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Measurements are reported of the magnetoresistance (MR) for fields up to 23 T in LazCu04 single

crystals, which order antiferromagnetically at T&-240 K, and in which the conductivity at low

temperature is characterized by hopping in localized states. Using the MR, the phase diagram of
the spin-Aop transition, observed when the magnetic field is applied parallel to the zero-field stag-
gered magnetization, is mapped out. Two transitions of the background Cu + spins are observed,
which are governed by the symmetric and antisymmetric anisotropic components of the superex-
change tensor. The antiferromagnetic propagation vector changes from r~~a at zero field to r~~c at
the highest fields. This subtle change in the ordering of the Cu' spins is accompanied by a large
enhancement of the interlayer hopping conductivity up to a factor 2. We show that the magneto-
conductance is proportional to the three-dimensional staggered moment with r~~c direction. In an

appendix we discuss the possible relevance of these results to the behavior of superconducting

La2, (Sr,Ba)„Cu04.

I. INTRODUCTION

High-temperature superconductivity occurs in lamellar
cuprates when doping introduces a sufficiently high den-
sity of excess holes or electrons into the Cu02 layers. In
many theoretical models, the pairing necessary for super-
conductivity involves the coupling of the charge carriers
to the Cu + spins. In light of this, the study of the lightly
doped, insulating antiferromagnetic state is important,
because, in the latter, the density of charge carriers can
be sufFiciently low that the interaction between them is
small relative to their interaction with the Cu + spins.

Materials in the La& „(Sr,Ba)„Cu04 system, in which
high-T, superconductivity was first discovered' have the
simplest structure, so they are ideal for studying the
physics of the CuOz layers. Undoped La2Cu04 is a mod-
el two-dimensional (2D) S=—,

' Heisenberg antiferromag-
net. ' Because of weak interlayer coupling, the spins or-
der three dimensionally at temperatures close to room
temperature. The in-plane nearest-neighbor interaction
between the Cu + spins in La2Cu04 is described by the
Heisenberg Hamiltonian to an unusually high degree of
accuracy: The anisotropies are several orders of magni-
tude smaller than the nearest-neighbor exchange. '

Previous experiments ' have demonstrated that the
hopping conductivity in single crystals of La2Cu04+y 1s

sensitive to the interlayer magnetic order of the Cu +

spins; consequently, the magnetoresistance can be used as
a probe of the magnetic order. This is particularly valu-
able because, as shown in this work, the spin-flop transi-
tions occur at fields at which magnetization measure-
ments are difficult.

In this paper we report magnetoresistance (MR) mea-

surements on pure single crystals of La2Cu04+„ for
magnetic fields up to 23 T applied parallel to the CuOz
planes. When an external field is applied in the direction
of the staggered magnetization (M ~~c in orthorhom-
bic notation, space group Cmca), a feature in the MR in-
dicates a spin-flop transition, dominated by the
Dzyaloshinsky-Moriya antisymmetric exchange. Because
of the peculiar nature of the antisymmetric exchange, a
second feature is observed at a higher critical field, which
provides a measure of the out-of-plane anisotropy. From
an extrapolation of the observed critical fields to T=0 we
find values for the anisotropies which confirm earlier
measurements of the spin Hamiltonian.

The MR provides new insight into the coupling be-
tween the excess holes and the background magnetism.
We find that the observed MR arises from the interlayer
hopping conductivity which is proportional to the total
staggered moment with propagation vector v. in the c
direction, both for the spin-fop transition and for the
weak ferromagnetic (WF) transition observed for H~~b.
In both transitions, ~ changes from a~~a at H=0 to r~~c at
the highest fields. The distinction between the two in-
plane axes a and c is very small, since the deviation from
the tetragonal structure is only -0.5%. The change in
the Cu spin ordering is therefore quite subtle; surpris-
ingly, it is accompanied by a large enhancement of the
hopping conductivity, up to a factor 2.

The format of this paper is as follows: In Sec. II we de-
scribe the samples and the details of the experimental
method; the results are presented in Sec. III. In Sec. IV
we discuss in detail the spin-flop transition in La2Cu04
and we demonstrate that the ordering of the Cu + spins
influences the hopping conductivity. We summarize our
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findings in Sec. V. In the Appendix we discuss the possi-
ble relevance of these results to the more heavily doped
superconducting regimes of Laz „Sr„Cu04 and especial-
ly La2 Ba,Cu04.

