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Phase separation in a high-pressure-oxygenated La2Cu04+~ crystal:
Evidence from anisotropic electronic transport and magnetic susceptibility
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We report magnetic susceptibility, resistivity, and thermoelectric power measurements performed
on a high-pressure-oxygenated La&Cu04+z single crystal. Distinct anomalies are present in all three
quantities between 200 and 280 K that are attributed to a phase separation involving oxygen
diffusion. Hysteresis present in the data near the phase-separation temperature indicates that the

process is weakly first order. We suggest that this transition may be driven, in part, by interactions
between excess oxygen ions and copper spin magnetism.

La2Cu04+& is the parent compound to the hole-doped
cuprate superconductors with transitions near or below
40 K.' This compound has been studied extensively be-
cause it embodies much of the physics and chemistry gen-
eric to the high-temperature conductors. For 5=0,
La2Cu04+& is a Mott insulator in which the copper mo-
ments undergo three-dimensional antiferromagnetic or-
dering at T~ =325 K. ' By adding excess oxygen (5) 0)
the material becomes hole doped. This acts to both
reduce the Neel temperature and induce superconductivi-
ty below 40 K. ' Early studies on extreme hole doping
by way of high-pressure oxygenation of powder samples
suggested that the excess oxygen went into the crystal
structure in the form of a superoxide with 5=0.13.'
However, this value for 5 is thought to have been
influenced by unincorporated surface oxygen. Refine-
ment of a high-pressure-oxygenated single-crystal's neu-
tron-diffraction spectra indicates that 5 is 0.032. Fur-
ther, temperature-dependent neutron-diffraction work in-
dicates that a reversible phase separation into two crys-
tallographically distinct structures occurs near 320 K in
oxygen loaded La2Cu04+& pounder samples. Below the
phase-separation temperature, the material is composed
of both a nonsuperconducting, oxygen-poor (5=0) phase
with an orthorombic structure, and a superconducting,
oxygen-rich (5)0) phase with a closely related ortho-
rhombic structure. Single-crystal diffraction studies
confirm this phase separation, but suggest that the sepa-
ration occurs near 280 K. Both poweder and single-
crystal diffraction measurements indicate that the nonsu-
perconducting volume fraction is approximately 3. '

Muon-spin-rotation/relaxation experiments yield a simi-
lar value for this volume ratio. '

The electronic transport and magnetic properties of
oxygen-loaded La2CuO&+& might be expected to differ
substantially from the well-documented "" behavior of
as-prepared or oxygen-reduced samples. In particular,
one might anticipate anomalies in these properties near
the phase-separation temperature. To investigate these

possibilities we have measured the anisotropic resistivity,
thermoelectric power, and magnetic susceptibility in a
single crystal of high-pressure oxygenated (and supercon-
ducting) La2CuO~+s. Large anomalies are present in all
three measured quantities in the temperature range
200-300 K. These results can be interpreted as arising
from phase separation into a highly resistive oxygen-poor
phase and a less resistive oxygen-rich phase.

La2Cu04+& single crystals were grown from a CuO-
rich La203-Cu0 melt in a platinum crucible. After
quenching from high temperature, the sample was then
given a post-synthesis anneal for 12 h at 575'C in a 3
kbar oxygen atmosphere, followed by a 100'C/h cool
down. Since the crystal was prepared under the same
conditions as those used for the neutron-diffraction stud-
ies, ' we assume that the average oxygen stoichiometry is
4.032 and the phase-separation temperature is roughly
280 K.

Magnetic susceptibility measurements were performed
with a Quantum Design SQUID magnetometer. Magne-
tization measurements in a 20 G magnetic field showed
100+10% of perfect flux shielding at 5 K, with a super-
conducting onset temperature of 35+1 K and a midpoint
of 30+1 K. In spite of the large flux shielding, the max-
imum Meissner effect in a 20 G field was only a few per-
cent of —I /4n Figure 1 sho. ws the out-of-plane magnet-
ic susceptibility in a 5 kG magnetic field in the nonsuper-
conducting temperature region (T) 40 K); the in-plane
susceptibility (not shown) is qualitatively similar to the
data shown in Fig. 1. The most striking feature of the
data is the hysteretic bump located in the temperature
range from 200 to 300 K. This feature is superimposed
on a Pauli-like temperature-independent paramagnetic
background. Although the susceptibility anomaly is far
smaller, broader, and of a different character than that
present in antiferromagnetically ordered La2Cu04+ &

