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We present magnetization and specific heat data of a La5/3Sr1/3NiO4 single crystal in high magnetic fields.
From the charge and spin stripe ordering temperatures, as well as a magnetic low temperature transition, we
have constructed the electronic phase diagram for fields up to 14 Tesla. While the charge stripe ordering
temperature TCO is independent of the magnetic field, there is a significant shift of the spin stripe ordering
temperature TSO of about 1.5 K/Tesla, if the magnetic fields are applied parallel to the NiO2-planes. The
specific heat measurements indicate a large anomalous entropy change at TCO. In contrast, no significant
entropy change is observed at the spin stripe transition. The high field magnetization experiments reveal the
presence of in-plane weak ferromagnetic moments in the charge stripe ordered phase. From a phenomenologi-
cal analysis, the magnetic correlation length of these moments is determined. We suggest that the weak
ferromagnetism is due either to the presence of bond-centered charge stripes or to double exchange interactions
across site-centered charge stripes.
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I. INTRODUCTION

In cuprate, nickelate, and manganite transition metal ox-
ides the electronic ground state is determined by a complex
interplay of charge and spin degrees of freedom. In some
cases this interplay results in a nanoscopic modulation of the
charge and spin density, which in the case of manganites
seems to be closely connected to the colossal magnetoresis-
tance. Other prominent examples are the stripe correlations
in nickelates and cuprates. Here, the holes segregate into
one-dimensional charge stripes, thereby forming antiphase
boundaries between spin stripes. In the cuprates the charge
density modulation is weak and generally difficult to detect,
in particular in superconducting cuprates where stripes are
fluctuating.1–3 In contrast, in the nickelates the stripe order is
more pronounced, which makes its detection much easier.4–7

In recent years, stripe correlations in the nickelates have been
studied with many different techniques, such as neutron
scattering,8–14 x-ray diffraction,15–17 thermal conductivity,18

NMR,19–21 �SR,22 as well as optical23 and Raman-
spectroscopy.24,25 Nevertheless, very little is known about the
thermodynamic properties of the stripe phase, such as the
specific heat and the magnetization in high magnetic fields.
Thermodynamic methods were very successful in the inves-
tigation of the pseudo-cubic manganites, where spin and
charge ordering phenomena are intimately connected and can
be strongly influenced by an external magnetic field.26–29

In the layered nickelates the magnetism has strong two-
dimensional �2D� character.9–11,30 In La2NiO4 the S=1 spins
of the Ni2+ ions form a 2D antiferromagnetic �AFM� spin
lattice with a weak interlayer coupling. Long range AFM
spin order evolves at 330 K.30 The substitution of La with Sr
leads to a doping of the NiO2 planes with hole charge carri-

ers. Holes formally introduce Ni3+-ions with S=1/2 and
cause the suppression of the conventional antiferromagnetic
order. Charge and spin stripe order is observed over a wide
range of hole doping �0.135�x�0.7�.8,31 It is most pro-
nounced at x=1/3 and x=0.5, where the stripe pattern is
commensurable to the lattice.4 Stripes run diagonal to the
Ni-O-Ni bonds. However, since in tetragonal symmetry
�I4/mmm� there is no preferred stripe direction, one can find
both, domains with stripes running parallel �110� as well as

�11̄0�.48 In spite of the intimate connection between charge
and spin degrees of freedom, in nickelates charge stripes
order at a significantly higher temperature than spin stripes
�TSO�TCO�.8 However, short range spin and charge stripe
correlations are observed at temperatures significantly above
TSO and TCO, respectively.9,15

In this paper we present a study of the static magnetiza-
tion and the specific heat of a stripe ordered La5/3Sr1/3NiO4
single crystal. Charge stripe order leads to pronounced
anomalies in both specific heat and magnetization. Measure-
ments up to 14 T indicate that TCO is independent of the
magnetic field. In contrast, a strong field dependence is ob-
served for TSO if the magnetic field is applied parallel to the
NiO2 planes. While the spin stripe order is clearly detected in
the magnetization, a corresponding signature in the specific
heat is not observed. Most interesting, in the charge stripe
phase magnetization curves show a weak ferromagnetic field
dependence. The analysis of our experimental results with
simple phenomenological models provides estimates for the
correlation length of the weak ferromagnetic moments. We
discuss two different scenarios to explain our results. In par-
ticular, we suggest that the weak ferromagnetism is either
due to the presence of bond-centered charge stripes or to
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double exchange interactions across site-centered charge
stripes.

