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Phase separation to antiferromagnetic and superconducting domains in oxygen-rich
single-crystal La2Cu04+ ~ Magnetic and structural neutron-diffraction studies
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We report on magnetic and structural neutron-diffraction studies of single-crystal La&Cu04+
versus temperature. The low-temperature diffraction data are consistent with the coexistence of two
structurally related phases: nearly stoichiometric, antiferromagnetic (AF) domains, with average
domain diameter 500 A. in the CuOs plane, and oxygen-rich, metallic, and superconducting
domains. The ordered magnetic moment in the AF domains does not saturate at 10 K, and is on
average, ts = (0.3 + 0.05)tin/Cu atom. The phase-separation transition to these two phases occurs
at Tps = 260 + 5 K, which is about 15 K higher than the Neel temperature, T~ ——245 6 3 K. The
value of Tps is identical within the errors with that (259 + 2 K) found previously from specific-hest
measurements on the same crystal. The structural properties of the single crystal are discussed and
compared to those of polycrystalline oxygen-rich La&Cu04+ .

I. INTRODUCTION

La2Cu04, the parent material of the cuprate super-
conductors La2 „Ba„Cu04 (Ref. 1) and La2 „Sr„Cu04
(Ref. 2), is an insulating antiferromagnets'4 with an elec-
tronic con6guration that is very unstable to a variety of
dopants. The superconducting state arises by a mod-
est (y & 0.1) substitution of the trivalent atom, La, by
the divalent atoms Ba or Sr. A smaller level of sub-
stitution (y ) 0.02) with Sr or Ba, although not yield-
ing a superconducting state, completely destroys the long
range antiferromagnetic (AF) order, driving the system
into a spin-glass-like state. Doping of this system can
also be obtained by introducing excess oxygen in inter-
stitial sites to produce La2Cu04+, or by photodop-
ing processes. The bulk oxygen doping can attain z
0.12. However, even for levels of doping z ( 0.06, super-
conductivity is observed and the spin-glass-like behavior
is missing, in contrast to the substitutional doping.

Numerous structural and electronic studies of oxygen-
rich La2Cu04+ all indicate that a structural phase
separation to stoichiometric and to oxygen-rich do-
mains occurs at a temperature Tps around room
temperature. ' Neutron- and x-ray-diffraction mea-
surements of polycrystalline oxygen-rich La2Cu04+
(Refs. 11 and 12) show that at low temperatures,
the symmetries of the two phases are consistent with
space groups Bmab, stoichiometric, and Fmmm, oxygen
rich and superconducting. By contrast, a single-crystal
neutron-diffraction study suggests that the oxygen-rich
rich phase is of Bmab symmetry, and that the excess oxy-
gen atoms reside between successive LaO layers. Recent

studies of the pure superconducting La2Cu04+ phases,
prepared by electrochemical oxidation (x=0.08, 0.1, and
0.12), indicate that the crystallographic structure of all
samples has Emmm symmetry with extra reflections sug-
gestive of a very large superlattice structure, and no
phase separation was observed down to 10—18 K. Muon
spin rotation experiments on polycrystalline samples
(x = 0.03) reported that more than half of the sam-
ple undergoes superconductivity with T,=35 K and the
other part displays static AF ordering, similar to that
of stoichiometric La2Cu04. Subsequently, La NMR
studies on a single crystal of La~Cu04+ showed two
signals, one attributed to stoichiometric domains (x=0)
and the other to oxygen-rich domains (z ) 0). The dis-
appearance of the signal associated with the oxygen-rich
domains above 265 K, and the anomalies near Tps in
the anisotropic electronic transport and magnetic sus-
ceptibility measurements, suggested that the transition
may be driven, at least in part, by copper spin mag-
netism. These studies also showed a hysteresis in the
temperature dependence of the electronic transport and
the magnetic susceptibility y(T) near Tps, classifying the
transition as a weakly first order process. Based on the-
ory, it has been concluded that this segregation of the
excess oxygen atoms is mediated by a strong electronic
instability in the Cu02 planes arising &om the doping
of holes and not by an elastic mechanism. Emery
and Kivelson have recently argued that in the case of
oxygen doping, the doped holes together with the oxy-
gen dopants behave more like uncharged immiscible en-
tities in the AF host, while the divalent dopants (Sr, Ba,
etc.) are fixed and create charged holes that participate
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in a frustrated phase separation . Thus, it is by virtue
of their high mobility that the excess interstitial oxygen
atoms in the La2Cu04+ phase separate together with
doped holes.