(5=0), its present suggests that some magnetic change
occurs upon the onset of phase separation. As indicated
by the warming and cooling arrows in Fig. 1, hysteresis [a
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FIG. 1. Magnetic susceptibility of oxygen-loaded La2Cu04+q
plotted vs temperature. The susceptibility was measured in a 5
kG magnetic field directed perpendicularly to the copper-
oxygen planes.

portion (10 K) of the 30 K hysteresis is attributed to
nonequilibriuin problems with the magnetometer] is evi-
dent in the magnetic anomaly which is not present at Tz
in La2Cu04. Further, no evidence for a metamagnetic
transition could be found in the oxygen-loaded crystal ~

The anisotropic electrical resistivity was measured by a
conventional four-probe ac technique. Silver conductive
paint was used to make electrical contacts to the single
crystal (contact resistances were typically 20}. Figure 2
depicts the resistivities both in and perpendicular to the
copper-oxygen planes. The resistivity is highly anisotrop-
ic, with the (tetragonal) c-axis resistivity being roughly
three orders of magnitude greater than that in the ab
plane. As with the magnetic susceptibility, the in-plane
resistivity shows a large and abrupt change beginning at
the 280 K phase separation temperature. Between 280
and 200 K the slope of the in-plane resistivity doubles.

Below 40 K the resistivity shows an abrupt transition to
the superconducting ground state. Like the typical resis-
tivities exhibited by most high-T, superconductors, the
in-plane resistivity is highly linear outside of the anoma-
lous region in oxygen-loaded La2Cu04+&. As in carefully
oxygenated T' superconductors, ' the data presented in
Fig. 2 suggest that linear resistance versus temperature
profiles in high-T, compounds may be routinely observ-
able given sufficient oxygen loading (hole doping).

The c-axis resistivity is also shown in Fig. 2 The c-axis
resistivity is nearly temperature-independent above 100
K, and shows only a gradual rise below 100 K. Unlike
the ab-plane data, the out-of-plane resistivity shows only
a relatively tiny (2%} drop upon cooling through the
phase-separation temperature. The superconducting
transition is evident below 40 K in the c-axis data, but the
resistance only drops by roughly 25%. This indicates
that a complete superconducting path does not exist
along the c-axis direction.

The thermoelectric power (TEP) was ineasured by us-

ing a standard technique' that employed a maximum rel-
ative temperature gradient of 1%. The in-plane TEP is
depicted in Fig. 3. The TEP is positive at all tempera-
tures, indicative of hole-like transport. As with the other
data, the TEP shows a significant drop in value upon
cooling through the phase-separation temperature. Out-
side the anomalous region (200 to 280 K), oxygen-loaded
LaiCuO~+s displays a TEP that is similar to that found
in most other lanthanum-cuprate-based materials, ' '
namely a high-temperature plateau and a gradual reduc-
tion towards zero upon cooling below 200 K. Between
280 and 200 K the action of the phase separation appears
to shift the TEP downward by roughly 25 pVlK. As
with the in-plane resistivity, the planar thermopower
drops abruptly to zero upon cooling below T, .

Figure 4 shows an expanded view of the in-plane resis-
tivity and thermoelectric power for the oxygen-loaded
La2Cu04+z crystal. Both quantities exhibit clear signs of
hysteresis upon warming and cooling; although not
shown in Fig. 4, hysteresis was a1so found in the c-axis
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FIG. 2. Temperature dependence of the in-plane and out-of-
plane resistivities of high-pressure oxygenated La2Cu04+&.

FIG. 3. In-plane thermoelectric power of an oxygen-loaded
La,Cu04+& crystal as a function of temperature.
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FIG. 4. In-plane resistivity (a) and thermoelectric power (b)
of a high-pressure-oxygenated La,Cu04+z crystal measured
upon cooling and warming through the phase-separation tem-
perature.

resistivity. These measurements were carried out
through a number of thermal cycles and the data were
reproducible in all cases. The presence of hysteresis in all
three measured quantities demonstrates that the phase-
separation process is at least weakly first order.

