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Magnetism and the charge order transition in lightly doped La1ÀxSrxMnO3
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Measuring the magnetization and the specific heat of La12xSrxMnO3 single crystals with 0.11<x<0.15 we
have investigated the charge order~CO! transition in lightly doped manganites. Though the properties of the
ferromagnetic insulating state at low temperatures hardly depend onx, there is a very strong concentration
dependence of the specific heat and the magnetization. While the specific-heat anomaly due to ferromagnetic
order strongly increases withx, the jumps of both, entropy and magnetization at the CO transition decreases
drastically. The analysis of our data shows that the entropy changes at the CO transition are mainly due to spin
degrees of freedom, which strongly suggests that the melting of charge order is driven by magnetic energy.
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The tendency to charge segregation and charge o
~CO! seems to be a general feature of doped transition-m
oxides whose properties are determined by electronic co
lations and magnetic interactions. In particular, the real sp
ordering of charge carriers, which has been observed in h
TC cuprates1 and isostructural nickelates,2 has attracted a lo
of interest. Characteristic for all these systems is a perio
superstructure of the charge density which is linked to a s
tially modulated magnetic order, such as the stripe orde
the cuprates.3 While the crucial role of the CO for the mag
netic order is apparent from the experimental data, it is
ficult to prove that a gain of magnetic interaction energy
important in order to establish the CO. Usually, the CO te
peratures are larger than the magnetic transition tempera
giving evidence that charge degrees of freedom are the d
ing force for both ordering processes.4,5

In this paper we will show an example where it is possi
to prove experimentally that a CO transition is driven
magnetic degrees of freedom. The evidence is extracted f
the analysis of the thermodynamic properties of lightly h
doped La12xSrxMnO3 at x.1/8. We find that in these com
pounds the specific-heat anomalies and the entropy cha
at the CO transition drastically depend on the doping. Co
paring the data with model calculations shows unambi
ously that the changes of the free energy at the CO tra
tions are predominantly due to spin degrees of freedom.

Undoped LaMnO3 is an antiferromagnetic insulator wit
a cooperative Jahn-Teller~JT! distortion. Replacing a smal
amount of La31 by Sr21, i.e. doping the compound with
small number of holelike charge carriers, induces dra
changes of these properties. The cooperative JT effect is
pressed, ferromagnetism develops and metallic behavio
observed.6–10 The main features of the phase diagram ag
with the bare double exchange model.11 In addition, orbital
degrees of freedom have to be taken into account in pe
skite manganites.12–15 Moreover, CO phenomena, whic
strongly influence magnetic and electronic properties h
been detected in the vicinity of several commensurate dop
concentrations~see, e.g., Ref. 16!.

Here, we focus on the lightly doped regime
La12xSrxMnO3 in the vicinity of x51/8, where a complex
0163-1829/2002/65~17!/174404~6!/$20.00 65 1744
er
tal
e-
ce
h

ic
a-
in

f-
s
-
res
iv-

m

es
-
-
i-

ic
p-
is
e

v-

e
g

interplay of different ordering phenomena has be
found.18–22 Single crystalline samples for Sr contents 0.1
0.125, 0.14, and 0.15 have been prepared by the floa
zone method.23 The magnetization and the specific heat
these crystals was studied in magnetic fields up to 14 T.
the magnetization measurements we have used a vibra
sample magnetometer. The specific heat was measured
a high-resolution calorimeter using two quasiadiabatic me
ods utilizing a continuous heating and heating puls
respectively.24 Close to the different phase transitions w
have applied different constant heating powers and h
pulses, respectively, in order to obtain reliable measurem
of the specific heat and entropy jumps.25

In order to introduce some of the basic properties of
lightly Sr doped lanthanum manganites we present the ph
diagram for 0.09<x<0.18 in Fig. 1. A cooperative JT effec
is present belowTJT. For T<TC ferromagnetic order is
present for compounds with a Sr content higher thanx
;0.1, while for lower doping canted antiferromagnetism