II. RESULTS AND DISCUSSION

A. Experimental

A large La5/3Sr1/3NiO4 crystal was grown by the traveling
solvent floating-zone method.9 For the measurements, we cut
and oriented a thin plate of m=74 mg. The static magnetic
susceptibility ��T� with �=M /B and the magnetization
M�B� were measured with a vibrating sample magnetometer.
An external field up to 14 T was applied parallel �B �ab� as
well as perpendicular �B�ab� to the NiO2 planes. Corre-
sponding data will be referred to as ��, M� and ��, M�,
respectively. The specific heat cp was measured for B �ab
using a high resolution calorimeter. Here, we have applied
two different quasi-adiabatic methods, continuous heating
and heating pulses.29,32

B. Magnetic susceptibility and specific heat

In order to identify the basic properties of La5/3Sr1/3NiO4,
we first show in Fig. 1 the susceptibility for B=1 T applied

parallel and perpendicular to the NiO2-planes. The magnetic
field was applied well above TCO before cooling the sample
down to T=4.2 K and taking the data with increasing tem-
perature. Starting at high temperatures, one can see a small
kink, which indicates the onset of the charge stripe order at
TCO�239 K. At this kink the susceptibility shows a steplike
decrease of similar size for both field directions �inset of Fig.
1�. Below �225 K the susceptibility increases monotonously
and tends to saturate at low temperatures. The increase is
particularly strong for �� which stays always larger than ��.
In addition to the well visible charge stripe order, there are
two further transitions which do not lead to apparent anoma-
lies in �, but are clearly visible in the temperature derivative
d�� /dT in Fig. 1�b�. Around TSO�194 K we observe a jump
in d�� /dT which expands between �186 and �202 K. A
comparison with neutron diffraction data shows that this
anomaly marks the spin stripe ordering temperature. The sec-
ond anomaly comprises of a minimum in d�� /dT at TCA
�55 K which marks the onset temperature for the canting of
the spins in the magnetic stripes10 and the freezing of the
moments in the charged domain walls.33,34 Note, that our
present study gives evidence for a small canting even at T
�TCA which is different from the one discussed in Ref. 10
for T�TCA.

The difference between �� and �� at temperatures around
TCO can be explained with the anisotropy of the g-factor and
the Van-Vleck susceptibility of the Ni-ions:36 �g�0.08 and
��VV�5	10−5 emu/mol. Interestingly, the anisotropy does
not change noticeably across TCO. Below TSO, however, it
starts to increase significantly. We assume that the additional
anisotropy at low temperatures is associated with the spin
stripe order.

Figure 2 �left scale� presents measurements of the specific
heat for B=0 and 14 T. Obviously, cp is independent of the
magnetic field within the experimental resolution. The onset
of the charge stripe order at TCO is indicated by a large

FIG. 1. �a� Static susceptibility �=M /B of La5/3Sr1/3NiO4 in a
magnetic field of B=1 T �FC� perpendicular and parallel to the
ab-plane. The inset enlarges the temperature regime around TSO and
TCO. The dotted line in the inset marks a linear extrapolation of ��

in order to highlight the changes at TSO in the case of B �ab. �b�
Derivative of the static susceptibility. The charge stripe transition at
TCO �as confirmed from x-ray scattering �Ref. 35��, the spin stripe
transition at TSO �as confirmed from neutron diffraction �Refs. 9 and
10��, and the spin glass/spin reorientation transition at TCA �cf. Refs.
10 and 14� are indicated by dashed lines �Ref. 33�. The triangles
show the temperature regime where a jump in d�� /dT indicates the
spin ordering.

FIG. 2. �Color online� Specific heat of La5/3Sr1/3NiO4 for B=0
�left ordinate�. Applying B=14 T does not change the results within
the size of the data points. The dotted line refers to a polynomal
function which has been fit to the data well outside the anomaly.
Black circles �right ordinate� represent the difference of the data
�B=0� and the dotted line.
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anomaly in cp, which follows from large entropy changes.37

The jumplike shape of �cp evidences a second order phase
transition. In contrast, no anomalous entropy changes are
found at TSO and TCA, which is consistent with the absence
of a pronounced anomaly in the magnetic susceptibility. This
result follows from the 2D nature of the magnetic correla-
tions in the nickelates.9–11 Since strong 2D spin correlations
develop already far above the 3D spin stripe ordering tem-
perature, the transition at TSO itself lacks a significant mag-
netic entropy change.

