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Antisymmetric exchange and its influence on the magnetic structure
and conductivity of LazCu04
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Measurements of the magnetic moment of antiferromagnetic La2Cu04 at high fields reveal a
new phase boundary originating from a previously undetected canting of the Cu + spins out of
the Cu02 planes. This canting, together with the exponential temperature dependence of the
two-dimensional correlation length, accounts quantitatively for the susceptibility peak at the Neel
temperature. Enhancement of the conductivity in the ferromagnetic phase demonstrates a strong
connection between the magnetism and charge transport.

The discovery' of antiferromagnetic spin fluctuations in

La2 —,Sr„Cu04 s has provided substantiation for a va-

riety of theoretical models2 based on the idea that the
magnetism is the progenitor of high-temperature super-
conductivity. This idea and the observation that La2-
Cu04 is a ~ood approximation to the two-dimensional
(2D) S 2 Heisenberg antiferromagnet make a
thorough understanding of its magnetic properties very
important. The general features of the phase diagram in
T-x space are known: for x and b 0, the system is an an-
tiferromagnetic insulator below Ttv =300 K; and for
x-a few percent there is no long-range order, but the an-
tiferromagnetic fluctuations are still strong in samples
with x large enough to result in the insulator-metal transi-
tion and superconductivity. The structure of the Neel
state is quite simple, 4 but two features have been disturb-
ing. One is the sharp ferromagneticlike peak4 in the uni-
form magnetic susceptibility X at TN. The second is the
relatively large magnetic anisotropy in the Cu-0 planes
leading to a large gap5 in the spin-wave spectrum. Also
surprising is the absence of evidence for strong coupling of
the magnetism to the charge transport, a crucial link in

the connection to superconductivity.
We report here measurements of the magnetic moment

and magnetoresistance as functions of field and tempera-

ture for pure single crystals of La2Cu04 that provide solu-
tions to these puzzles. We have discovered a new phase
boundary in the H-T plane which terminates at H=O,
T Tv, suggesting that it is intimately connected with the
antiferromagnetism. Above the critical field H, (T) an in-
duced ferromagnetic moment appears indicating that
La2Cu04 possesses hidden ferromagnetism. 6 The mea-
surements thus demonstrate that the spins do not lie ex-
actly in the Cu-0 planes in the Neel state, as previously
thought, but are canted out of the plane by a small angle
(0.17'). This canting is driven by the rotation of the Cu-
06 octahedra in the orthorhombic phase which allows an
antisymmetric superexchange term in the spin Hamiltoni-
an; it is, in fact, the largest term after the isotropic ex-
change itself. Each Cu-0 layer thus carries a ferromag-
netic moment, but the net moment at H=O is zero be-
cause the antiferromagnetic interlayer coupling causes al-
ternate layers to cant in opposite directions. Above H, (T)
the layers cant in the same direction; we also observe an
increase in conductance as large as a factor -2 for
H & H, (T), demonstrating a strong coupling between the
transport and magnetic order. Because of the antisym-
metric exchange, the external field H generates staggered
fields in the layers which account for the susceptibility
peak at the Neel temperature. Treating the interlayer
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coupling by mean-field theory we obtain an excellent
quantitative fit for the susceptibility and for H, (T).

The high-purity single crystals used for this study were
grown by the top-seeded solution method described recent-
ly from CuO fiux. Single crystals as large as
2.5x2.5X0.5 cm' have been grown in this way and were
used for neutron-scattering experiments. Oriented pieces
were cut from these, large enough to allow conventional
four-probe resistivity measurements along the orthorhom-
bic b (tetragonal c) axis as well as in the a-c plane;s con-
tacts were made with silver paint (see inset of Fig. 2).
The resistance follows exp(To/T) '/ indicative of
variable-range hopping with To-105 K, similar to the
values reported previously.

