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Magnetotransport properties of (La;_,Pr,)Cag 3gMNO; (y=0.0-0.7) showing crossover
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Resistivity and thermoelectric pow€TEP) of (La;_yPr)q ¢Cah 3gMNO; [y=0.0-0.7, both in the pres-
ence and in the absence of magnetic field, have been reported. With the increase of Pr content metal-insulator
transition(MIT) temperaturd, decreases while magnetoresistance increases. A little aggviiermoelectric
power shows a peak at a temperatlig, (say indicating existence of the A-type AFM phase for the samples
with smallery<<0.7. Again with higher Pr contenty(>0.2), an additional peak is observed T, (Trax
<T,<Tma)- This additional peak is a resultant effect of the increase of orbital degrees of fréadsimg from
collective Jahn-Teller distortion at higher Pr-concentratimmd the decrease of entropy of the charge carriers
(arising due to the spin polarization in the FM phadée present system shows a changeover from the A-type
AFM state to the CE-type AFM state at a “critical” concentration between0.6 and 0.7. The magneto-

thermopower data establish well the orbital ordering in the, (LBr) gsCa 3gMNO; type CMR system.
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[. INTRODUCTION depending on the concentrati¢r). For higher MA* con-
tent, the compound is FM at lower temperatuxe-(0.2) and
The ABO; type doped manganite perovskites viz., for larger x-values &>0.4) they are CE-type orbitally
R;_«DMnO; (with R: rare earth metal and D: alkaline earth ordered AFM® In between these compositions, a mixing
meta) have been extensively investigated in recent years besf FM and AFM phases is observed by Neutron diffraction.
cause of their colossal magneresisti@R) properties: Si-  Moreover, at a fixed Ca-concentration of=0.3 in
multaneous appearance of ferromagnéiM) and metallic  (La,_,Pr);_,CaMnO;, the variation of La/Pr ratio(y)
behavior in these systems is attributed to the double exteads to the transition between FM metal and charge ordered
change (DE) interaction between the pairs of Mh and insulating stat¥® at y~0.7. Near this phase boundary, a
Mn** ions? Substitution of cations with different sizes at the rather wide region of phase separation was observed directly
rare earth sites results in a lattice distortion that influence®y electron diffraction and electron microscapy thorough
the FM double exchange and the antiferromagnéiieM) investigation of this RygCaq,Sr; ) 3gMINO3 composition
superexchange interactions. Recently, it has been demoby neutron diffraction has been done by Blateal }?
strated that microscopic phase separation plays an essential In spite of the large amount of work devoted to the man-
role in the physics of the rare earth manganite@sEssen- ganites, the microscopic nature of the phase-separated state
tially, it results in the apparent percolative character of thenas not been well understood. For example, the electronic
insulator-metal transition when the transition is from theproperty of the constituent phases as well as their volume
charge-ordered insulating to the FM metallic state. Here onéraction and spatial distributions in the sample remain to be
observes the largest change in resistivityore than 4 orders characterized. More importantly the physical mechanism un-
of magnitude and, therefore, the largest magnetoresistancederlying the phase separation phenomenon still remains un-
Even a small distortion of the atomic arrangement and hencelear. To address these basic queries, the microscopic struc-
the domain structure can induce percolation. ture of manganites must be characterized in detail. In this
The (La_,Pr);_CaMnO; type system, where La is regard field dependent resistivity and Seebeck coefficient
partially substituted by Pr having a smaller ionic radius,play an important role.
turns out to be one of the most convenient systems for study- In this paper we report the thermal behavior of thermo-
ing the phase separation behavior. The Pr riched compositioglectric power (TEP) and resistivity of
corresponds to a very stable charge ordered AFM phaséla; Pr)qeCa 3gMNO; [y=0.0—-0.7 both in the pres-
whereas the compositions with high La content are FM metence and absence of magnetic field. Variatidacreasgof
als. For the Pr_,CaMnO; compositions, close t&=0.3, tolerance factoft) has also been studied. The samples with
existence of phase separation is well proven from the study=0 and 1 are, respectively, FM metal and charge ordered
of MR, magnetization and specific hédt.The magnetic AFM insulator. Concentration dependent changeover from
phase diagram in Pr,CaMnO; presents different states metallic to insulating state has been studied throwing more