To estimate the anomalous entropy changes of the transi-
tion at TCO, we have fit the mainly phononic contributions to
cp�T� with a polynomial function well outside the region of
the anomaly. Subtraction of this fit from cp�T� usually pro-
vides a reasonable lower limit for the total entropy changes.
In our case the procedure yields �SCO=��cp�T�dT
��2.0±0.3� J / �Mol·K�, i.e., �SCO��0.24±0.035� ·R. The
observed anomalous entropy changes are much smaller than
�SCO� ·R, which was estimated by applying a simple model
for the complete charge ordering process.26 This is not sur-
prising since dynamic 2D short range charge correlations are
present already at T�TCO,9,15,16 which considerably reduces
the entropy change at the three-dimensional �3D� transition
itself. In the limit of strong 2D correlations one even expects
that anomalous entropy changes at TCO due to charge degrees
of freedom become negligible small.

In a recent theoretical study, in which the charge stripe
disorder transition is considered to be driven by topological
defects, it was indeed suggested that there are only minor
changes of the charge stripe entropy at TCO.38,39 This would
imply that the experimentally observed entropy changes at
TCO are mainly due to spin degrees of freedom. A prominent
example of such a scenario is the manganite La7/8Sr1/8MnO3,
where the entropy changes at the charge order transition can
be attributed mainly to the spin degrees of freedom.29 In
contrast to the manganites, the nickelates are characterized
by a spin S=1 state and a much weaker magneto-elastic cou-
pling. Therefore, one might speculate that in the nickelates
�SCO is mainly due to charge degrees of freedom. Since in
the nickelates the charge stripe order transition leads to an
increase of the spin correlations, however, an additional con-
tribution due to spin degrees of freedom is possible. From
our experimental data it is not possible to distinguish
whether spin or charge entropy accounts for the anomaly at
TCO.

The jump �cp at the phase transition can be evaluated
quantitatively to estimate the magnetic field dependence of
TCO:

dTCO

dB
= − TCO

�	
 �M

�T
�	

B

�cp,B
. �1�

From Figs. 1 and 2 we have determined the anomalies
of the magnetization and the specific heat to ���M /�T�
��1.3±0.1�	10−6 �B / �Ni·K� and �cp��20±1� J /
�Mol·K�, respectively. With this values, Eq. �1� yields
dTCO/dB�−1	10−4 K/T. Hence, the field dependence of
TCO is much too small to be detected experimentally, which

is in agreement with the fact that we do not observe a field
dependence in our data.

C. Electronic phase diagram

In Fig. 3�a� we show � of La5/3Sr1/3NiO4 in different mag-
netic fields. For B�ab, the susceptibility is nearly indepen-
dent of the magnetic field, except for minor changes in the
spin glass/spin reorientation regime below TCA. Thus, the
magnetisation depends linearly on B�ab. In contrast, for
B �ab a significant difference between the susceptibility at
1 T and 14 T is observed. As displayed in the inset of Fig.
3�a�, this field dependence vanishes for T�TCO, which
means that for B �ab magnetization curves are nonlinear only
in the charge stripe ordered phase, and linear at higher tem-
peratures �see Sec. II D�. We will analyze this in more detail
in the next section.

In Fig. 3�b�, one can see that the temperature derivatives
d�� /dT at 5 and 14 T exhibit the same three phase transitions
at TCO, TSO, and TCA as for B=1 T; there is a peak at TCO, a
jump at TSO, and a minimum at TCA. The data confirm that

FIG. 3. �Color online� �a� Static susceptibility � of
La5/3Sr1/3NiO4 for B=1 T �open symbols� and B=14 T �FC� �full
symbols� parallel and perpendicular to the ab-planes. The inset
shows an enlargement of the temperature regime around TSO and
TCO �only the y axis is enlarged�. �b� Derivative of �� in magnetic
fields B=1, 5, and 14 T parallel to the ab-planes. Data at B=5 T
and B=14 T are shifted by 5	10−6 and 1	10−5 emu/ �mol·K�,
respectively. Triangles mark the jump at TSO �full triangle corre-
sponds to TSO

* , see text�.
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the charge stripe order temperature TCO is independent of
B�14 T for both field directions. In contrast, for B �ab we
find a clear shift of the spin stripe order temperature TSO to
higher temperatures and for TCA a shift to lower tempera-
tures. Note that due to the vicinity of TSO and TCO in high
magnetic fields the upper limit of the jump at TSO is hard to
determine. In contrast, the lower limit �black triangle� at TSO

