
VOLUME 60, NUMBER 13 PHYSICAL REVIEW LETTERS 28 MARcH 1988

Magnetic Phase Diagram and Magnetic Pairing in Doped La2Cuo4
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%e discuss the temperature-concentration phase diagram of doped La2Cu04. The addition of holes
introduces a local ferromagnetic exchange coupling between Cu spins. The resulting frustration destroys
the 3D Neel state characterizing pure La2Cu04, and generates a new 3D spin-glass phase. In the
paramagnetic phase, the strongly correlated Cu spins in the planes are canted by the holes, yielding an
oscillating dipole-dipole attraction between holes. The possible relevance to superconductivity is dis-
cussed.

PACS numbers: 75.50.Ee, 74.70.Hk, 74,70.Jm, 75.40.Cx

The quaternary compounds La2-„(Sr,Ba)„Cu04-y
and related materials exhibit dramatic behavior, includ-

ing structural, antiferromagnetic (AF), insulator-metal
(I-M), and superconducting transitions. ' All of these
transitions depend strongly on the dopant concentration
x (or the oxygen deficiency y). In the first part of this

paper we discuss the temperature-concentration (T-x)
phase diagram, shown schematically in Fig. l. It con-
tains the following details: (A) Antiferromagnetism:
Pure La2Cu04 exhibits 3D AF ordering of Heisenberg-
coupled Cu spins at a Neel temperature TN=300 K.
Above TN the spins are ordered over large distances two
dimensionally, but there exists no measurable time-
averaged staggered moment. Upon doping, TN drops
quickly to zero when y is changed by about 0.03.' The
Cu-Cu AF exchange coupling in the Cu02 planes is of
order 1300 K, yielding large in-plane correlation lengths,

(2D, even in the samples that do not have 3D long-range
order. (B) I-M transitions: The pure and slightly
doped materials display hopping conductivity, indicating
localization of the electronic states at the Fermi energy. 3

This conductivity is attributed to holes, resulting from
the doping. With use of the variable-range hopping data
and the density of states, the localization length lo was
estimated to be of order 2-3 lattice constants. 6 As x, the
concentration of holes, is increased, the system under-

goes an I-M transition at x=0.05. (C) Structural tran-
sition: Pure La2Cu04 undergoes a tetragonal (T) to or-
thorhombic (0) transition at TTo=533 K. TTo de-
creases to zero at about x =0.2. (D) Superconductivi
ty: The metallic material becomes superconducting at
T ~ T„and T, (X) increases with x reaching a plateau
at about 40 K (Refs. 1 and 7) and dropping sharply for
x &0.2.

Concerning the I-M transition, we believe that the lo-

calization of the holes results from the random potential
introduced by the dopant atoms and other quenched im-

purities and defects. The holes become mobile at around
x=0.05, probably because their density becomes high

enough to screen the random potential. We do not be-

lieve that the localization is due to self-trapping of the
holes, as might be expected from a nonrandom transla-

tionally invariant single-band Hubbard model. s

Given the experimental fact that the holes are local-
ized at small x, we next show they they generate a local
ferromagnetic (F) exchange interaction between the
(otherwise antiferromagnetically coupled) Cu ions. The
resulting frustration gives rise to the sharp decrease in

TN, and yields a spin-glass phase (Fig. 1). Several very

recent experiments, brought to our attention after the

present theory was completed, support the existence of
this new phase. In the second part of the paper we show

that the same frustration effects also yield an effective
attractive interaction between static holes. The possible

relevance of this new pairing mechanism to the super-

conductivity in the lanthanum cuprates is then discussed.
Pure La2Cu04 has an AF ground-state ordering of the

Cu++ spins. The in-plane exchange coupling ( —J) is

strong (=1300 K), while that between planes ( —J') is

weak. Each Cu ion couples to four nearest-neighbor Cu
ions in the plane above its own and four below. In the T

