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Direct Observation of Incommensurate Modulation
in Phase-Separated Cu-RichLa2CuO4.003
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An incommensurate modulation was observed directly for the first time by transmission electron
microscopy in a phase-separated Cu-rich La2CuO4.003 crystal at room temperature and at 93 K. After
annealing in Ar atmosphere, both incommensurate modulation and phase separation disappeared. It
is concluded that the incommensurate modulation is attributed to the phase separation, while the
occurrence of phase separation in the sample with such a low excess oxygen content results from
the enhanced antiferromagnetic interaction due to the Cu dopant. [S0031-9007(98)05519-7]

PACS numbers: 74.72.Jt, 61.16.Bg, 74.25.Ha
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The high transition temperature (high-Tc) superconduc-
tors based on the structure with square-planar copper-ox
layers are derived from the antiferromagnetic insulator
The undoped parent compound has one unpaired3d elec-
tron with spin of 1

2 for each copper ion. Below Néel
temperatureTN , these spins align into three-dimensiona
long range antiferromagnetic order [1]. In recent year
extensive attention has been focused on the doping beh
ior of antiferromagnetic parent compounds. Consequent
La2CuO4 has attracted considerable interests, because i
the material that possesses the simple and typical struct
among high-Tc superconductors and very possibly exhibit
the desired physical properties upon doping. Two met
ods are usually employed to achieve the hole doping f
the La2CuO4 superconductor. One is to replace the La31

ions partially by cations with21 valencesM21d, such as
in La22xSrxCuO4 [2] and La22xCaxCuO4 [3], etc.; another
method is to intercalate excess oxygen into interstitial sit
to create holes in the Cu-O plane of the La2CuO4 sys-
tem [4]. In the underdoping level, the holes created
the Cu-O plane of La2CuO41d partially destroy the long
range antiferromagnetic order; meanwhile, the superco
ducting phase arouses in the background of the long ran
order antiferromagnet. Because of the mobility of oxyge
dopant, the La2CuO41d more easily tends to phase separa
into hole-rich and hole-poor regions than the case of cati
doping [5,6]. The coexistence of superconducting pha
and antiferromagnetic phase is one characteristic feat
of phase separation. The phenomenon of phase sep
tion occurring in the range fromd ø 0.01 to 0.055 in
La2CuO41d has been extensively explored [5,6], wherea
no phase separation has been reported for the region w
d , 0.01.

Recently, stripe phase [7] inab plane of the La2-
CuO41d system was observed when the oxygen do
ing content is well beyond the phase separation rang
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This stripe phase was suggested to be closely asso
ated with oxygen doping. In addition, this kind of stripe
was also observed in Nd and Sr doped systems such
La1.48Nd0.4Sr0.12CuO4 [8] and La1.85Sr0.15CuO4 [9]. The
stripe direction was observed, however, to be very differe
from that observed in the La2NiO4 system [10]. This dif-
ference, which was attributed to the considerable dissim
lar properties between these two systems, was sugges
to be decisive for the occurrence of superconductivity
the copper-oxide compound instead of the nickel-oxid
one [11,12].

According to the knowledge of the important role o
Cu-O plane on high-Tc superconductivity and the fact that
different stripes were observed in La2CuO4 and La2NiO4,
the role of the copper content on phase separation a
structural features should be taken into consideration f
understanding the mechanism of phase separation. It w
suggested that the excess Cu21 ion with a spin of1

2 might
enhance the two- and three-dimensional antiferromagne
exchange interaction by possibly substituting the La si
with Cu, hence promoting phase separation by driving th
holes to segregate [13]. The purpose of the present wo
is to make a further investigation on the effects of exce
Cu for phase separation, mainly on the microstructu
feature of the Cu-rich La2CuO41d.

The La-Cu-O powder samples were prepared usin
the conventional solid state reaction method, including
powder mixing technique and a sintering process, whic
were described in detail previously [14]. The compositio
of La:Cu  2:1.06 (atomic ratio) was selected for study-
ing the influence of excess copper on phase separati
since the value of excess copper, 0.06, is large enou
to show the influence of excess copper on phase sepa
tion, and the sample with such a value of excess copp
according to the step x-ray analysis reported elsewhe
[13], still reveals single phase though its lattice shrink
© 1998 The American Physical Society 2701
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FIG. 1. Magnetization versus temperature for the Cu-ric
La2CuO4.003 sample: (a) as-prepared, and (b) Ar annealed.