II. EXPERIMENTAL DETAILS

The samples used for this experiment are the same as
those used in the WF transition experiments. They are
large single crystals of pure La2Cu04+y grown by the
top-seeded solution growth method using CuO Aux. The
crystals have transport properties characteristic of doped
semiconductors on the insulating side of the insulator-to-
metal transition. ' "We estimate' that the samples con-
tain a density of -4X10' cm ' holes because of unin-
tentional doping by acceptors, probably' 02, which is
sufhcient to reduce the Neel temperature from the value
at stoichiometry ( T~ =320 K), to TN =240 K. We deter-
mine the Neel temperature from the magnetic susceptibil-
ity y( T), which has a sharp peak at T~ originating from
the antisymmetric exchange. This peak is expected for
Hlfb or Hlfc, but not for H/)a.

It should be kept in mind that the crystals are grown at
high temperature in the tetragonal phase. %'hen they are
cooled through the tetragonal-orthorhombic phase tran-
sition in the absence of stress, they have twin domains.
For this reason we label a magnetic field applied in an or-
thorhombic in-plane direction H~~a, c. It is possible to ob-
tain a single-doinain sample by cooling a crystal through
the tetragonal-to-orthorhombic transition in the presence
of a uniaxial stress. In such a sample, g( T) indeed has no
peak at the Neel temperature for H~~a. In an as-grown
sample, we have measured the uniform magnetic moment
as a function of field Hlla, c for fields up to 20 T, using a
vibrating susceptometer.

To measure the magnetoresistance, the sample is
mounted on a variable-temperature cold finger and
placed in the center of a Bitter magnet. Using a conven-
tional four-probe geometry with the current perpendicu-
lar to the Cu02 planes, the resistance is measured as a
function of magnetic field for fields up to 23 T at typical
sweep rates of 0.08 T/s.

Some of the samples used in this experiment appear to
have small cracks, which are visible by eye or under an
optical microscope, and which make it difficult to mea-
sure the absolute conductivity. In high-quality samples,
which have no observable cracks, the conductivity is
highly anisotropic. ' We use the Montgomery method'
to measure the anisotropy and to determine the change in
the conductivity tensor at the WF transition. Ideally, the
Montgomery method requires line contacts at four edges
of a brick-shaped sample. The finite size of our contacts
( —10% of the dimension of our samples) introduces a
small uncertainty in the conductivity measurements.

III. RESULTS
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FIG. 1. (a) Magnetoresistance normalized to zero-field resis-
tance Ro for Hlla, c; (b) derivative of the MR as a function of
field. Arrows indicate critical fields.
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overall change in resistance can be as large as a factor of
-2 at T=24 K. At low T the MR has knees at two dis-
tinct critical fields; at the highest temperatures only one
transition is observed. These features appear more clear-
ly in the derivative dR /dH, plotted as a function of mag-
netic field in Fig. 1(b); the features are free of hysteresis.

The critical fields are plotted versus temperature to
generate the phase diagram shown in Fig. 2. At low tem-
perature, two distinct phase boundaries are seen for
Hlla, c. The zero-temperature extrapolations of the criti-
cal fields are H, (0)=10.5+1.0 T and H2(0) =20.5+1.0
T. The two boundaries merge at a multicritical point at
T,—120 K. Above T, there is only one phase bound-
ary which tends to zero field at Tiv=240 K, the Neel
teinperature of the sample. In crystals which order anti-
ferromagnetically at 200 K& TN &260 K, H, (0) and
H2(0) are not appreciably difFerent. Figure 2 includes
the phase boundary observed when the magnetic field is

Figure 1(a) shows the MR normalized to the zero-field
resistance Ro for Hlla, c. At all temperatures the resis-
tance decreases monotonically with increasing field; the

FIG. 2. Temperature dependence of the critical fields from
the MR for Hlla, c (circles) and Hll[1 0 1] (solid squares). The
dashed lines are guides to the eye.
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FIG. 3. Uniform ferromagnetic moment M+(H) as a func-
tion of field Hilda, c; T=77 K.

to zero at Tz. The overall change in resistance for H~~a, c
is the same as that found in the MR of the same sample,
for the WF transition, observed for H~~b; data from the
latter are included in the figure for comparison. This
similarity strongly suggests that the MR in both transi-
tions arises from the same coupling mechanism of the
holes to the Cu + spins.

