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Pressure effects on the transport and magnetic properties of La,Sr; gMn,0,
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The effects of externghydrostati¢ pressure and intern@hemica) pressure on the transport and magnetic
properties of the La,Sr; Mn,O; are investigated. Both metal-insulator transition temperafijyyeand Curie
temperatureT ¢ increase with the increase of external pressure. In contrasT, tlend T decrease with the
increase of Ca content in LgSr_,Ca); ¢Mn,0; (x<0.3), where the internal pressure is supposed to be
introduced. External pressure enlarge the ferromagnetic metal phase through the pressure-enhanced transfer
interaction of the charge carriers. The Mn-O-Mn bond angle remains almost unchanged with the increase of Ca
content which is in sharp contrast to the;LaSr,MnO; system. The Mn-(B) bond length is decreased by the
external pressure while increased by the internal pressure. It is interpreted that the opposite beh@yjors of
andT for external and internal pressures are due to the different variations of (8)nbond length. All other
results are discussed and compared with those ifLtagSHMNO; system [S0163-18208)06642-9

I. INTRODUCTION filling and & is the hole concentratiordependent manner,
suggesting a crossover behavior from localized to itinerant
The discovery of huge negative magnetoresistance, nowagnetism with increasing. Important quantities that gov-
termed colossal magnetoresistan@MR), in the doped ern the electronic as well as magnetic properties are the one-
manganites R,A)MnO; (R=La, Pr, Nd, etc.;A=Ca, Sr, electron bandwidth\{/) of the e, band and the on site ex-
Ba, PB with a perovskite structure has become a subject ofhange interactiofHund coupling;J) between the itinerant
intense interest-* The increased interest in the study of e, electron and the locadb, spin’*® Another important pa-
these systems arises from the high correlation between theiameter in these perovskiteABO;) is the average ionic
structural, transport, and magnetic propertie$afthe Curie  radius of theA site,(r ). In several perovskites, the overlap
temperatur&® Recently, large magnetoresistance has beehetweenB-site d orbitals and oxygerp orbitals forms the
observed in other crystal structures, namely, the pyrochlorelectronically active band and this overlap can be strongly
TI,Mn,0O; (Refs. 7 and 8 and layered (Nd,3sMn,0,.° influenced by the internal pressure generateditsite sub-
The (La,A)sMn,0O; is a member of the family stitution with ions of different radit’ On the other hand,
(La,A) 4+ 1Mn, 05,41 (A is the alkaline earth metalwhere  Mn-O-Mn bond angle also plays a crucial role in the
n is the number of perovskite layers. In this paper we haveLa,A)MnO; compound¥*®and which is in the 155°~170°
chosen the La,Sr ¢gMn,0; composition (in which the range in these perovskité$* Argyriou et al. reported that
Mn**/Mn3*=3/7) for our investigation, because in the Mn-O-Mn bond angle in La,Sr gMn,0; is about 180° and
Lag /Sty sMNnO; systemT ¢ is maximum for the same value of it does not change with hydrostatic presstfreery recently,
Mn**/Mn3* (=3/7). Kimura, Asamitsu, Tomioka, and Tokudfshave studied the
Moritomo, Asamitsu, and Tokutd reported that high external pressure effect on the magnetic and transport prop-
pressure, which effectively increases the electron transfer irerties of the same composition (Lg&r; Mn,0;) and they
teraction or the one-electron bandwidth is a powerful tool ~ have discussed that the application of pressure weakens the
for investigation of the electronic and magnetic properties ointerplane magnetic coupling. Therefore it will be interesting
strongly correlate®d-electron systems. Application of pres- to study the effects of internal pressure on the bond length
sure affects the electronic properties, especially near thand bond angle, subsequently, on the electrical and magnetic
insulator-metal(IM) phase boundar}$™'* In an extreme properties of La,Sr ¢Mn,O; and compared to those carried
case, a pressure induced metallic phase persists down to zeygt by external pressure. Here, the internal pressure is intro-
temperature, as demonstrated in the PeNiRefs. 11, 12  duced by doping Ca on the Sr site, i.e., by chanding,
and \,0,.'% In this class of compounds, the pressure in-keeping Mrit*/Mn3* ratio fixed.
creased itineracy of the carriers is expected to influence the
magnetl_c properties as well. One of the Qemonstr{mve ex- Il. EXPERIMENTAL DETAILS
amples is the pressure effect on a prototypical Mott insulator
LaTiO3, 50.*° The application of pressure increases thelNe La; 4(Sr_«Ca)1eMn,0; (0=<x=<0.3)samples were pre-
temperatureTly in a filling (n=1— 68, wheren is the band pared by standard solid-state reaction method. Stoichiometric
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FIG. 1. Temperature variations of the ac susceptibiliy and :ch I 12.1 kbar E G) 1
resistivity (p) of the La_,Sr; MNn,0; sample.T,, and T are, re- g - 82 kbar & | o) -
spectively, the metal-insulator transition temperature and Curie . 4.0 kbar *‘_Q/\_/\’
temperature. We have defined the inflection point of jhe T "c% | 0 Kbar 0 220 240 260 280 |
curve asTc. ~ T&)
g
=~
mixtures of high-purity oxides L#&; SrCQ, CaCQ, and i T
MnO, were first calcined in air at 900 °C for 12 h, and re- -
ground and fired in air at 1200 °C for 12 h. Then, the ob- L .

