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We have studied incommensurate spin ordering in single-crystal underdoped La2−xBaxCuO4 with x�0.08,
0.05, and 0.025 using neutron-scattering techniques. Static incommensurate magnetic order is observed in the
La2−xBaxCuO4 �x=0.05 and 0.025� compounds with ordering wave vectors which are rotated by 45° about the
commensurate �0.5,0.5,0� position, with respect to that in the superconducting x=0.08 material. These spin
modulations are one dimensional in the x=0.05 and 0.025 samples, with ordering wave vectors lying along the
orthorhombic b� direction. Such a rotation in the orientation of the static spin ordering as a function of
increasing Ba doping, from diagonal to collinear, is roughly coincident with the transition from an insulating to
a superconducting ground state and is similar to that observed in the related La2−xSrxCuO4 system. This
phenomenon is therefore a more generic property of underdoped La-214 cuprates.
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Lamellar copper oxides exhibit a wealth of fascinating
phenomena which are a sensitive function of doping, evolv-
ing from an antiferromagnetic insulating Néel state through a
Mott-Hubbard metal-insulator transition into a superconduct-
ing phase with increasing hole density.1 A heterogeneous
electronic phase composed of itinerant charges now appears
to be a generic feature of the cuprates, although the true
nature of the incommensurate spin ordered states is the sub-
ject of ongoing debate. In an itinerant picture, the spin dy-
namics are described in terms of electron-hole pair excita-
tions about an underlying Fermi surface.2 Alternatively,
within the “stripe” picture of doped, two-dimensional Mott
insulators, the nonmagnetic holes in these materials organize
into quasi-one-dimensional stripes which separate antiferro-
magnetic insulating antiphase domains.3 Adjacent antiferro-
magnetic regions are � out of phase with each other giving
rise to a magnetic structure with incommensurate periodicity,
where the supercell dimension is twice the hole stripe peri-
odicity.

The static spin structure in the undoped, parent compound
La2CuO4 has been determined by neutron scattering to be a
simple two sublattice antiferromagnet characterized by a
commensurate ordering wave vector of �0.5,0.5,0� in
reciprocal-lattice units, or at the ��, �� position within the
tetragonal basal plane.4 On hole doping with Sr2+ substitut-
ing for La3+ in La2−xSrxCuO4, the magnetic scattering moves
out to incommensurate wave vectors.5 Lightly doped
La2−xSrxCuO4 displays elastic incommensurate magnetic
Bragg peaks which first appear split off from the �0.5,0.5,0�
position in diagonal directions relative to a tetragonal unit
cell;6,7 that is at �0.5�

�
�2 , 0.5�

�
�2 , 0� and �0.5�

�
�2 , 0.5�

�
�2 ,

0� ordering wave vectors. At higher doping in the under-
doped superconducting regime, the Bragg peaks rotate by
45° to lie along directions parallel to or collinear with, the
tetragonal axes or Cu-O-Cu bonds, such that elastic magnetic

scattering appears at �0.5�� ,0.5,0� and �0.5,0.5�� ,0�.8,9
For optimal and higher doping the static order disappears,
but dynamic incommensurate correlations nevertheless
persist.9,10

Surprisingly, La2−xBaxCuO4, the original high-
temperature superconductor,11 has been much less exten-
sively studied than its sister compound, La2−xSrxCuO4 due to
the difficulty of growing single crystals, which has only been
recently achieved.12 In this Brief Report, we report the ob-
servation using neutron diffraction of the transition from a
diagonal to a collinear incommensurate spin ordering as an
increasing function of doping in La2−xBaxCuO4. Elastic “col-
linear” incommensurate magnetic Bragg peaks are observed
at T=1.5 K in superconducting La2−xBaxCuO4 �x=0.08�. In
marked contrast, “diagonal” satellite peaks are observed at
low temperature at reciprocal space positions rotated by 45°
within the �H,K,0� plane for La2−xBaxCuO4 �x�0.025 and
0.05�. This is analogous to the behavior observed in the
La2−xSrxCuO4 materials and shows that such a rotation of the
spin structure is a generic feature of the transition from in-
sulating spin-glass ground state to superconducting ground
state in the underdoped La-214 cuprates.

