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Electronic phase separation in lightly doped La2ÀxSrxCuO4

M. Matsuda
Advanced Science Research Center, Japan Atomic Energy Research Institute, Tokai, Ibaraki 319-1195, Japan

M. Fujita and K. Yamada
Institute for Chemical Research, Kyoto University, Gokasho, Uji 610-0011, Japan

R. J. Birgeneau
Department of Physics, University of Toronto, Toronto, Ontario, Canada M5S 1A1

Y. Endoh
Institute for Materials Research, Tohoku University, Katahira, Sendai 980-8577, Japan

G. Shirane
Department of Physics, Brookhaven National Laboratory, Upton, New York 11973

~Received 7 November 2001; published 22 March 2002!

The hole concentration dependence of the magnetic correlations is studied in very lightly doped
La22xSrxCuO4 (x,0.02), which shows coexistence of a three-dimensional antiferromagnetic long-range-
ordered phase and a spin-glass phase at low temperatures. It is found that the spin-glass phase in the coexist-
ence region also shows a diagonal spin modulation as in the pure spin-glass phase in La22xSrxCuO4 (0.02
<x<0.055). Belowx;0.02 the diagonal stripe structure is the same as that inx;0.02 with a volume fraction
almost proportional to hole concentration, suggesting that electronic phase separation of the doped holes occurs
so that some regions with hole concentrationch;0.02 and the rest withch;0 are formed. To our best
knowledge, this represents the most direct observation to date of electronic phase separation in lightly doped
antiferromagnets. Such phase separation has been predicted by a number of theories.
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I. INTRODUCTION

Extensive neutron elastic scattering studies on ligh
doped La22xSrxCuO4 have revealed that a diagonal sp
modulation, which is a one-dimensional modulation rota
away by 45° from that in the superconducting phase, occ
universally across the spin-glass phase in La22xSrxCuO4
(0.02<x<0.055).1–4 Such diagonal stripes have been p
dicted theoretically5–9 and have also been observed in ins
lating La22xSrxNiO4.10,11These results lead to the importa
conclusion that the static magnetic spin modulation chan
from being diagonal to parallel atx50.05560.005, coinci-
dent with the insulator-to-superconductor transition. This
tablishes an intimate relation between the magnetism and
transport properties in the high-temperature copper oxide
perconductors. Another important feature in lightly a
medium-doped La22xSrxCuO4 (0.04<x<0.12) is that the
charge density per unit length estimated using a charge s
model is almost constant throughout the phase diagram, e
when the modulation rotates away by 45° at the superc
ducting boundary. However, at a low value forx(x50.024)
the density appears to increase, approaching 1 hole/Cu
La22xSrxNiO4.

It is unknown whether the stripes persist in very ligh
doped La22xSrxCuO4 (x,0.02) which shows coexistence o
a three-dimensional~3D! antiferromagnetic~AF! long-range
ordered phase and a spin-glass phase at low temperat
Several possibilities have been discussed theoretically. S
theories predict that dilute holes in an antiferromagnet
0163-1829/2002/65~13!/134515~6!/$20.00 65 1345
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unstable against phase separation into a hole-rich and a h
free phase.12–15 On the other hand, based on numerical c
culations for a simple Hubbard model, the incommensura
ity of the diagonal incommensurate peaks is predicted
change proportionally with hole concentration.6

Elastic neutron-scattering measurements in oxygena
La2CuO4 show that a magnetic Bragg peak, which develo
below the 3D AF transition temperatureTN;90 K, de-
creases in intensity below a reentrant spin-glass order t
peratureTm;25 K.16,17 This is ascribed to a depression
the 3D AF order because of the reentrant spin-glass tra
tion. Although it has been shown that two-dimensional~2D!
AF correlations develop belowTm , to our best knowledge
no detailed study has been performed.

The present elastic neutron-scattering study yields imp
tant information on the hole concentration dependence of
magnetic properties in the coexistence region (x,0.02).
First we confirmed the reentrant behavior as descri
above. It is found that in the reentrant phase diagonal inco
mensurate peaks develop as in the pure spin-glass pha
La22xSrxCuO4 (0.02<x<0.055). The integrated intensity o
the diagonal incommensurate peaks that develop belowTm
corresponds closely to that of the~1,0,0! magnetic Bragg
peak lost belowTm . The most remarkable feature is that th
parameters~the incommensurability, the peak widths, and t
transition temperature! of the diagonal spin modulation atx
,0.02 are locked at the values inx;0.02 and only the vol-
ume fraction of the spin-glass phase monotonically decrea
with decreasing hole concentration (ch), suggesting that the
©2002 The American Physical Society15-1
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doped holes phase separate to form some regions witch
;0.02 and the rest withch;0. Importantly, this behavior is
similar to what was predicted for lightly doped holes in
antiferromagnet in the absence of long-range Coulo
repulsion.12–15