tained powder was pressed into pellets and sintered in air at 0 00 10 200 20 300
1400°C for 24—-48 h with intermediate grindings for three
times. Powder x-ray diffraction data were obtained using SlI- T (K)
EMENS D5000 diffractometer with Cu éradiation at room

temperature. Structural parameters were refined by the R!ic

etveld method, using the programAsz“ The reS'St'Y'ty Was - gifferent hydrostatic pressures. Inset: pressure effect on the small
meafsured O_n samples of rectangular paralleleplpeds of aB‘eaks found in the ac-susceptibility curve between 200 and 300 K.
proximate dimensions 0252 7 mnt using standard four-

probe method. ac magnetic susceptibility was measured byese oxide compounds have #and Mrf* ions and these
mutual induction method using low frequené¢y-30 H2). ionic states fluctuate due to electron transfer between them.
Data on the hydrostatic pressure dependence of resistivits a result of this electron transfer, antiferromagnetically
and ac magnetic susceptibility in Ls6r; Mn,O; were taken — ordered manganese spins cant, and both magnetization and
up to 17 kbar using the piston cylinder self-clamped tech-metallic conductivity appear simultaneously. The magnetiza-
nique. 3M inert fluid was used as pressure transmitting fluidion increases as the canting an¢de antiparallel alignment
with superconducting Pb manometer. In each instance, thief moments in the ant|f7err0magnet|c state has been take_n as
original value was reproduced after the pressure releaséfro canting decrease$’ The two small peaks appeared in

within experimental error indicating complete reversibility of 200—300 K of the ac susceptibility curve for the present
the pressure effect. La, ,Sr MNn,0O; compound are consistent with those ob-

served by MacChensey, Potter, and Sherngdodh
Lay 3251 6gMIN,O7 polycrystalline sample and by Mitchel
et al=® in La; ,Sr gMn,0; single crystal. MacChensey, Pot-

Figure 1 shows the temperature variations of resistivityter' and Sherwood speculated that spin correlation afigve

o . might be intrinsic to this class of two-dimensional materials.
and ac susceptibility of the LaSn gMn,O; sample. It is Mogritomo et al¥ likewise claimed that two-dimensional

found that, with decreasmg temperature resistivity |ncrease§pin correlation is responsible for the moment they observed
and becomes maximum at a temperatufg, (108 K),  jq |4 .Sy, gMn,0, single crystal at temperature above. It
where T, is denoted as metal-insulator transition temperass g pe noted that these small peaks are absent in dc suscep-
ture. When the temperature is further decreased balgw tibility with applied field 1 kOe in the present
the resistivity also decreases. In the temperature variation qfy, ,Sr, Mn,O, system. So, these peaks might be due to the
ac susceptibility g0 curve, two small peaks are found be- short range or very weak canting ordering.