FIG. 1. Phase diagram of lightly doped La12xSrxMnO3 with x
.1/8 as extracted from specific-heat, magnetization, and x-ray
fraction data~Ref. 17!. The open circles~square! mark the devel-
opment of~anti!ferromagnetic ordering, the full circles the onset
cooperative JT distortions, the triangles the CO transition. The n
bers refer to the order of the phase transitions, respectively.
©2002 The American Physical Society04-1
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R. KLINGELER et al. PHYSICAL REVIEW B 65 174404
observed belowTN .26,27At temperatures below but close t
TC there is a metallic characteristic of the resistivity, whi
qualitatively agrees with the double exchange model. In
same temperature range the macroscopic JT strain decr
upon cooling and atTCO a further phase transition is found
The low-temperature state is ferromagnetic and insulat
which clearly contradicts any description within a ba
double exchange model.18 Moreover, this phase is characte
ized by a superstructure observed in neutron and x
diffraction.13,17,28 For all four crystals studied in this wor
x-ray diffraction reveals the characteristic superstructur17

Usually this superstructure is interpreted in terms of a lo
range charge order. However, based on resonant x-ray
periments this interpretation was questioned and it w
stressed that the main characteristic of the low-tempera
phase is orbital ordering.29 Meanwhile, a variety of models
for the pattern of the orbital order has been suggested b
on these experiments.30,14,13,22,10More recent resonant x-ra
studies, which have been performed on our crystals witx
50.11 andx50.125, do not support the conclusions in R
29. There are striking differences in the data for both,
low-temperature phase and the JT distorted phase.31 Further
diffraction studies are necessary to clarify the origin for t
striking differences of these experimental results. These
ditional experiments are also necessary to determine the
tial arrangement of holes and orbitals in lightly doped ma
ganites. Theoretical considerations yield that charge
orbital order are closely related in lightly dope
manganites.13,14 In particular, it is apparent that a static sp
tial order of the doped holes implies a~local! orbital order. In
the context of our paper the details of the structure are
important and in the following we will name the low
temperature phase as CO phase.

As a function of the hole concentration there is an
crease ofTCO and TC, while TJT decreases with increasin
doping. The phase transition atTJT is of first order forx
<0.14. We emphasize that the compound withx50.15 dif-
fers qualitatively from the compounds with smaller dopin
As displayed in Fig. 1 this sample shows an additional ph
transition atTJT below TC ~and aboveTCO), indicating the
development of a small JT distortion. In contrast,TJT is
much larger thanTC for the samples withx50.11, x
50.125, andx50.14, which are strongly JT distorted atTC.
In our analysis of the ferromagnetic phase presented be
we will mainly focus on the three isostructural samples w
x,0.15, which have only a single phase transition bel
TC.

All transitions shown in the phase diagram~Fig. 1! influ-
ence the magnetic interactions and cause anomalies in
magnetization. In Fig. 2~a! we display the low-field magne
tization of La12xSrxMnO3 for x50.11, x50.125, andx
50.14. For all compounds the data indicate the onset o
spontaneous magnetization atTC. In addition, the discon-
tinuous CO transition causes a sharp jump ofM for x
50.11 and x50.125, which is most pronounced forx
50.11. At the slightly higher dopingx50.14 there is a con-
tinuous CO transition17 and, therefore,TCO leads only to a
small kink in theM (T) curve. The jumpDMCO of x50.11
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andx50.125 is not only visible in the low-field magnetiza
tion, which is affected by magnetic anisotropy and domai
Even in large magnetic fields of several tesla there are c
jumps ofM as shown in Fig. 2~b!, where the magnetization
in an external field of 5 T is plotted. Note that the low-fie
as well as the high-field magnetization in the CO phase
pends only weakly on temperature and is nearly independ
of doping. The latter indicates a very similar magnetic st
for the three compounds. The weak temperature depend
as well as the absolute values ofM suggest a nearly perfec
ferromagnetic alignment of the Mn spins belowTCO. These
conclusions are supported by measurements of the field
pendent magnetization at low temperatures~see Fig. 4 of
Ref. 26!, which are almost identical for the three compoun
Moreover, the saturation magnetization is already obtai
for small applied fields.