The understanding of this transition has received
considerable attention recently, as it becomes evident
that the mechanism involved in the formation of phase-
separated domains may shed light on missing ingredients
for the formulation of a model that appropriately de-
scribes the delicate and rich electronic properties of the
cuprate superconductors. The introduction of excess
oxygen into La2Cu04 is a very subtle perturbation of the
stoichiometric state that may help probe the mechanism
that drives the doped system into the superconducting
state. It is widely believed that any model for the su-

perconducting state of the cuprates must be sufIiciently
universal to adequately describe both the undoped and
the lightly doped materials.

The objective of the present study has been to test
these ideas, by correlating structural and magnetic
neutron-diffraction measurements on a superoxygenated
La2Cu04+ single crystal. To our knowledge such com-
bined measurements have not been performed before on
the same polycrystalline or single-crystal sample. Fur-
ther, magnetic neutron-diffraction measurements have
not been reported in phase-separated La2Cu04. Our
primary objectives were to determine whether or not
Tps and T~ were the same and, if so, whether there is
a discontinuous change in the ordered moment at T~.
Magnetic-susceptibility and specific-heat measurements
on the same crystal as used here indicated that Tps ——

259+2 K for this crystal. The w'eak ferromagnetic peak
in y(T) of pure La2Cu04 due to Dzyaloshinsky-Moriya
type of interactions is greatly suppressed in magnitude
in this sample. ~ The zero-field-cooled g(T) data indi-

cate that superconductivity occurs below T, = 35 K, and
that at least half of the crystal is superconducting at 5
K. High resolution synchrotron x-ray-diffraction studies
of powdered samples indicate that the phase separa-
tion manifests itself by the splitting of the (006) Bragg
reflection. Examining the results of Ref. 12, under the
conditions of our poorer resolution, we noticed that in ad-
dition to the expected broadening of the combined (006)
reflections, the total integrated intensity also increases
significantly below Tps. In this study we adopted the
approach of monitoring the temperature dependence of
the intensities and linewidths of several Bragg reflections
to determine Tps.

Our paper is organized as follows: In Sec. II we de-
scribe the experimental procedures and the setup used
during the scattering experiments. In Sec. III we give
the results and analysis of the structural and magnetic
neutron-difFraction experiments, and in Sec. IV we dis-
cuss our results and compare them to theories and other
experiments and conclude by giving the implications of
our results in regard to the current state of understanding
of the phase-separation transition.

II. EXPERIMENTAL DETAILS

A single crystal of La2Cu04 of mass 72.8 mg was grown
in a CuO flux as described previously. The irregularly

shaped crystal was annealed at 3 kbar 02 pressure and
575 C for 12 h, followed by cooling to room temper-
ature at a rate of about 100 C per hour. From pre-
vious work on similarly prepared crystals, the oxygen
excess in the resulting La2Cu04+ crystal is estimated
to be x = 0.03. The La2Cu04+ crystal is the same
one used for heat-capacity (150—300 K) and anisotropic
magnetic-susceptibility (5—300 K) measurements in Ref.
17 as noted above.