In Fig. 5 are plotted the temperature dependence of the
anisotropy of the conductivity at zero field and of the
MR for H~~b, measured with the Montgomery method'
on a crystal which has no observable cracks. Both
cr, /tr&, the anisotropy of the conductivity at H=0 [Fig.
5(a)], and (ho&lrr&)/(bo, /o, ), the anisotropy of the
relatiue MR [Fig. 5(b)], appear to be weakly temperature
dependent at low T and increase rapidly with T for
T) 50 K, whereas ho &/ho „the anisotropy in the abso-
lute MR, is only weakly dependent on T over the entire
temperature range [Fig. 5(c)].

applied in the [1 0 1] in-plane direction. At the highest
temperatures we observe one phase boundary, which lies
at fields —1.5 times higher than those observed for
H~~a, c. At low T no transitions are observed within the
23 T range of our experiment.

The field dependence of the uniform ferromagnetic mo-
ment at T=77 K, with H~~a, c, is plotted in Fig. 3. The
moment increases superlinearly with field above H -5 T,
and has a knee at H -17 T, close to the value of H2 at
this temperature.

As can be seen in Fig. 1, the MR saturates above -21
T. The magnitude

[R (23 T)—Ro]/R() =hR /Ro

varies from run to run, presumably because of cracks in
some crystals, although the temperature dependence is
the same. There is, however, an upper limit to the mea-
sured b,R/Ro, and the largest hR/Ro observed was
reproduced in several runs. Using data from these runs
we plot ho /o o, the overall change in the conductivity, in

Fig. 4. her/o. o is as large as —1.25 at T=24 K, and goes

IV. DISCUSSION

A. Spin-Sop transition

We briefly review the relevant magnetic parameters in
La2CuO~. In orthorhombic notation, the in-plane
nearest-neighbor exchange is written H j S' J Sj where

J= 0
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Here J„„=—,'(J+J""+J")= 128 meV. ' Because
J"=J"&J, there is an out-of-plane gap in the magnon
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FIG. 4. Temperature dependence of the overall change of the
conductivity for Hiia, c (circles) and Hii/b (solid triangles).

FIG. 5. Temperature dependence of the anisotropy of (a) the
conductivity at zero 6eld; (b) the relative overall magnetocon-
ductance; (c) the absolute overall tnagnetoconductance. Hiib.
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spectrum

gb —zS[2J (Jcc Jbb)]1/2

where z=4 is the number of nearest neighbors. The an-
tisymmetric elements J ' arise from a Dzyaloshinsky-
Moriya' ' interaction that is allowed in the
orthorhombically distorted crystal structure. ' J ' in-
troduces an in-plane anisotropy gap E~ =zJ 'S; infrared
absorption and neutron scattering measurements indicate
E~ =1.1+0.3 meV and E„=2.5+0.5 meV. ' These an-
isotropies cause the staggered moment at zero field to lie
in the orthorhombic c direction [see Fig. 6(b)]. The spins
cant in the b direction, giving rise to weak ferromagne-
tism which is hidden because the effective interlayer ex-
change Jt is antiferromagnetic (AF). The interlayer or-
der determines the direction of the AF propagation vec-
tor v". For AF interlayer order, a~~a, and for ferromagnet-
ic interlayer order, r~~c

In a conventional (two-sublattice) anisotropic antifer-
romagnet, only one spin-Hop transition is seen, and it is
dominated by the smallest anisotropy. However, in

La2Cu04 the MR shows evidence of effects of both the
out-of-plane anisotropy J"—J"" and the antisymmetric
exchange J '. To understand why both gaps are visible,
consider the T=O behavior of the Cu spins in the pres-
ence of an external field. We include the effects of the in-
terlayer exchange as well as the nearest-neighbor ex-
change of Eq. (1). Since both couplings are antiferromag-
netic, the magnetic unit cell contains four spins in two
inequivalent Cu02 layers. In the presence of a magnetic
field the effective Hamiltonian for the four-sublattice unit
cell of Fig. 6 is

H„„;„„)=zS, b
J.S„—gpsH (S,s+St, )

+zS2b J Sz,—gp&H (S2s+S2, )

+z Jj ( S,b.S~s+ S„.S2, ) (2)

tan2$= sin2a
2

HM
+cos2n

H)tr H sina

2HzH„+4HEHt —H sin (a —p) —
Hbr sin(I)

where 1 and 2 denote the first and second layers, respec-
tively, and 5 and e denote, respectively, the corner and
face-centered spins within a single Cu02 plane. J~ is the
effective interlayer exchange (Jt) 0) and z'=2 is the
effective number of interlayer nearest neighbors. We con-
sider the general case, in which we allow the field to point
in an arbitrary direction within the Cu0& plane defined

by the angle a between the field and the a axis [see Fig.
6(a)].

