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High-magnetic-field study of the phase transitions oR;_,Ca,MnO; (R=Pr, Nd)
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We have investigated the magnetic-field-induced phase transitioi giCaMnO; (R=Pr and Nd,x
=0.50, 0.45 and 0.50, 0.45, 040y measurements of magnetization, magnetoresistance, and magnetostriction
utilizing a nondestructive long-pulse magrigenerating up to 40 )T We observed processes where magnetic
fields destroy the real-space ordering of the charge carriers and cause insulator-to-metal phase transitions over
the whole temperature region below about 250 K. We found that the destruction of the charge ordering is
accompanied with a structural phase transition as well as with the magnetic phase transition and the colossal
magnetoresistance effect. The different profiles of the temperature vs transition field curve depending on the
carrier concentratiol may be ascribed to the difference in the entropy between the commensurate and the
discommensurate charge-ordered state. It turned out that the stability of the charge-ordered state is strongly
correlated with the colinear antiferromagnetic ordering of the localized Mn moments.
[S0163-182¢08)01509-4

l. INTRODUCTION diffraction pattern at liquid He temperatut®Even for x
=0.3, a similar superstructure has been observed bélgy
Recently, perovskite-type manganité®, ,A,MnO; (R in the recent neutron-diffraction stuflyThis superstructure

andA are trivalent rare-earth ions and divalent alkaline-eartiPriginates from the concomitant ordering of tag orbitals,

ions, respectively have attracted considerable attention dug/Vhich favors the charge exchan¢€E)-type antiferromag-

to the colossal magnetoresistan@@MR) effect’™® The netic (AFM) spin ordering.

. . ; ; Application of magnetic fields causes the destruction of
mother materiaRMnO; is a kind of Mott insulators, and the the charge ordering. Tomiolet al. have reported the mag-

M'n3+. ions have an electron configuratio}&e'é(8=2). Sub- petoresistance measurements in,_REaMnO; (0.30<x
stitution of R®* with A** produces holes in the, orbital  <0.50) in magnetic fields up to 12 *.The entire CO phase
and causes an insulator-metal transition, e.g., in th@oundaries were determined for=0.35 and 0.40 in the
La;,Sr,MnO; with an increase ok above 0.17:" The me-  magnetic field H) vs temperatureT) plane. A remarkable
tallic La; _,Sr,MnO; (0.17<x=<0.60) is a ferromagnet due feature of these phase diagrams is that at low temperatures
to the double exchangéDE) interaction and exhibits the the transition field decreases with decreasing temperature. As
CMR effect only around the Curie temperature. This CMRa result, reentrance to the charge-disordered state or metallic
effect has been explained in terms of the strong on-sitstate takes place by lowering temperature. These reentrant
(Hund’s-rule coupling between localized spir®=3 in the  transitions have not been observed for other CO manganites
toq Orbital and itinerant carriers in the orbital. In some of ~ Nd;_,SEMnO; (Ref. 12 or Pr_,SrMnO; (Ref. 13 with

the R, _,A,MnO; system with the ionic radii for thR andA ~ x=0.50.

sites being relatively small, however, the hole-doping does In the present work, we have studied the magnetic-field-
not produce the ferromagnetic metallic stitas an earlier induced phase transitions of the CO manganites in pulsed
diffraction stud;? has revealed, a 1/1 ordering of RiiMn4+ magnetic fields up to 40 T. Measurements of ma}gnet|zat|on
(charge orderingappears in La ,CaMnO; (x~0.5). In (M), magnetoresistancéMR), and magnetostriction have

Pr,_.CaMnO; in which the average ionic radius of the been carried out over a wide temperature range for

(R,A) cations is smaller, a similar charge-ordefeD) state Pr_,CaMnO; and Nq*X.C@MnO& On the basis of these.
is realized in much broader regions. kiret al° performed results, we could determine a full set of the CO phase dia-

powder-neutron-diffraction measurements for the CO Sysgrams and discuss thedepgndent hehavior of the .C.O phase
tems Pf_,CaMnO, They found that a structural phase diagrams and the mechanism of the phase transition.
transition similar to that ofkk=0.5 takes place for 08x Il EXPERIMENT