*

is always clearly visible. Therefore, we will use TSO
* to dis-

cuss the field dependence of the spin stripe transition. For
comparison, we will also extract TSO as is illustrated for
B=1 T in Fig. 1. From the signatures in d�� /dT we
have constructed the electronic phase diagram in Fig. 4. In
detail, the field dependent study yields the following critical
temperatures:

B �ab �T� 1 5 14

TSO
* �K� 186±2 191±2 208±2

TSO �K� 194±2 200±6 218±4

TCA �K� 52±3 40±4 37±4

Obviously, a magnetic field B �ab stabilizes the phase
with long range ordered spin stripes. This is consistent with
the fact that �� in Fig. 1 and 3 increases below TSO and tends
to saturate below TCA since the magnetic field always stabi-
lizes the phase with the higher magnetisation. Extrapolating
the phase boundary of TSO�B �ab� towards higher fields sug-
gests that TSO

* �TCO for B �ab��30±3� T. Therefore, mag-
netic fields higher than 30 T may also affect TCO. Since for
B�ab corresponding anomalies at TSO and TCA are absent,
no definite conclusion is possible for this field direction.
However, the observation that around the spin stripe transi-
tion dM� /dT�0 might suggest that TSO does not change
significantly for this field direction �even though �S is also
very small at TSO�.

D. Weak ferromagnetism below TCO

The susceptibility data in Fig. 3�a� clearly indicate a non-
linear field dependence of the magnetisation at a constant

temperature T�TCO, when the magnetic field is applied par-
allel to the ab-plane. In order to study this phenomenon in
more detail, we have measured M�B� for B �ab by sweeping
the field at different constant temperatures from B=0 up to
14 T and then back to B=0 �see Fig. 5�.

As an example we show in Fig. 5 the M�B� curves at T
=100 K. While for B�ab the curve is perfectly linear, the
one for B �ab shows a weak ferromagnetic type behavior.
The deviations from linearity become apparent when the
field derivative of M�B� is considered �see inset of Fig. 5�.
Nevertheless, also for B �ab the M�B� curve is dominated by
a linear contribution which may be attributed to the response
of the antiferromagnetic ordered spins S=1 in the magnetic
stripes. In order to separate the nonlinear from the linear part,
we have fit the high field behavior in the field range 13 T
�B�14 T with a linear function and subtracted the result-
ing straight line from the data. This procedure yields the M
−Mlin curves in Fig. 5, as well as in Fig. 6�b�, which clearly
show the weak ferromagnetic response. It is reasonable to
assume, that there are magnetic moments in the ab-plane,
which can be ferromagnetically aligned by a moderate mag-
netic field B �ab. Interestingly, their saturation moment is of
the order of several 10−3 �B /Ni, only, as can be seen in Figs.
5 and 6�b�. To be able to align such a small moment at
temperatures of the order of 100 K with a magnetic field of
B�14 T, these moments must be correlated over a large
distance, i.e., the 2D magnetic correlation length in the NiO2
planes must be large.

In Fig. 6 the M�B� curves at various temperatures are
plotted. Before going into detail, we mention that at low
temperatures the magnetisation curves reveal a field hyster-
esis, which is particularly strong at 4 K �see Fig. 6�c��.
Therefore, we restrict the following quantitative analysis to
temperatures T�TCA, where the hysteresis is absent. The
total magnetisation in Fig. 6�a� evidences a dominant linear
and a small nonlinear magnetic contribution. As described

FIG. 4. Magnetic phase diagram of La5/3Sr1/3NiO4 for a mag-
netic field B �ab. TCO, TSO

* , and TCA mark the temperatures, where
charge stripe order, long range spin stripe order and a spin reorien-
tation occur, respectively. TCO does also not change for B�ab.

FIG. 5. Field dependence �B �ab� of the magnetisation of
La5/3Sr1/3NiO4 at T=100 K. The linear estimate Mlin highlights the
slightly nonlinear field dependence of M�B�. Subtracting the linear
part as extracted from M�B�13.5 T� results the nonlinear contri-
bution. For comparison, M for B�ab at T=100 K is also plotted.
The inset shows the field derivative of M�B �ab� which confirms the
nonlinearity.
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above for T=100 K, we have subtracted the linear part,
which gives the weak ferromagnetic contribution M −Mlin in
Figs. 6�b� and 6�c�. Obviously, the weak ferromagnetic con-
tribution is present in the entire charge stripe ordered phase,
but drastically decreases with increasing temperature, which
is in perfect agreement with the field and temperature depen-
dence of �� in Fig. 3.