0163-1829/2004/698)/1844135)/$22.50 69 184413-1 ©2004 The American Physical Society



TARAN, CHATTERJEE, AND CHAUDHURI PHYSICAL REVIEW B69, 184413 (2004

300
4 L (Lal‘yPry)0,65C80.35MnO3 X (I_‘al-yf)ry)oﬁscjao.35L4[1()3
0 y=0.7 200;
k=
=3 ~ 100
'% y=02 g -
E 2 - A A A -g 0 ‘ : ves. .
L 44 I \
<2 1} £ »
J
= y=0.0 ‘/‘ \
2 y0d
O‘ FM‘A‘/ - A
0 -n--u-nul“‘"' y=00 N"&:
30 40 50 60 70 80 0 50 100 150 200 250 300
T(K)
Angle (26)

FIG. 2. Temperature dependent  resistivity  for
FIG. 1. X-ray diffraction pattern for (La ,Pr)o ¢Cay 3VMN0O; (Lay—,Pry).5Ca 3gMNO;5 [with y=0.0,0.1,0.2,0.4,0.6,0}7
with y=0.0, 0.2, 0.3, and 0.7. All are showing single phases.

sistivity increases and metal to insulatdvl 1) transition

light on phase separation behavior. Special attention has al @mperature decreases and finallV.. disappears a
been paid on the study of TEP, which is found to be one o?zo g(t:o 91'(()21)3) in the temperature rZR@)—ggo K Thye
the most st?]nsmvet parameters to address the nature of tlﬁ also decreases systematically and almost linearly from
carers in the system. 240 to 50 K for all the samples with concentration varying
from y=0.0 to 0.6.

Il EXPERIMENT For detailed analysis of the resistivity) data, thep(T)

(Lay_yPr,)q66Cah 3MnO; [y=0.0-0.7 were prepared by and we notice that the equationT) =po. pasT-° (where
conventional solid state reaction method. Stoichiometricl "~ term implies the carrier magnon scattesifigs well with
amounts of high purity Lg;, PrOp,, CaCq, the experimental data. It is seen from Fig. 3 that the low
{Mn(CH;COO0),,4H,0} were thoroughly mixed, ground and témperature T<T,) resistivity data for the samples with
then preheated twice, once at 500°G o h and then at <06 showing metal-insulator transition, fit very well with
900 °C for 24 h. The fine ground powder was then anneale&’]e above equat'on |nd|Cat|ng that the metallic reg|0n is aC'
at 1200 °C again for 24 h and furnace cooled at a steady raf¢/@lly in the FM phase. It is also observed that the best-fit
of 5°C/min. The final ground powder was palletized and

further heated at 1250°C for 24 h and then cooled at the 2.0— , : :
same rate. The single-phase character of all the samples was 1.5{ (La,,Pr)oCag,MnO, ]
confirmed by XRD study with CK « radiation. 1.04 M
Resistivity of the samples was measured by conventional 0.5 ]
four-probe method. The bulk samples were cut into definite 16 -
rectangular shape and the electrical connections were made 12 -/y:(”‘é'
by good quality silver paint. Data have been taken for both 0:8~
forward and reversed current directions to minimize offset T 04
voltage and thermal effect. Thermoelectric power was mea- °
sured by standard differential technigéien the temperature E 4.5 y=02
range 80—300 K. Temperature was measured with an accu- % ig
racy of 0.5 K. 0.01— : '
2257
ll. RESULTS AND DISCUSSION 150-’A\ y=0.6
The XRD pattern shown in Fig. 1 indicates single-phase 7(5)_ —rerene
character of all the samples. The resistivity vs temperature 50 100 150 200 250 30

curves for the (La yPr)o¢:Cap 3MnO; samples of differ- T (K)
ent compositions are shown in Fig. 2. It is seen that in the

concentration range 9y=<0.6 (where tolerance factot FIG. 3. p(T)=po+p,cT2 has been fitted in the resistivity
=0.91631 fory=0.0 and 0.91127 foy=0.6), there is an ¢yrve below T, for the system (LA ,P1,)0,6:Cap3MnO;. The
insulator to metal transition while for the samples with  solid line corresponds to the best-fit region. The best-fit region de-
=0.7 no such transition is observed. It is also noticed thatreases with the increase of Pr content. Fitted curves have been
with the increase of Pr contefite., with decrease df re-  shown fory=0.0, 0.1, 0.2, and 0.6.
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FIG. 4. Thermal variation of resistivity of o —,