Thus, in the CO phase we find a nearly perfect ferrom
netic state, which hardly depends on the strontium cont
In contrast, there is a strong Sr concentration dependenc
the magnetization at intermediate temperaturesTCO<T
<TC. In this temperature range,M is reduced~with respect
to the low-temperature value! on the one hand, and the mag
netization increases with increasing Sr content on the o

FIG. 2. Magnetization of La12xSrxMnO3 versus temperature fo
x50.11,x50.125, andx50.14 at an applied field of 0.05 T~a! and
5 T ~b!. In ~a! the triangles mark the onset of the superstructure
zero magnetic field.~c! Magnetization versus field forx50.11 at
TCO,T5137 K,TC and for the canted antiferromagnetx50.09
at T5100 K,TN ~see Ref. 26!.
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MAGNETISM AND THE CHARGE ORDER TRANSITION . . . PHYSICAL REVIEW B65 174404
hand. Note that the ratioTCO/TC is very similar in all three
samples. This implies that an increase ofM with x is present
not only at constantT, but also at constant reduced tempe
ture T/TC. This qualitative consideration reveals that
TCO<T<TC the data deviate from the magnetization of
ideal ferromagnet. This deviation increases strongly with
creasingx and seems to disappear atTCO. In other words, at
TCO the magnetization reflects a reduction of the ‘‘disord
of the spin system,’’ i.e., a decrease of the spin entropy. T
enhancement of spin order due to the CO transition stron
increases with decreasingx.

We mention that there is a qualitative difference betwe
the canted antiferromagnetism forx,0.1 belowTN and the
reduced magnetization forx.0.1 in the ferromagnetic bu
not CO phase atTCO<T<TC ~see the vertical line in the
phase diagram Fig. 1!. In order to sketch this difference Fig
2~c! displays the field dependence of the magnetization
x50.09 atT5100 K,TN ~Ref. 26! and for x50.11 atT
5137 K, i.e., forTCO<T<TC. The data show a spontane
ous magnetization forx50.11, which is clearly absent fo
the lower doped compound.

In order to clarify the crucial role of the spin entropy
the CO transition we consider the specific heat. As displa
in Fig. 3 for x50.125 the magnetic and the CO transitio
both cause large anomalies of the specific heat. In orde
analyze these anomalies we have subtracted a smooth b
ground from the data. This background was determined
fitting the specific heat well belowTCO and well aboveTC by
a polynomal function as shown in Fig. 3. The backgrou
specific heat mainly reflects the phonon contribution, thou
an unambiguous separation of the different contributions
cp is impossible. However, due to the enormous size of
anomalies our procedure yields a reliable estimate for
contributions due to the phase transitions. Using differ
temperature ranges for the determination of the backgro
and/or choosing different fit functions does not change
results significantly.

The obtained anomalous contributions to the specific h
are shown in Fig. 4. Forx50.11 there is a large anomaly o
cp at TCO.123 K due to a first-order phase transition. Th

FIG. 3. Specific heat of La0.875Sr0.125MnO3 in the regime where
anomalous entropy changes are evident. In addition the estim
background is sketched~see text!.
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anomaly is connected with an entropy jumpDSCO
'2 J/mole K.32 The ferromagnetic ordering causes a jum
of Dcp'3 J/mole K in the specific heat atTC.156 K. Ad-
ditionally, at TCO<T<TC we observe anomalous contribu
tions to the specific heat. For the compound with the sligh
higher dopingx50.125 the data show the same featur
Again there is a first-order phase transition atTCO.150 K, a
jump of cp at TC.183 K, and a regime of anomalous co
tributions atTCO<T<TC. However, the magnitude of th
respective anomalies changes drastically as a function ox.
DSCO is much smaller and amounts to only about 0.7
mole K, whereasDcp'7 J/mole K atTC is much larger. In
addition, the amount of the anomalous contributions to
specific heat in the intermediate temperature regime
strongly enhanced.