Neutron-diffraction measurements were carried out on
the triple axis spectrometer HB1A at the High Flux
Isotope Reactor (HFIR) at Oak Ridge National Labo-
ratory. A monochromatic neutron beam of wavelength
A = 2.352 A. was selected from the white beam by a dou-
ble monochromator system using the (200) planes of a
highly oriented pyrolytic graphite (HOPG) crystal, and
analyzed by a second HOPG crystal after scattering from
the sample. The A/2 component in the beam was dis-
criminated against to better than 3 parts in 10 by a set
of HOPG crystals as a filter between the two monochro-
mators. The sample was wrapped in Al foil, sealed in a
He environment, and mounted in a Displex closed cycle
refrigerator. Two collimating con6gurations were used,
60'-20'-34'-136' and 60'-80'-68'-136', the first for the de-
termination of the magnetic moment form factor at T=
9.2 K, and the second for the temperature dependence
studies. The sample was placed with its a and c axes in
the scattering plane (for the sake of consistency we use
the Bmab notation used in Refs. 11 and 12 in which b & a
and c )) a, b) Due to. twinning below the tetragonal to
orthorhombic transition at Tp 350 K, a (hkl) reflection
is almost superimposed with a (khl) reflection.

III. RESULTS AND ANALYSIS

A. Nuclear scattering

To obtain structural information as a function of tem-
perature, the (200), (020), (006), and (014) nuclear Bragg
reflections were monitored in the temperature range 9.2—
400 K. At 9.2 K, a set of reflections of the type (Okt),
k=1,3,5 and l=2,4 is observed implying the unequivo-
cal presence of the Bmab phase. All these reflections
have a linewidth broader than the resolution of the spec-
trometer. Whereas the detection of the low symme-
try phase, Bmo,b, is straight forward, the detection of
the oxygen-rich Fmmm phase is indirect. This is pri-
marily due to extensive overlap of all Bragg reflections
of the Fmmm phase with some of those of the Bmab
phase. According to Refs. 11 and 12, at T= 10 K, both
phases maintain the same value for the lattice parame-
ter a, whereas the b and c values of both phases difFer,

(1 by /bye b
—0.004, 1 e~ b/cy 0—.0033).

An additional obstacle in resolving the symmetry of the
oxygen-rich phase is the intrinsic broadening of Bragg re-
flections beyond the resolution of the spectrometer due to
possible domain size broadening efFects, strain, and dis-
order in the distribution of excess oxygen atoms in the
metallic phase.



49 PHASE SEPARATION TO ANT IFERROMAG NET IC AND 4 ~ ~

Figure 1(a) shows the temperature dependence of the
a and b in-plane lattice parameters extracted from the
(200), (020), and (014) reflections. The value of the lat-
tice parameter b, at 9.2 K, falls between those of the b~
and b~ values determined in the higher resolution studies
of Refs. 11 and 12, where b~ and b~ are the lattice con-
stants in the Bmab and Fmmm phases, respectively. The
b values (based on those found in Refs. 11 and 12) for
the Bmab and Fmmm phases in the temperature range
of 10—250 K are shown with a dashed line in Fig. 1(a).
Similarly, Fig. 1(b) shows the temperature dependence
of the c-axis lattice parameter extracted f'rom the (006)
Bragg reflection. Figures 2(a) and 2(b), respectively,
show the temperature dependence of the intensity and
the linewidth of the same (006) reflection, analyzed with
a single Gaussian. The dashed line in Fig. 2(a) is the cal-
culated temperature dependence of the (006) reflection
intensity due to the Debye-Wailer factor, using the De-
bye temperature O~ = 385 K for La2Cu04 obtained &om
low-temperature specific-heat measurements. Both the
integrated intensity and the linewidth as a function of
temperature indicate a prominent change below 260
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FIG. 1. Lattice constants vs temperature in La2Cu04+
deduced from the neutron-diffraction data. The dashed lines
representing the b and c lattice parameters for the two phases
at temperatures below 260 K are reconstructed from Refs.
ll and 12. The sIIlid circles in (b) are deduced from the
(006) reflection assuming the superposition of two Gaussians
(see text). Abbreviations: T (tetragonal phase), F (Frnmrn
phase), B and B' (Bmab phase).
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FIG. 2. Integrated intensity (a) and linewidth (b) vs tem-
perature of the (006) reflection in La2Cu04+ . The dashed
line in (a) is the expected temperature dependence due to the
Debye-Wailer factor (see text). The solid lines are guides to
the eye.