tween 200 and 300 K. With further decrease of temperature a The temperature variations of resistivity and ac suscepti-
transition from paramagnetic to ferromagnetic occurs. Webility of La, ,Sr; Mn,0O; with different pressures are shown
have defined the inflection point of thes T curve asT- (90  in Fig. 2. It is found that with increasing pressure, both
K), the Curie temperature. The electrical and magnetic propT ,and T increase and the electrical resistivity decreases.
erties of this La ,Sr; MNn,O,; compound can be basically un- This illustrates that the application of pressure enlarges the
derstood on the basis of double exchange interactiofierromagnetic metal phase through the pressure enhanced
theory?>2% According to this theory, these magnetic manga-transfer interaction of the charge carriers. Moritomo,

FIG. 2. Temperature variations of resistivitypper pangland
susceptibilitylower panel of the La ,Sr; gMn,O; sample under

Ill. RESULTS AND DISCUSSIONS 9
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FIG. 3. The variations ofT, (M) and T. (@) of the =03
La; 4Sr Mn,0; sample with external pressur®). The lines are
the linear fits to the data points. }‘ ,\
ettt
Asamitsu, and Tokufd and Itohet al®! found the similar 20 30 20 30 60
positive pressure effect on the 13Sr,MnO; compounds.
The variations ofT,, and T¢ of the La ,Sr; Mn,0; com- 20 (deg)

pound with pressure are shown in Fig. 3. ThgandT; are
fairly linear with applied pressur® in the studied range FIG. 4. X-ray  diffraction  pattern  for  the
<17 kbar. The pressure coefficierd I To/dP) estimated La, 4Sr,_,Ca); ¢Mn,O; system withx=0, 0.1, 0.2, and 0.3. The
from the slope in Fig. 3 is about 0.018 kb&rThis pressure Miller indices refer to the space groug/mmm
coefficient is larger than that observed by Moritomo,
Asamitsu, and Tokurd for the Lag _,Sr,MnO; which varies
from 0.0005 to 0.0065 kbat depending on the hole concen-
tration (x) and with increasing the pressure coefficient de- 308 .
creases. This is in reasonable agreement with that observec
by Laukhin et al3? that the samples having high@t. are
less sensitive to pressure than those of loler The small
peaks in the ac susceptibility curve of the present system als
shifted towards higher temperature with increasing pressur
(shown in the inset of Fig.)2It is worth mentioning that the
values ofd In To/dP andd In T,,/dP are somewhat different
(Fig. 3. It may suggest that the double exchange interaction 302+ . J
cannot completely explain both the metal-insulator and
ferromagnetic-paramagnetic transitions in Lar; Mn,0-.

In order to study the chemical pressure effect on ¢
Lay sSr Mn,0O; compound, Las(Sr_,Ca)i ¢Mn,O; with 2031 i
x=0.0, 0.1, 0.2, and 0.3, samples are synthesized and char
acterized by powder x-ray diffraction. The diffraction pat-

T

307} La; 4(Sr,Cay); ¢Mny0, 1

® o
Cell volume (&%)
$

&)
e
~

o L
terns shown in Fig. 4 indicate clean single phase=a$.3. ” 202 1
Figure 5 shows the variation of the lattice parameters, 2
and volumeV with Ca content. The decrease afc, and V E 201 . . . ,
with x in La; (Sr_,Ca)1eMn,0; following Vegard's law S 3882f :
indicates the same crystal structure for the four studied com- % .
pounds. Figure 6 shows the temperature variations of resis-g **°f 1
tivity and ac susceptibility of the La(Sr_,Ca)1eMN,0; 8 as7st . a i
for x=0, 0.1, 0.2, and 0.3. With increasing Ca content, the .