These trends are confirmed when a further increase in
doping is taken into account. In the sample withx50.14
there is no entropy jump atTCO, i.e.,DSCO50. The specific
heat shows only one broad anomaly without any indicat
of a second anomaly at the CO transition. Note that the
sence of a jump of the entropy is consistent with the conti
ous development of the superstructure found forx50.14 and
x50.15.17 While the anomaly atTCO is much smaller than
for the compounds with smallerx, the jump Dcp
'16 J/mole K atTC.198 K is much larger. Moreover
there is a larger temperature range with pronounced entr
changes. We mention that the findings forx50.15 are very
similar to those for x50.14 ~except for the additiona
anomaly atTJT.200 K): the specific-heat jump atTC is of a
similar size as forx50.14 and there is no anomaly atTCO
.180 K ~see Fig. 5!.

To summarize the experimental results of our speci
heat measurements we find that the transitions from the p
magnetic phase to the ferromagnetic CO phase are conne
with two anomalies ofcp . These anomalies change dras
cally as a function of doping: First, by increasingx both the
jump Dcp at TC and the continuous entropy changes in t
intermediate-temperature regime increase strongly. Sec

ed FIG. 4. Specific-heat anomalies of La12xSrxMnO3 for x
50.11, x50.125, andx50.14. Open triangles markTC , the full
triangle refers toTCO of x50.14. The inset shows an enlargeme
of the same temperature range.
4-3
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R. KLINGELER et al. PHYSICAL REVIEW B 65 174404
the entropy jump atTCO decreases with increasing the do
ing from x50.11 tox50.125, and vanishes completely fo
x50.14. The data suggest that the decrease in the first-o
entropy changes atTCO is compensated by an increase
continuous entropy changes atTCO,T<TC. In fact the ex-
periment shows that the sum of all anomalous entropy c
tributions in the temperature rangeTCO<T<TC, i.e., DStot
5*@Dcp(T)/T#dT, hardly changes as a function of the do
ing. For the three compounds we findDStot'3 J/mole K.

This similarity ofDStot is not surprising if we consider th
phase diagram. For both, the paramagnetic JT distorted
at T>TC and the ferromagnetic CO state atT<TCO, the
properties and thus the entropy are similar in the small ra
of Sr content 0.11<x<0.14. This implies thatDStot hardly
changes as a function ofx as we observe in the experimen
The surprising result of our study is the enormous dop
dependence of the entropy forTCO,T,TC. Consequently,
but even more surprising, we observe strong difference
the specific-heat anomalies atTC and TCO when varyingx,
i.e., the same ordering phenomena cause completely diffe
changes of the ‘‘disorder.’’

In order to analyze the nature of the entropy changes,
first consider the contribution due to the ferromagnetic s
ordering. It is possible to estimate this contribution by e
ploying the theory of a spin pair in a molecular field~Oguchi
method!.33 In this approximation the Hamiltonian for a pa
of spinsS1 andS2 reads

H522JSW 1•SW 22gmB~SW 11SW 2!•HW eff , ~1!

whereHeff denotes an effective field which we treat with
the usual mean-field approach, i.e., takingHeff5Hext1lM

FIG. 5. Specific-heat anomalies of La12xSrxMnO3 for x
50.11, x50.125, x50.14, andx50.15 and the jumpsDcmagn at
TC , which are calculated from the magnetization data for e
compound~see text!.
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with the mean-field parameterl;J. We assumeS52 for all
Mn ions. Then the inverse of the susceptibility atT.TC
gives the exchange constantJ that has been extracted sep
rately for all compounds. The results of this procedure re