<0.75 at the charge-ordering transition temperatirgg). '

For x=0.5, the superstructure that doubles the orthorhombic R;_,CaMnO; (R=Pr and Nd crystals were synthesized
unit cell in the[010] direction has been observed for the by the floating zone method, as detailed in Ref. 11. A part of
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the rod was crushed and characterized by x-ray powder dif- 6

fraction. The lattice parameters were estimated by the Ri- Pr. Ca MnO. (x=0.50)
etveld refinement, which indicated that the Ca content in the 5 | Ix % 3 , i
obtained crystal systematically chantfe's according to the /
prescribed ratio. The inductively-coupled plasma mass spec- He H’c'_ /

trometry was also carried out to check the cation rRiibin

of the crystal. The result revealed that the ratio was almost in
accord with the prescribed one within an accuracy of 2%. To
check the possible oxygen deficiency for the highly doped
crystals, the average Mn valence was checked by the redox
titration techniqué?® It was estimated to be-3.51 for both
Pr,_,CaMnO; (x=0.50) and N¢_,CaMnO; (x=0.50).

By using a nondestructive long-pulse magdhenergized 1+ 14K
by a 200 kJ capacitor bank, we produced pulsed magnetic ’
fields up to 40 T with a duration time of 11 ms. For magne- 0 N R T B B
tization (M) measurements, we used the induction method 0 5 10 15 20 25 30 35 40
by employing a couple of coaxial pickup coff$The inner u H(T)
coil had a diameter of 4.2 mm and 480 turns, while the outer 0
coil had a diameter of 6.0 mm and its number of turns was FIG. 1. M-H curve of a Py_,CaMnO; (x=0.50) single crystal
adjusted to cancel the voltage induced in the inner coil by thet 1.4 K. Transition to the FM phase takes place at 30 T. Transition
magnetic fields. The voltage induced in the pickup coils wadieldsH¢,, andHc,, are defined as the saturation field of tiefor
integrated numerically to obtaid. Transport measurements up and down sweep, respectively.
were carried out by the standard four-probe method with a dc

current parallel toH (longitudinal magnetoresistanceThe  fylly spin-polarized phase. Th#1-H curves are shown in
MS along the direction oH was measured by the capaci- Fig, 2 for various temperatures. The transition field decreases
tance method. An Opt|Ca”y flat Al'SpUttered glaSS plate monotonous'y ag is increased' and the Jump M accom-
with a diameter of 7 mm was used for an electrode. Theyanied with hysteresis is no more visible at 274 K.

change of the sample length was measured by the change of Figyre 3 shows the magnetic fielth} dependence of the

a capacitance in the gap between the glass plate electrongsistivity (p) (longitudinal MR of a Pg_,CaMnO; (X

and one side face of the sample where the electrode was 0 50) crystal at 117 K. Thé1-H curve at 123 K is also
attached. The gap was about @, and the capacitance was given by the dot-dashed line for comparison. Below the tran-
measured by a capacitance bridge with a frequency of 208ition field, thep decreases only moderately with increasing
kHz. Those measurements were carried out in the tempergy according to the enhancementMdf. Negative MR effect

M(p/Mn site)
P
|

ture range from 1.4 K to room temperature. takes place even in the insulating phase, and subsequently a
Ill. RESULTS

A typical magnetization curve of a Pr,CaMnO; (x Pr; ,Ca,MnO; (x=0.50)
=0.50) crystal is shown in Fig. 1 as a functiontéf At 1.4
K, charge-carriers take the CO state, and localized spins also A :
order antiferromagnetically in zero magnetic field. With ap- _‘Ll_uB/Mn site 238K
plication of H, the M increases moderately up to about 274K
1.3ug, and then jumps at 25 T, reaching a higher value 198K
(~3.7up/Mn site) at 30 T. In the down-sweep process, the 0 158K
M stays at the high value for a field down to 20 T. The = 0 123K
existence of the hysteresis is characteristic of a phase transi-
tion of the first order. The transition fields in the up and 0 77K
down sweep are tentatively defined as the points where the 0 40K
M shows a deviation from the nearly constant high value 4K
(3.5—-3.8 ug/Mn site), and represented . andHc , re- 0
spectively. 0