To obtain a better understanding of the weak ferromag-
netic moments, we have analyzed the M�B� curves using a
modified Brillouin function B1/2:

M − B	 �M

�B
	

�13.5 T
= MSB1/2
MS
 
2D

a
�2

Bext

kBT
�

=MS · tanh
KBext

T
� �2�

where MS is the saturation moment of the nonlinear contri-
bution to M�B�, 
2D the 2D correlation length of small mag-
netic moments in the ab-plane, and a the in-plane lattice
parameter. Hence, �
2D/a�2 is the number of 2D correlated
moments. Equation �2� describes the continuous alignment
of the moments in such a 2D correlated patch in an external
field �cf. Ref. 40�. The Brillouin function for S=1/2 was
chosen since we assume that, due to out-of-plane and in-

plane spin anisotropies, the antiferromagnetic correlated
patches have only two possible in-plane orientations. Fits
according to Eq. �2� were applied to the data in Fig. 6�b�,
with MS and K=MS�
2D/a�2 /kB being the variable param-
eters. The resulting curves are given by the solid lines in Fig.
6�b�. Corresponding parameter values are listed in Table I.

Obviously, the quantitative analysis provides a reliable
description of the experimental data. We note, however, that
for T�190 K the separation of linear and nonlinear contri-
butions to M�T� is not unique because the magnetic field is
not high enough. Therefore, at high temperatures the param-
eters in Table I may exhibit a systematic uncertainty. In par-
ticular, we assume for all temperatures error bars of the order
of �100 Å for 
2D, and of the order of 1	10−3 �B /Ni for
the magnetic moment MS. Qualitatively, however, the non-
linear behavior which is visible in the raw data clearly shows
the presence of a weak ferromagnetic moment even at tem-
peratures T=220 K�TSO.

Quantitatively, the analysis yields 
2D values, which are of
the same order of magnitude for all temperatures. Before
discussing a microscopic description of the weak ferromag-
netism, we compare the values for 
2D provided by our mac-
roscopic study with recent diffraction data. At least for low
temperatures, our results are in a fair agreement with neutron
diffraction results from Lee et al., where no significant dif-
ferences of the charge and the spin correlation lengths at T
=100 K and T=150 K were found.9 Above the spin stripe
order temperature, however, Lee et al. find significantly
smaller values. In detail, their results on the in-plane corre-
lation length perpendicular to the stripes are 
�

C �350 Å for
T�TSO and 
�

C �100 Å for TSO�T�TCO.9 In recent hard
x-ray studies of the charge stripe order, no significant
changes of the correlation lengths was found between 20 and
220 K.15,16 There is only a very small decrease of 
C upon
cooling below TSO.16 In particular, Du et al. find in-plane
correlation lengths of 
�

C �185 Å �perpendicular to the
stripes� and 
�

C�385 Å �parallel to the stripes� for TSO�T
�TCO.15 For lower temperatures, Ghazi et al. report 
�

C

�165 Å and 
�
C�375 Å. Hence, despite the uncertainty of

our analysis and the rough estimates, which are necessary to
separate the linear and the nonlinear contributions to M�B�,
the resulting ferromagnetic correlation lengths provided by
our macroscopic study are in a fair agreement with the
charge stripe correlation lengths of recent hard x-ray15–17 and
neutron diffraction experiments.9

In summary, using measurements of the macroscopic
magnetisation, we find weak ferro-magnetic correlations

TABLE I. Magnetic field dependence �B �ab� of the magnetiza-
tion. Results of the analysis of M�B� by using Eq. �2�.