(Lay—yPr).6Ca 39MN0O; (a) for y=0.0 at zero magnetic field

=0 (solid circle and at a magnetic fielB=1.5 T (open circlg and 50 100 150 200 250 300

(b) for y=0.2 at zero magnetic fiel®=0 (solid circle and at a T (K)
magnetic fieldB=1.5 T (open circlg. Solid curves are for thermal
variation of magnetoresistance. FIG. 5. Thermal variation of thermoelectric power for

(Lay_yPry)6Ca 3gMNO;5 [with y=0.0,0.2, 0.4, 0.6, and Q.7

region of thep(T) curve decreases with increasing Pr con-
tent suggesting decrease of the FM phase with the increase 8fmple withy=0, it is found that as the temperature de-
Pr content. The above analysis is a signature of phase sepeeases, TEP value decreases abruptly and becomes more or
ration, that is, coexistence of ferromagnetic metalfiM)  less saturated te-O uV/K below a certain temperatureT (
and charge orderetCO) insulating states in the Pr doped ~240K). For the sample witty=0.2, a crossover from
system. negative to positives value takes place around 225 K. Here

The effect of magnetic field on resistivity and hence theseebeck coefficien§(T) shows a maximum aroundqx
corresponding magnetoresistanddR) of the samples of (~220 K) and then with decreasing temperature it shows a
different compositions are shown in Fig. 4. The MR is esti-minimum atT;,~200 K. With further decrease of tempera-
mated from the relatiofip(H)— p(0)]/p(0) [wherep(0) is  ture S(T) first increases and then becomes saturated similar
the resistivity at zero field angl(H) is the resistivity at mag- to the behavior shown by the undoped compositwith y
netic fieldH]. Application of magnetic field causes decrease=0). The value of5(T) for y=0.4 shows interesting double
of resistivity around the transition temperature and a shift ofeaks. The first peak appears at aroutb0 K (T ,5,) with
T, towards the higher temperature region is observed. Thg minimum at~150 K (Ty;) and then the second peak
negative MR%(at 1.5 T field increases with increasing Pr appears at-145 K (Ty,,,). Finally, with further decreasing
content. In addition, the estimatediT,/dH of the parent temperatureS(T) first decreases and then becomes saturated
compound ¢=0) is about~3K/T and increases with in- to almost~0 uV/K at 125 K. For the sample witly=0.6,
crease ofy which is consistent with the previous reported the S(T) value changes sign fromve to +ve at ~240 K
valuest>*® The MR data presented in Fig. 4 show a maxi-and it gives a maximum value at130 K. As temperature
mum at a temperaturg,,, (say which is little lower than the decreases furthe§ value also decreases down to 90 K, the
corresponding metal insulator transition temperafiyyeltis ~ minimum temperature range of our measurement. 39
obvious from the above data that MR enhances largely as thealue of the sample witli=0.7, showing no metal—insulator
metallicity decreases. So it can be concluded that the larg&ansition, changes sign at around 260 K and then it increases
MR region can be clearly understood when the various efmonotonically with decreasing temperature. The Seebeck co-
fects which are in competition with double exchange areefficient of the Pr freey=0 sample is consistent with that
considered. Therefore, to achieve a large MR effect, the infeported by Hundlesst al!® It is seen that as Pr content
sulating phase is at least as important as the metallic one anidcreases, TEP value increases. In the case of strong coupling
the most interesting region is the metal to insulatorbetween holes and magnetic spins, the TEP is given by
boundary:"'® The above discussion is consistent with the1/3(»AC,,/eN) (whereN is the hole-concentration anglis
relevant phase separation mechanism. a measure of the coupling of spin entropy of carri&r€,,, is