For two nearest-neighbor spins in the ith layer, one can
define a staggered moment M; =(M;s —M;, )/2 and a fer-
romagnetic moment M,"=(M;b+M;, )/2. The direction
of the staggered moment is defined by the out-of-plane
angle g, and in-plane P; defined in Fig. 6(a): At H=O,
P; =g; =0. To find the field dependence of the angles P;
and g; at T=0, the Hamiltonian of Eq. (2) is minimized,
using a mean-field approximation, with respect to M; and

M, . Noting that M, lM, and M; (&M, , we find the fol-
lowing field dependence of the angles g, and P; in the two
layers i =1,2:

M,

=c Q=Q

itb (c)
'MMM =' H(H|

Hllc

FIG. 6. (a) Directions of staggered moment M, and applied
field H; magnetic moments in the four-sublattice unit cell, pro-
jected along the a direction, for (b) H =0 and (c) H))c,
0&H (H, .

where gp&H&=zJ„„S, gp&H& =z(J"—J )S, gpsHbr
=zJ '5, and gp~H~=z'J~S. The field dependences of
the angles P and ( are shown in Fig. 7 for the cases H~~c

(a = rr/2; solid line) and H
~~ [1 0 1] (a =n. /4; dashed line).

To gain some physical insight into this unusual spin-
fiop transition, we discuss heuristically the case H~ic
(a=a/2). The solid line in Fig. 8 illustrates the trajecto-
ry of M) as a function of field. At zero field M;~~c and

M, = —M2 (a~~a). The antisymmetric exchange creates a
small ferromagnetic moment, M, ~~b, which is of opposite
sign in adjacent layers [see Fig. 6(b)]. In the presence of a
small external field, M, will tend to align with the field,
so the effect of the field H~~c will be to rotate the stag-
gered magnetization M, out of the plane [see Fig. 6(c)].
Since M; points in opposite directions in neighboring lay-

ers, M, in adjacent layers will be rotated in opposite
directions, so that energy is lost from the antiferromag-
netic interlayer coupling J~ as well as from the out-of-
plane anisotropy J"—J ".

At low field, M; remains in the (b, c) plane (/=0) to
minimize the antisymmetric exchange energy. But when
the magnetic field is large enough to overcome the an-
tisymmetric exchange (H=H, ), Mt fiops into the (a, b)
plane: P=n. /2, as shown in Fig. 7(a). Now M;j.H and
the system lowers its energy from the external field at the
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As in the conventional spin flop, the transition at H, is
discontinuous only if the angle between H and Mt is very
small. ' When the field is applied off axis, both P and g
increase continuously, as shown by the dashed line in
Figs. 7 and 8 for a =45 . However, there is still a feature
at the field for which M,- becomes parallel to the b axis,
in contrast to the conventional spin flop, in which no
transition is observed at all when a=45 . This explains
why even with the field 45' off axis, we observe a phase
boundary (see Fig. 2). That boundary lies at higher field
than that for Hiia, c, consistent with the g(H) calculated
for the two directions as shown in Fig. 7(b).

For Hiic the critical fields are

I

10 20 50
Magnetic field (T)

FIG. 7. Calculated field dependence of (a) the in-plane angle

P and (b) the out-of-plane angle g of the staggered moment,
defined in Fig. 6(a), for a=a/2 (solid line), and a =a/4 (dashed
line).
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H=

= C
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FIG. 8. Trajectory of M, for Hiic (a=n/2, solid line) and
for Hii[1 0 I] (a=m/4, dashed line).

expense of the antisymmetric exchange. In this respect
the first transition is like a conventional spin flop. How-
ever, in contrast to the conventional case, Mt does not
remain parallel to H, even at the lowest fields. At the
spin-fiop transition, the out-of-plane angle g is nonzero; it
is unchanged during the flop. However, for H)H, , g
continues to increase until it reaches its maximum value
n /2 at a field H2', for fields greater than H2, M; remains
parallel to b. At very high fields this is the lowest-energy
configuration because with M; iib and M; itic, the antisym-
metric exchange and the field, Hiic, reinforce one anoth-
er. Because J ' has the same sign in adjacent layers, this
configuration requires the interlayer magnetic order to be
ferromagnetic: Mi =M2, or riic.

From the zero-temperature extrapolation of the lower
phase boundary in Fig. 2, H, (0)=10.5+1.0 T, we find a
spin-wave gap E„'=1.3+0.2 meV. This value is to be
compared to that measured in neutron scattering
(E'„=l.0+0.3) and infrared spectroscopy (E'„=l. 1

+0.3 meV). Using the classical expression HM=zJ"'S
gives the value J '=0.7+0. 1 meV. This value agrees to
within experimental error with that measured in the WF
transition (J"'=0.860.3 meV). To extract the out-of-
plane anisotropy, we use JNN = 128 meV, from two-
magnon Raman scattering, ' and J~=2 peV from the
WF transition; with H2(0)=20. 5+1.0 T, we find the
out-of-plane gap

E„"=glott(2HzH„)'/ = l.8+0.6 meV,

in agreement with the neutron scattering result
(E„=2.5+0.5 meV). From this we extract the out-of-
plane anisotropy J"—J =3+2 peV.