II. EXPERIMENTAL DETAILS

The single crystals of La22xSrxCuO4 (x50.01, 0.014,
and 0.018! were grown by the traveling solvent floating-zon
method. The crystal was annealed in an Ar atmospher
900°C for 24 h. From the 3D AF transition temperatures, t
uncertainty in the effective hole concentration of each cry
is estimated to be less than 10%. The twin structure of
crystals is shown in Fig. 1 As shown in Fig. 2 of Ref. 2, fo
twins are possible in the low-temperature orthorhom
phase~Bmab!. A small number of twins greatly simplifies th
analysis of the incommensurate magnetic peak struct
Fortunately, thex50.010 and 0.014 crystals have almo
single domain structures. Thex50.018 crystal has two
twins, which are estimated to be equally distributed based
the ratio of the nuclear Bragg-peak intensities from b
twins.

The neutron-scattering experiments were carried out
the cold neutron three-axis spectrometers LTAS and the t
mal neutron three-axis spectrometer TAS2 installed in
guide hall of JRR-3M at the Japan Atomic Energy Resea
Institute. Typical horizontal collimator sequences we
guide-808-S-208-808 with a fixed incident neutron energ
of Ei55.05 meV at LTAS and guide-808-S-408-808 with a
fixed incident neutron energy ofEi513.7 meV at TAS2.
Contamination from higher-order beams was effectiv
eliminated using Be filters at LTAS and pyrolitic graphi
filters at TAS2. The single crystal, which was oriented in t
(HK0)ortho or (H0L)ortho scattering plane, was mounted in
closed cycle refrigerator. In this paper, we use the lo
temperature orthorhombic phase~Bmab! notation (h,k,l )ortho
to express Miller indices.

FIG. 1. ~a! A schematic drawing of the CuO2 planes in the low-
temperature orthorhombic structure. Two domains~A and B! are
shown. The thin lines represent the unit cell in the high-tempera
tetragonal structure.~b! Diagram of the reciprocal lattice in th
(HK0) scattering zone. Filled and open symbols are for domain
and B, respectively. The circles and triangles correspond to
incommensurate magnetic peaks and fundamental Bragg peak
spectively.
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III. RESULTS

Figure 2~a! shows the temperature dependence of
~1,0,0! magnetic Bragg intensities, originating from the 3
AF order, in La22xSrxCuO4 (x50.01, 0.014, and 0.018!.
TN , as well as the saturated intensity atT;30 K, corre-
sponding to the square of the ordered moment of the C21

ions, decrease with increasingch . This result is consisten
with that in oxygenated La2CuO4.17,18At a low temperature
of ;30 K, the magnetic Bragg intensities decrease in
x50.014 and 0.018 samples and at the same time diag
incommensurate peaks develop as in the pure spin-g
phase in La22xSrxCuO4 (0.02<x<0.055). As shown in Fig.
2~b!, diagonal incommensurate peaks develop below;30 K
in all of the samples. The integrated intensity of the inco
mensurate peaks is calculated using the same method
Ref. 19. The integrated intensity that develops bel
;30 K corresponds closely to that of the~1,0,0! magnetic
Bragg peak lost below;30 K, indicating that some region
of the 3D AF ordered phase turn into the diagonal str
phase.

The diagonal incommensurate peaks have been studie
more detail. As shown in Fig. 2~a!, the intense magnetic
Bragg peak~1,0,0! still remains belowTm , which makes the
measurement of the incommensurate (1,6e,0) peaks diffi-
cult. Therefore, the elastic measurements are perform
around~0,1,0! of domain A where no magnetic Bragg pea
exists. Although a small peak originating from a tail of th
~1,0,0! magnetic Bragg peak of the domain B exists ne

re

A
e
re-

FIG. 2. Temperature dependence of the~100! magnetic Bragg
intensity ~a! and the magnetic intensity at the diagonal incomme
surate position (0,12e,0) ~b! in La22xSrxCuO4 (x50.01, 0.014,
and 0.018!. The solid lines are the results of fits to a linear functio
Background intensities measured at a high temperature have
subtracted in~b!.
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(0,11e,0), see the small open triangle in the lower part
Fig. 1~b!, the small background peak can be easily remo
by subtracting high-temperature data aboveTm . Figure 3
shows elastic scans along (0,K,0). All of the samples clearly
show the diagonal incommensurate structure. The peak
files differ between thex50.010 and 0.014 samples and t
x50.018 sample. The two peaks are symmetric in thex
50.010 and 0.014 samples because the domain structu
almost single. On the other hand, the two peaks are antis
metric in thex50.018 sample because of the nearly tw
twin structure.20 The solid lines in Fig. 3 are the results of fi
to a convolution of the resolution function with 3D squar
Lorentzians. In the calculation one domain and the equ

