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Anomalous low-temperature specific heat of charge-ordered LgCay sMnO 4
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We report a study of the specific heat, resistivity, and magnetization of,CaMnO, for x=0.47, 0.5,
0.53 with and without an applied magnetic field. In zéearth field we find that the charge-ordered materials
(x=0.5,0.53) have extra entropy of nonmagnetic origin at low temperature when compared to metallic and
ferromagnetic compositionx € 0.47,0.2). For th&=0.5 compound the specific heat does not change in a 8.5
T field even though the resistivity decreases ten orders of magnitB8&63-182608)51546-9

Recently, mixed-valent perovskite manganese oxidesneasured in the temperature range 2-12 K and magnetic
(A1_yByMNnO3: A=La, Pr, Nd;B=Ca, Sr, Ba have at- field range 0—-8.5 T by relaxation calorimetry. This method
tracted considerable attention because of their unusual magias a relative accuracy of 3%. Magnetization was mea-
netic and electronic propertiést’ Charge, spin, and lattice sured with a commercial superconducting quantum interfer-
interactions all appear to play a significant role in determinence device magnetometer, and resistivity was measured by
ing these properties. At certain doping levetsa real space g standard four-probe technique.
ordering of charge carriers has been observed at low ag shown in Fig. 1a), the resistivity of LgsCa sMnO;
temperature’’~12 Rather surprisingly, this charge-ordered increases sharply at the charge ordering temperafige
state can be destroyed by a modest external magnetic 144 k in zero magnetic field. At the same temperature the
field™ resulting in a ferromagnetic metallic state! A de- onset of AFM ordering is indicated by the drop magnetiza-

tailed understanding of the charge orderi@p) transition, . ; g~ -
the low-temperature ground state, and the effect of magnetit(I:on [Fig. 1(c)]. Both magnetizatioriM) and resistivity(p)

field | - are hysteretic with similar transition temperatures in cooling
ield is presently lacking. . ; . ;
In this paper we report a study of the Iow-temperatureas_ well as 1|£}1 warming. These results are in agreeme_nt with
specific heat of a charge-ordered manganese oxide, with argjior Work=" Our study of Lg,4C& sVinO; shows [Fig.
without applied magnetic field. These measurements allovt@] & nonmetallic temperature dependence of resistivity. As
us to probe the low-temperature charge, spin, and lattice exzu99ested by Fig.(&) it undergoes a FM transition and then
citations of the CO ground state and the magnetic-field in@n AFM transition similar to LgsCa sMnOj;. The 5 K value
duced metallic state. We find an unexpected large, field in0f M is too large to be explained by the magnetization of an
dependent contribution to the specific heat in the CO stateantiferromagnet or canted antiferromagnet but can be ex-
Our results, in conjunction with the other experiments,plained by the presence of a small amount of FM phase. This
should help in reaching a theoretical understanding of théas been confirmed by a neutron-diffraction stéitiwe find
CO state and its anomalous field dependence. [Fig. (@] that La) 5:Ca 4MNnO; has a metallip(T) at low
For our study we chose the L.a,CaMnO; system since temperatures. BeloWio=255 K (from low field data it is in
the La ion has no magnetic moment to complicate the lowthe FM state with a low-temperature value of magnetization
temperature specific heat with a Schottky contribution.97 emu/g close to saturatiorMg,=gugS=100 emu/q.
Moreover, the La ,CaMnO; phase diagram is well estab- Hence Las{a +MnO; is below the Ca concentration
lished for all x® The low-temperature phase of where charge ordering occurs and the properties are similar
La; ,CaMnO; is ferromagnetic(FM) and metallic for to the well studiedk=0.3 and 0.2 colossal magnetoresistive
0.18<x<0.5 and antiferromagnetiCAFM) and insulating compositior?®
within the concentration range G&< 1. For 0.5<x<1 the In Fig. 2 we plot our specific heat data in the form
long-range Coulomb interaction among the carriers overof C/T vs T? over the temperature range 2—12 K for
comes the kinetic energy of the carriers and a charge ordet-ay s{C& 4 MnO3, LaysCa sMnO;, and LgsLa& 4 MnO;
ing of Mn®*—Mn*" occurs at a finite temperatutél®=18  with H=0. The error bars are the size of the data points
Here we focus on samples with concentration at, or jusshown. The low-temperature specific h&tT) of a mag-
above,x=0.5 where La ,CaMnO; first undergoes a FM netic insulator has a contribution from magnetic excitations
transition afT ~ 225 K, then a CO transition accompanied by (spin wave$ and the lattice 8T°). In the case of a metal
a FM-AMF transition atT~150 K (Ref. 5 and compare there is an additional contribution to the specific heat from
them to the samples with<<0.5. the charge carriersyT, wherey is proportional to the den-
Polycrystalline samples of baLa 4MnOs;, sity of states at the Fermi levgN(Eg)]. For the charge-
Lag sCa sMNnO;, and Lag 4/Ca sqMnO5 were prepared from ordered samples lgaCay sMnO; and Lg 4/Céa sdMnO; we
stoichiometric amounts of L&®,;, CaCQ, and MnCQ by a find C/T—0 asT—Q0, i.e., there is noyT term consistent
standard solid-state reaction technique. X-ray powder difwith their insulating resistivity. For the FM and metallic
fraction and neutron diffraction show single-phase structurd.a, s{Ca 4/MnO; we can see from Fig. 2 that there isyd
with no detectable impurity phases. The specific heat wagernt? in the specific heat. This term is of the same order as
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FIG. 1. The resistivity and magnetization of §2Ca 4MnO;, LaysCa gMnO;, and Lag 4/LCa& sdMn0O; as a function of temperature at
various magnetic fields. All data shown were taken while decreasing the temperature.

