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The application of a sufficiently large magnetic field i RCa, 3 MnO5 can enforce a ferromagnetic state,
resulting in an “insulator-metal” transition owing to both actuation of double-exchange mechanism and
charge-order melting. In the present study, the low-temperature magnetoelectronic state of this compound has
been investigated by specific-heat measurements. It was shown that the metamagnetic transition has clear
signatures in specific-heat data. Combination of specific heat, magnetization, and resistivity measurements
allowed us to propose a comprehensive picture of the hysteretic features around this transition in the frame of
a field-dependent phase-separation scenario. A more quantitative analysis also gave strong support to the
percolative nature of the magnetoresistive transition in this compound.
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I. INTRODUCTION the main properties of the studied compound. Section IV is
devoted to the analysis of the low-temperature specific-heat
The existence of electronic phase separatfan manga-  data under zero field, while Sec. V addresSegs-T curves
nites is a feature that strongly influences most of their prop+ecorded under field. Section VI reports an experimental in-
erties. Owing to various phenomena such as doubl&estigation and a comparative study of the metamagnetic
exchang@ and charge orderint® the electronic and mag- transition on the basis of magnetization, resistivity, and
netic properties are strongly correlated to each other in thesgPecific-heat measurements. Section VIl is focused on the
material$®” Most often, the ferromagneti&M) and antifer- analysis of the hysteretic behaylors around this transition in
romagnetidAFM) states are associated with highly conduc-the frame of a phase-separation scenario. In Sec. VIll, a
tive and insulating behaviors, respectively. Subdivision induantitative analysis o€-vsH andM-vs-H curves is pro-
domains of both of these states can make the overall behau?—Osed to account for .the critical f|e!d value observgd
ior particularly sensitive to the application of a magnetic!n p-_vs-l_—|. Section IX paints out the main results and their
field. By promoting spin alignment, an external magnetic'mpl'cat'ons‘
field indeed affects directly the energy balance between both
states, and can thus modify their volumic ratio. Thereby,
phase-separation phenom@&hare deeply involved in meta-
magnetic transitions leading to colossal magnetoresistivity Using the floating-zone method with a feeding rod of
(CMR) in manganese oxidés. nominal composition RBrCa MnO;, a several-cm-long
Compounds of the systemPrCaMnO; with x close to  single crystal was grown in a mirror furnace. Two samples
0.4 are known to exhibit such a metamagnetic transition unwere cut out of the central part of this crystal, one of them
der not too high magnetic fieldd~'* Furthermore, for resistivity measurements and the other for magnetization
Pry Ca, MnO; is a well-documented material on which ex- and specific-heat measurements. X-ray diffraction and elec-
tensive investigations have been carried out by magnetic arion diffraction (ED) studies, which were performed on
resistivity measurements;!’ as well as by neutron- pieces coming from the same part of the crystal, attested that
diffraction experiments>1® the samples are single phased, homogeneous, and well crys-
The present study is focused on the low-temperaturéallized. The reconstruction of the reciprocal space confirmed
range where CMR occurs, combining specific-heat measurdhe expected® nmatype orthorhombic cell at room tempera-
ments under magnetic fieldS(T,H) with more standard ture, with aozap\/i, bo=24a,, and cozapﬁ (ap is the
magnetizationM (T,H) and resistivity p(T,H) measure- parameter of the cubic perovskite gelrhe ED investigation
ments. Specific heat is a thermodynamic quantity, which isilso showed the existence of twinning domains, which result
complementary to magnetization and resistivity in many asfrom the reversible phase transitioffsom cubic to ortho-
pects. It is indeed a bulk propertunlike resistivity for  rhombig undergone by the crystals upon cooling. Therefore,
which percolation can be dominaft® which has not the all physical measurements performed on such samples are
“vectorial” character of magnetizatioriin which, what is averaged over the six oriented domains coexisting in the
actually measured is the average projection of the magnetEnma phases. The cationic composition derived from
moments along one directipn energy-dispersive x-ray microanalyses leads to the formula
The paper is organized as follows. In Sec. Il, some exPry L8 3MNO;.
perimental details are given about the samples and the mea- Specific-heat measurements were carried out by means of
suring techniques. Section Ill contains a brief overview ofa commercial set ufguantum designusing the twos relax-

