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We report a study of oxygen isotope effects on the low-temperature specific heat, magnetization, and
resistivity of La _,CaMnO; and (La _Pr)q 6L 3dMN0O;. For metallic compositions of La,CaMnO;
and for charge-ordered hg&Ca, sMnO; no change in the low-temperature specific heat has been detected with
1%0-1%0 exchange, while compounds of (LgPr,)o 6/Ca 3MNO; (0.4<y<0.6) show a significant change in
low-temperature properties. The low-temperature specific heat indicates the presence of a charge-ordered phase
even in compositions of (La ,Pr,)q ¢ Ca 3gMINO; which are metallic at low temperatures. We suggest that the
changes induced by the oxygen isotope exchange are caused by an increase of the charge-ordered®hase in
samples.
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[. INTRODUCTION heat, magnetization, and resistivity in FM metallic compo-
sitons of La_,CaMnO; (x=0.2, 0.3, and 0.375
Manganese oxides of the general form&a_ ,A,MnO; and charge-ordered kggqMnO;, as well as
(whereR is a rare-earth ion and is an alkaline-earth ion  (La;—yPr)6/Ca 3MnO; (0<y<1). The latter compound
have attracted considerable interest due to their various faghanges from FM metal foy=0 to CO AFM insulator
cinating properties. They exhibit a rich phase diagram, whicHor y=112 For the compositions y<0.75 the
includes ferromagnetic(FM) metallic, antiferromagnetic (La;—yPr)o6/La 3dMNO; exhibits a percolative transition
(AFM) insulating, charge and orbitally ordered phases defrom a higher-temperature CO insulator to a metal with de-
pending on doping, average ionic radiuér,) on RandA  creasing temperature®® Analysis of low-temperature
sites, magnetic field, and temperature. In manganites, charggagnetization, resistivitl?* and synchrotron x-ray diffrac-
spin, orbital, and lattice degrees of freedom are intercontion data” indicates metallic and CO phase coexistence in
nected, and their balance determines the electronic and matjey<0.75 compositions of these materials. One goal of this
netic state of these materials. In some compositions a conpaper is to compare the low-temperature behavior of these
petition of opposing interactions associated with thesevarious samples in order to investigate the influence of oxy-
different degrees of freedom induces an electronic phasgen isotope exchange on the properties of both single-phase
separation, which is considered to be an intrinsic propertieand phase-separated manganites. We have found that the
of these manganités> Another prominent manifestation of most prominent isotope effect is observed in the phase sepa-
the spin-charge-lattice interplay in manganites is the unusuahted systems, which might be the key to understanding the
and large oxygen isotope effett Substitution of 1°0 by  origin of the giant oxygen isotope effect in manganites.
180 lowers significantly the Curie temperatuFg of the fer-
romagnetic c.ompositions.(.)f La,CaMnO;,2Cincreases the Il. EXPERIMENTAL DETAILS
charge orderingCO) transition temperaturécg for the tran-
sitions from the FM metallic to AFM charge-ordered state, ~ Ceramic samples of La,CaMnO; (x=0.2, 0.3, 0.375,
and even induces a metal-insulator transifidiany models and 0.5 and (La_,Pr)qsCa3MnO; (0<y<1) were
have been proposed to explain the isotope effect in mangaiprepared by a standard solid-state reaction technique. X-ray
ites: a small polaron modé&f’ a bipolaron modef,change of  powder diffraction showed that all samples are single phase
interatomic distance by lattice vibratioAsjonadiabatic be- and good quality. For oxygen isotope exchange we used a
havior of the oxygen ion¥ and isotope dependence of the standard proceduréthe *°0 and*®0 samples were prepared
nonstoichiometry in manganitésin spite of significant ex-  from the same pellet of the starting material and were simul-
perimental and theoretical effort, a physical picture thattaneously treated at=1000°C and pressure 1 atm in dif-
would consistently explain the influence of oxygen isotopeferent closed quartz tubes, one filled wittO and the other
substitution on different statedM and CQ is presently with 80. We estimate the extent of the exchange'i® by
lacking. To better understand the nature of the oxygen iso®O to be at least 85%, as determined by weight change.
tope effect in manganites, it is important to know how it The specific heat was measured in the temperature range
affects the ground state. Studies of the low-temperature sp@—20 K and magnetic field range 0—8.5 T by relaxation calo-
cific heat can address this issue, since the specific heat caimetry. In the temperature range 20—300 K the specific heat
ries information about principal excitations. was measured by a Quantum Design PPMS. The specific
In this paper we report a systematic study of the specifiheat measurements have an absolute accuracy38b. The
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higher terms of the lattice expansioB{T°, B;T’, etc)