Tc andT,, values decrease. It is also found from Fig. 6 that
p(T) above the transition is virtually identical for all the 3874k ]
samples, the only difference being that the magnitude slowly
increases with increasing Ca content. This suggests that the  3.872
nature of charge transport in the nonmetallic state aligye

is almost the same. In both Figs. 2 and 6 it is found that the

higher theT., the higher the conductivity. This means that  FIG. 5. The variations of lattice parametees €) and cell vol-
the metallic and ferromagnetic properties originate mainlyume (V) with Ca contenik. The lines are guides to the eye.
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FIG. 7. The variations ofT, (M) and T, (®) of the
’&? Lay 4Sr gMN,O; sample with Ca content The liens are the linear
g fits to the data points.
.g a straightforward result from tight-binding approximation
= that W depends on both thB-O-B bond angles and-O
2 bond lengths, through the overlap integrals betw8dror-
= bital of the metal iorB and the2p orbital of the O anion. The
following empirical formula has been used to describe the
‘ double dependencg:

0 50 100 150 200 250 300 Wox COSw/(dB_o)3'5 (1)

T () wherew =3 (7—(B-0-B))anddg.o is theB-O bond length.
FIG. 6. Temperature variations of resistivitypper paneland lr_] .our caseB Stands_ fc.)r Mn. Assumlng Egatc IS very sen-
ac susceptibilitylower panel of the La (Sr_,Ca), Mn,0, sys-  Sitive to smallW variations, Radaellet al.™ have found that

tem with x=0, 0.1, 0.2, and 0.3. Inset: temperature variations of "W is solely responsible for the metal-insulator transition.
resistivities forx=0 and 0.1 are shown in extended scale. From the refinement data of the present Ca doped system, it

is found that with increase of Ca content, the average Mn-

. ) o O-Mn bond angle remains almost unchangétg. 8. Simi-
from the same physical mechanism. Several griti lar phenomena have been observed in the,88 Mn,O;

have already studied the variations of magnetic and transpoglstem where external pressure was introddéékhis is in
properties at constant doping level by varying fsite cat-  contrast to the La ,Sr,MnOs system where application of
ion composition in théla,SIMnO; system. Hwangt al*®  poth external pressure and internal pressure changes Mn-
also observed thaf decreases with increase of Pr contentO-Mn bond anglé® Moreover, the value of bond angle ob-
in the Lg;—«PrCaMNO; and Y content in the served from refinement data is about 180° which implies that
Lag7-xYxCaMnO; compounds. From all the in La; ,Sr,_.Ca); MN,0; size match is perfect. This can
studies!®19:3334jt is found that a metal-insulator transition also be verified from the “tolerance factor” calculation. It is
can be induced by decreasing the averAggte ionic radius a geometrical quantity defined a$=(da-0)/V2(dyn-0)-
(rp). T¢ varies by more than a factor of 2 as a function of The factort’ is a simple characterization of the size mis-
(ra), and for the MA*/Mn3* ratio of 3/7, it displays a maxi- match that occurs when th&site ions are too small to fill
mum corresponding to the compositiony;81, s;MnO4. This  the space in the three-dimensional network of Mmotahe-
effect has been discussed by majority of the authors in termgral. For a perfect size mataii=1. From the refinement
of a variation of electronic bandwidtiV as a function of analysis we have obtained the average,=2.669 A, 2.645
chemical pressure, with the main focus being on the influA, 2.683 A, and 2.615 A, and the averadg.o=1.96A,
ence of Mn-O-Mn bond angle oW. The Mn-O-Mn bond 1.989 A, 1.988 A, and 2.043 A, respectively, for-0, 0.1,
angle decreases as a function of decreaging, which 0.2 and 0.3. Fok=0 sample(in which cased,.o=2.669 A
would account for the general trend of decreasliigwith  anddy,.o=1.96 A) the value oft’ is estimated to be 0.963.
this parametefthe metallic phase is stabilized with larger For the other samples also the value ofs nearly 1. Figure
values ofW). It is also found that the smaller peaks in ac 8 also shows that the average Mn-O bond length increases
susceptibility curve(Fig. 6) are shifted towards lower tem- with the increase of Ca contefthemical pressujein the
perature with increasing the internal pressure. The variationgresent La,Sr, Mn,O; system. This is similar to that ob-
of T, andT¢ with Ca content are shown in Fig. 7. Similar to served in La_,SrMnOs.'® The effect of increasing Mn-O
Fig. 3, these variations are not exactly parallel to each othebond length is to decreas#. It has already been mentioned
We can explain thel variation of the present system that according to the double exchange model, the double
based on the reduction &% with the increase of Ca content. exchange interaction is proportional Y. Therefore, asV
For perovskite compounds with general formABO;, itis  decreases, the double exchange interaction also decreases
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which is similar to those observed in L, gMn,O; com-
pound where external pressure was introduceBut, in