K. From previous work, ' 2 we attribute the increased
broadening below —260 K to the presence of overlapping
reBections arising from the coexistence of two phases with
slightly different c parameters. We have also observed
some broadening of the mosaic spread of the (006) reflec-
tion upon cooling &om room temperature to 10 K. The
solid circles (T=9.2 K) in Fig. 1(b) are obtained from a
fit to the (006) reflection assuming that the peak con-
sists of two Gaussians (both with Hxed linewidths, 0.035

~), consistent with the c lattice parameters obtained
in Refs. 11 and 12 at similar temperatures. From this
analysis of the (006) reflection we estimate that at 10 K
our crystal consists of about 35—45% of the oxygen-rich
metallic phase.

The temperature dependences of the integrated inten-
sity and the linewidth of the (014) reHection are shown
in Figs. 3(a) and 3(b), respectively. The anomaly in
the temperature dependence near 260 K in Fig. 3(a) is
reproducible upon reheating the sample &om 10 K. The
(014) reflection arises as a result of a rigid rotation of
the Cu06 octahedra, and provides unequivocal evidence
for the orthorhombic distortion and the presence of a
phase with the Bmab space group. This rigid rotation of
the CuOs octahedra occurs around the (1,1,0) tetragonal
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(mmmm) axis, with neighboring octahedra alternating in
the direction of the tilt. The tilt angle, to a first order
approximation, is proportional to the absolute value of
the structure factor of the (014) reflection. Thus, the
tilt angle can be regarded as an order parameter for the
tetragonal-orthorhombic phase transition for the near-
stoichiometric phase with x = 0. Below Tps and in the
oxygen-rich phase with x ) 0, assuming a Bmab symme-
try for this phase, this order parameter would be affected
by the interstitial oxygen atoms which disrupt locally the
tilt angle of the octahedra, consequently destroying the
coherence length of the order parameter.

The broaderung of the (014) reflection at low tempera-
tures [cf. Fig. 3(b)] is either due to small-domain broad-
ening effects of the Bmab stoichiometric phase, and/or
due to the possibility that the second phase is actually
of the same Bmab symmetry with slightly different lat-

tice parameters, rather than of Emmm symmetry.
Our measurements do not have the resolution necessary
to distinguish between the two possibilities. Assuming
that the broadening of the (014) reflection, over the reso-
lution of the spectrometer, is predominantly due to small
domain broadening effects in the AF Bmab phase, we de-
duce an average diameter of 450 A. per domain. On the
other hand, rationalization of the broadening of the (014)
peak in terms of two adjacent reflections would require
that the oxygen-rich phase have a symmetry lower than
Emmm. This possibility is consistent with the tempera-
ture dependence of Fig. 3(b) which is qualitatively similar
to that of the (006) reflection [Fig. 2(a)] that has been
explained in terms of two overlapping reflections. We
have eliminated the possibility that the antiferromagnetic
(see below) (104) reflection intensity, which is superim-
posed with the (014) reflection due to the twinning dis-
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netic (104) reflection. The inset in (a) shows
the (014) reflection at two temperatures.
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cussed above, contributes to the dramatic changes shown
in Figs. 3(a) and 3(b). The dashed line in Fig. 3(a) rep-
resents the calculated contribution of the magnetic (104)
reHection [based on the antiferromagnetic (100) reHection
intensity discussed below] and is negligible.