T�K� MS��B /Ni� 
2D�Å� �
�M

�B
�T,B�13.5 T� �B

TNi�
100 3.6�±1� ·10−3 409�±100� 3.05·10−3

150 1.9�±1� ·10−3 580�±100� 2.4·10−3

190 2.1�±1� ·10−3 410�±100� 2.15·10−3

220 2.0�±1� ·10−3 437�±100� 2.0·10−3

FIG. 6. �Color online� �a� Field dependence �B �ab� of the mag-
netization of La5/3Sr1/3NiO4 at various temperatures. �b�+ �c� Non-
linear part of M�B�. The linear part has been extracted from M�B
�13.5 T� at increasing field. At T=4.2 K there is a field hysteresis.
In the case of the T=4.2 K data set we have subtracted the linear
term found for increasing field from both parts of the magnetization
hysteresis. The straight lines in �b� are fits to the data according to
Eq. �2�.
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with a correlation length, which is comparable to that of the
charge stripe correlations probed by diffraction techniques.
In particular, the susceptibility measurements show that these
weak ferromagnetic correlations exist in the whole charge
stripe phase, which means that they persist also at tempera-
tures above the spin stripe order transition. We note that, for
temperatures TSO�T�TCO, 2D short range spin stripe cor-
relations exist, but the correlation length of the spin stripe
order is significantly reduced in this temperature regime. In
contrast, the ferromagnetic correlation length provided by
our macroscopic measurements does not change drastically
at TSO. We, therefore, assume that weak ferromagnetism
must be intimately connected with the presence of charge
stripes. In the following we discuss two different scenarios to
explain our data. In particular, in Sec. II E we discuss pos-
sible evidence for bond-centered stripes and present in Sec.
II F a microscopic charge and spin stripe model, which is
consistent with the presence of weak ferromagnetic mo-
ments.

E. Site- versus bond-centered stripes

A priori, there are different possible sources for the weak
ferromagnetic moments, because there are two magnetic sub-
systems in the charge stripe phase: �i� The spins S=1/2 in
the charge stripes, and �ii� the spins S=1 in the magnetic
stripes. From nuclear magnetic resonance measurements it
was inferred that the spins in the charge stripes are nearly
free for T�TCA.34 In contrast, a recent inelastic neutron scat-
tering study evidences for dynamic quasi-1D antiferromag-
netic correlations among the charge stripe electrons with a
correlation length of �15 Å.41 For both scenarios, the mag-
netic response of the charge stripe moments is not expected
to exhibit a weak ferromagnetic moment within the
ab-planes. Therefore, we believe that the weak ferromag-
netism is not solely connected to the spins of the charge
stripes, but has to be linked to the spin stripe correlations, as
well.42

A key question which arises in this context concerns the
position of the charge stripes with respect to the lattice. In
the most simple sketch of the stripe phase, the charge stripes
reside only on the Ni-sites. The doped holes, however, are
mainly O:2p-like.43 In general, the domain walls might be
either centered on the rows of Ni ions �site-centered stripes�
or on the rows of oxygens �bond-centered stripes�.44 This
is illustrated in Fig. 7. �This figure is similar to Fig. 1 in
Ref. 44.�

In the case of site centered charge stripes the magnetic
domains are two spins wide �see Fig. 7�a��. All spins in the
magnetic stripes are equivalent. Spins are aligned antiferro-
magnetically within the magnetic domains as well as across
the charge stripes. Consequently, all spins are compensated.
For bond-centered stripes the effective width of the magnetic
domains amounts to three spins �cf. Fig. 7�b��. In this case,
1 /3 of the spins of a spin stripe remain uncompensated. Fur-
thermore, the coupling between nearest neighbour spins
across a charge stripe is ferromagnetic. For this ferrimagnet
type spin structure a perfect compensation of the spins is not
expected and a net magnetic moment might appear. It is

worth mentioning that in the bond-centered case the spins in
the center of the spin stripes and the ones near the charged
domain walls are not equivalent.

Recent diffraction and transmission-electron microscopy
data on doped nickelates suggest the presence of both bond-
centered and site-centered stripes.44–46 Thus, a net magnetic
moment might indeed arise from the fact that at least some of
the charge stripes are bond-centered. In this scenario, the
observed value MS of the saturation magnetisation of the
weak ferromagnetic moments �cf. Table I� is directly con-
nected to the amount of bond-centered stripes below TCO.47

However, a quantitative comparison with our data is not pos-
sible since neither the net moment of a bond-centered stripe
nor the ratio of a potential mixing of site- and bond-centered
stripes is known.

Qualitatively, however, the presence of bond-centered do-
main walls might account for our observation of weak ferro-
magnetism in the charge stripe phase. In this scenario our
observation of weak ferromagnetism nicely agrees with the
observation of bond-centered stripes in doped nickelates �cf.
Refs. 44–46�. In the next paragraphs we show, however, that
our experimental results can also be explained by a scenario
based on the presence of site-centered stripes.