301g4s e @
g & o could be present. We do not extend our fitting range below 4
QO.E: K because of the insufficient temperature interval and a gap
c in the experimental data from 4.2 K to 4.6 K. This prevents
10 o™ us from determining the hyperfine contribution to the spe-
x=02 cific heat. We found that values of the respective fitting pa-
0 o rameters for %0 and %0 samples §;=5.7
& +0.1 mJ/mol K, v,3=5.6-0.1 mJ/molK, pB,;s=0.178
o 50l +0.003 mJ/mol K, and B1g=0.177+0.003 mJ/mol ¥ for
g x=0.2 samples andy;s=5.8+0.1 mJ/mol¥, v,g=5.8
? 10l +0.1 mJ/mol ¥, B1=0.180+0.003 mJ/mol K, and Big
~ =0.177+0.003 mJ/mol R for x=0.3 samples coincide
S within experimental errof’ The best fit requiress=0. As
0 was noted in previous work:*°it is difficult to resolve the
ferromagnetic spin-wave contribution to the specific heat in
20, FM metallic manganites due to its small value and the pres-
ence of theyT contribution. Although we cannot resolve the
10; spin-wave contribution from our data, it should not affect our
/ «=05 conclusions, since inelastic neutron scattefirghows that
o the spin dynamics remains the same fiO and %0
0 20 40 60 80 100 La, _,CaMnO;g in this composition range at low tempera-
T2 (KZ) tures. The values of the charge carriefTj and lattice con-

tribution (8T3) are close to that found in other FM metallic
FIG. 1. Specific heat of La,CaMnO; samples with*®0  manganited®?

(squares and *°O (triangles plotted asC/T vs T# in temperature Although we did not observe a change in the lattice con-
range from 2 to 10 K& x=0.2, (b) x=0.3, and(c) x=0.5. Inset riytion to the specific heat in the temperature range 4.2
showsC/T vs T for the x=0.2 sample in temperature range from _t_-g k ihe 180 samples should have a larger lattice con-
1o 14K tribution, since the frequencies of the lattice vibrations

L d with ial should be smaller for the heavier oxygen. We do not expect
?ag_netlzatlon was mfeasure dW'F a commercial SUPErcony,, measurable contribution from optical modes in this tem-
ducting qu_ar}yulr;rj\ Interference ew(?QpLD) magnetometer  ,erature range. For estimates of the changes in the lattice
in magnetic field range 0-5.5 T and with a Quantum Desigronihytion with oxygen isotope substitution we consider
PPMS in fields up to 9 T. Resistivity was measured by 39 ;=M ~12 and thereforg8<M32 This change in3 corre-

standard four-probe technique. sponds to only a 2%below our resolution limjtincrease of
total specific heat fof =6 K, since the specific heat at low
Ill. RESULTS temperatures is dominated by the charge carrier contribution.

However, at higher temperatures, where the specific heat is
dominated by the lattice contribution, the specific heat of the
180 sample is larger, than that of tH€O sample[Fig. 1(a),

In our samples, substitution dfO by *#0 decreases the insefl, which corresponds to a larger lattice contribution. The
Curie temperatur¢determined from the temperature depen-magnitude of this increase is consistent with estimates for the
dence of the magnetization in a magnetic field of 5006  change in the lattice specific heat described above. After
La; ,CaMnO; significantly: T(*%0)—T(*®0)=17.7  oxygen backexchange0— 180, 80— 160) the 60-180
*0.5K, 11+0.5K, and 6-0.5K for x=0.2, 0.3, and pairs of samples showed the same results: a significant
0.375, respectively. The dependence of the oxygen isotope change inT: and no change in the low-temperature specific
effect and its values are consistent with prior wofk®Our  heat within experimental error.
low-temperature specific heat measurement of @ and In the charge-ordered compoundgls&a, sMnO; oxygen
180 samples of these compositions is the same within thésotope substitution strongly increases the charge ordering
experimental error £2%) in the temperature range from 2 temperaturé, which coincides for this compound with the
K to 10 K, as shown in Figs. (&) and 1b) for x=0.2 and temperature of the transition from FM to AFM state:
0.3. Since these materials are in the FM metallic state at I0W -(*%0) —T(*60)=11.7+0.5 K (determined from the
temperatures we fit th&=0.2 and 0.3 data to a forr@  temperature dependence of the magnetization measured in
=yT+ BT3+ 6T%2for 4.6<T<8 K, whereyT is the charge B=50 G and the temperature dependence of the resistivity
carrier contribution 8T the phonon contribution, andT®2  but the low-temperature specific heat remains unchanged
the ferromagnetic spin-wave contribution. This fitting range[Fig. 1(c)]. Thus, for single-phase metallic and CO compo-
was chosen because for<4 K the hyperfine contribution sitions the specific heat does not show any change in princi-
from the nuclear magnetic levels of Mn ions may appear angbal excitationgexcept for the expected increase of the lattice
for T>0p/50, where®p is the Debye temperature, the contribution for ¥0 samples which we observed far