It is, in general, very difficult to predict a priori the
magnitude, ' let alone the anisotropies of exchange con-
stants. However, as shown in previous work, in

La2Cu04 the largest correction to the Heisenberg su-

perexchange is the antisymmetric exchange which arises
from first-order corrections due to spin-orbit coupling to
excited state orbitals, ' allowed by the orthorhombic
crystal structure. The antisymmetric exchange is
J '=(b,g/g )PoJNN, where the g shift is a measure of the
strength of the spin-orbit coupling, and Po is the tilt angle
of the Cu06 octahedra in the orthorhombically distorted
phase. Corrections to the superexchange which are
second order in the spin-orbit coupling typically give rise
to symmetric anisotropies of order EJ=(bg/g) JNN= 1

meV, more than two orders of magnitude larger than the
observed anjsotropy J"—J" . Thus, corrections of the
superexchange due to spin-orbit coupling are sufficient to
explain the antisymmetric exchange, but they grossly
overestimate the planar anisotropy. We have confirmed
the conclusion from previous measurements that the ex-
change anisotropies are much smaller than the exchange
itself. Since the interlayer coupling J~ is also very small,
La2Cu04 is a model 2D S=—,

' Heisenberg antiferromag-
net.
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where P and g depend on H according to Eqs. (3).
With H~~a (a=0), the uniform moment M+(H) is

linear in field, with slope go=(2zJNN ), the perpendicu-
lar susceptibility. The calculated total moment for H~~c is

plotted with the solid line in Fig. 9(a}. In a conventional
antiferromagnet, the low-field susceptibility parallel to
the staggered moment is zero. ' However, in La2Cu04
the presence of the antisymmetric exchange causes g„
the susceptibility for H~~c, to be nonzero:

X%1/(Hl +H2 }

The magnetization has a jurnp at H=H„ this jump is
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FIG. 9. Calculated order parameters and low-temperature
magnetoconductance as a function of magnetic field for spin-
flop transition (solid curves) and weak ferromagnetic transition
(dashed curves). (a) Calculated uniform ferromagnetic moment;
(b) calculated difFerence of the ferromagnetic moments in adja-
cent layers; (c) calculated interlayer order parameter for r~~c; (d)
measured magnetoconductance, T=24 K. For the theoretical
curves the critical fields were chosen to agree with experiment.

Our calculation of the spin-flop transition predicts the
moments M, in the two different layers i =1,2, as a func-
tion of field in the a, c plane. The uniform moment
M+ =(M)+ M& }/2 is parallel to the applied field, and its
magnitude is

(g)M~ )'
MF+ = [H[1—cos /sin (a —P)]+HMsingsina j,

Z NN

broadened appreciably if the field deviates from the c axis
by only a few degrees. The uniform moment has a knee
at Hz, above which it has a linear field dependence
M(H)=go(H+HM). We emphasize that this is a zero-
temperature calculation. The field dependence of the uni-
form moment (Fig. 3) agrees qualitatively with the calcu-
lated M+(H) (corrected for twinning), although, since
the measurement was done at T=77 K, the features are
broadened and the values of the critical fields have shifted
according to the phase diagram of Fig. 2.

B. Magnetoresistance

The most intriguing aspect of this work is the high sen-
sitivity of the conductivity to the magnetic order. We
demonstrate next that the magnetoconductance is pro-
portional to M+, the total staggered moment with propa-
gation vector in the [0 0 1] direction, r~~c.

The spin flop is similar to the WF transition in this
respect: In both transitions the relative order of inter-
layer nearest-neighbor spins changes from antiferromag-
netic at zero field to ferromagnetic at high field. We
have, therefore, calculated various quantities which
change at these transitions. The sum M+
=(M) +M&)/2 and difFerence M =(Mi —M2)/2 of
the ferromagnetic moments in two adjacent layers are
plotted in Fig. 9(a) and 9(b), respectively. As shown in
neutron scattering experiments, the sum and difference
of the staggered moments are the three-dimensional order
parameters for the cases that v is in the c and a direc-
tions, respectively. They are simply related by

M+ =(M, +M&)/2=giJ~S sing

and

—(M 1

—M2 }/2 =gp gS cos( ~

M and M+ are the components of the staggered mo-
ment per unit cell with propagation vector r~~a and r~~c,
respectively. Equivalently, M and M+ measure the rel-
ative antiferromagnetic and ferromagnetic alignments re-
spectively of the interlayer nearest-neighbor spins. We
plot only M+ in Fig. 9(c). The experimental data at
T =24 K are plotted in Fig. 9(d) as magnetoconductance.