The magnetic moment M, and hence the susceptibility
Z, were measured at temperatures from 10 to 400 K and
at magnetic fields up to 5 T with a superconducting-
quantum interference device (SQUID) magnetometer;
the magnetoresistance was measured up to 15 T. Neutron
scattering measurements were carried out at the
Brookhaven High Flux Beam Reactor using the triple-axis
spectrometer H4M set for zero energy transfer and with
pyrolitic graphite filters before and after the sample; the
neutron energy was 3.5 meV. Further details may be
found in recent publications. '

Figure 1 shows the unusual behavior of the magnetic
moment and magnetoresistance at high fields for Hllb.
There is a jump in the moment and a corresponding de-
crease in the resistance R at H, (T); the transition shows
hysteresis in R below -200 K, but in M only below—150 K, probably because measurements of M are made
much more slowly. The transition moves to lower field
and broadens as T approaches TN, suggesting that the
transition may become second order at some T & TN. The
phase boundary, plotted as H,2, is shown in Fig. 2 together
with neutron data for the square of the order parameter
divided by the square of the symmetric staggered suscepti-
bility Z$ (discussed below). Clearly the antiferromagne-
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FIG. 2. Lower panel: (Mt /Xj)2 and (Hc) vs temperature.
(Mt )2 is the intensity of the (100) Bragg peak and X$ is calcu-
lated from Eq. (3) using the parameters from the fit in Fig. 3.
Note that H, (T) measured from R(H) agrees well with that
from M(H). Upper panel: Change in resistance divided by its
high-field value hR/RH and MF vs T. The solid curve is a guide
to the eye. The inset shows a schematic of the electrode
geometry. The large current electrodes are on a-c planes for j lib

or twinned a/c bplanes forj-J b.
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FIG. 1. Resistance and magnetic moment vs magnetic field in
the b direction (except as noted).

tism and this new phase transition are closely related. We
shall give a detailed theory for this transition and the asso-
ciated magnetic properties below. There is no evidence
for a transition in M(H) or R(H) when H~b, as shown
by the top trace in Fig. 1. The resistance change varies in
magnitude by -2 from sample to sample.

The data for M(H) at 200 K show that the differential
susceptibility is practically the same for fields far above
and below the transition field. Assuming that this is the
case at all T, we extract the induced ferromagnetic mo-
ment MF(T) from the displacement of the two straight
lines; we emphasize that this is to be interpreted as a
first-order jump in M only at low T. The resistance
change ~ is extracted in a similar way; both quantities
are plotted in Fig. 2. The inducing field H, is determined
from the maximum derivative of M(H) and R(H). Ex-
trapolation to T 0 gives H, (0) (5.3+0.3) T, and
MF(0) (2.1 ~0.2) x10 pg per Cu atom.

This transition may be readily understood as the reori-
entation of a small 2D ferromagnetic moment in alternate
layers. This hidden ferromagnetism arises from antisym-
metric terms' "in the spin Hamiltonian, which, as men-
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tioned above, are made possible by the rotation (by an an-

gle |bp) of the Cu06 octahedra. The exchange Hamiltoni-
an may be written

gad

H g St JNN St+s with JNbt 0
(NN)

, 0

0 0
Jbb Jbc (1)

JbC JCC

where I
J"

I & (
J"

I & [ J [, and, as noted by Moriya, "
J ' is of order JbtNhg/g, with JNN (J"+J +J")/3,
multiplied by the overlap between crystal-field-split levels
on neighboring sites. The latter is'2 of order tbp, leading to
J '-tbpJNbthg/g. We expect this to be much larger than
the symmetric anisotropic terms (J"—J") and
(Jbb —J"),which are higher order in hg/g.

At T 0, the antisymmetric term causes a canting
along b with angle (Ref. 6) 8 MF/(gpttS) J '/2JNN.
Our measured MF, with (Ref. 13) g 2.2 and S reduced
from 2 by a factor 0.63 for quantum renormalization, b

gives 8 0.0030~0.0006. We compare this with a value
of 8 determined in a different way: From infrared and
neutron measurement of the spin-wave gap one may infer
Jb' 0.55 meV. The measurement of two-magnon Ra-
man scattering, after quantum renormalization, ' gives
JNN 116 meV. Using these values gives 8 0.0025 in

I

good agreement with our measured value. This agree-
ment, in turn, makes the identification of 4Jb'S with the
spin-wave gap unambiguous. These measurements of 8
are also in good agreement with the order of magnitude
estimate 8-pphg/g-5X10 3 using dg/g=0. 1 and the
measured (Ref. 15) tbp =0.049.

At H=0 alternate layers cant in opposite directions be-
cause of the interlayer antiferromagnetic coupling J&. A
simple argument indicates that, at T=O, the field at
which all layers cant in the same direction is given by
H, (0)MF(0) J&S2. Using our measurements of H, (0)
and MF(0) gives J~ (0.0026~0.003) meV.