The overall features of both the resistivity and the ther-
moelectric power can be accounted for by a phase-
separation "transition" near T,=280 K. Neutron-
diffraction work indicates that the excess oxygen is uni-
formly distributed in La2Cu04+ & for T & T, . The
temperature-independent TEP and the linear-in-
temperature in-plane resistivity indicate that the hole car-
riers conduct via either a weakly localized' or narrow-
band' mechanism in this high-temperature, mixed state.
At and below T, the excess oxygen ions diffuse to form
oxygen-poor (0-poor) regions (5™0)and oxygen-rich
(0-rich) regions (5)0.032). The 0-poor regions presum-
ably act like nitrogen-annealed (5=0) LazCuO~+s and
may be responsible for the anomaly in the magnetic sus-
ceptibility. This 0-poor phase should be highly resis-
tive. The 0-rich phase, with its increase in oxygen and
hence hole carriers relative to the T & T, state, should
be highly conductive. This is the phase responsible for
the superconducting transition.

At T„ the c-axis resistivity drops by only 25%,
whereas the ab-plane resistivity goes completely to zero.
This indicates that a complete superconducting path (i.e.,
through 0-rich regions) does not exist along the crystal in
the c-axis direction. This partial superconductivity along
the c-axis gives compelling evidence that the two low-
temperature phases are arranged as ab-planar domains
which alternate along the c axis with a relative cross-
sectional ratio (poor to rich) of roughly 3:1, qualitatively
consistent with structural results (this cross-sectional ra-
tio is expected to be strongly sample dependent owing to
sample-to-sample variations in the high-pressure-
oxygenation process). With regard to in-plane transport,
a parallel alignment of domains mean that the insulating
0-poor phase will be "shorted out" by the highly con-

ducting 0-rich phase as the phase separation develops.
Hence, below T, both the in-plane resistivity and TEP
predominately reflect transport in the 0-rich phase. The
large decrease in the effective conducting cross section is
not suSciently compensated by the increase in carriers in
the 0-rich phase, resulting in a doubling of the overall
resistivity during the phase-separation process. The
TEP, which is not sample-volume dependent, drops by 25
pV/K due presumably to an increase in the carrier con-
centration in the 0-rich phase (the TEP of a narrow-band
or weakly localized mechanism decreases with increasing
carrier concentration). ' ' Below 200 K the transport
data display conventional behavior, indicating that the
phase-separation process is complete below this tempera-
ture. The absence of any significant variation in the c-
axis resistivity near T, indicates that the c-axis transport
is for the most part left unaffected by the phase-
separation process, although the change in resistivity in
both directions is comparable.

With 5=0.032, and assuming that the excess oxygen is
uniformly incorporated throughout the material for
T )T, (neutron work suggests that this may be the
case), roughly one in 16 cells will contain an extra oxygen
atom for T )T,. With 5=0 in the 0-poor phase and a
poor-to-rich volume ratio of 3 (as suggested by the c-axis
resistivity data), excess oxygen conservation requires
5=0.1 in the 0-rich phase, or one extra oxygen ion for
every five unit cells. Hence, at T„, the excess oxygen
must diffuse to preferentially form areas of closely spaced
"La2CuO&" cells (a similar process may be involved in air
annealed La2Cu04+& where large transport anomalies
occur at Tz). Given the anomaly present in the suscepti-
bility data, the copper moments left in the 0-poor regions
appear to undergo some degree of magnetic ordering.
This oxygen diffusion process appears to be completely
reversible given that the transport data were entirely
reproducible from cycle to cycle.

In closing, we briefly consider the possible driving
force behind the reversible phase-separation process. The
hysteresis evident in the data presented in both Figs. 1

and 4 indicates that the process is slightly first order in
nature. It is well known that magnetoelastic coupling
effects can give rise to a first-order transition. ' Further-
more, preliminary nuclear magnetic resonance results in-
dicate the discontinuous onset of magnetic order near
Tz. ' Hence, the reversible oxygen diffusion could be
driven at least partially by magnetic fluctuations involv-
ing copper moments. The phase-separation process may,
therefore, be a further manifestation of the close connec-
tion between electronic transport and magnetism in the
high-T, compounds.