found previously for LggCayMnOs;.%2 Surprisingly, over ously in similar manganese oxid&s:>*® What about
most of the temperature range measured, sCay sMnO; C’(T)? If we take optical phonon excitations with a disper-
and Lg ,Ca, sMnO; have a much larger specific heat than sion relatione=A + Bg? the corresponding specific heat'is
metallic Lg s{La ,MNO;. To understand the origin of this

unusual extra entropy of the charge-ordered samples, the C/=k V(kB_T
contribution to the specific heat from various excitations has B

312
47B (Zf5/2(Y)+3fs/z(y)+y2f1/z(y) ,

to be estimated. (2)
First we consider AFM spin waves with dispersien

= (A2+A%q)M2, whereA is a coefficient proportional to the WNerey=A4/kgT andf,(y) is given by

exchange energy anill is the anisotropy gap. Fak>kgT S
the spin-wave contribution to the specific h&ry is ex- foly)= > e &)
ponentially small. FoA <kgT, P =
8m2R/ T \3 Using this, the best fit to our specific-heat data is with
CAFM:T(G_) , (1) =6.7 K, B=23.3 meV & for Lag ;Ca MnO; [see Fig. 2
c (Ref. 30] and A=6.7 K, B=31.4 meVAR for

Lay 4 Ca sqMnO;. However, such a low-energy excitation
would be unusual since our value Af=7 K is lower than
was observed in BaTi(A~17 K).?® Other experiments,
With T apyen =150 K we haveCaqy=0.01312 md/mole K, such as measurements of a dielectric constant, will be nec-

which is about ten times smaller than the Iartrt]izcéezéz%ntribution{:aéatoMi%e if such low-energy optical phonons exist in
(BT°) measured in the La,C,MnO; systent.=“><°Thus, 5-D.5 3 . . .

the large excess specific heat cannot be explained by AFy What else could give this anomalous specific heat? In
spin wave excitations. Lao_g)C&)sMDOa an orbital orientational ordering mi;zzzoorb[t-

A recent neutron-diffraction study on Lay<CaysMnO5 als n Mr? accompanies t.he charge ordgri‘ﬁd.* It IS
found about 20% of FM phase at low temperature which isposs[ble.that orbital exq?atlons of some kind copld give a
consistent with our magnetization ddfig. 1). The associ- contribution to the specific heat, however, there is no theo-
ated FM spin-wave contribution to the specific heat would be
Cen=0.2X[0.113/kg(kgT/D)%2],2” where V is a molar il .
volume, D is a spin-wave stiffness, ark is Boltzmann’s o La Ca MnO.
constant. Since the stiffnedd is proportional toT:S,%’ v La.Ca,,MnO,
whereT is the Curie temperature aigis the average value o
of the spin, we haveDy_ys5/Dy—9335=(Tc/S)x=05/
(TeS)x—0.33- Using the value 0D,_3=170 meV X (Ref.

8) and the correspondind: and S values, we estimate
Dy_os=145 meV X and consequentl{ry,=0.15T%2 mJ/
mole K for 20% of a FM phase. This is only about 3% of the
lattice contribution af =10 K and is too small to explain the
large excess specific heat we find for the charge ordered
samples. 0 v v v

Since magnetic excitations cannot fit our specific-heat Y 50 100 150
data we next consider low-energy optical phonons as have T (K)
been observed in perovskite ferroelectric oxitfesve take
C=C'(T)+BT% with =0.14 mJ/mole K for the lattice FIG. 2. Specific heat plotted &/T vs T2 atH=0. Solid line is
term. This value ofB is representative of that found previ- fit for Lay Ca, sMNnO; described in text.

whereR is the ideal gas constant af: is close to the Nel
temperature Ty .2>?* We take the temperature of the
AFM-FM transition Tygpm.em @S OUr lowest estimate afy .