by contrast with that of a stoichiometric one. The ex
cess oxygen value of this sample,d  0.003, was deter-
mined from the gas effusion spectra method. The g
effusion experiment is performed by continuously hea
ing the sample in a sealed quartz tube under vacuum a
recording the total gas pressure as a function of tempe
ture; thus thed value can be calculated from the chang
of gas pressure caused by the effusion of excess oxy
in the sample [15]. The phase separation was revealed
magnetization measurements which were carried out
ing Quantum Design MPMS-5 equipment with an applie
magnetic field of 5000 Oe. While for the sample wit
La:Cu  2:1 prepared by the same procedure, no pha
separation was detected [14]. Transmission electron m
croscopy (TEM) observations were performed by using
Philips CM200yFEG with a liquid nitrogen Gatan cooling
double-tilt stage.

The magnetization versus temperature curves of t
Cu-rich La2CuO4.003 sample measured for the cases bo
before and after Ar-flow annealing (at800 ±C for 8 h) are
plotted in Fig. 1. It is clearly shown that the supercon
ducting phase withTc , 35 K coexists with the antifer-
romagnetic phase with the Néel temperatureTN , 244 K
before annealing (curvea). After annealing in the flow-
ing Ar gas at800 ±C for 8 h, the superconductivity of the
sample disappeared and the Néel temperature arose u
ea
FIG. 2. (a) The [100] zone axis HREM image of the Cu-rich La2CuO4.003 sample at room temperature. (b) The selected ar
electron diffraction pattern corresponding to (a).
2702
h

-

as
t-
nd
ra-
e
en
by
s-

d

se
i-
a

he
th

-

p to

, 320 K (curveb) since almost all of the excess oxygen
atoms in the sample are extracted. This apparently ind
cates that the occurrences of phase separation as well
superconductivity in the Cu-rich La2CuO4.003 sample are
caused by excess oxygen doping. But, taking the expe
mental fact in the previous experiments [14] into accoun
that the phase separation was not detected from the ma
netization measurements for sample L1 (La2CuO41d with
La:Cu  2:1) prepared by the same procedure, the influ
ence of excess copper on phase separation cannot be
nored. In addition, one fact worth noting is that after the
same annealing treatment the sample of La2CuO4 with
La:Cu  2:1 shows a Néel temperature of 295 K, 25 K
lower than that of Cu-rich La2CuO4, 320 K. This should
be direct evidence that the antiferromagnetic interaction
Cu-rich La2CuO4 is stronger than that in La2CuO4.

Figure 2(a) is a [100] zone axis high resolution electro
microscopy image (HREM) of the Cu-rich La2CuO4.003
sample at room temperature. The inset shows the Four
transform of the image. Stripelike structure with a pe
riod of about 1.9 nm is observed for the first time a
room temperature. The selected area electron diffractio
pattern from the same area is shown in Fig. 2(b), from
which an incommensurate modulation structure with
vector q of 0.192bp 1 s1y2dcp is identified, this corre-
sponds to the stripe structure in Fig. 2(a). Previous ex
perimental observations indicated that, due to the mobilit
of the doped interstitial oxygen, the ordering structure i
the La2CuO41d system with enough excess oxygen con
tent could only be identified below 200 K [7–9,16]. In
addition, no ordering structure has yet been reported
La2CuO41d when the excess oxygend , 0.03. Now,
in the Cu-rich case, an incommensurate modulation stru
ture can be identified at room temperature quite clear
with such a small excess oxygen content ofd  0.003.

Figure 3 is a [100] zone axis electron diffraction pattern
taken at 93 K. The incommensurate modulation becom
more evident than that observed at room temperature, a
the vectorq changes to0.246bp 1 s1y3dcp. This vector
is very close to thatq  0.21bp 1 s1y3dcp observed in
the La2CuO4.1 single crystal below 150 K [7], whereas
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FIG. 3. The [100] zone axis electron diffraction pattern f
the as-prepared sample at 93 K.

the period remains approximately the same as 1.9
In order to understand the origin of this stripe structu
TEM observations were also carried out for the A
annealed Cu-rich La2CuO4 sample. Figure 4(a) is a
[100] zone axis HREM image of the Ar-annealed C
rich La2CuO4 sample, and Fig. 4(b) is the correspondin
electron diffraction pattern. The results showed th
no stripe structure was visible. This indicates that t
formation of incommensurate modulation is related to t
phase separation associated with the excess oxygen
related to the doped holes), and apparently is a chara
of charge ordering.

