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Magnetism and the charge order transition in lightly doped La _,Sr,MnO
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Measuring the magnetization and the specific heat of Lar,MnO; single crystals with 0.1£x=<0.15 we
have investigated the charge ord@O) transition in lightly doped manganites. Though the properties of the
ferromagnetic insulating state at low temperatures hardly depend tirere is a very strong concentration
dependence of the specific heat and the magnetization. While the specific-heat anomaly due to ferromagnetic
order strongly increases with 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 ordémterplay of different ordering phenomena has been
(CO) seems to be a general feature of doped transition-metdbund®2? Single crystalline samples for Sr contents 0.11,
oxides whose properties are determined by electronic corré?.125, 0.14, and 0.15 have been prepared by the floating
lations and magnetic interactions. In particular, the real spaczone method® The magnetization and the specific heat of
ordering of charge carriers, which has been observed in higthese crystals was studied in magnetic fields up to 14 T. For
Tc cuprate$ and isostructural nickelatéshas attracted a lot the magnetization measurements we have used a vibrating
of interest. Characteristic for all these systems is a periodisample magnetometer. The specific heat was measured with
superstructure of the charge density which is linked to a spa high-resolution calorimeter using two quasiadiabatic meth-
tially modulated magnetic order, such as the stripe order ids utilizing a continuous heating and heating pulses,
the cuprated.While the crucial role of the CO for the mag- respectively’* Close to the different phase transitions we
netic order is apparent from the experimental data, it is difhave applied different constant heating powers and heat
ficult to prove that a gain of magnetic interaction energy ispulses, respectively, in order to obtain reliable measurements
important in order to establish the CO. Usually, the CO tem-of the specific heat and entropy jumfs.
peratures are larger than the magnetic transition temperatures In order to introduce some of the basic properties of the
giving evidence that charge degrees of freedom are the driVightly Sr doped lanthanum manganites we present the phase
ing force for both ordering processts. diagram for 0.08x=<0.18 in Fig. 1. A cooperative JT effect

In this paper we will show an example where it is possibleis present belowT ;r. For T<T. ferromagnetic order is
to prove experimentally that a CO transition is driven bypresent for compounds with a Sr content higher than
magnetic degrees of freedom. The evidence is extracted front 0.1, while for lower doping canted antiferromagnetism is
the analysis of the thermodynamic properties of lightly hole
doped La_,Sr,MnO; at x=1/8. We find that in these com-

pounds the specific-heat anomalies and the entropy changes 301 ™ ; ——T ]
at the CO transition drastically depend on the doping. Com- a00l Ne. i? -
paring the data with model calculations shows unambigu- \l ; © e
ously that the changes of the free energy at the CO transi- X 250} cooperative T~ .~ ]
tions are predominantly due to spin degrees of freedom. 2 JT distortion ferro-
Undoped LaMnQ is an antiferromagnetic insulator with ® 20 5 _2: magnetic -
a cooperative Jahn-Tell¢dT) distortion. Replacing a small ‘é’ sl g 2 WRT>0
amount of La&" by SP*, i.e. doping the compound with a & g A/‘1 \
small number of holelike charge carriers, induces drastic 100} 2 e ferromagnetic ‘\ ]
changes of these properties. The cooperative JT effect is sup- é ; insulator \
pressed, ferromagnetism develops and metallic behavior is 50| 2 : ap/oT <0 \ ]
observed™° The main features of the phase diagram agree S8 & . . N
with the bare double exchange modkln addition, orbital 0.10 012 0.14 0.16 0.18
degrees of freedom have to be taken into account in perov- Strontium content x

skite mgt_ngan|te§2_—15 Moreover, CO phenomena, which g1 1. phase diagram of lightly doped L3S,MnO; with x
strongly influence magnetic and electronic properties have.1/g as extracted from specific-heat, magnetization, and x-ray dif-
been detected in the vicinity of several commensurate dopingiaction data(Ref. 17. The open circle¢squar¢ mark the devel-
concentrationgsee, e.g., Ref. 16 opment of(ant)ferromagnetic ordering, the full circles the onset of

Here, we focus on the lightly doped regime of cooperative JT distortions, the triangles the CO transition. The num-
La; —Sr,MnO; in the vicinity of x=1/8, where a complex bers refer to the order of the phase transitions, respectively.