A. Low-temperature specific heat
of La;_,Ca,MnO; with 0 and 0
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FIG. 2. Temperature dependence of the resistivity of
(Lay—yPr) 6L 3MN0O; (0<x<1) on warming and cooling.
Inset shows ZFC magnetization @t=5 K and uoH=1 T for
differenty.
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>11 K, as mentioned aboye which indicates that the o o
ground state of these materials remains unchanged after oxy- T (K%

gen isotope substitution. - )
FIG. 3. Specific heat of (La ,Pr,)q /& 3gMnO;: up triangles,

» y=1; circles,y=0.6; squaresy=0.5; down trianglesy= 0.4, dia-
B. Low-temperature specific heat mondsy=0. Dashed lines ifia) are described in text. Solid lines in
of (La;—yPry)6/Ca3MNO ;3 (0<y<1) (b) are fits described in text.

To study the influence of oxygen isotope substitution on
the materials with metallic and CO phase coexistence wehe lattice and the AFM spin-wave contribution to the spe-
chose (La_,Pr)o 6L 3MnO; (0<y<1). Before present- cific heat. The third ternC’(T) is an anomalous contribu-
ing the experimental results fPO-'80 samples, it is impor-  tion that manifests itself as upward curvature in @& vs
tant to understand how compositiorigl variations affect the T2 plot. We found this contribution previously to be present
low-temperature properties. Figure 2 shows the temperaturenly in the CO staté!??The temperature dependence of this
dependence of the resistivity, p(T), of our contribution corresponds to nonmagnetic excitations with the
(Lay—yPr)o6Ca 3MnO; (0<y<1) samples. The magne- dispersion relatione=A+Bq?, whereA is an energy gap
tization values atugH=1 T and T=5 K [after zero-field andqis a wave vectof'~2>To reveal the physical origin of
cooling (ZFC)] for differenty is shown in the inset of Fig. 2. these excitations other experimerissich as low-frequency
For they=0.4, 0.5, and 0.6 compositions the temperatureoptical studies need to be done. Although the origin of
dependence of the resistivity changes from insulating aC’(T) contribution is not understood yet, this contribution is
higher temperatures to metallic at low temperatures. Thelefinitely associated with the charge ordering, as we showed
magnetization values at,H =1 T (slightly above saturation previously?*??All the samples at intermediate compositions
field, but below the field where the CO is affected by the(y=0.4, 0.5, and 0.6exhibit the C’'(T) term even though
magnetic field decreases with increase xfindicating that  the low-temperature resistivity of the=0.4 and 0.5 samples
the fraction of the FM phase decreases for compositioni similar to metallic Lg,Ca, ;MnOs. This indicates a pres-
richer in Pr(Fig. 2, insel. This behavior of the resistivity and ence of CO for metallic(at low T) compositions of
magnetization is consistent with previous wofk. (Lay_,Pr,)o,6:C 3MnOs (y=0.4, 0.5, and 0.6and, there-

The low-temperature specific heat of fore, the coexistence of CO insulating and metallic phases.
(La;_yPr)o6Ca3MNO; (0<y<1) is shown in Fig. 3. The presence of charge ordering below the metal-insulator
The specific heat of Lg,Ca, MnO; in the temperature range transition was also observed by synchrotron x-ray diffraction

from 4 K to 19 K isgiven by iny~0.51
5 5 The specific heat of (La yPr)qsCa 3MnO; increases
C=yT+pBT°+BsT, (1) consistently with an increase of the Pr contgnsuggesting

an increase of the volume fraction of the CO phase. To test
this assumption we consider the fraction of the metallic
phase in (La_,Pr)q/LCa 3dMN0O; to be proportional to the
saturation magnetization vald&Since the magnetization is
almost temperature independent in the temperature range
C= 7T+,8T3+C'(T). ) from 2 K to 20 K, thefractions of the FM metallic phase,
fme=M(y)/M(0), in this temperature region are 0.80
The first term in this electrically insulating sample originates=0.02, 0.62-0.01, and 0.4%0.01 fory=0.4, 0.5, and 0.6,
from spin and charge disord®rThe second term represents respectively(Fig. 2, insel. If we suppose that the FM frac-

where the higher term of the lattice contributighT® is
required to fit the data in this temperature rahggVe ex-
press the specific heat of ReCa :dMN0O; in the temperature
range fran 4 K to 12 K in thefollowing form:*
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TABLE |. Summary of the fitting results for the specific heat = 1
data. The units of different quantities arg (mJ/mol K?), B 150'§
(mJ/mol K, A (meV), andB (meV A?). =™ o