0QT

g!
SG

FIG. 1. Schematic phase diagram, as a function of hole con-
centration X. AF=antiferromagnetic; SG=spin-glass; I=insu-
lator; M =metal; SC=superconductor; O=orthorhombic;
T tetragonal.
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phase, the distances to each of these neighbors are exact-
ly the same. If the four neighbors order antiferromag-
netically in the Neel ground state, the sum of their spins
vanishes and the net coupling between neighboring
planes also vanishes. This is the reason for the magnet-
ic structures observed in the isostructural K2NiF4, and
for the excellent fit to 2D Ising behavior. This exact
cancellation is removed in the 0 phase, in which, indeed,
the spins order antiferromagnetically in the ac planes. If
we assume that the exchange increases with decreasing
separation, then, since a & c, J' & 0. The 3D AF transi-
tion in orthorhombic La2Cu04 is thus driven by J' and
one has kTN- J'g)0. 4

Emerys and others'0 have argued that doping creates
holes on the 0 sites in the Cu02 planes. This has now

been fully supported by x-ray photoemission spectrosco-
py.

'o Since the exchange interaction between the two
Cu ions is mediated via the 0 ions, the extra spin of a
hole localized on the 0 will have a drastic local effect.
If we denote the spins of the two neighboring Cu++ ions

by S~ and S2, and that of the 0 ion by a, the relevant
Hamiltonian for a static hole is H~2 —J (S~+S2) cr.

Since I J I results from overlap integrals over the Cu-0
distance, it is expected to be much larger than the origi-
nal AF Cu-Cu exchange ( —J). For J & 0 (or & 0), cJ
would thus like to be parallel (antiparallel) to both S~
and S2. Thus, for either sign of J, S~ and S2 prefer a
state in which they are parallel to each other. If the
spins were classical, then one could easily perform the
exact trace over o in the partition function, and generate
an effective Hamiltonian H~2 KS~ S2, with K

0( I J~ I ) && I J I. For the quantum mechanical S
case, this transformation is not exact. However, since

I J~ I && I J I, one should first diagonalize H ~2 and only
then add the coupling to the other Cu spins. " The
eigenstates of H~2 are characterized by the total spin S
and its z component S, and by the total spin of the two
Cu ions, S~2. One finds the eigenstates I

—', ,S„l)
I

—,',S„l) and I
—,',S„O), with eigenenergies —J /2, J,

and 0, respectively. For example,

I
-,
'

—,'1)
- l ~& I

+ —+ &
—l ~& I

++ —
&
—l ~&I —++ &

(where the signs indicate the z components of the Cu-
0-Cu spins). Thus, the ground state has S —', (or —,

' )
and energy —J /2 ( or J ) if J &0, F ( or &0, AF).
In both cases, S~2=1, i.e., S~ S2= —,

'
', the two Cu spins

tend to be parallel to each other. This tendency remains
when the coupling J is introduced perturbatively. Re-
cent work', in fact, suggests that the S= —', state is
lowest in energy.

It has recently been shown' that the instantaneous
spin-spin correlations in the 2D S= —,

' Heisenberg model
exhibit the same behavior as those of the corresponding
classical spin model, but with renormalized coupling con-

stants. In view of this, we replace the Cu spins by classi-
cal spins, and replace the Cu-0-Cu complex by the
effective F term, KS~ S2. Since a strong F bond in a
Cu02 plane will tend to destroy the local AF order, it
will also destroy the near cancellation of the coupling to
the neighboring planes, and generate an effective Cu-Cu
F interplanar interaction K'.

In the insulating phase, the holes are localized. We
thus start by considering an instantaneous configuration
of the holes, in which they occupy a fixed fraction p
(-x) of the Cu —Cu bonds in the Cu02 planes. This
implies that a fraction p of the bonds in the plane have
exchange K and a fraction p' (-x) of interplane bonds
have exchange K'. Adding holes, which then adds F ex-
change couplings, lowers both (2D and the effective J',
and thus lowers TN. While $2D is still fairly large, the
effective J' goes to zero, eliminating 3D AF order and
causing a crossover from a coherent to incoherent (that
is, spin-glass) ordering of the successive planes.