According to Emeryet al. [11], the charge stripes
together with antiphase spin domains are expected
the CuO2 planes as a competition between the lo
range part of the Coulomb interaction and the tenden
toward phase separation. In the present case, this kin
competition might also take effect along thec axis due to
the enhancement of three-dimensional antiferromagn
exchange interaction caused by excess copper. He
the appearance of incommensurate modulation about
c axis is understandable. Of course, the mechanism
formation of this kind of incommensurate modulatio
needs to be investigated further.

So far, we may conclude that the excess copper
the La2CuO41d system can greatly promote phase sep
ration by enhancing the antiferromagnetic exchange in
action. The promoted phase separation is characterize
its appearance in the sample with excess oxygen as s
asd  0.003. As indicated experimentally and theoret
cally in the La2CuO41d system [11,16], mobile holes wil
tend to form an ordered state (charge ordering) when th
concentration reaches a certain value, and the incomm
surate modulation thereby forms. The enhanced anti
romagnetic exchange interaction due to the excess co
tends to force the holes to segregate; in consequence
necessary hole concentration for superconductivity can
achieved in some local areas even if the average ex
oxygen content of the sample is very small. After anne
ing in Ar atmosphere, holes introduced by excess oxyg
are removed; therefore, both phase separation and inc
mensurate modulation disappear as expected.
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FIG. 4. (a) The [100] zone axis HREM image of the Ar-
annealed Cu-rich La2CuO4 sample at room temperature; the
inset is the Fourier transform. (b) The selected area electr
diffraction pattern corresponding to (a).

Furthermore, it has been suggested that the diffusion
single hole cluster is space limited at150 # T # 170 K
and space unrestricted above 180 K in the La2CuO4 sys-
tem [17], implying that the charge ordering will appea
only below 180 K in the usual La2CuO41d samples. This
limitation is expected to depend on the competition be
tween the antiferromagnetic exchange interaction and t
thermal fluctuation. The former forces the holes to se
regate and form an ordering state in the hole-rich regio
while the latter prefers a random hole distribution in th
whole sample. The enhanced antiferromagnetic exchan
interaction due to the excess copper will therefore rai
the phase separation temperature and consequently
vate the upper limit of charge-ordering temperature. Th
incommensurate modulation structure observed at roo
temperature can therefore be understood. At relative
lower temperature, the thermal fluctuation will becom
weak; this will benefit the charge ordering. As a resul
the incommensurate modulation becomes strong when
temperature is lowered.

In summary, we have for the first time observed an in
commensurate modulation, which is a kind of charge o
dering, at room temperature in the Cu-rich La2CuO4.003

single-phased sample (La:Cu  2:1.06), and found that
the modulation wave vector changed slightly when th
2703
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temperature was decreased from room temperature
93 K. The excess copper can promote phase separat
greatly; hence, remarkable features of the microstructu
are generated though the excess oxygen content is as sm
as 0.003. Our observations were interpreted based
the enhancement of antiferromagnetic exchange intera
tion due to the Cu dopant, and the results imply that th
mechanism of phase separation may be studied in re
tively wide temperature and doping ranges.

The authors are indebted to Professor P. H. Hor and h
colleagues for measuring the excess oxygen content of
sample. This work is financially supported by Chines
National Center for R&D on superconductivity and the
National Natural Science Foundation of China.

[1] B. O. Wells, Y. S. Lee, M. A. Kastner, R. J. Christianson
R. J. Birgeneau, K. Yamada, Y. Endoh, and G. Shiran
Science277, 1067 (1997).

[2] J. D. Jorgensen, B. Dabrowski, S. Pei, D. G. Hinks
L. Soderholm, B. Morosin, J. E. Schirber, E. L. Venturini
and D. S. Ginley, Phys. Rev. B38, 11 337 (1988).

[3] K. Kitazawaet al., Jpn. J. Appl. Phys.26, L342 (1987).
[4] D. C. Johnstonet al., in Proceedings of the Second

International Workshop on Phase Separation in Cuprat
Superconductors, Cottbus, Germany, 1993,edited by
E. Sigmund and K. A. Müller (Springer-Verlag, Berlin,
1994), pp. 82–100.

[5] Proceedings of the Workshop on Phase Separation
Cuprate Superconductors, Erice, Italy, 1992,edited by
K. A. Müller and G. Benedek (World Scientific, Sin-
gapore, 1993);Proceedings of the Second Internationa
Workshop on Phase Separation in Cuprate Supercondu
tors (Ref. [4]); Proceedings of the International Work-
shop on Phase Separation, Electronic Inhomogeneitie
and Related Mechanisms in HighTc Superconductors,
1995, edited by C. DiCastro and E. Sigmund (Plenum
New York, 1996).