The magnetoconductance does not follow the field
dependence of the total moment. This is seen clearly in
the case H~~b [Fig. 9(a)], where M+ (H) has a finite slope
both above and below the transition, whereas the MR is
independent of field in these regions.

For H~~b, M is independent of field above and below
the transition [Fig. 9(b)]. Its field dependence is con-
sistent with the heuristic idea that the conductivity is
enhanced when the canting in adjacent layers becomes
identical. However, in the case of the spin-flop transi-
tion, the calculated M indicates that the layers become
equivalent at H&. (For H )H, , the M,- in all layers point
in the direction of the applied field). In contrast, the ob-
served magnetoconductance does not saturate at H„ in
fact, the conductivity cr(H) becomes independent of field
only for H)H .

A comparison of Figs. 9(c) and 9(d) shows that the
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magnetoconductance bo /oo is proportional to M+, for
both the spin-flop and the WF transitions. Note that at
the highest fields, M; ~~c for the WF transition, whereas

M;~~b for the spin-fiop transition. The fact that the mag-
nitude of the rnagnetoconductance is the same in both sit-
uations (see Fig. 4) indicates that the holes are not sensi-
tive to the direction of the staggered moment, but only to
the relative interlayer ordering of the Cu spins.

We discuss next the anisotropic conductivity of
La2Cu04, which is large at high temperature. ' At low
temperature, o, /o b, the ratio of the dc conductivities in
the in-plane to that in the out-of-plane direction, is weak-
ly dependent on temperature. Above T=50 K the an-
isotropy increases strongly. These results, together with
measurements of the Hall effect, ' indicate that at high
temperature the conductivity is dominated by thermal ac-
tivation of carriers into a band of highly anisotropic
states. At low temperature the dominant transport
mechanism is thermally assisted tunneling between local-
ized states. ' '" Since hopping in an anisotropic medium
is essentially three dimensional, the total conductivities
can be written:

+b +bA +~h

oa o aA +7+h
(6)

(&ob/ob)/(&o, /o, ) =(P,&Pb)/(Pb&P, , )

to be weakly T dependent.
We observe (Fig. 5) that bo, /herb is roughly T in-

dependent, whereas

(b,ab /o b )/(ho', /o', )

is not. Furthermore, the values of y derived from the
low-T value of o, /o. b( —15) and from Ao, /bob( —13).
agree very well. Thus Eq. (6) provides a good description
of the conductivity tensor and the magnetic order ap-
pears to influence primarily the hopping conductivity.
Measurements of the ac conductivity and the frequency-
dependent dielectric constant at the WF transition
confirm this conclusion. " Since the in-plane band con-
ductivity o.,~ is almost purely 2D, it is not surprising
that it is insensitive to the interlayer magnetic ordering.

where ob~ and o,„are the activated components of o &

and o„respectively, oI, is the hopping component, and

y = (g, /gb ), where g, and gb are the localization lengths
in the in-plane and out-of-plane directions, respectively.

If only the hopping component contributes to the MR,
one expects, Aoblhcr, =1/y independent of tempera-
ture, whereas one expects the anisotropy in the relative
MR,

(&ob/0 b )/(&ob/o, ) =(1/y )(o, /0 b ),
to be strongly T dependent at high T. If, alternatively,
the MR arises from a change in the mobility of the states
at the band edge, writing o, =nep, and o & =nepb, one
expects both

b,o b /b, o, =bPb /by,

and

However, it is surprising that this also appears to be the
case for o bg.

The low-T magnetoconductance, which is dominated
by hopping, is proportional to M+ at fixed T. The
overall change in M+ with field at any T is just M (0),
the order parameter at zero field, at that T. One would
therefore expect ho z /o. h, the overall change in the hop-
ping conductivity, to scale with the zero-field interlayer
order parameter, M, when T is varied. The overall
change of o.b, plotted in Fig. 4, is

~ob /ob ~oh /(obA +oh )

This quantity is roughly equal to hoh/crb„at high T.
We find that at high temperature (b,oblob)~M ~

' is
indeed proportional to 1/o b„. This explains why

hob/oh decreases much faster than ~M ~
with increas-

ing temperature.