FIG. 3. Elastic scans along (0,K,0) in La22xSrxCuO4 (x
50.01, 0.014, and 0.018!. The data measured aboveTm are sub-
tracted as background intensities. The solid lines are the resul
fits to a convolution of the resolution function with 3D squar
Lorentzians with the parameters shown in Table I. The small h
zontal bar in each figure represents the instrumental resolution
width. The insets show the magnetic peak positions around~0,1,0!
in the (HK0) scattering plane. The thick arrows show scan traj
tories.
13451
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distributed two-twin structure are assumed in thex50.010
and x50.018 samples, respectively. A two-twin structu
with an unbalanced distribution is assumed in thex50.014
sample.

Figure 4 shows elastic scans along (1,0,L) perpendicular
to the CuO2 planes in the three samples. The solid lines
Fig. 4 are the calculated profiles using 3D squared Loren
ian profiles convoluted with the instrumental resolution fun
tion. In order to reproduce theL dependence of the
~1,0, even! intensity, the cluster spin-glass model21 has been
used in the calculation. The calculation describes the
served profiles in the (HK0) and (H0L) zones reasonably
well. The fitted parameters are listed in Table I. The pe
profile is anisotropic as in thex50.024 sample, that is, in the
pure spin-glass phase. One characteristic feature is tha
peak is very sharp and close to resolution limited along tha
axis, which is the direction along which the stripes run. T
large inverse peak widths of the incommensurate peaks
sumably reflect the fact that the background of the diago
stripe phase is the long-range 3D AF phase, that is, the lo
range AF correlations enhance the correlation length of
diagonal stripe phase. Another characteristic feature is
the inverse peak widths (ja.500 Å,jb;200 Å,jc
;10 Å) and the incommensurability (;0.019 r.l.u.) do not
depend on hole concentration belowx,0.02.22

A summary of the elastic neutron-scattering results
shown in Figs. 5 and 6. Figure 5~a! shows the hole concen
tration dependence ofTN and Tm , whereTm is calculated
assuming that the intensity increases linearly below the t
perature.TN gradually decreases with increasingch . On the
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FIG. 4. Elastic scans along (1,0,L) at T59 K in La22xSrxCuO4

(x50.01, 0.014, and 0.018!. Background intensities measured at
high temperature have been subtracted. The solid lines are th
sults of fits to a convolution of the resolution function with 3
squared Lorentzians with the parameters shown in Table I.

TABLE I. Hole concentration dependence of the inverse pe
widths in La22xSrxCuO4.

x ja8(Å) jb8(Å) jc8(Å)

0.010 .500 170~10! 8~2!

0.014 .500 200~10! 9~2!

0.018 .500 170~20! 11~1!

0.024a 95~4! 40~1! 3.15~8!

aReference 3.
5-3
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other hand,Tm is constant at;28 K for x,0.02 and de-
creases with increasingch at x.0.02. As shown in Fig. 6,
the incommensurabilitye is locked around 0.02 belowx
50.02 and then follows the relatione5x in a narrow region
aroundx;0.02 and finally follows the relatione.x above

FIG. 5. Hole concentration~x! dependence of the magnetic tra
sition temperatures~a! and ordered moment atT530 K and frozen
moment atT54 K~b!. TN and Tm in ~a! represent the 3D AF
transition temperature and the spin-glass transition temperature
spectively. The inset in~b! shows the estimated volume fraction
the spin-glass phase. Filled symbols in~a! and ~b! are determined
from the present study. Open symbols in~a! and~b! are from Refs.
4 and 19, respectively. The solid lines are guides to the eyes.