For the M measurements, crystals were cut into cubes
with the side length of about 2 mm. To estimate the absolute 0
value of M with eliminating sample-shape dependence of 0 I RS TN O T
sensitivity of the pickup coils, we carried out measurements 0 5 10 15 20 25 30 35 40
also for powdered samples. The saturation monmé&ptwas LoH (T)
determined by an extrapolation of thd-H curve for H

>H¢ to the zero field. TheM, was estimated to be 3.5  FiG. 2. Temperature dependence of thé-H curve of
=0.2ug/Mn site at 1.4 K. This value is equal to the satu- pr,_,CaMnO; (x=0.50). Transition fields show monotonous de-

ration moment of an average Mn ion moment (3.5. crease with increasing. The transition width increases in low-
Therefore, we can regard this highly magnetized state as emperature region.
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FIG. 3. Magnetoresistance of PrCaMnO; (x=0.50) at 117 Q.
K (solid line). M-H curve is also displayed by a dot-dashed line for
comparison.
drastic change op takes place at around 20 T.
Figure 4 depicts the phase diagram of BICaMnO; (X
=0.50) on theH-T plane. The operclosed circles and e
squares represehit; (H¢) for samples 1 and 2, respectively. "3
The hatched area represents the hysteretic region. There is n¢ 3
remarkable sample dependence in the phase diagram. The 5
closed diamonds and crosses in Fig. 4 are the charge order-g
ing temperatureTco and the Nel temperatureT, deter-
mined by temperature dependence of ac susceptibility and
magnetization undexy,H=38 T. Both of these measurements

were carried out in the warming process after the zero-field

S

w

~

(=

10¢ |-

10°

10?

10!
1.5

1
0.5

0

-0.5

Prl_xCaanO3 (x=0.45)

5261

(a) Hcﬂ' f N
= H'
T=4K T
! ! L !
(b -
T ‘L T=4K

10

15
1o H(T)

20

30

FIG. 5. (a) The magnetizationNl) at 4 K (b) resistivity (p) at 4

350
Pr, Ca MnO, (x=0.50)
300 Ix x 3
Teo
250 CDO ® H*#1)
O H_#1)
—~ 200 -PM o
% ] o #2) o
= Xoeoo, 0 H @2
150
100
50

0 -
0 5 10 15 20 25 30 35 40

is

quite

similar to

K, and (c) magnetostriction AL/L) at 8 K for a P§_,CaMnO;
(x=0.45) crystal are shown as a function ldf On the magnetic
phase transition, CMR exceeding 4 orders of magnitude and MS in
the order of 10° are observed.

cooling. In the regionTy<T<T¢g, thet,y spins hold the
paramagnetidPM) state even in the CO phase. It is thus
found from Fig. 4 that the profile of the CO phase boundary
Pry,Cay,MnO;
Nd;,St,,MnO; (Ref. 12 and Pj;,Sr;,,MnOs.*% However,

the critical field to destroy the charge-ordered state becomes
as high as 27 T at 1.4 K accompanying a large hysteresis.
Reduction of the transition field with decreasingn the low

T region as reported far=0.35 and 0.4dRef. 11 was not
observed forx=0.50. On the other hand, the CO phase ex-
tends to higheH at temperatures belowy .

those of

The effect of the deviation of from 0.50 on the charge-

ordered state was studied in a; PfCaMnO; (x=0.45)
crystal. In addition toM and MR, MS has also been mea-