1004 oo
y Y B A B
(Lay—yPry)o 67Ca.3MN0O; < 504
1 157  0.39 115 207 D
0.6 148 0159 165 106 g of . . —
0.5 125 0117 221 828 = :
0.4 104 0103 267 731 E 10048
0 5.8 0.18 =
0.5 (*0) 149 0.183 151 108 o
0.4 (*%0) 12 0.166 223 111 50+ y=0.4
0.5 0 ugH=8.51 9.6 0.13 231 7.79
0.5 (%0 uoH=8.5T) 70 0108 272 659 of (b)
0 100 200 300 400

tion has the specific heat of jaCa sMnO; (Ce) and the T (K

CO fraction has the specific heat of,RiCa, 3gMnO3 (Ccp), . 16
then the specific heat of such a two-phase system can t%e FIG. 4. Specific heat of (LA ,Pr)osCaMnO; with O

a - Squaresand 180 (triangles: (a) y=0.5, (b) y=0.4. Dashed line is
expressed a8y,(T) = feCmert (1~ fme) Cco- These calcu- specific heat ofy=0.6 sample in(a) and x=0.5 sample in(b).

lated CtP(T)_ curves fory=0.4, _0'5’ and 0.6 samples are Insets show the temperature dependence of the resistivity®¢@r
shown in Fig. IBa)_aS_ dashed lines. Th_ese curves S_hOW %nd 80 samples on warming and cooling. Solid lines are fits de-
reasonable quantitative agreement with the experimental. ibed in text.

data, which argues strongly for the coexistence of CO and

metallic phases at low temperatures in these materials. How- . L .
ompositions. The low-temperature resistivity of metallic

ever, this approach does not give an exact agreement with t . . 2 Thi
experimentally observed specific heat. A fit of the data to th al,xq:a(MnO3 d'.d not Sh.OW sugh dramatic effe ; .Th|s
ehavior is consistent with previous work: substitution of

form of Eq.(2) gives much better agreement with the data as;; 18 . .

shown by the solid lines in Fig.(B). The values of the fitting ?Jblyk O fahvors_ thle mrs]ulatmg Stﬁfés' 4 co -

parameters are shown in Table |, where we consiidiT) ; nLI e ”z:t &sgg e-pF_ase mleta Ic an h composmodns

to be a contribution from nonmagnetic excitations with dis-°¢ 2,,CaMn0;  (Fig. 1), nop Base'sfgpafate
(Lay_yPr) o 6/ Cap 33Mn0O; the substitution of-°0 by %0 in-

persion relatiore= A + Bq?.21"%These results show that the . : o
duces substantial changes in the low-temperature specific

specific heat ofy=0.4, 0.5, and 0.6 samples is not just the ; e .
linear combination ofC,,.; and Cco. Since the phase sepa- heat(Flg: 4)'. The specific heat, dominated by .tl@(T)
contribution in most of the temperature range, is larger for

ration in (Lg _,Pr, nO; is electronic(not chemi- . -
(La - yPry) o618 sMNOs ( the 180 samples. This increase of the specific heat for the

cal), the presence of both La and Pr ions could modify the; R ; e .
metallic and CO phases in these materials, and CO andso sample is similar to the increase of the specific heat with

metallic phases in phase-separated regions of" increase O.f the Pr c_ontgylt The specific _heat of thg
(La,_\Pr)osCayaMnO; differ from CO and metallic =0.6 sample is shown in Fig.(d for comparison. A result
phaseys of PisCa MO, and La-Ca MnO,, respec- of the fits of our data to Eq2) is given in Table 1. All fitting
tively. The fbllowi'ng analysis of ‘the specific heat of parameters are clpse to those of the highealue samples. .
(Lay_,Pr,)o6:Ca 3MnO; samples will be done using Eq. These.relssults indicate that the amount of the CO phase is
(2), since the volume fraction approach gives less cIoséarger in 0 samples.

agreement with the data.
2. High-temperature specific heat and magnetization

C. Specific heat, resistivity, and magnetization The specific heat of=0.5%0 and *¥0 samples in the
of (La;—yPr,)sCapsMnO 3 with *°0 and *#0 temperature range fno 2 K to 270 K isshown in Fig. %a).