Given the competing F and AF interactions, experi-
ence with many similar systems' leads us to predict the
qualitative phase diagram shown in Fig. 1, with a rela-
tively sharp decrease in TN, and with a spin-glass (SG)
phase that is re-entered from the AF phase upon cool-
ing. '5 At present, there exists no detailed theory for the
quasi 2D Heisenberg-model SG. In the absence of such
theory, we present here two quantitative estimates of the
critical concentration x, at which the AF and the SG
phases meet at T 0: (a) Experimentally, there exists a
weak Ising anisotropy, placing the spins in the ordered
phase along the c orthorhombic axis. ~ At very low tem-
peratures, this anisotropy is expected to dominate. The
ground state will then exhibit SG ordering in the Cu02
planes. For K —J, and for Ising spin interactions, the
ground state loses AF long-range order when one gains
energy from creating infinite domains of flipped spins.
This happens at p, =0.09, when the frustrated plaquettes
percolate through the lattice, with next nearest-
neighbor connectivity. '6 (b) In the isostructural
K2Cu, Mn~-, F4, the Cu-Cu exchange is F, while those of
Mn-Mn and Mn-Cu are weaker and AF. ' Ferromagne-
tism is lost at c&0.8, when the concentration of the
weak Mn —Mn bonds is 0.01 and that of the extremely
weak Mn —Cu bonds is 0.32.

Both of these estimates should be reduced in our case,
for two reasons. First, the above values are based on
K = —J, or I K I « ) J I. In our case, I K I » I J I and p,
should be lower. Second, and more important, these esti-
mates assume a quenched distribution of the K bonds,
while the hopping conductivity data show a localization
length Io=(2-3)a, implying that each hole is shared by
=10 oxygens. For holes in the nonbonding in-plane oxy-
gen orbitals as discussed in Ref. 12, this movement of the
hole within a localization length will not change the
basic exchange Hamiltonian, H~2 = —J (St+S2) o,
since J is very large but it will make the effects of the
hole more extended spatially. This will renormalize the
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above estimates of p, by a factor of 5 to 10, yielding
x, =1%-3%, in agreement with the observed phase dia-
gram, which we discuss next.

Three features of Fig. 1 have been confirmed by exper-
iment since we constructed this theory. First, Endoh et
al. found, in an oxygenated crystal of La2Cu04 with
TN= 10—0 K, that below about 25 K the Bragg intensity
begins to decrease with decreasing temperature. Con-
comitantly 2D quasielastic (E—=0) diffuse scattering ap-
pears. This is the signature of re-entrant spin-glass be-
havior as observed in a number of model 3D systems. ' '
Second, muon-precession experiments's in a strongly ox-
ygenated sample show a progressive freezing of the spins
at =15 K, suggestive of a 3D spin-glass transition in this
sample. More recent muon-precession experiments'9 on
La2-„Sr„Cu04 show disappearance of the frozen mo-
ments at a temperature TsG that decreases from =12 to
=6 K when x varies from 0.02 to 0.05. A similar varia-
tion of TsG, from =12 to =2 K, has also been found by
recent nuclear quadrupole resonance experiments2o on
La2-„Ba,Cu04.

Clearly the hole-induced frustration model is adequate
to account straightforwardly for the principle features of
the La2Cu04 magnetic phase diagram in the insulating
phase. Before turning to the "metallic" phase, it is in-
structive to understand the spin configuration around an
isolated static hole in a strongly correlated AF state.
The spin Hamiltonian 0 —gJ;/S; SJ is invariant
under the gauge transformation J;, Jj and S;

exp[iQ R;]S;, where exp[ig R;] 1 or —1 on the
two sublattices of the Neel state. It is much easier for il-
lustrative purposes to look at the case of a F-correlated
state, with F exchange