FIG. 6. Hole concentration~x! dependence of the splitting of th
incommensurate peaks. The inset shows the configuration of
incommensurate peaks in the diagonal stripe phase. Filled sym
are determined from the present study. Open symbols are f
Refs. 2 and 3.e5A23d whered is defined in tetragonal units. Th
solid and broken lines correspond toe5x andd5x, respectively.
13451
x50.03.23 The incommensurability corresponds to the i
verse modulation period of the spin-density wave. In the
agonal charge stripe model, the relatione5x corresponds to
a constant charge per unit length 1 hole/Cu. On the ot
hand, the relationd5x, whered is in the high-temperature
tetragonal notation ande5A23d, corresponds to 0.7 hole
Cu, indicating that some of the doped holes are located
tween the charge stripes. The ordered moment of the C21

ions in the 3D AF phase at 30 K quickly decreases w
increasingch as shown in Fig. 5~b!. The Cu21 moment in the
diagonal spin-glass phase below;30 K is also plotted in
the same figure. If the moment is proportional tox, it is
extrapolated to be;0.1mB at x50.02. Assuming that the
Cu21 moment is 0.1mB in the spin-glass phase of the coe
istence region, the volume fraction of the spin-glass ph
can be estimated as in the inset of Fig. 5~b!.

IV. DISCUSSION AND CONCLUSIONS

As shown above, some part of the 3D AF ordered ph
turns into the spin-glass phase, in which the stripe struc
is almost identical to that atx;0.02. These results indicat
that the doped holes phase separate microscopically to f
finite-size regions of thex50.02 stripe phase. Therefore, th
hole concentration in the rest of the regions must be m
less thanx. If the volume fraction of the spin-glass phase
proportional tox, the coexistence phase is a mixture of sp
glass phase withch;0.02 and 3D AF phase withch close to
0. These results suggest that the transition between the
AF and spin-glass phases aroundx50.02 is first order and
there exists a miscibility gap to form the diagonal stripe. T
behavior is predicted for a doped antiferromagnet in the
sence of a long-range Coulomb interaction.12–15In this study,
we determined thatch;0.02 at the hole-rich region, which
was not specified in the theoretical studies. The behavio
much different from that expected from the theory by Ka
et al.,6 which has predicted that the incommensurabil
should follow the relatione5x down to very low hole con-
centrations. Since it is believed that the orthorhombic dis
tion (Bmab) stabilizes the diagonal stripe structure, t
crystal structure should favor the stripe structure in the low
hole concentration region. Furthermore, any chemical
structural disorder originating from the Sr doping will d
crease with decreasingx. Therefore, the electronic phas
separation of the doped holes must be an intrinsic phen
enon. It is noted that parallel stripes, observed in superc
ducting La22xSrxCuO4 (x.0.06), are the most stable atx
;0.12 and the incommensurability saturates atx.0.12.25,26

However, no electronic phase separation seems to occu
the x.0.12 hole concentration region but rather the cha
density between charge stripes becomes larger in orde
stabilize the stripe periodicity.

We now compare the results of our magnetic study
scribed above with those of previous transport studies.27,28 It
is reported that even in lightly doped La22xSrxCuO4 (0.01
<x<0.03) the in-plane conductivity shows metallic beha
ior above TL;50–150 K. At temperatures belowTL the
doped holes apparently start to localize. Magnetically,
results show that a reentrant spin-glass phase with the d
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ELECTRONIC PHASE SEPARATION IN LIGHTLY . . . PHYSICAL REVIEW B65 134515
onal incommensurate structure appears at;30 K. Accord-
ingly, as shown above, hole localization does not seem
occur homogeneously but rather the doped holes form fin
size regions withch;0 or 0.02 forT,30 K.

We now compare the results of our neutron-scatter
study with those of muon spin-relaxation (mSR) and nuclear
quadrupole resonance~NQR! studies.24,29 It has been found
that a static internal field, determined from both139La NQR
and mSR, develops belowTN with a further increase atT
;30 K, and the latter temperature does not depend on
hole concentration. The two characteristic temperatures
consistent with those determined from our neutron-scatte
studies. Furthermore, the internal field atT50 K appears to
be independent of the hole concentration, suggesting tha
ordered moment is also independent of hole concentrat
This is consistent with our result that the hole concentrat
of the 3D AF phase becomes almost zero atT50 K as
shown above. On the other hand, the NQR studies show
the spin-glass transition temperatureTf , determined from
the occurrence of a sharp peak in the nuclear spin-lat
relaxation rate as a function of temperature, follows the
lation Tf}x belowx,0.02. This result is different from tha
in the neutron-scattering studies. One possibility is thatTf
depends directly on the volume fraction of the spin-gla
phase since our neutron-scattering studies show that the
ta
K
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ume fraction of the spin-glass phase decreases almost
early with decreasingch .30

In summary, our neutron-scattering experiments dem
strate the electronic phase separation of the doped hole
lightly doped La22xSrxCuO4, which is predicted for a doped
antiferromagnet. Some clusters withch;0.02 exhibit diago-
nal stripe correlations while the rest of the crystal withch

;0 shows 3D AF order.
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