V. CONCLUSIONS

Using rnagnetoresistance, we have mapped out the
phase diagram for the spin-flop transition in insulating
LazCu04+~. The peculiar nature of the antisymmetric
exchange makes the spin-flop transition complicated;
however, the measurements do provide values of both the
out-of-plane anisotropy in the nearest-neighbor exchange,
and the antisymmetric exchange. We have confirmed
previous results showing that the in-layer nearest-
neighbor is described, to a high degree of accuracy, by
the Heisenberg Hamiltonian. The most important con-
clusion of this work is that the large magnetoconduc-
tance arises from the interlayer hopping component of
the conductivity, and that it is proportional to M+, the
staggered moment with r~~c

Despite this thorough characterization of the magneto-
conductance, its microscopic mechanism is still a rnys-
tery. The large MR is seen only in the hopping conduc-
tivity which varies as exp[ —R /( g, gb

)'~ ] where R is the
hopping distance and g, and gb are the localization
lengths. The effect on the conductivity of a change of R
or g„gb with field will therefore be amplified by a factor
R /(g, gb )' . However, estimates based on the theory of
Shklovskii for hopping in an anisotropic medium indi-
cate that, even with this amplification factor, '

R/(g, gb)'~ must change by ~20% to account for the
observed change in conductivity. We emphasize that the
change in the magnetic order from r~~a to r~~c is a very
subtle one, since the orthorhornbic distortion is only
(~c~ —~a~)/~c~ =0.5%. Furthermore, in nearly all mod-
els of hopping conductivity, the magnetoconductance is
predicted to be sensitive to the uniform magnetic moment
because of the overlap of the spin parts of the initial and
final eigenstates. The observed proportionality between
the magnetoconductance and M+ is unique and shows
that the coupling between the charge and spin degrees of
freedom is quite unusual.

ACKNOWLEDGMENTS

This work was supported by National Science Founda-
tion (NSF) Grant Nos. DMR84-15336 and DMR87-
19217; experiments were performed at the Francis Bitter



238 TINEKE THIO et al. 41

National Magnet Laboratory, which is supported at the
Massachusettes Institute of Technology by the National
Science Foundation. Research at Brookhaven was sup-
ported by the Division of Materials Science, U.S. Depart-
ment of Energy, under Contract No. DE-AC02-
CH00016. We thank S. Foner and E. J. McNiff, Jr. for
help in the measurement of the uniform moment. We
gratefully acknowledge helpful discussions with J. D.
Axe, A. G. Swanson, and B. L. Brandt.

APPENDIX

The measurements and analysis presented in this paper
and in Ref. 6 reveal several features in the magnetism and
transport in the lightly doped regime which may be
relevant to the superconductivity in La2 „Ba,Cu04 and
La2 Sr Cu04. First, the transport measurements at
low temperatures reveal an extraordinary sensitivity of
the interlayer hopping conductivity to the relative inter-
layer ordering of the Cu + spins. Indeed, as we have em-
phasized in the conclusion section of this paper, we do
not properly understand this sensitivity. Second, the ex-
periments show that the largest correction to the
Cu + —Cu + Heisenberg exchange in La2Cu04 is the an-
tisymmetric exchange. In pure or lightly doped La2Cu04
the effects of the antisymmetric exchange are quite subtle;
specifically, it causes a canting of the Cu + spins by-0.17'. As we shall discuss in the following, in the more
heavily doped samples the effects may be much more sub-
stantial.

There is a number of features of the superconductivity
in the single layer Cu02 materials such as La2 „Sr„Cu04
which seem unique, at least as compared to double or
triple-layer Cu02 superconductors like YBa2Cu307 and
Bi2Sr2CaCu20s „. First, in Lai. ssSro»Cu04 for exam-
ple, the superconducting T, is extraordinarily sensitive to
pressure rising from &40 K to nearly 50 K with the ap-
plication of -20 kbars pressure. The multilayer ma-
terials show much less dramatic pressure dependences.
It seems likely that this rejects an unusual sensitivity of
the T, 's in La& s5Sro»Cu04-type materials to the inter-
layer coupling; concomitantly any modification of the in-
terlayer coupling may affect T, drastically. Second, Axe
et al. and others have recently shown that
La2 „Ba„Cu04 with x =0.12 exhibits two polytypes.
One has the same orthorhombic structure as
La2 Sr Cu04 and has superconducting T, 's of -25 K.
The second has a tetragonal structure with four La2Cu04
units per primitive cell. There is evidence that in the
latter phase T, may be less than 5 K. In our view this
dramatic difference in superconducting transition tem-
peratures in these two phases which have only subtly
different crystal structures represents a challenge to any
model for the superconductivity.