The room-temperature value of the specific heat, 110
J/mol K, is in agreement with the room-temperature values
The low-temperature specific heat and resistivity yof reported previously in manganit€sFor both samples we
=0.4 and 0.5 samples witlfO and 'O is shown in Fig. 4. observed a broad anomaly associated with transition to a

The resistivity of these compositions is affected significantlymagnetically and charge ordered statel at220 K. Similar
by the oxygen isotope substitutigRig. 4, insets the onset  behavior was reported for an®0 sample of similar
of metallic behaviorthe peak temperature for cooling Jun composition> where the anomaly i€(T) was attributed to
decreases by 50 K for the=0.5 sample and by 28 K for the the CO detected by x-ray diffraction. The temperature depen-
y=0.4 sample; the low-temperature value of the resistivitydence of the magnetization measuregkgH =50 G and the
increases approximately by one order in magnitude for botlinverse susceptibility is shown in the inset of Figa)5 The

1. Low-temperature specific heat and resistivity
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% FIG. 6. The magnetic field dependence of the magnetization of
_% the (La_yPr)o6:Ca3MNnO; with %0 (solid lines and *0
E’ ) (dashed linessamples for(a) y=0.5 and(b) 0.4 compositions at
&) T=5.5K.
0 50 100
T(K) T (K) the lattice contributions af =70 K, estimated from the De-

- . bye function, should be-1%, while the observed difference

.o T1C- 5. Specific heat of (L ,Pf,)o 5C8.2MnO;, y=0.5, with js ~695. A similar behavior is found for LaCasMNO;,
%0 (dashed lingand %O (solid ling) in the temperature intervé®)  \hich has an excess specific heat compared with metallic
from 2 K to 300 K, (b) enlarged region fnrm 2 K to _100_ K.Inse? Lag Ca, sMnO; [see Fig. &)]. This implies that the excita-
22:3?;;?&ittim?s:at%r:siep:;:qz?g:(c?f tgigﬁ?cneﬂzzttlor;?nggvert?sns responsible for the excess specific heat in the CO
Lag Ca, MnO; and metallic LgCa, MnO staté! are also contributing at higher temperatures. In the

SRS RIS case of (L@ yPr)oeCaysMnO; (x=0.5) samples, the
onset of the magnetic transition at220 K in both samples arger specific heat of th#0 sample(which comes from the
is best seen from the temperature dependence of the inver§&citations in the CO statesdicates a larger volume frac-
susceptibility. The high-temperature inverse susceptibility ofion of the CO phase over a wide temperature range.
both samplegwhich extrapolates to intersect thxeaxis at
positive value indicates a FM interaction. However, for the
180 sample, the value of the inverse susceptibility increases The field dependence of the magnetizationyfer0.5 and
(the magnetization dropgust below the transition at 220 K, 0.4 0 and 80 samples aff=5.5 K is shown in Fig. 6.
which is indicative of a transition to the AFM state. This Samples were cooled in zero magnetic field and the hyster-
suggests the presence of competing FM and AFM interacesis loops in a magnetic field up to 9 T were taken. After
tions leading to a two-phase coexistence in these materialZFC the samples appear to be in a state with smaller than full
Ferromagnetic ordering in th®0 sample is established be- spin alignment magnetization value. This indicates the FM
low ~100 K. The %0 sample exhibits a higher value of the and AFM phase coexistence in these materials. The values of
magnetization below 220 K than expected for the AFM statethe ZFC magnetization gtocH=1 T (where the saturation
perhaps due to the presence of a fraction of the FM phaséor the FM phase is reachgdre smaller for the materials
The magnetization of th&0 sample increases further below with 0 which corresponds to the larger fraction of the
120 K, indicating that a larger volume fraction becomes FM.AFM phase in the'®0 samples. AtuoH~1.5 T the mag-
These magnetization data of tH€O sample are consistent netic field starts to affect the C@nd associated AFM or-
with Ref. 12, where the transition to a FM state from the COdering which causes an increase of the magnetization. In the
AFM state and corresponding insulator to metal transition'®0 samples the transition is completed in magnetic fields
was shown to be of a percolative nature. The substitution ohigher than in*®0 samples. Even when the transition is com-
180 by 80 does not change the temperature of the magnetipleted (uoH>8 T), the magnetization value of th&O
and CO transitions in this material but decreases the volumsamples is somewhat smaller than that of i@ samples.
fraction of the FM phase. The specific heat does not show afthese magnetization measurements show that substitution of
anomaly associated with the metal-insulator transition for'®0O by *#0 not only increases the fraction of the AFM CO
both samples, which is consistent with percolative nature ophase, as shown by specific heat, but also lowers its energy,
the transition occurring gradually over a wide temperaturesince it requires a higher magnetic field to stabilize the FM
range. state than for thé®0 samples. As in other CO compositions,