J(meV) x

1.250 0.11
1.399 0.125
1.469 0.14
1.747 0.15

Moreover, from the magnetization data the effective fie
can be extracted. Determining these two parameters from
measured magnetization it is possible to calculate the t
energy of the spin system, which is written in a flame of t
Oguchi approximation as

U520.25NzJt ~2!

with the total number of spinsN, the number of next neigh
borsz, and a correlation parametert, which reads

t512
2225e2bJ25e6bJ112e20bJ

113e2bJ15e6bJ17e12bJ19e20bJ
. ~3!

Employing these formulas we calculated the specific-h
jump, which is expected at the ferromagnetic transition. T
quantity can directly be compared with the experimen
data. Note that in contrast to the total magnetic entro
DSmagn5R ln(2S11) the anomaliesDcp and DSCO can be
extracted with high precision from the measurements, si
they hardly depend on the choice of the background.

In Fig. 5 the calculated jumpsDcmagnare compared to the
measured specific heat anomalies for 0.11<x<0.15. It is
apparent that calculated and measured anomalies are in
agreement forx50.14 andx50.15, whereas there are pro
nounced differences for smaller doping. We conclude that
large anomaly atTC, which we observe forx50.14, is ex-
pected only due to the ferromagnetic ordering. Since fox
50.14 there is no additional anomaly atTCO, it is possible
to attribute the entire entropy changesDStot to the ordering
of the spin degrees of freedom. This conclusion is suppo
by the analysis of the entropy for smallerx. For these com-
pounds, i.e., forx50.11 and x50.125, the theoretica
Dcmagn is obviously much larger than the experimentally o
served jump. In other words, the observed anomalies atTC
are too small to account for the decrease in spin entr
connected to the change from paramagnetism to full fe
magnetic order. This means that the ferromagnetic phas
intermediate temperatures contains much spin disorder
increases with decreasingx. Note that a similar conclusion is
possible from the magnetization data discussed above.

Analyzing the doping dependence of the specific heat a
in particular, taking into account the result forx50.14, we
have to conclude that the overall entropy changesDStot are
dominated by the increase in spin ordering forx50.11, x
50.125, andx50.14. This means that the large entro
jumps at the CO transition forx50.11 andx50.125 are

h
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MAGNETISM AND THE CHARGE ORDER TRANSITION . . . PHYSICAL REVIEW B65 174404
mainly due to the spin entropy, which decreases discont
ously when entering the CO phase.

Even more evidence for attributingDSCO mainly to the
spin degrees of freedom is given by a separate nume
analysis of the data from the CO anomaly itself. For t
analysis we again use the Oguchi approach@Eq. ~1!#. The
only additional input parameter is the measured increas
the magnetizationM at TCO for x50.125. In order to rule ou
the effects of the demagnetization field that amounts to ab
0.5 T, we consider magnetization jumps and entropy chan
DSCO measured in an external field of 1 T. Using Eq.~1! and
calculating the partition functionZ5Tr@exp(2H/kBT)#
allows to compute the free-energy function and t
magnetic entropy Smagn(T,Hext,J,M ). The entropy
changes at the CO transitionDSmagn5@S(JT.TCO

,MT.TCO
)

2S(JCO,MCO)#TCO,Hext
are estimated assuming thatJ

changes atTCO as signaled by the jump of the magnetizatio
Taking the magnetization data as input, this approach le
to DSmagn.0.5 J/mole K in an applied magnetic field of 1
The experimental value for thetotal entropy jump in a field
of 1 T is DSCO50.660.03 J/mole K, which nicely corre
sponds to the calculated jump of themagnetic entropy.
Therefore, this analysis strongly confirms thatDSCO is pre-
dominantly due to an enhancement of spin ordering.