0163-1829/2002/68.7)/1744046)/$20.00 65 174404-1 ©2002 The American Physical Society



R. KLINGELER et al. PHYSICAL REVIEW B 65 174404

observed belowly .2%?" At temperatures below but close to T (K)

. . o o . 0 40 80 120 160 200 240
Tc there is a metallic characteristic of the resistivity, which 0.6 T : -
qualitatively agrees with the double exchange model. In the
same temperature range the macroscopic JT strain decrease¢
upon cooling and al ¢ a further phase transition is found.

. . ) S oab
The low-temperature state is ferromagnetic and insulating, = 04
which clearly contradicts any description within a bare }
double exchange mod¥ .Moreover, this phase is character- ‘2"

ized by a superstructure observed in neutron and X-ray™ g»
diffraction***"28 For all four crystals studied in this work
x-ray diffraction reveals the characteristic superstructire.
Usually this superstructure is interpreted in terms of a long-
range charge order. However, based on resonant x-ray ex- 00
periments this interpretation was questioned and it was E
stressed that the main characteristic of the low-temperature
phase is orbital orderintf. Meanwhile, a variety of models
for the pattern of the orbital order has been suggested base
on these experiment&4132210\ore recent resonant x-ray
studies, which have been performed on our crystals with
=0.11 andx=0.125, do not support the conclusions in Ref.
29. There are striking differences in the data for both, the
low-temperature phase and the JT distorted pRh&erther
diffraction studies are necessary to clarify the origin for the
striking differences of these experimental results. These ad-
ditional experiments are also necessary to determine the spa B=5T
tial arrangement of holes and orbitals in lightly doped man- 0 P
ganites. Theoretical considerations vyield that charge and © 40 80 ,1]2[% 160 200 O 1 % % 45
orbital order are closely related in lightly doped ®) D
manganites™**In particular, it is apparent that a static spa-  FiG, 2. Magnetization of La_ ,Sr,MnOj versus temperature for
tial order of the doped holes implieglacal) orbital order. In x=0.11,x=0.125, anck=0.14 at an applied field of 0.05 (&) and
the context of our paper the details of the structure are nog T (b). In (a) the triangles mark the onset of the superstructure in
important and in the following we will name the low- zero magnetic field(c) Magnetization versus field fax=0.11 at
temperature phase as CO phase. Teo<T=137 K<T. and for the canted antiferromagnet0.09

As a function of the hole concentration there is an in-atT=100 K<T, (see Ref. 2b
crease ofTco and T, while T;; decreases with increasing
doping. The phase transition &t is of first order forx  andx=0.125 is not only visible in the low-field magnetiza-
<0.14. We emphasize that the compound with0.15 dif-  tjon, which is affected by magnetic anisotropy and domains.
fers qualitatively from the compounds with smaller doping.Even in large magnetic fields of several tesla there are clear
As displayed in Fig. 1 this sample shows an additional phasgimps ofM as shown in Fig. @), where the magnetization
transition atT;r below T¢ (and aboveTcg), indicating the  in an external field of 5 T is plotted. Note that the low-field
development of a small JT distortion. In contrastyy is  as well as the high-field magnetization in the CO phase de-
much larger thanT¢ for the samples withx=0.11, X  pends only weakly on temperature and is nearly independent
=0.125, andk=0.14, which are strongly JT distortedB¢.  of doping. The latter indicates a very similar magnetic state
In our analysis of the ferromagnetic phase presented beloyér the three compounds. The weak temperature dependence
we will mainly focus on the three isostructural samples withas well as the absolute values Mfsuggest a nearly perfect
x<0.15, which have only a single phase transition belowferromagnetic alignment of the Mn spins beldwg. These
Te. conclusions are supported by measurements of the field de-