The low-temperature specific heat (2K <19 K) of  once the FM phase is stabilized, the material remains in the
the 80 sample is higher than that of tH€O sample[Fig. FM state even though the magnetic field is removed, and
4(a)]. This tendency persists also at higher temperat(ses  only heating the sample above the CO transition temperature
Figs. 5a) and b)]. This difference in specific heat dfO  can return it to the state with lower magnetization value.
and %0 samples is not primarily caused by an enhanced Application of a magnetic field of 8.5 T reduces the resis-
lattice contribution from the heavier atom: the difference intivity of the (La;_,Pr,)q/Cap3MnOz y=0.5°0 and %0

3. Effect of a magnetic field
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o/ ~H=0 - lar to the behavior of the magnetization—only by heating the

1504 E 0.1 = ’,.w”' sample above the CO transition temperature does the specific
s e ,++>’*;’ heat return to its higher value. We reported similar magnetic
1004° e and thermal history dependences associated with “melting”
of the CO in magnetic field for RgCay3gMn03.2% As in
— Pry6Ca 39MN0O3, the specific heat augH=8.5 T [mag-
2-‘) 501 netic field sufficient to induce a transition to the FM state
‘_é y (Fig. 6)] is significantly larger thanC(T) of metallic
? 0 Lag 7Ca sMNO, [dot’;ec_i line in Figs. ® and qb)] and ex- _
£ 150 ¢ hibits the characteristic upward curvature of the CO state in
S the C/T vs T? plot. The specific heat in 8.5 T is similar to the
1004 specific heat of samples with a smaller fraction of the CO:
for the 180 sample C(T) is close to the zero fiel€(T) of
5. 160 y=0.5[dashed line in Fig. @], and for the®0 sample

C(T) is close to the zero fiel@(T) of y=0.4[dashed line in
Fig. 7(a)]. The results of fitting the 8.5 T data to E®) (see
0 —_— Table |) gives values close to the fitting parameters of the
0 100 200 300 400 samples with the smaller fraction of the CO.
T (K?) Unlike the magnetization, th€(H) (when the field is
applied to a ZFC sampleat T=5.5 K and 10 K shows no
saturation in a magnetic field of 8(Fig. 8). If we attempt to
relate the value of the magnetization to the fraction of the
was reduced to 4 T after the application of 8.6 ffiangles,H=0 meta!lic phase and Fhe rest to the fraction of the CO. phase, as
(also after 8.5 T dashed liney=0.5, %0, ugH=0: dotted line, W€ did above for differeny, we can calculate the field de-
y=0, %0, H=0 (shown for comparison (b) *°O: solid circles, pendence of the specific heat &p(H)=fmneCrmert (1
H=0; open circlesuoH=8.5 T; solid line, fit to the 8.5 T data; —me) Cco- This calculated specific heat of the two-phase
dashed liney=0.4, %0, H=0: dotted line,y=0, %0, u,H=0  Mixture Cy,(H) is not in agreement with the experimental
(shown for comparison Insets show the temperature dependencedata(Fig. 8): the ZFC-calculate€,(H) (dotted lines in Fig.
of the resistivity inH=0 andu,H=8.5 T fory=0.5 samples(a) 8) decreases rapidly in the field interval from 4 Tto 6 T and
180, (b) *€0. saturates augH=7 T, while the ZFC experimental(H)
data have approximately the same slope upuii=8 T
samples(Fig. 7, insets The resistivity of both samples in Without & sign of saturation. As we noted before, the magne-
woH=8.5 T has a metallic temperature dependefioe T  fization does not recover its full FM value even in a magnetic
<300 K) with values essentially the same 0 and 80  field of 9 T, which probably means that some fraction of the
and close to the resistivity of the metallic -£a, s;MnOs. AFM phase still remains at this field. These results indicate
In uoH=8.5T the specific heat of both samples dropsthat the CO is not completely destroyed by the magnetic field
significantly(Fig. 7, open circlésand tends to retain this low Sufficient to induce the FM transition. This phenomenon ap-
value when the magnetic field is reduced to 4Fig. 7(a),  Pe&rs to be common for all CO manganites.
crosse$ and O T (triangles. This irreversible behavior is ~ 1he magnetic field has a different effect on the samples

clearly demonstrated in th&(H) plot (Fig. 8. This is simi-  With different oxygen isotopesC(T) is higher for theup _
sample due to a larger fraction of the CO phase remaining in

this magnetic field, sinc€(T) [Fig. 7(a)] is close to the zero
field C(T) of the %0 with y=0.5, while theC(T) of the 1¢0
sample in 8.5 T is close t6(T) of they=0.4 sample which

FIG. 7. Specific heat of (La,Pr)qeCasMnO; y=0.5
samples. (a) ®0: solid circles, uoH=0; open circles, uoH
=8.5T; solid line, fit to the 8.5 T data; crossgesgH=4 T (field

0.16 06—
T=55K (a) . T=10K (b

0.14 has smaller fraction of the CO phase. This has qualitative
- agreement with the magnetization: a larger magnetic field is
; needed to be applied to tH80 samples to induce the same
g 0121 effect on the charge ordering as for th% samples.