We have grown high quality single crystals of
La2−xBaxCuO4 with x=0.08, 0.05, and 0.025 using floating
zone image furnace techniques with a four-mirror Crystal
Systems Inc. optical furnance.13 Samples of La2−xBaxCuO4
near x=0.125 display a sequence of crystal structures on
lowering the temperature, evolving progressively from high-
temperature tetragonal �HTT� �I4 /mmm� through midtem-
perature orthorhombic �MTO� �Bmab� to low-temperature te-
tragonal �LTT� �P42 /ncm�.14 The HTT to MTO structural
phase transition at Td1 is a sensitive indication of the precise
Ba doping level, from which we have determined the Ba
concentration in the x=0.08 sample �Td1�305 K�.13 It is
more difficult to precisely quantify the doping levels in the
x=0.05 and x=0.025 samples, where the crystals remain
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orthorhombic at low temperature. As shown in Fig. 1, the
diamagnetic superconducting volume fraction in the x=0.05
sample is roughly 2 orders of magnitude smaller than the x
=0.08 sample, placing constraints on the doping level in the
nominally x=0.05 sample.12 Similarly, no signature of long-
range antiferromagnetic order is observed up to 300 K in the
x=0.025 sample, setting a lower limit on the doping level of
x�0.02, by comparison with the suppression of the Néel
order in La2−xSrxCuO4.

We explore both the spin-glass-like and superconducting
regimes of the phase diagram. At the highest Ba concentra-
tion, SQUID magnetization measurements indicate a bulk
superconducting transition at TC=29 K in the x=0.08
sample �see Fig. 1�a��. In La2−xBaxCuO4 �x=0.05�, a weak
superconducting phase transition occurs around 20 K, as evi-
denced by the weak diamagnetic response �Figs. 1�b� and
1�c��. Subsequently, history dependent behavior develops be-
low 10 K and a peak in the susceptibility is observed at 5 K,
indicating a spin-glass ground state. Finally, at the lowest Ba
concentration, dc magnetization measurements indicate the
x=0.025 sample also undergoes a spin-glass-like transition
below �10 K, as shown in Fig. 1�d�.

Time-of-flight neutron-scattering measurements were per-
formed using the NG4 disk chopper spectrometer �DCS� at
the National Institute for Standards and Technology Center
for Neutron Research. The DCS uses choppers to create
pulses of monochromatic neutrons whose energy transfers on
scattering are determined by their arrival times in the instru-
ment’s 913 detectors located at scattering angles from −30°
to 140°. Measurements were performed using 4.8 Å incident
neutrons for the x=0.08 and 0.05 samples, allowing us to
explore the area of reciprocal space around �0.5,0.5,0� with
an energy resolution of 118 �eV full width at half maximum
�FWHM�. Longer wavelength incident neutrons �	=6.2 Å
with a corresponding energy resolution of 58 �eV FWHM�
were used for the x=0.025 sample as the anticipated low
incommensurability required higher Q resolution. Definitive
measurements of the incommensurate spin structure are pro-
gressively more difficult at lower doping, as the incommen-

surability � is proportional to the doping level x �Ref. 5�. The
measurements were carried out using an Institut Laue-
Langevin �ILL� orange cryostat with 4He exchange gas to
ensure good thermal contact and each sample was aligned
with the �H,K,0� plane coincident with the horizontal scatter-
ing plane.

Reciprocal space maps at T�1.5 K are shown in Fig. 2,
where in all cases we have integrated over the elastic scat-
tering between −0.1 meV
��
0.1 meV. To compare the
universal incommensurability in higher doping
La2−xBaxCuO4 samples and the La2−xSrxCuO4 system,6 we
use HTT notation to illustrate the �H,K,0� scattering plane in
Fig. 2, where a=b=3.78 Å�aortho /�2. Figure 2�a� shows
the elastic reciprocal space map from the lightly doped
La2−xBaxCuO4 �x=0.025� compound. These measurements
were taken with both 6.2 and 8 Å incident neutrons, in two
different Brillouin zones, which gave consistent results �the
6.2 Å data and the zone centered on �0.5,0.5,0� are shown
here�. A remarkable, isolated pair of diagonal incommensu-
rate magnetic Bragg peaks are evident near
�0.5− �

�2 ,0.5+
�
�2 ,0� with an incommensurability �=0.017�1�,

in tetragonal notation. This is clear evidence for a static, one
dimensional, diagonal incommensurate spin modulation
along bortho. Nuclear Bragg peaks associated with four MTO