All transitions shown in the phase diagrafig. 1) influ-  pendent magnetization at low temperatutese Fig. 4 of
ence the magnetic interactions and cause anomalies in tiRef. 26, which are almost identical for the three compounds.
magnetization. In Fig. &) we display the low-field magne- Moreover, the saturation magnetization is already obtained
tization of La_,SrMnO; for x=0.11, x=0.125, andx  for small applied fields.
=0.14. For all compounds the data indicate the onset of a Thus, in the CO phase we find a nearly perfect ferromag-
spontaneous magnetization B¢. In addition, the discon- netic state, which hardly depends on the strontium content.
tinuous CO transition causes a sharp jump Mffor x In contrast, there is a strong Sr concentration dependence of
=0.11 and x=0.125, which is most pronounced for  the magnetization at intermediate temperatuigs,<T
=0.11. At the slightly higher doping=0.14 there is a con- <T.. In this temperature rang®) is reducedwith respect
tinuous CO transitiol and, thereforeT <o leads only to a  to the low-temperature valiien the one hand, and the mag-
small kink in theM(T) curve. The jumpPMco of X=0.11  netization increases with increasing Sr content on the other

\ 2
F o< 137K <T,

(up / ) I

x=0.09
100K <T,,
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anomalous entropy changes are evident. In addition the estimated

FIG. 4. Specific-heat i
background is sketcheee text pecific-heat anomalies of LgSrMnO; for x

=0.11, x=0.125, andx=0.14. Open triangles mark., the full
triangle refers tol oo of x=0.14. The inset shows an enlargement
hand. Note that the rati®-o/T¢ is very similar in all three of the same temperature range.
samples. This implies that an increasevbfvith x is present
not only at constant, but also at constant reduced tempera-anomaly is connected with an entropy jumpSco
ture T/Ts. This qualitative consideration reveals that at~2 J/mole K32 The ferromagnetic ordering causes a jump
Tco=T=T¢ the data deviate from the magnetization of anof Ac,~3 J/mole K in the specific heat at=156 K. Ad-
ideal ferromagnet. This deviation increases strongly with deditionally, at Tco<T=<T. we observe anomalous contribu-
creasingx and seems to disappearTaty. In other words, at  tions to the specific heat. For the compound with the slightly
Tco the magnetization reflects a reduction of the “disorderhigher dopingx=0.125 the data show the same features:
of the spin system,” i.e., a decrease of the spin entropy. Thid\gain there is a first-order phase transitiomat=150 K, a
enhancement of spin order due to the CO transition stronglyjump of c, at Tc=183 K, and a regime of anomalous con-
increases with decreasing tributions atToo<T=<T.. However, the magnitude of the
We mention that there is a qualitative difference betweemrespective anomalies changes drastically as a function of
the canted antiferromagnetism 0.1 belowTy and the  AScg is much smaller and amounts to only about 0.7 J/
reduced magnetization for>0.1 in the ferromagnetic but mole K, whereasic,~7 J/mole K atT¢ is much larger. In
not CO phase aflco<T=<T. (see the vertical line in the addition, the amount of the anomalous contributions to the
phase diagram Fig.)1In order to sketch this difference Fig. specific heat in the intermediate temperature regime is
2(c) displays the field dependence of the magnetization fostrongly enhanced.
x=0.09 atT=100 K<Ty (Ref. 26 and forx=0.11 atT These trends are confirmed when a further increase in the
=137 K, i.e,, forTco<T<T. The data show a spontane- doping is taken into account. In the sample witk0.14
ous magnetization fok=0.11, which is clearly absent for there is no entropy jump &tcq, i.e.,ASco=0. The specific
the lower doped compound. heat shows only one broad anomaly without any indication
In order to clarify the crucial role of the spin entropy at of a second anomaly at the CO transition. Note that the ab-
the CO transition we consider the specific heat. As displayedence of a jump of the entropy is consistent with the continu-
in Fig. 3 for x=0.125 the magnetic and the CO transition ous development of the superstructure foundxfer0.14 and
both cause large anomalies of the specific heat. In order te=0.15" While the anomaly afco is much smaller than
analyze these anomalies we have subtracted a smooth badk+ the compounds with smallerx, the jump Ac,
ground from the data. This background was determined by=16 J/moleK atT-=198 K is much larger. Moreover,
fitting the specific heat well below:o and well abovel c by  there is a larger temperature range with pronounced entropy
a polynomal function as shown in Fig. 3. The backgroundchanges. We mention that the findings fo£0.15 are very
specific heat mainly reflects the phonon contribution, thouglsimilar to those forx=0.14 (except for the additional
an unambiguous separation of the different contributions t@nomaly afl ;;7=200 K): the specific-heat jump at is of a
Cp is impossible. However, due to the enormous size of thesimilar size as fox=0.14 and there is no anomaly &go
anomalies our procedure yields a reliable estimate for the=180 K (see Fig. 5.
contributions due to the phase transitions. Using different To summarize the experimental results of our specific-
temperature ranges for the determination of the backgrounbdeat measurements we find that the transitions from the para-
and/or choosing different fit functions does not change thenagnetic phase to the ferromagnetic CO phase are connected
results significantly. with two anomalies ott,. These anomalies change drasti-
The obtained anomalous contributions to the specific heatally as a function of doping: First, by increasirdpoth the
are shown in Fig. 4. Fox=0.11 there is a large anomaly of jump Ac, at T¢ and the continuous entropy changes in the
Cp at Tcp=123 K due to a first-order phase transition. Thisintermediate-temperature regime increase strongly. Second,
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with the mean-field parametar-J. We assum&=2 for all
Mn ions. Then the inverse of the susceptibility Bt-Tc
gives the exchange constahthat has been extracted sepa-
rately for all compounds. The results of this procedure read