3
o

0.10- IV. DISCUSSION

T Our study shows that the principal excitations of single-
0.08 — 5 phase systems such as metallic compositions of
WHT WH La; ,CaMnO; and insulating char_ge-ordered
° ’ LagsCasMnO; are not affected by oxygen isotope ex-
FIG. 8. Specific heat of the (La,Pr,)o/CasMnO; y=0.5 change. A recent theoretical modéuvhich sugges'gs that thg
sample with'®0 as a function of magnetic field &) T=5.5K and ~ ground state of metallic manganites is a polaronic Fermi lig-
(b) T=10 K. Solid lines are a guide to the eye. Dotted lines are thellid, predicts an increase of the effective memsd hencey)
calculated specific heat described in text. by about 3—6 % for thé®0 material. Other authors point out
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that a large oxygen isotope effect on the effective mass of the

charge carriers can only be expected for systems close to a

local structural instability® Recent neutron scattering ex-

periments have shown that the spin-wave dynamics and F
therefore the exchange interaction is the same for ferromag-

netic La _,CaMnO; with %0 and *%0.2° Also, Mossbauer

effect measurements have shown that the exchange interac- (a)
tion does not change with oxygen isotope substitutfon.
These results also show that the metallic ground state of
these materials is not affected by the oxygen isotope ex-
change, which is in agreement with our specific heat data

To(10) To(120)

because of the following reasons. Within the double- F

exchange model, the exchange interaction is determined by ~ FM
the effective transfer integralg; for an electron hopping be- “. 1 (160)
tween Mn ions. In the tight-binding approximation, the den- (b) 1(*0)

sity of states at the Fermi level|(Ef), is inversely propor- . ) ) o
tional tote;. Since theN(Ep) is directly proportional toy, FIG. 9. (@ _S.chemat_lc free energy diagram in the vicinity of the
materials with the same exchange interaction should have tHg-CO transition. Solid line is the free ener@(T) of the FM

- . 3 tate, dashed line is tH&(T) of the %0 charge-ordered phase, and
samevy. In contrast, drastic changes in the low temperaturez tted line is theF(T) of the 0 CO phase(b) Schematic free

properties  are  observed for the phase'S(aparateenergydiagram in the vicinity of the FM transition. Solid line is the

(Lay-yPR)o6Cay sMnO;, associated, as we Q?"e ShOWN, £ 1)t the FM state, dashed line is tR&T) of the 10 insulating
with an increase of the CO phase fraction in th® mate- phase, and dotted line is tigT) of the 80 insulating phase.

rials.

A large isotope effect was observed for the ferromagnetic ) o . .
transition in metallic compositions of La,CaMnO,, but ~ hear the percolation threshold, which is consistent with our
only a negligible effect was found for La,Sr,MnO,.° The  Observation that (La yPr)os/Ca.3MnO; with y=0.5 ex-
charge ordering temperature changes significantly with isohibit larger changes with oxygen isotope exchange than
tope exchange for LaCa, sMnOz and Ng Sr, sMnO;, but ~ =0.4 and with the fact that foy=0.75 the oxygen isotope
not for Pg Ca, sMnO5.* So what is in common for the large exchange induces a metal to insulator transition.
isotope effect materials? We believe it is the fact that the The experimental facts discussed above suggest(ihat
phase transition is first order and a phase separation is of€ free energy of the CO phase is lower f§O than for
served in the temperature region where the transition occurs. O, (2) the free energy of the metallic phase does not
The FM transition in La_,CaMnOj is believed to be the change much with oxygen isotope exchange, &d large
first order because the heat capacity peak associated with Figotope effect on the transition temperature occurs when the
transition shifts significantly with application of magnetic transition is of first ordefphase separation occursigure
field®® and the spin dynamics observed in the vicinity of the9(&) shows a schematic free energy diagram in the vicinity of
FM transition is not consistent with a second-orderthe FM-CO transition which occurs for hgCa sMnO; and
transition® Moreover, there is strong evidence for phaseNdysSfsMnO; compositions. Since the transition is first or-
separation in the vicinity of the Curie temperatures forder, the free energy curvg(T) of the CO state crosses the
La;,CaMn0;.2%°In contrast, La_,SrMnO; does not ex- F(T) of the FM state alf o and the CO state has a lower
hibit a phase separation near the FM transition and the phaslue ofF(T) atT<Tco. TheF(T) of the CO phase of®0
transition in this material is second ord8The charge or- material is lower than thé®0 material. Therefore, thE(T)
dering transition for LasCa, sMnO; and N sStp sMnOs is  of the CO phase of%0 material intersects the(T) of the
a first-order transition from a FM metal phase to a AFM COFM phase at higher temperatufBg(*#0)>T¢o(*°0). Us-
phase accompanied by a hysteresis, showing the presenceiog this picture, the change in the CO temperatidrécq
both phases in the transition region. Bup B8a MnO; has = Tco(*®0)—Tco(*°0) can be approximated adTco
a transition from a charge-disordered to a charge-orderee 5/AS, whereé is the difference between the free energy of
phase without signs of phase separafiand this transition the 0 and !0 CO phases, andS is the difference in
is probably second order. entropy @F/dT) of the CO and FM phases at the transition