B
<
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Lag sCa sMnO3. At our maximum field of 8.5 T the AFM
ordering is only partially destroyed and the number of mo-
bile charges induced may not be sufficient to be detected by
specific heat within our present accuracy. Measurements at
larger magnetic field are required to resolve this question.
Another possible explanation for the absence of the field
dependence o€(T) for our charge-ordered samples is the
existence of localized states at the Fermi level. Suppose there
is a finite N(Eg) of localized states atl =0 which givesy
<0.5 mJ/mole K, i.e., below our resolution limit. The appli-
cation of a magnetic field may delocalize charge cariibys
o a mobility changg leading to reduced resistivity but the
0 . . . . . . N(Eg) would not change, hencgwould remain the same.
0 50 100 150 Since the estimated specific-heat contributions from AFM
T? (KZ) and FM spin waves are small and comparable to each other,
a change from mostly AFM phase &=0 to partly FM
FIG. 3. Specific heat of LgCasMnOzatH=0 andH=8.5T.  phase when cooled irH=8.5 T should not effect our
. - . specific-heat data.
retical prediction for this to our knowledge. Some authors The absence of a change in the specific heat in a magnetic

have.proposed that polarons or bipolarons play an |m_portar}|teld is additional evidence that the extra contribution to the
role in the mechanism of the charge orderihgntersite

. 2 . . o 2 low-temperature specific he&@’(T) does not come from
bipolaron$? might have a dispersion relatioa=A+Bq ; o L .
. AT magnetic excitations. An external magnetic field introduces
and could give a contributio€’ as we have found. How-

ever, without more direct evidence for bipolarons this is onlyan addl_tlonal gapgugH into the_ d|§per5|on relation of a
a speculation magnetic system which would significantly changé. We

. ... observe no change in specific heat which implies a nonmag-
In summary, we find an anomalous excess specifiC 9 P P 9

heat in charge-ordered samples oLBaMnO; and hetic origin to the excess specific heat.

Lag 4-Ca, sMNO, when compared to metallic compositions In conclusion, we have measured the specific heat of
4 5 3 ’
such as Lgs{<a 4,MnO;. This extra entropy has its origin in Lag5£2.4MNO;, LagsCapMnOs, and Lg,4CaysMnO;

. . X from 2—12 K and up to 8.5 T and resistivity and magnetiza-
nonmagnetic excitations present in the charge-ordered sta 2n of these samples in various maanetic  fields
Their origin is unknown but we believe they play an impor- P mag '

. . Lag 4 CasdMnO3; and Lag LaMnO; are in the charge-

tant role in the physics of the charge-ordered state. ordered state accompanied by AEM orderincTat 140 K

Now we consider the effect of an applied magnetic field N0 is fefroma ne){cic and metalli?: at low tém—
on the specific heat. In Fig. 3 the zero-field Iow-temperaturé"a"5’31“”10-47'\/I 3 9
specific-heat data and thé=8.5 T data are presented. The perature. Charge-ordered samples have a large excess spe-
H=28.5 T data were taken aftér the sample was coolea dowCifiC heat compared to metallic and ferromagnetic
from room temperature in a magnetic field. Thus, the sample.‘310-5.3069-47'\/Ino3 which we showed must originate from ex-
was in the “metallic” state at low temperature as judged bycnauons of nonmagnetic origin. The nature of these unusual

the resistivity data shown in Fig(l). Surprisingly, the high- excitations is unknown but they are likely related to the

field specific heat is exactly the same askbr 0 and noyT charge ordering. In a magnetic f|eld_ of 8.'5 T no ewde_nce of
: : e a yT term from mobile charge carriers is found despite the
term from conduction electrons is found within our accuracy,

ie., C/T(H=0)=C/T(H=85 T)~0.5 mJ/moleR The fact that the resistivity has a metallic temperature depen-

same result has been obtained for zero-field cooled condlqence at this field at low temperature.

tions. The authors thank G. Zhao, A. J. Millis, J. W. Lynn, and

What are some possible explanations for this unexpecte@. Huang for helpful discussions. This work was supported
result? According to Xiaet al,'* a magnetic fieldd~12 T in part by a NSF MRSEC Grant at the University of Mary-
is necessary to induce the AFM-FM transition at 4.2 K inland (No. DMR96-3252
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