II. EXPERIMENTAL DETAILS
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_ ! ! ' ' ' ' the sample is cooled under field, a behavior that suggests the
12013, /\ A T existence of magnetic frustration in this very low-
m:f‘ 2y N temperature range. In some previous studies on related com-
T iorg® \/\,\ 8 pounds, the increase in magnetization that takes place below
o =y about 100 K was ascribed to the development of a spin cant-
E ol o 1 ing in the antiferromagnetic structut&’® In terms of phase
M TIK] separation, this behavior can alternatively be accounted for
| Pl | by the appearance of a small amount of ferromagnetic do-
~. 60 105 + . . . . . . .
o — mains dispersed in a collinear antiferromagnetic mafrit.
oy £ 10* | .
— ol C:o 108 | | must be emphasized that the low-temperature valuélof
@) = 18? [ which is presently observetsome 103ug/f.u.), remains
100 | very small as compared to those encountered in compounds
20 107 b T of slightly different compositions, which are known to be-
0 50 100 T‘f%]zo" 250 300 have as bulk ferromagnéfs(e.g., some 10'ug/f.u. in
0 L L L . L PrygCa-MnO; under 100 G Such a result is consistent
0 50 100 150 200 250 300

with the fact that the AFM order remains largely predomi-
T[K] nant in our PgsLa& 3MNO5; samples at low temperatures.
Thep(T) curve in zero field displays a pronounced semicon-
FIG. 1. Temperature dependence of specific heat under zergyctinglike behavior, leading to an insulating state at low
field in Pt 6:C2.5MNO; (Main panel, together with magnetization  temperature. One can also denote a clear kink around 230 K,
(upper _inse)t and resistivity (lower insej under 100 G and 0 G, \yhich is related to the charge-ordering phenomenon.
respectively. The most salient feature of th&(T) curve under zero
field is a prominent peak arouri¢t . It must be pointed out
ation method, at temperatures from 2.2 to 300 K and undeghat the large amplitude of this peak is not only related to the
magnetic fields up to 9 T. The sample mass was 0.0414 @gntropy change associated with charge and orbital ordering,
The background signal, including the exact amount ofphut also to the related structural distortmThere is a re-
Apiezon N used to paste the sample on the platform, wasmarkable quantitative agreement about the, values, if
recorded in a first run and it was then subtracted from theyne compares the peak temperatur€CifT) at 229 K with
total heat capacity. The absence of any significant field dege midpoints of the jumps observed #T) and M(T), at
pendence of this background signal was carefully checked ip27 and 228 K, respectively. TI&(T) curve also displays a
the low-temperature rang@.2—15 K. The accuracy of the knee around 150 K that can be correlatedTig=160 K
specific—he_at data in this temperature range was also verifieghown inM(T). It was found that both peaks observed in
by measuring a 99.999% pure copper sample. C(T) are shifted to lower temperatures upon application of a
Resistivity measurements were performed by the standargrge magnetic fielde.g., by 10 and 15 K under 9 T, ke
four-probes technique, at temperatures from 5 to 300 K and,q Ty, respectively. The high-temperature regime in
fields up to 9 T. Magnetization measurements were recordeé(T,H) will be addressed elsewhere. Let us here focus on

by using a superconducting quantum interference devicg,q |owT range where CMR effects take place.
magnetometer at temperatures from 5 to 300 K and fields

limited to 5 T.
IV. SPECIFIC HEAT IN ZERO FIELD

Figure 2 shows an enlargement of t8éT) curve below
15 K under zero field. Relevant contributions to specific heat

The temperature dependence of the specific kigahe in this low-T range are(i) a phononic ternC,,; related to
magnetizatiorM and the resistivity, up to 300 K and under lattice vibrations i) a hyperfine ternCy,,, related to level
zero (or low) field, is shown in Fig. 1. These results are in splitting induced by large local magnetic fields at the Mn and
remarkable agreement with previous studies carried out oRr nuclear spingjii) a linear in temperature ter@,, related
Pry Ca MnO,.15:16:18:20 to free charge carriers or to disorder effects, émgla mag-