We now outline how the antisymmetric exchange to-
gether with the large 2D correlation length $2D provides a
natural explanation of the hitherto unexplained peak in
the uniform susceptibility X near TN in La2Cu04. Let Mtt
and Mj be the staggered magnetizations of the successive
a-c layers 1 and 2 with canted moments alternating in the
b direction. In the absence of Jb' we would set M;t

gjDht+0(h;t) 3 where ht is an external field and LjD is
the staggered susceptibility of the 2D spin- —,

' Heisenberg
model XjD ($2D/a) /kT where a is the Cu-Cu distance.
Since the interplane coupling J& is weak, we may treat it
in a mean-field approximation. ' We then have, for sym-
metric and antisymmetric staggered fields,

h(~hj [(zjD) 1 i- JJ]Mt++/[([M$ I + I
Mt

I )Mt~+2(M( Mt )M~~]

where Mt~ Mt + Mj, and A is weakly T dependent.
Differentiating Eq. (2) with respect to M~+ gives the in-
verse symmetric and antisymmetric staggered susceptibili-
ties (Z~) '. Below TN, where the nonlinear terms are
im ortant, setting ht 0 and M$ 0 in Eq. (2) gives

Mt-
I [J~ (tin) 'I; hence

I

parameters, demanding that J~XjD (TN) 1; the fits for
the two sets of ttc and p, are almost indistinguishable.
The fits give Jb, 0.7+'0.1 meV, in agreement with the
value deduced from the spin-wave gap as discussed above,
and J~ (1.3 ~ 0.1)x 10 b, about two times smaller than
the value measured from H, (0)MF(0). In addition, sub-
stitution of the value for Xp=2X10 cm3/mol into the

Thus, the three-dimensional antisymmetric staggered sus-
ceptibility X- diverges at the Neel temperature given by
J~XjD l.

In terms of magnetizations, the antisymmetric term in
the Hamiltonian has the form 2J '(M(,Mtb+Mj, M2b).
This implies that an external field H in the b direction
generates a field h$ 2Jb'XpH which yields a staggered
moment M$ 2J 'ZpHX+, where Zp is the uniform sus-
ceptibility of the 2D system. The proportionality of h $ to
H now adds a singular term to the uniform susceptibility,

E 3.0- sw'

0

H=5kG

H lib

p+Zjj(2J (4)

Chakravarty et al. ' found good agreement between
their calculated (2D and neutron scattering experiments in
the paramagnetic phase. We therefore use their form
(2D=0.9(hc/kT)exp(2trp, /kT) with sets of constants
which gave the best fit: the spin-wave dispersion hc 0.6
eV A and the quantum-renormalization spin-stiffness con-
stants p, =S.9 meV or hc 0.425 eVA and p, 10.3
meV. Figure 3 shows one of these fits of Eqs. (3) and (4)
to the susceptibility data for Hllb using J ', J~, and Xp as

I
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FIG. 3. Susceptibility as a function of temperature corrected
for core susceptibility (9.9x10 s cm3/mol) IP.W. Selwood,
Magnetochemistry, 2nd ed. (Interscience, New York, 1956)l.
The solid curve is the theoretical fit to the data using Ac =0.425
eVA and p, 10.3 meV.
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zero-temperature prediction (gptt) /8JNN gives
JNN=100 meV, in good agreement with the value 116
meV from two-magnon Raman scattering quoted above.
Thus the uniform susceptibility is explained quantitatively
using our theory with parameters which agree well with
independently obtained values.

At H a0 and h t =0, Eq. (2) yields

8 (Mt [
=J (Zjn) 3& IME I

'
-W((Mt (H=o) (' —3(ME ]') .

Therefore, a second-order transition at which M- van-
ishes occurs when )M$ (

(Mt-(H 0) ) /3. Substi-
tuting M5 2J 'X/XoH thus predicts that H, is pro~&or-

tional to the Bragg intensity (Mt ) divided by (X+) .
This comparison is made in Fig. 2; clearly the agreement
is excellent. This proportionality should hold only when
the transition is continuous. At high fields, the fiuctua-
tions in M g are expected to turn the transition first order,
via a tricritical point, similar to other metamagnets. 's

The antisymmetric change is crucial for understanding
the magnetism in La2Cu04. Surprisingly, it has a pro-
found effect on the conductivity as well. First note in Fig.
1 that the increase of M with H above and below the
phase transition, resulting from X, is comparable to MF,
the jump at H, . However, the variation of R in these re-
gions is negligible compared to the change near H, . This
shows that the variation of R depends only on the ordering
of the canted layers and not on the size of the net moment.
That this holds true up to at least 200 K indicates a very
strong coupling of the spins of the excess holes, which car-
ry the current, to the extremely small canted component
(-10 ) of the Cu + spins.