La; ,Sr; gMn,0; compound Mn-@) bond length decreases
with the increase of external pressure, whereas in the present
case Mn-@3) bond length increases with the increase of in-
ternal pressure. Therefore, the opposite behaviors of external
pressure effect and chemical pressure effect should be due to
the fact that Mn-@) bond length decreases with the in-
crease of external pressure whereas it increases with the in-
crease of chemical pressure.

We have already mentioned that the external pressutre
ternal pressupeincreaseqdecreasesthe T,, and T at the
slightly different rate(Figs. 3 and Y. If double exchange
interaction is the only origin of both metal-insulator and
ferromagnetic-paramagnetic transitions, rates of the varia-
tions of T, and T with pressure are supposed to be exactly
equal. Therefore, other than the double exchange mecha-
nism, the possibility of some other minor reasons should be
considered. Moreover, according to the most recent theoret-
ical discussion, it appears that, in addition @ another
energy scale acts as an essential ingredient in the description
of this system, namely the Jahn-Teller enefigy. For in-
stance, Millis, Shraiman, and Muelf&have proposed a gen-

FIG. 8. The variations of average Mn-O bond length and Mn-eralized phase diagram of the manganites at constant doping
O-Mn bond angle, which are derived from Rietveld analysis forx~0.3, as a function of reduced temperatdig (t is the
La; 4(Sr;_,Ca), gMn,O7 with x at room temperature.

and as a consequentg of the present La,(Sr,Ca; gMn,O;

system decreases.

To discuss more specifically, we have shown the varia-
tions of different bond lengths with Ca contefathemical
pressurg of the present La.(Sr,_,Ca)1 ¢Mn,0O7 in Fig. 9.

electron hopping parameter, which is proportionai\fp and
of the electron-phonon coupling=E;;/t. Therefore, pos-
sible variation ofE;; as a function of chemical or external
pressure effect cannot be ruled out.

IV. CONCLUSION
We have studied the external and the chemiogkrna)

It is found that with increase of chemical pressure M{1)O pressure effects on the resistivity and the ac susceptibility
bond length decreases and Mig2ZDbond length increases of the La ,Sr Mn,O; sample. BothT,, and T increase

o

dyjn.0 (A)

FIG.

La; 4(Sr;_,Ca), gMn,O; with Ca content at room temperature.
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Lines are weighted least-squares fits to the data.

in

with the external pressure but decrease with chemical
pressure which is introduced by Ca doping in
Lay 4(Sr_xCa)1 ¢Mn,O5. It is found that the higher th&.

the higher the conductivity which implies that metallic and
ferromagnetic properties originate mainly from the same
physical mechanism. With the increase of Ca content in
La; 4(Sn_4Ca)1e¢VN,0; (x up to 0.3, the average Mn-
O-Mn bond angle remains almost unchanged in contrast to
that in La _,SrMnO3; where application of both external
pressure and internal pressure change Mn-O-Mn bond
angle?® Comparing the variations of Mn-O bond lengths
with  the chemical pressure [doping Ca in

La; 4(Sr_«Ca) 1 gMNn,0O;] and with the external pressure in
La1_§r1,8Mn207,2 it is concluded that the opposite external
pressure and internal pressure effectdgnand T might be

due to the fact that Mn-@) bond length decreases when
external pressure is introduced but increases with internal
pressure. The metal-insulator and paramagnetic-
ferromagnetic transitions can be explained fairly well with
the double exchange interaction between*Mand Mrf™*.

But, it cannot fully explain the variations of,, and T¢
(though the difference is smallvith external and internal
pressure at different rates. Therefore some other minor ori-
gins need also be considered.
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