FIG. 1. Zero field cooled and field cooled susceptibilities of
La2−xBaxCuO4, �a� x=0.08, �b� �c� x=0.05, and �d� x=0.025 single
crystals.
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FIG. 2. �Color online� Reciprocal lattice space maps in the
�H,K,0� plane, integrating over −0.1 meV
��
0.1 meV and
taken at T�1.5 K in La2−xBaxCuO4 �a� x=0.025, �b� 0.05, and �c�
0.08, respectively. Diagonal magnetic Bragg scattering near
�0.5�

�
�2
, 0.5�

�
�2
, 0� in the x=0.05 sample �b� and collinear mag-

netic Bragg scattering near �0.5�� ,0.5,0� and �0.5,0.5�� ,0� in
the x=0.08 sample �c� have been circled for clarity. �d� Incommen-
surability, � vs Ba/Sr concentration, x, plotted using the current
results and those from the literature, as described in the text. The
transition from diagonal to collinear incommensuration in the
La2−xSrxCuO4 system near x=0.055 �Ref. 6� is shown as the shaded
vertical line.
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twin domains in the x=0.025 sample are visible near �1,1,0�
�	=4.8 Å�. The integrated intensity of the majority twin
peak is approximately four times larger than the minority
peaks. This accounts for the single pair of incommensurate
magnetic Bragg peaks: the magnetic scattering from this x
=0.025 sample closely resembles that from a detwinned
MTO structure with a unique b direction.

The same type of reciprocal space map is shown in Fig.
2�b� for the x=0.05 sample, now using 	=4.8 Å incident
neutrons. Two nuclear Bragg peaks are now clear, centered
around the tetragonal �1,−1,0� position, associated with two
out of four possible twin domains in the sample of
La2−xBaxCuO4 �x=0.05� at T=1.5 K in its MTO phase. The
relative intensities of the two �1,−1,0� peaks indicate that
the two twin domains have comparable volume fractions.
Magnetic Bragg peaks arising from static incommensurate
spin order are again observed along the diagonal directions
that are along each of the bortho axes. One pair of magnetic
Bragg peaks is associated with each twin domain, such that a
one-dimensional spin modulation occurs only along the
orthorhombic b axis, as clearly illustrated in Fig. 2�b� of Ref
7.

Such diagonal stripes have been predicted theoretically15

and have also been observed in insulating La2−2xSrxNiO4.
16

The pattern is very similar to that observed in underdoped
La2−xSrxCuO4 �0.02
x
0.055�,6,7,17 where the diagonal
spin modulation is also along the orthorhombic b axis and is
considered to be an intrinsic property of the entire insulating
spin-glass region, in contrast to the parallel spin modulation
observed in the superconducting phase of La2−xSrxCuO4.

By contrast, magnetic Bragg peaks in the La2−xBaxCuO4
x=0.08 occur at �0.5�� ,0.5,0� and �0.5,0.5�� ,0� with �
=0.107�3�, as shown in the map of reciprocal space in Fig.
2�c�, again measured using 	=4.8 Å incident neutrons. This
indicates static collinear incommensurate spin order, with
ordering wave vectors parallel to atetra

� . A single �1,−1,0�
structural Bragg peak is evident in Fig. 2�c�, indicating the
x=0.08 sample is in its LTT phase at 1.5 K. Complementary
thermal triple axis neutron measurements are described
elsewhere.18

The magnetic incommensurate ordering wave vectors, �
determined from the data in Figs. 2�a�–2�c� are plotted vs Ba
concentration, x, in Fig. 2�d�, along with the x dependence of
� in La2−xSrxCuO4.

6 Data from x=0.095 and 0.125 samples
of La2−xBaxCuO4 �Ref. 18� are also included. While minor
differences are evident, the overall � vs x behavior is very
similar in this range of underdoped La2−xBaxCuO4 and
La2−xSrxCuO4. The same transition, from diagonal to collin-
ear incommensurate spin ordering is roughly coincident with
the transition from an insulating spin-glass ground state to a
superconducting ground state near xC�0.055 for both
La2−xBaxCuO4 and La2−xSrxCuO4 families, as shown by the
vertical line in Fig. 2�d�. The complex low-temperature
structural phase diagram of La2−xBaxCuO4 with LTT phase
and near-complete suppression of superconductivity near x
=0.125, clearly does not interfere with the rotation of the
incommensurate spin ordering as a function of doping.