HOH(T) sured for ax=0.45 crystal in pulsed magnetic fields at vari-
ous temperatures. All the samples used for the respective
FIG. 4. Phase diagram in tié-T plane determined by thi measurements were cut out of the same boule grown by the

and the MR measurements on two crystals of PBEaMnO; (x  floating zone method. Figure® shows theM-H curve at 4
=0.50). Closed and open symbols stand for the critical fields deK. Below 10 T, the magnetization increases linearly with an
termined from the up and down sweep if respectively. The increase in magnetic field. Successively, kheshows a steep
hysteretic region is represented by a hatched area. The transitidAcrease at 10 T and saturates at 25 T. The onset field of the

field increases with decreasifigand shows an anomaly at around phase transition is much lower than that of #0.50 crys-
TN tal. By contrast, the saturation field &, does not show
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FIG. 6. (8 M-H and (b) AL/L-H curves of Py_,CaMnO, 50
(x=0.45) single crystals are compared at various temperatures. The
structural phase transition is coupled with the magnetic phase tran- L
sition. The transition is more gradual than in the 0.50 sample. 0 L1/ L1
The transition width becomes narrower with increasihg 0 5 10 15 20 25 30 35 40

| w H(T)

such a remarkable difference between0.45 and 0.50. The

transition fieldsH. andH: were defined as the saturation ~ FIG. 7. The phase diagram of Pr,CaMnO; (x=0.45) deter-
fields in the same way as in thxe=0.50 crystal. The at 4 K mined by magnetization measurements. The shape of the phase
is shown in Fig. 8) as a function oH. Because the resis- boundary is similar to that of=0.50 (Fig. 4).

tance of the sample at relatively low magnetic field exceeds

the range of the present measuring system, the result of tHge temperature dependence of ac susceptibility. It is noted
MR measurement is displayed with a limited dynamic rangethat the CO phase boundary for;P{CaMnO; (x=0.45)
100 cm<p=<10°Q cm. The change in resistivity by 4 or- also shows an anomaly &}, and quite resembles that of
ders of magnitude takes place at around 14 T, which correx=0.50 rather than that of=0.40""

sponds to the middle of the magnetic phase transition. The For the comparative study on the charge ordering transi-
MS (AL/L) at 8 K, defined as the relative change of thetion in R;_,A,MnO; we have also investigated the
sample length along the direction kf, is shown in Fig. &)  X-dependent ~ charge  ordering  phenomena  for
as a function oH. In this figure, the data taken at 250 K is Nd1_xCaMnO; (x=0.50, 0.45, 0.4D The magnetization
subtracted from the raw data to eliminate the backgroun@urves of these crystals 4 K are displayed in Fig. 8. As
contribution. AtT=8 K, the AL/L starts increasing at 12 T shown in this figure, the onset field of the phase transition is
and reaches a value 6f1.3X10°2 at 22 T. The observed decreased as deviates from 0.50. In th&-H curve forx
large AL/L can be regarded as a manifestation of the struc=0.45, theM increases steeply at about 12 T and then
tural transition rather than the ordinary MS.

The temperature variation of th#-H and AL/L-H
curves for thex=0.45 crystal is displayed in Fig.(® and Nd,.,Ca,MnOs;
6(b), respectively. It is evident from this figure that the struc-
tural phase transition is in accord with the magnetic phase 4 r x=0.40
transition. According to neutron-diffraction measurements
by Jirk et al,'® the lattice constants of Pr,CaMnO; (x
=0.50) have been reported as-5.395 A, b=5.403 A, and
c=7.612A at room temperature, and=5.430A, b
=5.430 A, andc=7.430 A at liquid He temperature. There-
fore, this structural transition as detected &y /L should
reflect the recovering of the-axis length. The transition
fields show monotonous decrease with the increade dhe
width of the transition also decreases with increasing 0
similarly to the case ok=0.50. Recently, Koshibaet al*°
argued that the change in the magnetic structure induced by
an external field may modify the pattern of orbital ordering 0 A e
in terms of a coupling between spin and o_rb|tal degrees_of 0 5 10 15 20 25 30 35 40
freedom. In the present case, the destruction of the orbital LWeH(T)
ordering by an external field gives rise to the structural phase
transition and the recovering of the DE,which promotes the g, 8. M-H curves of Nd_,CaMnO; (x=0.50, 0.45, and
polarization of thet,y spins. 0.40 at 4 K. The onset of the magnetic phase transition strongly