Thus, the crucial role of the spin degrees of freedom
the charge ordering is apparent from our data and their an
sis. There is no evidence that charge or structural degree
freedom cause significant anomalies of the entropy at the
transition, neither for smallx, where the large values o
DSCO are dominated by spin entropy, nor for larger strontiu
contentx50.14 andx50.15, where the development of th
CO superstructure reflections does not correspond to
anomaly of the specific heat. From the thermodynamic po
of view the CO transition behaves like an usual magne
transition: the CO melts atTCO in order to allow a gain of the
free energy with respect to the CO energy via increasing
spin entropy. Our data show that the CO with large s
disorder does not occur. This strongly suggests that fe
magnetic order is crucial to stabilize the CO state in ligh
hole doped manganites.

This conclusion is strongly supported by the magne
field dependence of the CO transition. In Fig. 6 we show
magnetic-field dependence ofTCO as determined from mag

FIG. 6. Magnetic-field dependence of the CO transition te
peratureTCO as seen by experiment~black circles! and as computed
for x50.125 fromDMCO andDSCO ~dotted line!.
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netization, specific-heat, and resistivity measurements.
x50.11 TCO increases by about 30 K, i.e., by 25%, in a
external field of 14 T and a strong increase of about 20 K
also observed forx50.125. As has been mentioned in Re
18 the field dependence of the transition temperature is
lated to the jumps of the magnetization and the entropy
to general thermodynamic relations, i.e.,dTCO/dBext5
2DMCO/DSCO. In the right part of Fig. 6 we show that in
the entire field range the transition temperatures observe
experiment are in a fair agreement with the predictions d
to this relation. The increase inTCO with increasing field
clearly shows that the charge ordered state is stabilized
ferromagnetic alignment of the spins, in agreement with
conclusions from our analysis of the specific heat discus
above.

The important role of the magnetic degrees of freedom
the CO in La12xSrxMnO3 at x.1/8 explains a further sur
prising result of our study: the absence of a particular role
the commensurate doping 1/8. Often, CO transitions
most pronounced for particular doping concentrations, s
as x51/2 or x51/3, which allow a commensurat
superstructure.1,2,15 For our samples the periodicity of th
superstructure in the CO phase does not depend onx and
corresponds to the dopingx51/8.18,28 However, the transi-
tion temperature, as well as the magnitude of the anoma
of M, cp , etc., shows a monotonous doping dependence,
no particular role ofx51/8. This supports our argument th
the thermodynamics of the CO transition is not determin
by the charge degrees of freedom but by spin disorder.

Our results show not only similarities, but also strikin
differences to the findings at the CO transition in oth
transition-metal oxides. For example, in the stripe orde
nickelates and cuprates a static CO seems to be a prec
tion for magnetism, in contrast to our findings in light
doped manganites.1,4,5 However, due to the low-dimensiona
magnetic interactions the spin entropy is already stron
reduced well above the magnetic transition temperature
the nickelates and cuprates and an important role of magn
interactions for the CO cannot be excluded. A recent anal
of thermodynamic properties of cuprates with static strip
could not resolve anomalies of the entropy due to CO34

Similarly as in the case considered here, the CO itself se
to cause only minor changes of the entropy, possibly due
short-range dynamic charge order aboveTCO.

In conclusion, we have measured the specific heat and
magnetization of La12xSrxMnO3 single crystals with 0.11
<x<0.15. The total entropy and magnetization changes
the transition from the paramagnetic high-temperature ph
to the ferromagnetic charge ordered phase hardly depen
the doping. However, the anomalies of both the specific h
as well as the magnetization atTC and TCO change drasti-
cally for different x. From our data and their analysis w
argue that the entropy changes at both transitions are ma
due to spin degrees of freedom. This suggests that the m
ing of charge order with increasing temperature is due t
gain of the magnetic free energy.

We thank R. Kessler for measurements of the lattice c
stants. This work was supported by the DFG.
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17T. Niemöller, M.v. Zimmermann, J.R. Schneider, S. Uhlenbruc
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