The M(T) curve measured under 100 G after zero-fieldnetic termC,,q related to spin waves. As mentioned above,
cooling exhibits three peaks. According to neutron-the volumic fraction of the FM phase in zero field is so small
diffraction studies:'**¥the two peaks around 230 and 160 K that its contribution to specific heat can be neglected. At very
correspond to the establishment of a charge ordefiRgy)  low temperatures, i.eT <10 K, C,; can be fairly approxi-
and to an antiferromagnetic-spin orderinkj, respectively. mated by ar term. For extensions of the loW+ange up to
In compounds close to ours, this antiferromagnetic ordeid5 K, it is generally required to add a correction in the form
among the Mn spins was found to be of the pseudo-CEf a T® term. In the absence of an upturn@(T) at lowest
(charge exchangeype?-#2As the temperature is further de- temperaturesCy,,, can be approximated by the hightail of
creased, one observes that the magnetization starts increasmgschottky function, leading to &2 term?® Owing to the
below 100 K, then it exhibits a peak around 30 K and itstrong insulating character observed at low temperatures un-
finally decreases as approaching 5 K. We observed that thager zero field, one can assume there is no electronic term
fall in magnetization below 30 K is much less pronounced ifrelated to free charge carriers. On the other hand, recent stud-

Ill. BASIC FEATURES
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N N . . . L B range. On the other hand, they are much less sensitive to

I I ® moderate extensions of the fitting range. As a matter of fact,
if one considers the range 5-12 K, a better fit is obtained
with B3T3+ T2 than with B3T3+ yT. Actually, the best re-
sults involve combinations of T and 6T" terms, the best
values ofn lying in the range 1.5—2for y=0) and 2-2.5
(for y#0). At this step, one can already state that no unam-
biguous conclusion can be drawn about the exact values of
these parameters. Let us proceed with the analysis of the
“boundary” situations: y#0 with §=0, or y=0 with §

#0. We chosen=2 in the latter case to be comparable with
the previous study of Leest al?° Using the “background”
functions derived from the analysis of the intermediate-
range, we address the residual d@tas=C—(BsT°+yT
T[K] +6T") calculated over the whole temperature range. This
residual data is fitted to the remaining terms of E4.1),

FIG. 2. Low-temperature enlargement of tBevsT curve un-  Cres™ C“_T_2+_B5T5' Both « and s can be unambiguously
der zero field. Solid line is a fit to the data with E@.1) when  determined since they are associated with very contrasted
consideringy=0 andn=2 (see text Inset shows the same results temperature dependences. As in the first step, the fits were
in semilogarithmic scales. Note that a fitting curve of comparableperformed with a data weighting equal toCl/consistent
quality is also found when choosing=0 andy+0 (see text with the experimental uncertainty. In the cage 0 with n

=2, the best set of parametersfs=0.34 mJ/K mol, Bs
ies on insulating manganites have reported the occurrence ef —0.01 xJ/K®mol, 6=3.1 mJ/Kmol, and «=70
large y values related to disorder effects that can affect spitngK/mol. In the case 5=0, one finds B;=0.54
and/or charge degrees of freed6hi”As for Cp,aq, the case  my/k* mol, Bg=—0.2 wJ/K®mol, y=11 mJ/K mol, and
of spin-wave excitations in a pseudo-CE-type antiferromag,,—4 mJK/mol. The mean errors\C/C) over the whole
net _has no'g yet been theoretically investig'ated. PrediCtionﬁemperature range are 1.6% and 1.4% for the former and
are just available for more standard magnetic structures, suGliyer cases, respectively. These results are illustrated in Fig.

