988)].

143 M. Ziman, Electrons and Phonons (Clarendon, Oxford,
1960).

I5A. Millis, H. Monien, and D. Pines, Phys. Rev. B 42, 167
(1990).

E. B. AMITIN et al. 51

16p. C. Hohenberg, Phys. Rev. B 158, 383 (1967); N. Mermin
and H. Wagner, Phys. Rev. Lett. 17, 1133 (1966).

17E. A. Turov and V. G. Shavrov, Izv. Akad. Nauk SSSR Ser.
Fiz. 27, 1487 (1963).

18N. I. Kourov, Yu. N. Tsiovkin, and N. V. Volkenshtein, Fiz.
Tverd. Tela (Leningrad) 23, 1059 (1981) [Sov. Phys. Solid
State 24, 1059 (1982)]. .

19K . Behnia, O. Laborde, L. Taillefer, and J. Flouget, Physica B
165-166, 431 (1990).

20The temperature behavior of magnetoresistance components
will be addressed in a forthcoming publication.

21p, Monthoux and D. Pines, Phys. Rev. B 49, 4261 (1994).