As was pointed out by some authdPs® the polaron ef- temperature. The entropy change associated with this transi-
fect aloné is too small to induce the observed changes assdion was found to be 5 J/molK for lgaCa, Mn05.3* To
ciated with oxygen isotope exchange. Perhaps the polaroestimates, we use the experimental fact that the magnetic
band-narrowing effect produced B§O induces localization field sufficient to destroy the CO state and induce a transition
effects in the phase-separated region, which stabilizes th® the FM state is higher fotfO than for %0 (see, for
CO phase and leads to an increase of the volume fraction afxample, Fig. § The gain in magnetic energy associated
the CO phase, as we observe for {LgPr ) L 3MnO;.  with the transition to the FM state MHgy, whereM is the
This leads to a decrease of the Curie temperature and anagnetization of the FM state. The difference between the
increase of the CO temperature in the phase-separated sydH values for*®0 and %0 materials should correspond to
tem. In this picture, the largest effects should be observethe difference in free energy of the CO state of #i® and
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160 materials. The transition to the FM state for induced changes similar to the increase of the Pr content
Lag <Cay sMnO5 occurs at magnetic fields higher than §°T, which suggests an increase of the volume fraction of the CO
beyond our experimental field limit. Therefore, we approxi-phase .inlBO samples. .

mate the difference in free energy of the CO state of'fi@ Similar to other CO materials (Pr,CaMnO;,

and %0 materials from our M(H) data for LasCasMnO;)  all  studied  composition  of
(Lay—,Pr)o6/Ca3MNO; (Fig. 6). Although the transition  (Lai-yPr)os/Ca3MnO; (0.4<y<1) have shown the

to the FM state is very broad for botfO and %0 samples, presence of the anomalo@ (T) contribution to the low-

a saturation occurs for th#0 sample at a magnetic field 2 T temperature specific heat due to the presence of the CO
higher than for the'®0 sample. Thus,6~MHpgy(*0) phase. The excess specific heat is also present at higher tem-
—MHey(*%0)~42 J/mol and estimated increase in the coperatures T<Tco) for the CO materials or materials con-
transition temperature[lTCO: S5/AS~8.6 K, which is the taining a Iarger fraction of the CO phase. SpeCifiC heat mea-
same order as the Observed'co: 11.7 K. This agreement surements indicate that the Charge Ordering iS not deStroyed

suggests that the proposed free energy diadf&im 9a)]is ~ completely by the application of a magnetic field of 8.5 T in
valid. contrast to the resistivity which shows a complete “melting”

In the case of the FM transition in La,CaMnO; (0.2 of the CO. The nature of the excitations responsible for the
<x<0.4) in the vicinity of the FM transition the free energy C’(T) term in the specific heat of the CO materials—and the
curve F(T) of the insulating state crosses thie(T)  Presence of this term in a rather strong magnetic field—has
of the FM state aff and the FM state has a lower value Yet to be explained. _
of F(T) at T<T¢ [Fig. 9b)]. The insulating state of We suggest that the giant isotope effect on the Curie tem-
La;_,CaMnO; (0.2<x<0.4) shows a signature of short- Perature and the CO temperature in manganites occurs in
range charge orderiAgin the vicinity of the FM transition. materials where these transitions are first order and, hence,
We argue that the substitution 6fO for %0 increases the Where the CO phase is present in the vicinity of the phase
volume fraction of the CO phase in the vicinity of the FM transition. O lowers the energy of the CO phase, which
transition, which lowers the free energy of the insulating'®ads to an increase in the volume fraction of the CO phase
state. This shifts the crossing B{T) of the insulating state N the phase-separated regions. This leads to a decrease of
with F(T) of the FM state to lower temperatufig. Ab)], the Curie temperature and increase of the CO temperature. A

in agreement with the lowering of observed whert®O detailed understanding of the mechanism lowering the en-
replaces'®O in these materials. ergy of the CO phase in thO materials still needs to be

developed.

V. CONCLUSIONS
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