The phase diagram of Pr,CaMnO; (x=0.45) deter- depends on the& value. The saturation momeM=4.4+0.2 ug
mined by the magnetization measurements is displayed ifor x=0.50 is about L larger than the spin-only value of the Mn
Fig. 7. The temperatures dfco and Ty are determined by ion moment(see text

x=0.45
x=0.50

VY

> 11g/Mn site

M(ug/Mn site)

lesl
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(a) x=0.50 | (b) x=045 | (©)x=040
CDO ¢
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FIG. 9. The phase diagrams of NgCaMnO; for (a) x=0.50,(b) x=0.45, and(c) x=0.40 obtained from the magnetization measure-
ments. The transition field exhibits a simifardependence to that of the;PrCaMnO; with the corresponding (see Figs. 4 and 7 and Ref.
11).

gradually approaches the saturation moment, which is simirelative angled of their localizedt,, spins,
lar to the case of Rr,CaMnO3 (x=0.45). Forx=0.40, the
transition field is the lowest and the metamagneticlike tran- t=to cog 6/2), @

siton is clearly seen. The saturation moment Ofyheret, is the transfer integral in a fully spin-polarized
Nd; _,CaMnO; (x=0.50) estimated by the extrapolation of gtate. The application dfi tends to align the Mrt,4 spins
theM-H curve pf the pqwdered sample to the zero field wasja the Zeeman coupling, which leads to a decreaseand
4.4+0.2ug . This value is about ig larger than that of the 41 increase int. If kinetic energy of the charge carriers
Pr,_,CaMn0O; (x=0.50). This extra moment originates gominates over the CO instability, the insulator-metal transi-
perhaps from the field-induced Nd moment. tion takes place. Actually, application &f in the CO state
The phase diagrams for Nd,CaMnO; (x=0.50, 0.45,  causes negative MR effect even below the onset field of the
0.40 are shown in Fig. 9. The thermodynamic transitionransition as is seen in Fig. 3. This MR corresponds to the
field (Hc), which is tentatively defined as the averagéief  enhancement dfof the e, carriers by the polarization of the
andH¢ , is estimated to be 19 Tt 8 K for x=0.50, that is 4 localizedt,q spins.
T smaller than that of Rr,CaMnO; (x=0.50). In Fig. 9, In Pr,_,CaMnQ;, the deviation ofx from 0.5 has been
the transition fielddd ¢ for x=0.50 and 0.45 show monoto- argued in terms of the modification of the AFM CE-type
nous increase with decrease in temperature while thax for
=0.40 decreases far< 175 K. Namely, the effect of devia- 1.2
tion of x from 0.50 is pronounced fox<0.40, which re- 1
sembles the case of Pr,CaMnO;. 1!

(a) Pr 1_XCaXMnO3

0.8

=]
IV. DISCUSSION E" 0.6
Temperature dependence of thermodynamic transition 0.4 =050
fields (Hc) of R;_,CaMnO; (0.40=x=<0.50) for (@) R 0.2 '
=Pr and(b) R=Nd is gleaned in Fig. 10 with the tempera- 0 .

ture normalized byTcg in ordinate. TheH. value for
Pr,_,CaMnO; (x=0.40) was quoted from literaturé.In
Figs. 10, theH¢'s for both cases do not show remarkable 0.8

x-dependent behavior at relatively high temperatures &8 0.6
(T/Tco>0.7-0.8). For low temperatures TATco =
<0.7-0.8), on the contrary, a significant variation k¢ 0.4

with x appears. ConsequentlyH-/dT becomes positive at 0.2
low temperatures fox=0.40, i.e., a reentrant-type phase
boundary is realized. This is in sharp contrast with the case
of x=0.45 andk=0.50 where thelH:/d T remains negative
even at low temperatures. The different profiles of the phase