T teromaonen e e vanes eSS 813 by h fingcurve corespanding -0 shown i inear
5 gnet 326 « mag T and semilogarithmic scaldésote that both fitting curves de-
and T?, respectively*>?® We have chosen fo€mag @n ap- : . .
scribed above would appear to be nearly superimposed in

proximation in the formsT", n>0 being an undefined pa- L
rameter. Adding these various contributions, the temperatur?UCh plot3. In both cases, the; parameters are significantly

dependence of the specific heat i nO. at low T arger than those usually associated with lattice contribution
car? be expressed inpthe form B.EE2 3MNOs (0.1—0.2 mJ/K mol) 24%6-29t is likely that a part of the

cubic term originates from spin-wave excitatiofseudo-
C=aT 2+ yT+ BsT3+ BTo+ 6T". 4.1 CE-type AFM.?® This excess inB; is more pronounced
when fitting without a T2 term. The & value
Reliable results cannot be expected by directly using suck3-1 mJ/K mol) found with y=0 is comparable to that re-
an expression with six free parameters. In a first step, ongorted by Lee®t al.in Pry (Ca ;MnO; with the same analy-
can limit the temperature range investigated in order to resis (6=1.89 mJ/K mol) *° Furthermore, the rather large
duce the number of parameters. In the range 5-10 K, thealue (11 mJ/Kmol) found with =0 is consistent with
influences of both hyperfine term amgLT® correction can values found in insulating manganites, including
fairly be neglected, leading to the simplified expression Py 6Ca 3Mn03.242° The B term is particularly large for
= B3T3+ 4T+ 6T". Even doing so, the fitting process does =0, more than one order of magnitude larger than for
not converge to a unique set of parameters. Accordingly, we=0. The most surprising point is the very low value
have first considered the extreme situations corresponding te 4 mJK/mol associated with=0. The hyperfine term re-
either 5=0 or y=0. A very good fit is obtained in the lated to Mn only yieldsa values larger than 8 mJ K/m&f.
former case with B;=0.54 mJ/Kmol and vy Furthermore, large values ranging between 30 and 60 mJ K/
=11 mJ/K mol. In this temperature range G T versusT? mol have been previously reported for PfCaMnO; with x
plot clearly appears as a straight line that does not extrapalose to 0.£%?°The « value found withy=0 is more com-
late to zero. However, it must be noticed that the “back-patible with these results.
ground” curve B3T3+ yT), obtained by applying the above ~ We have mainly discussed above the boundary cages,
parameters over the entire temperature range, strongly de=0 or §=0. Actually, all intermediate situations lead to
parts from the data in the high-side (10—-15 K), a feature satisfying fits to the data. In this case, all parameters
that implies the existence of a particularly largeT® cor-  «,B3,8s5,7, andé take intermediate values. The valuerof
rection (see beloyw. The fits obtained with the alternative can vary between about 1.5 and 2.5. It is obvious that the
approach B3T3+ 6T") are a little less good in the 5-10 K present lowT specific-heat measurements cannot allow us to

C[J /Kmol]

C[J /K mol]
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FIG. 4. Temperature dependence of resistiityain panel and
FIG. 3. C-vs-T curves under various fields, recorded in the FC magnetization(insey, under various magnetic-field valueg&C
mode[0 T (O); 3T (V); 5T (O); 7T (A); 9T (¢)]. Inset  mode.
displays specific-heat values at 10 K, inferred fr@vs-T scans:
FC mode () and ZFC mode @). curves(like those of the main panglwe have also plotted
data taken from curves recorded after zero-field cooling
determine a unique set of values for all parameters involvedown to 2 K(ZFC mode. The most salient feature emerging
in Eq. (4.1. In insulating AFM compounds like from these plots is a pronounced step located around 5 T.
Pr,_,CaMnO; with x~0.4, the occurrence ofT and/or The curves are nearly flat below 4 T, and they also tend to
ST" terms is a point of active debate. Relevant pieces ofaturate on a plateau above 7 T. In other respects, one ob-
information that can be drawn from the present study(Bre serves a small shifby about 10% between the ZFC and FC
we observed that the data can be reasonably fitted with eith@urves in the transition regini8.
v=0 or §=0, but the most plausible solution is a combina- Two recent studies in related compounds reported similar
tion of both contributions(ii) the upper limit for they value, field effects onC-vs-T curves. In P s<Ca, 3gMINn0O3, Smolya-
which is related to disorder effects in the present case, iginovaet al?® observed that the curve under 8.5 T lies much
11 mJ/K mol; (iii ) the besn values ranges between 1.5 and below the one under zero field, while Reyal®! reported a
2.5., withn=2, the upper limit fors is 3.1 mJ/K¥mol; and  progressive downward shift of the curves for fields equal to
(iv) the magnetic contribution associated with spin-wave ex3, 6, and 9 T in Ry-Ca, ;MnO;.
citations in a pseudo-CE-type AFM has a temperature depen-
dence that may be accounted for by a combinatiomoénd