10} % o \
g gg magn i %& J(meV) X
S I 1.250 0.11
% 1.399 0.125
0 ol 1.469 0.14
- 1.747 0.15

ary
o

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

TJT

% [ AC pen b
0 o g N h

120 160 200 150 200 550
T(K) T(K)

specific heat anomaly (J / mole K')
o

U=—0.2NzJr )

with the total number of spinbl, the number of next neigh-
borsz, and a correlation parameter which reads

FIG. 5. Specific-heat anomalies of 15SrMnO; for x 283 64 208)
=0.11, x=0.125,x=0.14, andx=0.15 and the jUMPA Cyaq, at —12 —2-5e*/-5e°+12e*%
Tc, which are calculated from the magnetization data for each 1+ 3e283 4 5g6B8) 4 70128) 4 9@2083°
compound(see text

)

Employing these formulas we calculated the specific-heat
the entropy jump aff oo decreases with increasing the dop- jump, which is expected at the ferromagnetic transition. This
ing from x=0.11 tox=0.125, and vanishes completely for quantity can directly be compared with the experimental
x=0.14. The data suggest that the decrease in the first-ordgdata. Note that in contrast to the total magnetic entropy
entropy changes afg is compensated by an increase in ASyag= RIN(2S+1) the anomaliesAic, and ASc can be
continuous entropy changes Bto<T<Tc. In fact the ex-  extracted with high precision from the measurements, since
periment shows that the sum of all anomalous entropy conthey hardly depend on the choice of the background.
tributions in the temperature randeo=<T<T, i.e., ASy In Fig. 5 the calculated jumpsc,4nare compared to the
= [[Ac,(T)/T]dT, hardly changes as a function of the dop- measured specific heat anomalies for 6&¥¥0.15. It is
ing. For the three compounds we fidd5,,~3 J/mole K. apparent that calculated and measured anomalies are in a fair