A stronger support of the phase separation comes from thine magnetic specific hedt Qualitatively, a decrease of
temperature dependence of thermoelectric po@Wé&P) of  TEP indicates an increase h Therefore, in the system of
(Lay—yPry) o 6:Cap 3gMNO; (with y=0, 0.2, 0.4, 0.6, and 0)7 our present investigation, TEP value increases with the in-
of these samples is shown in Fig. 5. We notice an appreciablerease of Pr content causing a decrease of mobile carrier
change of TERS) behavior with Pr content. For the undoped concentration. This is a signature of localization of the car-
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riers (increase of resistivity It is interesting to mention that
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4 -
the low temperature[<T,) thermopower istve for all the 0 3 055,_
samples. Near the resistive transitidar y=0.0—0.6) tem- i 4_(|_a1_yp.-y)o‘esc:aw[\ano3 %D y=0.2
peratureT,, TEP collapses sharply to a lower val(smost %,
zero valug, a characteristic of metallic conduction. . 00T “-g%
Though the low temperature TEP data of all the samples -84 ’ &
behave in a similar fashion, one finds an interesting and pro- —~ ° 15T 2
nounced difference between TEP data near and abgvef % -12- -
the transport is dominated by carriers in the vicinity of the % - - T ; -
Fermi energy and we neglect the spin dependent contribution ;’ 0 m"‘“%
(since at low temperature in the metallic region spins are -4 ©m y=0.0
orderly orientedl the Seebeck coefficient can be expressed in * 00T T
terms of the energy derivative of the conductivity viz., -84 ° 15T S
(22 -124 °;
S=(7k°T/3e)[dIn o(E)/IE]e—g,, 16 Pop
wherek is the Boltzmann’s constang is the charge of an . . ; . .
electron, o is the conductivity, which is determined by the 50 100 150 200 250 300

integral over isoenergetic surfaces of the product of the scat- T (K)
tering time and the Fermi velocity. In the low temperature
spin ordered state, a local spin density approximation calcu- F|G. 6. Thermal variation of thermoelectric power at zero mag-
lation yields a nearly half metallic band structure with a highpetic field B=0) and at a magnetic fieldB=1.5T for
density of states in the partially filled Mn-derived lower en- (La, _,Pr); 6£Ca 3gMnO; with y=0 and 0.2.
ergy majority spin band%- The relatively large bandwidth
dominant spin majority bands suggests weak energy depefreedom increases. On the other hand, the spin degrees of
dence to the conductivity, consistent with the small magnifreedom is lost due to the spin polarization in the FM state,
tude of TEP at low temperature. Therefore, as Pr contenthus cannot contribute to an increase in the entropy of the
increases thg bandwidth decreases and the val&abfow  charge carriers. The balance between these two opposing ef-
temperature Increases. _ fects may produce the second peaR i, . It is important to