The intensities and the linewidths of both the (006)
and the (014) reHections, shown in Figs. 2 and 3 above,
all show anomalous changes below = 260 K. As discussed
above, these observations can be rationalized as due to
phase separation into the near-stoichiometric AF phase
and the oxygen-rich metallic and superconducting phase.
From Figs. 2 and 3, we conclude that the phase sepa-
ration temperature is Tps ——260 + 5 K for our crystal.
This value confirms the previous assignment of a speci6c-

heat anomaly in this crystal at 259 + 2 K to the phase
separation transition. Our Tps value is close to that
(265 + 5 K) determined using ~ssLa nuclear quadrupole
resonance (NQR) for a similarly prepared crystal. ~s

The orthorhombic to tetragonal (mmmm) transition
occurs at Tp = 360 + 10 K as is apparent from Fig.
3(a). The increase in the linewidth of the (014) reHection
above 330 K implies a decreasing coherence length close
to the transition, indicative of a second order tetragonal
to orthorhombic phase transition. This Tp is much lower
than that of the stoichiometric material [Tp = 530 K
(Refs. 4 and 5)], and it is even lower compared to that
(&p 4&0 K) of the polycrystalline oxygen-rich samples
studied in Refs. 11 and 12. On the other hand, our Tp
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the resolution of the spectrometer.
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value is essentially identical to that found for a powder
sample with x 0.043 + 0.01 in the structural phase
diagram study of Ref. 23.

B. Magnetic scattering
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La2Cu04+ . The solid curve is a fit to the zero order Bessel
function as indicated in the figure.

The magnetic properties of nearly stoichiometric
La2Cu04+ have been extensively investigated with the
neutron-scattering technique. ' They all indicate that
an antiferromagnetic phase occurs below a Neel temper-
ature T~ 50—300 K, with an ordered magnetic mo-
ment p (0.2—0.6)yxx/Cu atom, varying with oxygen
content. Figure 4(a) shows the texnperature dependence
of the integrated intensity of the (100) reflection orig-
inating from the AF phase in our La2Cu04+ crystal.
We 6nd further support for the magnetic origin of the
(100) reflection in the observation of a variety of extra
reflections that emerge at the same temperature. The
relative intensities of these reflections are consistent with
the antiferromagnetic spin structure suggested in Ref. 4.
The temperature dependence of the integrated intensity
of the (100) reflection is qualitatively similar to the ones
reported for the similar systems Cao ssSro xsCu02 (Ref.
24) and Sr2Cu02C12. The solid line in Fig. 4(a) is a fit
to the experimental data with the power law function,
I = A(1 —T/TN)z~ + C. The parameters obtained &om
a nonlinear least-squares fit are listed in Fig. 4(a). We
6nd TN ——245 + 3 K for the AF phase in our crystal,
which is about 15 K lower than Tps determined above.
Minute remnant intensity at the nominal position of the
(100) reflection, about 1 part in 104 of the (200) inten-
sity, observed above Txv, is attributed to the (020) and
(200) reflections, due to the A/2 component present in
the beam. The calculated ordered magnetic moment, is

(0.30 +0.05)yxx/Cu atoxn assuming a value of 0.9 for the
Cu2+ magnetic form factor for the (100) magnetic re-
flection, and assuming that the antiferromagnetic phase
constitutes 60%%uo of the sample volume as estimated above.

Figure 5 shows the scattering wave-vector dependence

of the magnetic form factor of Cu + as deduced kom the
magnetic reflections [(1 0 0), (0 1 1), (1 0 2), (0 1 5),
(3 0 0), and (3 0 1)j using the model proposed in Ref. 4.
The solid line is a nonlinear least-squares fit to the zero
order Bessel function, jo(qRo), where q is the modulus of
the scattering vector and Ro is an average radius within
which the moment is localized. The value Ro 0.55 A.

implies a moment that is localized within the ionic radius
of Cu +, 0.69 A.