It is useful, therefore, to consider possible differences in
the Hamiltonians in the two structures. The Cmca struc-
ture of orthorhombic La2 „(Ba,Sr)„Cu04 has two formu-
la units per primitive cell; this structure is generated by
condensation of one of the two degenerate X-point soft
phonons with wave vectors in Cmca notation at (1,0,0)
and (0,0, 1). This leads to a staggered rotation of the oc-

tahedra about an a axis. As shown by Thurston et al. ,
the (0,0, 1) zone boundary rotary phonon remains quite
low in energy: -4meV in La& s6Sr0,4Cu04. Axe et al.
argue that the low-temperature tetragonal phase in
La, ssBa0, 2Cu04 is generated by condensation of this
second phonon leading to the P42/ncm structure. To
first order, this structure may be thought of as being gen-
erated by rotations of the Cu06 octahedra about the
tetragonal (1,0,0) and (0,1,0) axes in successive layers,
that is, the Cu06 rotation axis alternates layer by layer.

Since the I-point (0,0,1) phonon branch only changes
its energy over a small portion of the Brillouin zone, it is
difficult to believe that a lattice dynamical mechanism
can account for the drastic reduction in T, in
Lal ssBa0,2Cu04. Similarly, since the net Cu06 rotation
angle in the Cmca and P4z/ncm phases is the same, the
electronic structure should not change significantly. On
the other hand, since the antisymmetric exchange is gen-
erated by the rotation itself, it will differ in a fundamental
way in the two phases. It is therefore pertinent to ex-
plore the possible role of the antisymmetric exchange in
the superconducting samples.

As we noted above, in pure La2CuO& the antisym-
metric exchange causes a canting of the Cu + spins by-0.17'. However, recent neutron scattering experi-
ments have revealed that in La2, Sr Cu04 with
x ~0.07, the short-range spin ordering is markedly in-
commensurate. Indeed, nearest neighbor spins are
misoriented by -30' relative to the antiferromagnetic
alignment in pure La2Cu04. Furthermore, for both static
and mobile holes, the Cu + spins in the neighborhood
of the hole are noncollinear with quite large effective
canting angles. For both cases the antisymmetric ex-
change may become quite significant. For order of mag-
nitude purposes we estimate for superconducting concen-
trations

E„qs-zJb, S[P(x )/P(0)] —,'(g/aNN) sin(30') =40 'K. .

Here

(g/aNN) =4 and [P(x )/P(0)] = —,',
where P(x) is the rotation angle of the Cu06 octahedra as
a function of Sr content x. Thus the antisymmetric ex-
change energy will become significant for a two-
dimensional correlated region of Cu + spins for tempera-
tures of order 40 K. This means that in a correlated area
the spins will be preferentially oriented in the plane per-
pendicular to the Cu06 rotation axis. In the Cmca struc-
ture the rotation direction is identical in successive Cu02
layers. However, in the tetragonal P42 jncm structure
the Cu06 rotation axis alternates by 90' between succes-
sive layers. This in turn implies that the Cu + spins in-
cluding most especially those surrounding the holes will
be oriented at -90 relative to each other in successive
CuQ2 sheets. The magnetoconductance results reported
in this paper imply that this will in turn reduce the cou-
pling between the sheets and hence should act to reduce
Tc'
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Clearly, therefore, the antisymmetric exchange could
play an important role in the La2 Ba„Cu04 system.
Certainly the pressure dependence of T, suggests that the
coupling between the sheets is quite important. Further-
more, dT, /dP is large only in the orthorhombic phase;
indeed in purely tetragonal (I4/mmm ) La, »Srp ]sCu04
above 20 kbar T, is nearly independent of pressure.
It is, however, quite surprising that T, appears to be so
low in the P42/ncm phase. Indeed in a Kosterlitz-
Thouless picture one would expect that as the coupling
between the Cu02 planes went to zero T, would saturate
at the two-dimensional Kosterlitz-Thouless value. If the

speculations presented here are correct then this would
imply that the intrinsic superconductivity is a three-
dimensional e8'ect or, at the minimum, requires at least
two correlated Cu02 sheets.

Neutron scattering experiments on single-domain sam-
ples could test the ideas discussed here concerning the
spin correlations. Transport measurements on single
crystal La& 88Bao,zCu04 through the low-temperature
orthorhombic-tetragonal transition would reveal any
anomalous decrease in the interlayer conductivity. Such
measurements as a function of pressure would also be
quite informative.
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