This similarity of AS,, is not surprising if we consider the agreement fox=0.14 andx=0.15, whereas there are pro-
phase diagram. For both, the paramagnetic JT distorted staf@unced differences for smaller doping. We conclude that the
at T=T¢ and the ferromagnetic CO state BT, the large anomaly alc, which we observe fok=0.14, is ex-
properties and thus the entropy are similar in the small ranggected only due to the ferromagnetic ordering. Sincexfor
of Sr content 0.1%x=<0.14. This implies thah S, hardly =~ =0.14 there is no additional anomaly B¢q, it is possible
changes as a function afas we observe in the experiment. to attribute the entire entropy chang&§,, to the ordering
The surprising result of our study is the enormous dopingof the spin degrees of freedom. This conclusion is supported
dependence of the entropy foo<T<T.. Consequently, by the analysis of the entropy for smalberFor these com-
but even more surprising, we observe strong differences gpounds, i.e., forx=0.11 and x=0.125, the theoretical
the specific-heat anomalies &t and T¢o when varyingx,  ACmagniS Obviously much larger than the experimentally ob-
i.e., the same ordering phenomena cause completely differegerved jump. In other words, the observed anomali€Bcat
changes of the “disorder.” are too small to account for the decrease in spin entropy

In order to analyze the nature of the entropy changes, weonnected to the change from paramagnetism to full ferro-
first consider the contribution due to the ferromagnetic spirmagnetic order. This means that the ferromagnetic phase at
ordering. It is possible to estimate this contribution by em-intermediate temperatures contains much spin disorder that
ploying the theory of a spin pair in a molecular figl@guchi  increases with decreasixgNote that a similar conclusion is
method.®3 In this approximation the Hamiltonian for a pair possible from the magnetization data discussed above.
of spinsS; andS, reads Analyzing the doping dependence of the specific heat and,

in particular, taking into account the result for=0.14, we
H=-235,-S,—gua($;+S,) - Her, (1)  have to conclude that the overall entropy chany&, are

dominated by the increase in spin ordering for 0.11, x
whereH . denotes an effective field which we treat within =0.125, andx=0.14. This means that the large entropy
the usual mean-field approach, i.e., takidgz=H o+ AM jumps at the CO transition fox=0.11 andx=0.125 are
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netization, specific-heat, and resistivity measurements. For
x=0.11 Tp increases by about 30 K, i.e., by 25%, in an
external field of 14 T and a strong increase of about 20 K is
also observed fok=0.125. As has been mentioned in Ref.
18 the field dependence of the transition temperature is re-
lated to the jumps of the magnetization and the entropy due
to general thermodynamic relations, i.edTco/dBey=
—AMo/ASeqp. In the right part of Fig. 6 we show that in
the entire field range the transition temperatures observed in
experiment are in a fair agreement with the predictions due