F. Phenomenological model of weak ferromagnetic stripes

If one assumes a charge stripe order with site-centered
stripes �cf. Fig. 7�a��, the weak ferromagnetic moments are

FIG. 7. �Color online� Site- and bond-centered stripes. Dashed
lines show the underlying square lattice. Ni2+-spins in spin stripes
are indicated by arrows, oxygen sites by circles. Large �red� circles
indicate high hole density. Grey bars show domain walls. Canting
of Ni-spins with respect to the stripe direction is neglected. �a�
Site-centered domain walls. All Ni moments are equivalent and
compensated. �b� Bond-centered domain walls. Ni moments near
domain walls and in the center of spin stripes, respectively, are
inequivalent. A net magnetic moment is possible. The figure is simi-
lar to Fig. 1 in Ref. 44.
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only very small perturbations of the antiferromagnetic spin
order. In the following we consider the case that this weak
ferromagnetic perturbation results from a small canting of
the antiferromagnetic ordered Ni2+-spins. In particular, we
propose a microscopic model where the antiferromagnetic
coupling of the Ni2+ spins in the spin stripes via the Ni3+ ions
in the charge stripes is superposed by a weak canting. The
saturation magnetisation at low temperatures is of the order
of MS�4	10−3 �B /Ni �see Fig. 6�b��. This value of MS
corresponds to an average canting angle of the Ni-spins in
the spin stripes of the order of ��0.1°. We mention, that
this deviation from the perfect antiferromagnetic spin struc-
ture is too small to be detected by neutron diffraction experi-
ments.

Figure 8�a� sketches one charge stripe and the adjacent
�canted� Ni2+ spins. The grey arrows show the perfect anti-
ferromagnetic arrangement of the spins, based on recent ex-
periments with polarized neutrons.10 In this arrangement,
spins are canted �40° �T�TCA� from the stripe direction

and coupled antiferromagnetically across the stripes. Our re-
sults imply an additional noncollinear canting of the spins by
an angle � as indicated by the black arrows in Fig. 8�a�. Note
that the canting � is strongly exaggerated for visibility. Since
the canting direction for all spins bordering a particular
charge stripe is the same, it leads to a weak ferromagnetic
moment spatially centered on the charge stripe. It is worth
mentioning that due to the canting charge stripes are no
longer perfect antiphase boundaries of the underlying antifer-
romagnetic spin order, although the antiferromagnetic cou-
pling across the charge stripe is still by far the dominating
energy scale.

Figure 8�b� presents the zero field arrangement of two
stripes. For the sake of simplicity, we first limit the discus-
sion to the long range spin stripe ordered phase for TCA
�T�TSO. Furthermore, we assume that the correlations
along the c axis can be neglected for the discussion of the
in-plane spin correlations. As sketched in Fig. 8�b�, the spin
canting in adjacent stripes competes with the antiferromag-
netic superexchange J between nearest neighbour Ni2+ spins
within the spin stripes, and the interstripe coupling J� across
the charge stripes. A recent inelastic neutron study suggests
J=15±1.5 meV and J�=7.5±1.5 meV.48 In contrast, a theo-
retical analysis39 based on similar neutron data49 suggests
J��0.9J, i.e., the coupling across the charge stripes is not
much smaller than the coupling between nearest neighbors
within the spin stripes. However, both studies imply that, due
to the large value of J, in zero magnetic field the weak fer-
romagnetic moments of adjacent charge stripes are aligned
antiferromagnetically �cf. Fig. 8�b��.

According to our experimental data, the weak ferromag-
netic moments become ferromagnetically aligned in a large
external magnetic field. At an intermediate temperature of
100 K a field of the order of 10 T is sufficient to align most
of the moments. The resulting spin arrangement is presented
in Fig. 8�c�. As one can see, this process lifts the perfect
anti-ferromagnetic arrangement of the spins within a spin
stripe. A rough estimate, however, shows that a weak spin
canting against the dominating antiferromagnetic coupling is
indeed favorable. The gain of Zeeman energy due to the
ferromagnetic alignment competes with the loss of superex-
change energy due to the canting of nearest neighbor Ni
spins. In fact, the alignment of the small magnetic moments
results in a gain of Zeeman energy of the order of �M ·B
�2.6	105 erg/mol. On the other hand, adjacent spin stripe
moments are canted by 2��0.2°, which leads to a loss of
superexchange energy of the order JNA /3�1−cos�2���
�3	104 erg/mol. This rough estimate shows that, for a suf-
ficiently high magnetic field, the loss of superexchange en-
ergy due to the canting is overcompensated by the gain of
Zeeman energy.