boundary betweenx=0.40 andx=0.50 (or 0.43 may be FIG. 10. Temperature dependence of the thermodynamic transi-
qualitatively explained as follows from a simple thermody-tion fields (Hc) of R,_,CaMnO; (0.40<x<0.50) for (@) R="Pr

namic point of view. - _ and (b) R=Nd. The temperature is normalized Bleo. For
According to the DE modél;**the transfer integral of  pr,_,CaMnO; (x=0.40), theH is quoted from the literature

ey electrons between Mn and Mrf* ions is related to the (Ref. 1.
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structure. Forx=0.5, the arrangement of spins along the V. CONCLUSION
orthorhombicc axis is antiferromagnetic while for<<0.5 it
is canted(for x=0.3 it becomes ferromagnetialthough the

CE-type ordering is kept within thab plane. As postulated . X e i
by Jira et al,'° such a modification of the spin structure has gi?iitgo?‘/ig(lj dgyo?ptﬁglr;%;:ag.r;erggrfelzldshgzégng)oug h;n;[jran
been discussed in terms of the extra carriers that promote ttBa 9 P :

L : . 50 decrease monotonously as temperature is increased,
DE along thec direction. The extension of the wave function which is in remarkable contrast with the casesf0.40 with

gflzthgeﬁwelegtr&ns geimahrst?% in the iCn:O s}a:]e C;? me():i(iiate the larger discommensuration. The different temperature de-
whicheleae;s o ?heec%ntg d A?ZFnggta?eaSO gtmat?g C(a)‘msés pendence of the transition fields at low temperatures between
o ' x=0.50 and 0.40 can be gqualitatively explained in terms of
smaller than 180° at low temperatures. Such an effect of thﬁwe excess entropy of the nearly locali lectrons which
deviation fromx=0.50 on the magnetic structure should re- _ .~ 4 by the deviation from= 03%5:05 in the charge-
sult n smaller transition fields espemally at low tempera'ordered state. The phase diagrams suégest that the co-linear
tures, m_apcord with the observatlor.].. o . CE-type antiferromagnetic ordering of the localized Mn
At a finite temperature, the transition field is determmedSpins plays an important role in the stabilization of the
Eth-le—: &Iﬂhﬂzz ge(jeeﬁgﬁarg'zﬁewi?]grlnlzl ?r(gressaeg dﬁz charge-ordered state. The colossal magnetoresistance effect
N { A ) i ' d befordHe /dT=0 at | gty due to the destruction of the charge ordering is accompanied
ten rop}y. s anz(r)l |onhe esiol-rl Rt a _o(\)/v45e)mp(ejra- by the structural phase transition in addition to the magnetic
ures Torx=0.20, whereasific or x=1.%45 andx phase transition. This result implies that the destruction of

=0.50. The point here is that the CO gtate %o+ 0.50 may the orbital ordering is a key factor in the colossal magnetore-
have a smalle6 than that forx=0.40, since the latter pos- ?]istance of the manganites
The '

sesses excess carriers due to the discommensuration.
commensurate CO significantly freezes the kinetic and the
orbital degrees of freedom of the electrons especially at
low temperatures. The larg&in the discommensurate CO The authors would like to thank K. Koui, M. |. Barta-
state leads to the largeiHc/dT than that in the commen- shevich, and T. Goto for their help in carrying out magneto-
surate case. Although the reasons t./dT<0 for x striction, ac susceptibility, and isofield magnetization mea-
=0.50 andx=0.45 are unknown as yet, the difference in thesurements. The authors would like also to thank N. Nonose
temperature dependence of transition fields betweerxthe for the inductively-coupled plasma mass spectrometry mea-
=0.50 andx=0.40 crystal can thus be qualitatively ex- surements. This work was in part supported by the New En-
plained by the difference of the entropy tenin the CO  ergy and Industrial Technology Development Organization
state or be due to field-induced changes in the electronidNEDO) and also by a Grant-In-Aide for Scientific Research
states’ from the Ministry of Education, Science and Culture, Japan.

We have found that even the commensurate charge order-
ing of Pr,_,CaMnO; and Nd _,CaMnO; with x=0.50 is
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