Complementary cold triple axis neutron-scattering experi-
ments were undertaken on the same La2−xBaxCuO4 �x
=0.05� single crystal using the 4F1 spectrometer at the Lab-

oratoire Leon Brillouin, France. The �002� reflection of py-
rolytic graphite was used for both monochromator and flat
analyzer �Ei=Ef=5 meV�. We employed open-60�-60�-open
collimation along the beam path from source through sample
to detector, yielding an energy resolution at ��=0 of
105 �eV. Cooled Be filters were placed in both the incident
and scattered beams to remove contamination from higher
order neutrons. The spectrometer was aligned to concentrate
on a single twin domain. Representative elastic scans along
the orthorhombic and tetragonal b� axes are shown in Figs.
3�a� and 3�b�, respectively, using an orthorhombic coordinate
system �aortho=5.3380 Å, bortho=5.4125 Å�. Well resolved
elastic magnetic peaks at an incommensurability �
=0.0389�6� rlu in tetragonal notation are clearly visible in
Fig. 3�a�, corresponding to the static spin modulation along
the b� direction. By contrast, the intensity centered on the
commensurate position in Figs. 3�b� is due to the tails of the
incommensurate peaks coming from the b� modulation.
There is no evidence of any coexistence of diagonal and
collinear spin ordering.

Quantitatively, the data in Fig. 3�a� have been analyzed
using a resolution convolution of four, one-dimensional
Lorentzian functions

S�K� =
A

�
	
n=1

4


�K − K�,n�2 + 2 �1�

to extract values for the incommensurate wave vector � and
inverse correlation length . K�,n represents the four incom-
mensurate wave vectors at �1,��2� ,0�O and
�0.987��2� cos � ,0.0075��2� sin � ,0�O. The latter con-
tribution arises from the wings of the second domain, char-

FIG. 3. Static incommensurate magnetic peaks with �=0.039 in
La1.95Ba0.05CuO4 at T=1.5 K, along �a� the orthorhombic b�

�1,K,0�O or “diagonal” direction, �b� the “collinear” direction. The
solid line in Fig. 3�a� is discussed in the text. The open circles in �c�
and �d� schematically show the positions of the four diagonal, in-
commensurate peaks.
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acterized by a nuclear Bragg peak centered at
�1.974,0.015,0�O, such that tan �=0.015 /1.974. The inverse
of the static correlation length in the basal plane is defined as
the peak half width at half maximum �HWHM� . This func-
tional form assumes that the magnetic scattering consists of
rods running along the c� axis. The magnetic peaks are rela-
tively sharp and practically resolution limited, with a
HWHM of 0.0038�10� rlu in tetragonal notation, equivalent
to a correlation length of 159�50� Å within the basal plane.
This is of a comparable magnitude as that observed in the
superconducting state of La2−xBaxCuO4 �x=0.095,0.08�.18
However, it should be noted that the values quoted for the
related La2−xSrxCuO4 x=0.05 compound are much
shorter,7,19 between 25–35 Å.

The temperature dependence of the incommensurate mag-
netic elastic scattering is shown in Fig. 4 for the x=0.05 and
0.025 samples, which display the diagonal incommensurate
spin structures. Triple axis measurements of the magnetic
Bragg intensity at �1,−0.053,0�O in the x=0.05 sample may
be compared with DCS measurements of the intensity inte-
grated between −0.1
��
0.1 meV, as the energy reso-
lution is similar. Figure 4 shows the decrease of the static
incommensurate magnetic Bragg intensity in the x=0.05
sample on warming to T=10 K, consistent with the tempera-
ture dependence of the break between the field cooled �FC�
and zero field cooled �ZFC� susceptibilities shown in Fig.
1�b�. For temperatures beyond 10 K, a continued weak fall
off of the intensity with increasing temperature is observed
to �25 K, beyond which no vestiges of the static signal are
easily observable. Our data for the temperature dependence
of the incommensurate magnetic scattering in the x=0.025
sample is less extensive, but qualitatively similar to that of
the x=0.05 sample, as may be expected due to the similarity
in the temperature dependence of their ZFC vs FC suscepti-
bilities and therefore their spin-glass ground states.

In conclusion, we have observed static, diagonal, one-

dimensional incommensurate spin ordering in La2−xBaxCuO4
with x=0.05 and x=0.025, evolving into collinear incom-
mensurate order in the superconducting x=0.08 sample. This
result is very similar to the evolution of incommensurate spin
order in the well studied underdoped system, La2−xSrxCuO4,
implying the phenomenon is a generic feature of the under-
doped La-214 cuprates.
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