We mention that Fig. 8 contains strong simplifications.
Since in La5/3Sr1/3NiO4 the out-of-plane anisotropy �Kc

= �0.07±0.01� meV� is significantly smaller than in
La2NiO4,30,48 the even smaller in-plane anisotropy should be
negligible for our experiment. Therefore, for a magnetic field
of several Tesla applied along any in-plane direction, the
Ni2+ spins should always be oriented nearly perpendicular to
the field.50

FIG. 8. Schematic picture of the spin arrangement �black ar-
rows� in the magnetic stripes of La5/3Sr1/3NiO4, where the
Ni2+-Spins are canted with respect to the perfect antiferromagnetic
order �grey arrows� due to ferromagnetic interactions. Arrows rep-
resent Ni2+ �S=1�, Ni3+ and oxygen sites are neglected for clarity.
�a� Charge stripe with a resulting weak ferromagnetic moment due
to a small canting angle �. �b� Canted spin and charge stripe order
in zero magnetic field with alternating weak ferromagnetic mo-
ments in adjacent stripes and �c� for B�0 with a macroscopic weak
ferromagnetic moment.
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G. Microscopic mechanism

In the following we may speculate about the underlying
mechanism that causes the weak ferromagnetism in the case
of site-centered stripes. One possible candidate is the
Dzyaloshinskii-Moriya �DM� interaction. A precondition for
this interaction is the lack of inversion symmetry with re-
spect to the center of the involved ions. An excellent ex-
ample for the DM exchange interaction is La2CuO4, where
the inversion symmetry of the CuuOuCu bond is broken
due to the tilting of the CuO6 octahedra. In the stripe phase
of La5/3Sr1/3NiO4, deviations from the perfect tetragonal
symmetry were detected.5 However, corresponding lattice
distortions, associated with modulations of the NiuO bond
length, are not supposed to lift the inversion symmetry.
Therefore, we believe that the DM interaction is irrelevant in
the stripe phase of La5/3Sr1/3NiO4.

Instead, we suggest another source for the weak ferro-
magnetism: A magnetic exchange which causes ferromag-
netic interactions between ions of different valency is pro-
vided by the double exchange �DE� mechanism. DE is most
prominent in the doped manganites and describes at least
qualitatively the CMR effect.51,52 Other mixed valency com-
pounds with both ferromagnetism and metallic-like conduc-
tivity, which are discussed in terms of double exchange, are
CrO2

53 and Fe3O4.54 In contrast, in the doped nickelates it is
quite unusual to refer to DE. However, since an individual
Ni3+ ion �i.e., a hole in a charge stripe� is surrounded by four
Ni2+ ions, one might speculate whether DE causes the weak
ferromagnetism. As is sketched in Fig. 9, where the configu-
ration of one Ni3+ and two adjacent Ni2+ is displayed, the DE
mechanism provides a maximum gain of the kinetic energy

of the eg-electrons if the Ni2+-spins are parallel. However,
DE competes with the antiferromagnetic coupling of the
Ni2+-spins, which is the dominating magnetic exchange.
Therefore, the central Ni3+-spins are frustrated. The DE can
only account for a small weak ferromagnetic moment, which
is in agreement with the experiment. Note, that in this mi-
croscopic model the Ni3+ eg-spins are supposed to be slightly
polarized, too. However, it remains to be checked with local
techniques, whether or not the spins in the charge stripes
contribute to the weak ferromagnetism. We also note, that
DE is not restricted to the charge ordered phase. Due to the
fact that spin and charge correlations rapidly decrease above
TCO, however, the magnetic correlation length 
2D �cf. Eq.
�2�� becomes very small, too. Therefore, a linear field depen-
dence of the magnetisation of the weak ferromagnetic mo-
ments is expected above TCO.

III. CONCLUSION

In summary, we have presented measurements of the
magnetisation and the specific heat of a La5/3Sr1/3NiO4 single
crystal in high magnetic fields. We have shown that the onset
of charge stripe order is connected with large entropy
changes. These entropy changes are independent of magnetic
fields B�14 T. In contrast, the onset of the long range spin
order does not result in a noticeable anomaly of the specific
heat. In the susceptibility, we find characteristic features at
TCO and TSO which allow to determine the electronic phase
diagram. While the charge stripe order temperature TCO is
independent of the magnetic field, there is a pronounced field
dependence of TSO. We also find a weak ferromagnetic mo-
ment which occurs in the entire charge stripe ordered phase.
Analyzing the field dependence of the magnetisation pro-
vides the weak ferromagnetic correlation length which is
similar to the charge stripe correlation length. Two different
scenarios to explain our results were discussed. We suggest
that the weak ferromagnetism is due either to the presence of
bond-centered charge stripes or to double exchange interac-
tions across site-centered charge stripes.
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