ACKNO%'LED GMENTS

We thank M. C. Aronson and P. C. Hamrnel for useful
discussions. Work at Los Alamos was performed under
the auspices of the United States Department of Energy,
Oftice of Basic Energy Sciences, Division of Materials
Science. Work at Sandia National Laboratory was sup-
ported by the United States Department of Energy under
Contract No. DE-AC04-76DP00789.



41 PHASE SEPARATION IN A HIGH-PRESSURE-OXYGENATED. . . 4065

*Present address: AT&T Bell Laboratories, Murray Hill, NJ
07974.

S-W. Cheong, J. D. Thompson, and Z. Fisk, Physica C 158, 109
(1989).

R. L. Greene, H. Maletta, T. S. Plaskett, J. G. Bednorz, and K.
A. Mueller, Solid State Commun. 63, 379 (1987).

D. C. Johnston, J. P. Stokes, D. P. Goshorn, and J. T. Lewan-
dowski, Phys. Rev. B 36, 4007 (1987).

4S-W. Cheong, M. F. Hundley, J. D. Thompson, and Z. Fisk,
Phys. Rev. B 39, 6567 (1989).

~J. E. Schirber, B. Morosin, R. M. Merrill, P. F. Hlava, E. J.
Venturini, J. F. Kwak, P. J. Nigrey, R. J. Baugham, and D. S.
Ginley, Physica C 152, 121 (1988); J. W. Rogers, Jr., N. D.
Shinn, J. E. Schirber, E. L. Venturini, D. S. Ginley, and B.
Morosin, Phys. Rev. B 38, 5021 (1988).

J. Zhou, S. Sinha, and J. B. Goodenough, Phys. Rev. B 39,
12 331 (1989).

7C. Chaillout, S-W. Cheong, Z. Fisk, M. S. Lehmann, M.
Marezio, B. Morosin, and J. E. Schirber, Physica C 158, 183
(1989).

J. D. Jorgensen, B. Dabrowski, S. Pei, D. G. Hinks, L. Sol-
derholm, B. Morosin, J. E. Schirber, E. L. Venturini, and D.
S. Ginley, Phys. Rev. B 38, 11337 (1988).

C. Chaillout, J. Chenavas, S-W. Cheong, Z. Fisk, M. S. Leh-
mann, M. Marezio, B. Morosin, and J. E. Schirber (unpub-

lished).
' E. J. Ansaldo, J. H. Brewer, T. M. Riseman, J. E. Schirber, E.

L. Venturini, B. Morosin, D. S. Ginley, and B. Sternlieb,
Phys. Rev. B 40, 2555 (1989).
N. W. Preyer, R. J. Birgeneau, C. Y. Chen, D. R. Gabbe, H.
P. Jenssen, M. A. Kastner, P. J. Picone, and T. Thio, Phys.
Rev. B 39, 11563 (1989).

' M. F. Hundley, R. S. Kwok, S-W. Cheong, J. D. Thompson,
S. E. Brown, and Z. Fisk (unpublished).
M. F. Hundley, J. D. Thompson, S-W. Cheong, Z. Fisk, R. B.
Schwarz, and J. E. Schirber, Phys. Rev. B 40, 5251 (1989).

' M. F. Crommie, A. Zettl, T. W. Barbee III, and M. L. Cohen,
Phys. Rev. B 37, 9734 (1988).

' S-W. Cheong, Z. Fisk, R. S. Kwok, J. P. Remeika, J. D.
Thompson, and G. Gruner, Phys. Rev. B 37, 5916 (1988); J.
R. Cooper, B. Alavi, L-W. Zhou, W. P. Beyermann, and G.
Gruner, ibid. 35, 8794 (1987).
P. M. Chaikin and G. Beni, Phys. Rev. B 13, 647 (1976).
B.Fisher and M. Fibich, Phys. Rev. B 37, 2820 (1988).

'SB. Coqblin, The Electronic Structure of Rare Earth Met-als and

Alloys: The Magnetic Heavy Rare Earths (Academic, New

York, 1977); C. Kittel, Introduction to Solid State Physics, 5th
ed. (Wiley, New York, 1976).

' P. C. Hammel (private communication).