At the peak of hR/RH near 20 K (see Fig. 2) the resis-
tance at low field is roughly twice that above H, . The
exp[(To/T) 'l l dependence and the absence of large an-
isotropy indicate that the conductivity is limited by hop-
ping between layers. The most extreme assumption, that
hopping is only allowed between layers of the same cant-
ing, would explain the factor 2 change in R, but we have,
as yet, no explanation of the T dependence of hR/RH.
The downturn below 20 K may result from the reentrant
spin-glass phase.

In conclusion, we have demonstrated a new phase
boundary in La2Cu04 which is related to hidden fer-
romagnetism created by the rotation of the Cu06 octahe-
dra. We find that the susceptibility peak at the transition
into the Neel state can be quantitatively' explained using
a mean-field theory once (2D(T) and the antisymmetric
exchange are understood. The large jump in conduc-
tance2o at the antiferromagnetic to ferromagnetic transi-
tion remains to be explained quantitatively, but shows a
strong connection between the transport and the magne-
tism.

We acknowledge useful discussions with G. Shirane,
S. G. J. Mochrie, and J. D. Lister. This work was sup-
ported by the National Science Foundation Grants No.
DMR 8418718, No. DMR 8415336, and No. DMR
8501856. The measurements of M and R were carried out
at the Francis Bitter National Magnet Laboratory which
is supported at MIT by the National Science Foundation.
The neutron work was supported by the U.S.-Japan
Cooperative Neutron Scattering Program, and a Grant-
In-Aid for Scientific Research from the Japanese Ministry
of Education, Science and Culture.

Permanent address: Defense Science Technology Organiza-
tion, Adelaide, Australia.

tPermanent address: Tel Aviv University, Tel Aviv 69978, Isra-
el.

tG. Shirane et al. , Phys. Rev. Lett. 59, 1613 (1987); Y. Endoh
et al. , Phys. Rev. B 37, 7443 (1988).

2A. Aharony et al. , Phys. Rev. Lett. 60, 1330 (1988); other
references in Ref. l.

3J. G. Bednorz and K. A. Miiller, Z. Phys. B 64, 189 (1986).
4D. Vaknin et al. , Phys. Rev. Lett. 58, 2802 (1987); K. Yamada

et al. , Solid State Commun. 64, 753 (1987).
5C. J. Peters et al. , Phys. Rev. B (to be published); R. T. Collins

et al. (unpublished).
F. Keffer, in Handbuch der Physi k, edited by S. Flugge

(Springer-Verlag, Berlin, Germany, 1966), Vol. 18, Pt. 2,
p. l.

7P. J. Picone, H. P. Jenssen, and D. R. Gabbe, J. Cryst. Growth
85, 576 (1987).

The anisotropy of the conductivity never exceeds a factor —10,
in conflict with reports (Ref. 20) of giant anisotropies in Pb-
doped crystals.

9M. A. Kastner et al. , Phys. Rev. B 37, 111 (1988), and refer-

ences therein.
1OI. Dzyaloshinski, J. Phys. Chem. Solids 4, 241 (1958).
11T.Moriya, Phys. Rev. 120, 91 (1960).

This may be appreciated by considering the eAect of the
operator for rotation around the tetragonal (110)direction on
the orbitals of the Cu + ion.

'3J. W. Orten et al. , Proc. Phys. Soc. (London) 78, 554 (1961),
gives g = 2.2 for Cu + in octahedral sites in MgO. The value
in La2Cu04 should be similar.

14K. B. Lyons et al. , Phys. Rev. B 37, 2353 (1988); renormaliza-
tion effects discussed by D. A. Huse ibid 37, 2380 (19.88).
D. Cox (private communication).
D. J. Scalapino, Y. Imry, and P. Pincus, Phys. Rev. B 11,2042
(1975).

17S. Chakravarty et al. , Phys. Rev. Lett. 60, 1057 (1988).
'SD. R. Nelson and M. E. Fisher, Phys. Rev. B 11, 1030 (1975).

Enhancement of X by canting was qualitatively described by
L. J. de Jongh (unpublished).
A magnetic transition observed by S.-W. Cheong et al. , Solid
State Commun. 65, 111 (1988), in Pb-doped La2Cu04, as-
cribed to a transition separate from that into the Neel state, is
better described by the ideas in this paper.