~
J ~, and a single AF bond at the

origin of strength —K. Figure 2(a) shows the numeri-
cally simulated ground-state configuration of this state,
for XY classical spins, with K/~ J~ ~. The two spins
on the AF bond are antiparallel, and perpendicular to
the F background. The spins around the AF bond are
canted, with a canting angle that decays as the inverse
distance from the origin. More specifically, if a points
along the AF bond, then the angle decays as a r/r .
This decay is the same as that of the field around a di-

pole, in agreement with Villain's prediction based on the
fact that the angles should obey Laplace's equation. '

Since the same prediction applies for any continuous-
symmetry spin model, in any dimension, we expect the
same canting for the Heisenberg modeL Use of the
gauge transformation, and fiipping the spins on one sub-
lattice, yields Fig. 2(b). Note that the spin of the hole,
which is antiparallel to those of the neighboring Cu's (if
J (0), will be perpendicular to the staggered magneti-

zation. Given the weak anisotropies in La2Cu04, we
expect this spin to order along the orthorhombic b axis.
It should be noted that although the hole generates some
F moment in its vicinity, the canting of the surrounding
spins is not all in the same direction [Fig. 2(b)l. This is

X J
X

(a) (b)

X X

X X X X

very different from the F canting which arises as a result
of kinetic arguments, in order to facilitate hopping. 2

We next consider two holes, or two AF bonds in the F
(gauge transformed) correlated region. The resulting
ground-state configurations are shown, for K/~ J~ 3,
and for several distances, in Figs. 2(c) and 2(e). As an-
ticipated by Villain, 2' the gain in energy, relative to
infinite separation, is given by

Vd(r) —g[at az —2(a~ r)(a2 r)/r ]/r . (1)

Our simulations yield g=4~ J
~

for K ~, and g= ) J ~

for K/I J I
-3.

Figures 2(d) and 2(f) show the gauge-transformed
configurations, relevant to the holes in the AF. Note
that the gauge-transformed holes have parallel (antipar-
allel) spins if the distance between them is an even (odd)
number of lattice steps. We thus conclude that there
is a hole-hole interaction potential of the form V~2(r)
=cr~ o2e' 'V. d(r). Up to this point, we assumed a fully
correlated AF background. As the concentration x in-
creases, we expect the 2D correlation length $2D to de-
crease, and Vt2(r) will be multiplied by an additional
factor of order exp( —r/(2D).

So far, we ignored the Coulomb repulsion between the
two holes, Vc(r). In the insulating phase, one may prob-
ably use Vc(r) =e /er, with a dielectric constant e of or-
der 10. This yields Vc(a)=4200 K for a=4 A, of the
same order as 4 [ J ~, since

~
J

~
is of order 1300 K. In

(e)

FIG. 2. XY model ground state with (a) one or (c),(e) two
AF ( —K) bonds (denoted by x) in a F background or (b) one
and (d), (f) two F (K) bonds in an AF background. (a) and
(b) have ) K/J ( ~, while the others have

~
K/J ) 3.
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the metallic phase, the holes screen each other, and one
should probably multiply Vc(r) by exp ( —xr). A sim-

ple estimate yields tr=(4 A) ' (for x=0.1); hence
exp( —tra)=0.4, and Vc(a)-

~
J ~.

Thus, we obtain an explicit expression for an attractive
static potential energy between the holes,

V(r)-V»(r)e "*+Vc(r). (2)

This concludes the calculational part of this paper. The
relevance of this attractive potential to superconductivity
is a subject of current research. If the kinetic energy of
the delocalized holes in the M phase is not too high, then
the potential (2) would yield real-space (zero spin)
bound pair states, with interpair distance ro. These pairs
would undergo a Bose condensation, at T, (x). Once ro
becomes of the order of (2D, this scenario would break
down. This could explain the drop of T, at larger x. An
alternative description based on k-space pairing is given

by Birgeneau, Kastner, and Aharony. '2

Since our mechanism is based on classical spin in-

teractions, it may also apply for systems with spins larger
than 2. For example, one might expect a spin-glass
phase in doped La2Ni04 (where Ni has S 1), if the
holes prefer the oxygen sites. In our picture, pairing and
superconductivity could possibly also occur there, if there
is an appropriate metallic phase.
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