The temperature dependencefor the sample withy  mention here that as Pr content increases orbital ordering
=0.2 differs significantly from that of the Pr free sample 150 increases and because of that a second pe&kTin
(with y=0). For the undoped sample, tfig corresponds t0  pecomes more prominent.
the point of maximundS/dT. On the other hand, for sample Because of the constraint of low temperatiire90 K)
with y=0.2, a decrease in diffusive thermopower contribu-TEP measurement in our present set-up, we cannot show the
tion marked by an approximately T behavior is observed |ow temperature behavior o8(T) for the sample withy
only within small temperature range betweBg,, andTmin-  =0.6 for whichT,~50 K. The observed peak aroundL40
Comparing the experimental data@fT) andS(T) we find K for this sample is also considered to be due to the exis-
Tmin COincides withT,,. The observed peak di,.iS @ Sig-  tence of A-type AFM state as in the samples with 0.2 and
nature of A-type AFM phase. Similar thermopower behaviorg 4. It is worth mentioning that th&(T) value of the semi-
has also been observed by Nakanetel,”” in bilayered  conducting sampley(=0.7) does not show any maximum
manganite and they have suggested that the peak is due J@thin the temperature range &(T) measurement. The ab-
the presence of A-type AFM phase. It was reported earlier bgence of maximum for the sample wigh= 0.7 without show-
Chatterjee and Nigaffithat with decreasing A-site ionic ra- jng any metal—insulator transition, indicates that this system
dius in the manganites, the system gradually changes frof 3 CE-type antiferromagnet. Thus a concentratignde-
FM state to A-type AFM state and then to CE-type AFM pendent changeover from the A-type AFM state to a CE type
state and finally to spin glasslike state. Therefore, in theyntiferromagneti¢charge ordering statstate occurs around
present investigation one might expect that with doping Prg critical concentratioy>0.6. The large increase=(10%) of
A-type AFM would appear. Th&(T) value of the sample resistivity above this critical concentration also supports the
with higher Pr content vizy=0.4 also shows alyaand  occurrence of the CO-state. Thus from the above discussion
Tmin similarly to those shown by the=0.2 sample. Interest-  of the magnetic field independent TEP data it is obvious that
ingly, in addition to the single peak shown by tlge=0.2  with increasing Pr content, the FMM phase decreases and
sample around 5, they=0.4 sample shows an additional antiferromagnetic insulatinGAFMI) region increases clearly
peak aroundry., (say. Th,, is lower thanT .. Like the  indicating the existence of phase separation.
y=0.2 sample, thel,, of the sample withy=0.4 again The magnetic field dependence of TEP datayfer0 and
suggesting the presence of A-type AFM ordering. The presy=0.2 is shown in Fig. 6. For the Pr fre¢£0) sample
ence of Ty, can be explained as follows. As Pr content application of the magnetic field causes a decreas®(oj
increasesy(=0.4), the collective J-T distortion increases be-value. But below a certain temperature, ®@) value does
low T,, weakening the orbital stability. As a consequencenot change under magnetic field. This is due to the fact that
the interaction between charge carriers and orbital degrees af low temperature the spin polarization is complete and

184413-4



MAGNETOTRANSPORT PROPERTIESO. . . PHYSICAL REVIEW B 69, 184413(2004

thereforeS becomes independent of both temperature anderromagnetically ordered in this region. Fpe0.2, double
magnetic field. For the higher Pr doped sample wjth peaks are observed in the TEP vs temperature curve. One
=0.2, similar to that ofy=0, theS(T) value also decreases peak is due to the presence of A-type AFM state and an
under the application of magnetic field down T¢. But  additional peak is considered to be associated with the com-
below T,, S(T) increases under field. This behavior sup- petition between the interaction between charge carriers and
ports our interpretation of th&(T) behavior of the Pr con- orbital degrees of freedom and spin polarization. For higher
taining samplesy<<0.7). Actually the magnetic fieltbelow  Pr concentrationy(>0.6), a change over from the A-type
Tp) tend to expand the in-plane Mn—O bond length whileAFM to the CE-type AFM occurs in the system of our
reducing the out-of-plane bond lengthTherefore, the col- present investigation. The magnetic field dependent TEP data
lective J-T distortion is further reduced, destabilizing the or-also indicate that the field tend to expand the in plane Mn-O
bital state ordering and hence the increas8lielow T, isas  bond length(reducing the out-of-plane bond lengtind as a
expected. consequence, the collective Jahn-Teller distortion is reduced
and orbital ordering is established. Both field dependent and
IV. CONCLUSION field independent TEP data, therefore, provide interesting in-

o ~formation about the phase separation in CMR and related
We have measured the temperature variation of resistivitgystems, in particular.

of the (La _yPry) ¢ 65Ca 3gMNO; [y=0.0-0.7 system under
zero and 1.5 T magnetic field. The resistivity data beloy
can be best fitted with(T) = po.p, T2 indicating the ex-
istence of carrier magnon scattering. The best-fit region de-
creases with increasing Pr content, which suggest phase The authors are grateful to the Council for Scientific and
separation mechanism. Thermopower d@aebeck coeffi- Industrial Research, Government of India, for financial sup-
ciend indicate that with the increase of Pr content, mobileport. One of the authoré&Sandip Chatterjees also grateful
carrier concentration decreases. The temperature independéatDr. S. Sett, Principal, College of Textile Technology for
TEP observed at low is due to the fact that the spins are his moral support in this work.
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