[6] See, for example, J. E. Schirber, B. Morosin, R. M
Merrill, P. F. Hlava, E. L. Venturini, J. F. Kwak, P. J.
Nigrey, R. J. Baughman, and D. S. Ginley, Physic
(Amsterdam)152C, 121 (1988); J. Ryder, P. A. Midgley,
R. Exley, R. J. Beynon, D. L. Yates, L. Afalfiz, and
J. A. Wilson, Physica (Amsterdam)173C, 9 (1991);
J.-C. Grenier, N. Lagueyte, A. Wattiaux, J-P. Doumerc
P. Dordor, J. Etourneau, M. Pouchard, J. B. Goode
2704
to
ion
re
all

on
c-
e
la-

is
the
e

,
e,

,
,

e

in

l
c-

s,

,

.

a

,
-

nough, and J. S. Zhou, Physica (Amsterdam)202C, 209
(1992); P. G. Radaelli, J. D. Jorgensen, A. J. Jorgense
A. J. Schultz, B. A. Hunter, J. L. Wagner, F. C. Chou
and D. C. Johnston, Phys. Rev. B48, 499 (1993);
J. H. Cho, F. C. Chou, and D. C. Johnston, Phys. Re
Lett. 70, 222 (1993); P. C. Hammel, A. P. Reyes,
S-W. Cheong, Z. Fisk, and J. E. Schirber, Phys. Rev
Lett. 71, 440 (1993); D. Vaknin, J. L. Zarestky, D. C.
Johnston, J. E. Schirber, and Z. Fisk, Phys. Rev. B49,
9057 (1994); E. Sigmund, V. Hizhnyakov, R. K. Kremer,
and A. Simon, Z. Phys. B94, 17 (1994); H. H. Feng,
Z. G. Li, P. H. Hor, S. Bhavaraju, J. F. DiCarlo, and A. J.
Jacobson, Phys. Rev. B51, 16 499 (1995); F. C. Chou and
D. C. Johnston, Phys. Rev. B54, 572 (1996).

[7] A. Lanzara, N. L. Saini, A. Bianconi, J. L. Hazemann,
Y. Soldo, F. C. Chou, and D. C. Johnston, Phys. Rev.
55, 9120 (1997).

[8] J. M. Tranquada, B. J. Sternlleb, J. D. Axe, Y. Nakamura
and S. Uchida, Nature (London)375, 561 (1995), and
references therein.

[9] A. Bianconi, N. L. Saini, A. Lanzara, M. Missori, and
T. Rossetti, Phys. Rev. Lett.76, 3412 (1996).

[10] J. M. Tranquada, D. J. Buttrey, V. Sacha, and J. E
Lorenzo, Phys. Rev. Lett.73, 1003 (1994); J. M. Tran-
quada, J. E. Lorenzo, D. J. Buttrey, and V. Sachan, Phy
Rev. B 52, 3581 (1995), and references therein.

[11] V. J. Emery and S. A. Kivelson, Physica (Amsterdam
263C, 44 (1996); U. Löw, V. J. Emery, K. Fabricius, and
S. A. Kivelson, Phys. Rev. Lett.72, 1918 (1994).

[12] J. Zaanen, M. L. Horbach, and W. van Saarloos, Phy
Rev. B 53, 8671 (1996), and references therein.

[13] X. L. Dong et al., Chin. Phys. Lett.17, 225 (1997).
[14] B. R. Zhaoet al., Physica (Amsterdam)259C, 240 (1996).
[15] For the details of measuring method, see Z. G. Li, H. H

Feng, Z. Y. Yang, A. Hamed, S. T. Ting, and P. H. Hor
Phys. Rev. Lett.77, 5413 (1996), and references therein.

[16] See, for example, B. W. Statt, P. C. Hammel, Z. Fisk
S-W. Cheong, F. C. Chou, D. C. Johnston, and J. E
Schirber, Phys. Rev. B52, 15 575 (1995); X. Xiong,
P. Wochner, S. C. Moss, Y. Cao, K. Koga, and
M. Fujita, Phys. Rev. Lett.76, 2997 (1996); B. O. Wells,
R. J. Birgeneau, F. C. Chou, Y. Endoh, D. C. Johnston
M. A. Kastner, Y. S. Lee, G. Shirane, J. M. Tranquada
and K. Yamada, Z. Phys. B100, 535 (1996).

[17] See, for example, R. K. Kremer, V. Hizhnyakov,
E. Sigmund, A. Simon, and K. A. Müller, Z. Phys. B91,
169 (1993).