to this relation. The increase ifco with increasing field
FIG. 6. Magnetic-field dependence of the CO transition tem-Clearly shows that the charge ordered state is stabilized by a
peratureT o as seen by experimetiilack circleg and as computed  férromagnetic alignment of the spins, in agreement with the
for x=0.125 fromAM o and A Seo, (dotted line. conclusions from our analysis of the specific heat discussed
above.
mainly due to the spin entropy, which decreases discontinu- The important role of the magnetic degrees of freedom for
ously when entering the CO phase. the CO in Lg_,Sr,MnO3 at x=1/8 explains a further sur-
Even more evidence for attributingSco mainly to the — Prising result of our study: the absence of a particular role of
spin degrees of freedom is given by a separate numericdh€ commensurate doping 1/8. Often, CO transitions are
analysis of the data from the CO anomaly itself. For thismost pronounced for particular doping concentrations, such
analysis we again use the Oguchi approfh. (1)]. The as x=1/2 or x=1/3, which allow a commensurate
only additional input parameter is the measured increase ifuperstructuré'® For our samples the periodicity of the
the magnetizatioM at T¢o for x=0.125. In order to rule out superstructure in the CO phase does not depend and
the effects of the demagnetization field that amounts to aboifiorresponds to the doping=1/81%2® However, the transi-
0.5 T, we consider magnetization jumps and entropy changd##n temperature, as well as the magnitude of the anomalies
ASco measured in an external field of 1 T. Using E).and  0of M, ¢, etc., shows a monotonous doping dependence, i.e.,
calculating the partition functionZ=Tr[ exp(—H/kgT)] no particular role ok=1/8. This supports our argument that
allows to compute the free-energy function and thethe thermodynamics of the CO transition is not determined
magnetic  entropy Spagd T.Hex,J,M). The  entropy by the charge degrees of freed(_)m_ bgt_ by spin disorde_r._
changes at the CO transitiahSyag=[S(J7>1.,M71>1,) _Our results show not only similarities, but also striking
B - co. c differences to the findings at the CO transition in other
S(JCO'MCO)]TCO’HEXI are estimated assuming that

h amaled by the i fth ____ transition-metal oxides. For example, in the stripe ordered
changes al o as signaled by the jump of the magnetization. nicye|ates and cuprates a static CO seems to be a precondi-
Taking the magnetization data as input, this approach lea

, ) s n for magnetism, in contrast to our findings in lightly
10 ASiag=0.5 J/mole Kin an applied magnetic field of 1 T. yon6q manganites®® However, due to the low-dimensional
The experimental value for thetal entropy jump in a field  agnetic interactions the spin entropy is already strongly
of 1 T is ASco=0.6-0.03 J/moleK, which nicely corre- roq,ced well above the magnetic transition temperature in
sponds to the calculated jump of threagnetic entropy. e nickelates and cuprates and an important role of magnetic
Therefore, this analysis strongly confirms tico IS pre-  jnteractions for the CO cannot be excluded. A recent analysis
dominantly due to an enhancement of spin ordering. of thermodynamic properties of cuprates with static stripes
Thus, the crucial role of the spin degrees of freedom for,1d not resolve anomalies of the entropy due to 0.
the charge ordering is apparent from our data and their analysjmilarly as in the case considered here, the CO itself seems
sis. There is no evidence that charge or structural degrees gf -5se only minor changes of the entropy, possibly due to
freedom cause significant anomalies of the entropy at the CQhort-range dynamic charge order abave.
transition, neither for smalk, where the large values of 5 conclusion, we have measured the specific heat and the
ASco are dominated by spin entropy, nor for larger Strom'ummagnetization of La ,StMnO; single crystals with 0.11
contentx=0.14 andx=0.15, where the development of the <y 15 The total entropy and magnetization changes at
CO superstructure reflections does not correspond 0 anye transition from the paramagnetic high-temperature phase
anomaly of the specific heat. From the thermodynamic poin, the ferromagnetic charge ordered phase hardly depend on
of view the CO transition behaves like an usual magnetiGhe qoping. However, the anomalies of both the specific heat
transition: the CO melts aftco in order to allow a gain of the  5¢ \vell as the magnetization @t and To change drasti-
free energy with respect to the CO energy via increasing they v for different x. From our data and their analysis we
spin entropy. Our data show that the CO with large Spin, g e that the entropy changes at both transitions are mainly
disorder does not occur. This strongly suggests that ferrog,e to spin degrees of freedom. This suggests that the melt-
magnetic order is crucial to stabilize the CO state in Iightlying| of charge order with increasing temperature is due to a

hole doped manganites. __gain of the magnetic free energy.
This conclusion is strongly supported by the magnetic-

field dependence of the CO transition. In Fig. 6 we show the We thank R. Kessler for measurements of the lattice con-
magnetic-field dependence ©fg as determined from mag- stants. This work was supported by the DFG.
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