Figure 4(b) shows the temperature dependence of
the linewidth of the (100) magnetic reHection. The
dashed line below the experimental points indicates an
upper limit to the value of the instrumental resolution
for that scattering vector. From the broadening of
the linewidth, we estimate the magnetic domains to be
= 350—500 A in diameter within the Cu02 plane at low

temperatures, consistent with the value 450 A deduced
above from the (014) nuclear reflection. In contrast to
the temperature dependence of the integrated intensity
of the (100) reflection, the linewidth in Fig. 4(b) is prac-
tically independent of temperature, except close to TN,
implying a second order phase transition.

IV. DISCUSSION AND CONCLUSIONS

In our neutron-diffraction investigations of an oxygen-
rich La2Cu04+ single crystal, we have conclusively con-
Grmed the microscopic nature of the phase-separation
transition. We show that the near-stoichiometric do-
mains (of the Bmab phase) are antiferroxnagnetically or-
dered and that the phase-separation transition temper-
ature Tps = 260 + 5 K is about 15 K higher than TN
= 245 + 3 K. This is consistent with a picture in which
the holes in oxygen-rich La2Cu04+ are expelled from
the dynamically ordered antiferromagnetic regions, drag-
ging with them the interstitial oxygen atoms which ag-
gregate, in accordance with the general ideas developed
by Emery, Kivelson, and Lin. ' According to the the-
ory, short-range order in the magnetic fluctuation regime
above TN is sufBcient to induce the phase separation.
A hole together with its oxygen dopant in oxygen-rich
La2Cu04+ are practically chargeless, and tend to phase
separate from the remaining undoped Cu spin system.
By aggregating, the holes break fewer antiferromagnetic
bonds between spins than if they are distributed statis-
tically. This picture is consistent with the inference that
phase separation is frustrated in the La2 Sr Cu04 sys-
tem, where instead the doped holes become inhomoge-
neously distributed on a nanoscopic length scale.

An alternative explanation is that the phase separation
may be elastically driven. One may argue that defects
in the staggered tilt angle of the Cu-0 octahedra, intro-
duced by the presence of interstitial oxygen, may play
the role that the holes play in the AF background, as
discussed above. That is, the system minimizes its elas-
tic energy by accumulating the defects, i.e. , expelling the
oxygen atoms from the coherent regions of tilted octahe-
dra. The large dip in the integrated intensity of the (014)
reflection supports the idea that the phase separation
is intimately related to the tilt angle of the octahedra.
Consequently, the holes will be dragged with the oxygen
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atoms and allow for the AF order to develop in hole-
free regions. However, the preponderance of evidence to
date indicates that the phase separation is electronically
driven. Both pictures for the mechanism to drive the
phase separation can be regarded as a general tendency
of two different entities to minimize their surface of in-
teraction, by segregating into domains. Thus, N holes
and/or defects break N AF and/or staggered-tilt bonds,
whereas the same N holes and/or defects, aggregated
in domains, break roughly ~N bonds, since essentially
only those on the periphery of the domain break bonds
(assuming the AF and/or staggered-tilt system is two di-
mensional). Either type of reorganization would give rise
to the observed first order phase-separation transition.

From the linewidth of the magnetic (100) reflection
at low temperature, we infer that the average diameter
of the AF regions is about 500 A parallel to the CuOq
planes. This size is on the same order as that observed
in dark-field electron microscope images, where, how-

ever, the domains were found to have a high aspect ratio
parallel to the Cu02 planes. Our measurements provide
no direct information about the size of the metallic phase
domains at low temperatures. In contrast to our single-
crystal data, neutron-diffraction studies of powders indi-

cated that the average diameter of the AF regions was )
5000 A, whereas that of the metallic phase was either in
this limit or, for one sample, was = 3000 A.~~ It is likely
that the domain sizes and shapes depend on the excess
oxygen content x as well as on the thermal history of the
samples, and possibly on the crystallite size.
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