T" terms, withn close to 2. VI. METAMAGNETIC TRANSITION

The existence of a metamagnetic transition atb&rT in
compounds close to Pga MnO; has already been re-
vealed by several techniques other than specific Rezig-

Let us now investigate the influence of magnetic field onure 4 displays resistivity and magnetization measurements
C-vs-T curves at low temperatures. Figure 3 shows suchecorded in the FC mode. Among th&€T) curves of the
curves for five fields between 0 and 9 T. These data werenain panel, one observes a striking contrast between the
registered upon warming the sample that was previouslgurves forugH<3 T (which keep the insulating character
cooled under fieldFC modeg. One observes that the curves previously shown in zero fiejdand those forugH=5 T
for fields up b 3 T remain almost superimposed to the one atwhich display a high conductive state below a field-
zero field. For 5 T, a noticeable downward shift of tB€T) dependent temperatyréJnder 5 T, this characteristic tem-
curve takes place. This field effect is further pronounced foperature is around 90 K and the transition is quite sharp. As
7 T, before showing a trend to saturation under 9 T. Thehe field is increased, this transition broadens while shifting
overall behavior is a bit more complex at very low tempera-to higher temperatures. Far<50 K, the field effect on re-
tures (T<5 K) owing to the enhancement of the hyperfine sistivity is so large that one can talk about “colossal” mag-
contribution with magnetic field. Apart from this very loWw- netoresistance.
range, the field effect is qualitatively the same in the range The inset show# (T) curves for different fieldsupto 5T
5—15 K. (the highest available field in our magnetomgtdfor T

Let us choose for instance=TL0 K to investigate more =100 K, one observes that the magnetization is roughly
precisely the magnetic field influence. The inset of Fig. 3proportional to the field. This property persists at low tem-
shows C-vs-H plots at T=10 K derived from C-vs-T peratures forugH=<3 T. Under larger fields, the situation
curves under field. Together with data extracted from FCdrastically changes. For 5 T, one observes a sudden increase

V. SPECIFIC HEAT UNDER FIELD
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FIG. 5. Resistivity at 10 K recorded in two field swedfs T

! FIG. 6. Magnetization loop (0 5 T—0 T) at 10 K, re-
—5 T-0 T(O)and 0 T-9 T—0 T (@)], after a zero-field . 404 atter zero-field cooling. Various characteristic values of

Eoollng.gln_it()s@rov_\lii thde dhe r:;/?tlve dq)ﬁvst-H tarl]longh the re\]:erse_ magnetization undes T are also showfsee text Inset shows the
ranc - M€ dashed line denoles the change o reglme‘ferromagnetic part” of the virgin magnetization bran¢see text
around 2.5 T(see texk

in maanetization af<90 K. ie. the same temperature as resistivity variation as the field is decreased from 9 to 0 T,
9 . S e peratur which will be discussed in the next section. Thesgd)
the one marking the drop in resistivity. The magnetization at

low temperatures under 5 T reaches a rather large Valu§urves show that the application of a high enough field a}t
which represents a substantial fraction of the expected valugv,v temperatures leads to a state of strongly reduced resis-
for a full polarization of the Mn spins=3.63ug/f.u.). It  UVity thatbehaves asdeeply frozen metastable statearly
must be also noted that one observes a downward step Bysensitive to a subsequent field nulling.
about 0.Jug/f.u. below 20 K, which may be related to mag- ~_ Figure 6 showsV-vs-H measurements at 10 K recorded
netic ordering in the Pr sublattice. Only neutron-diffraction &fter a zero-field cooling. Along the virgin magnetization
studies could clearly answer this question. Beyond this pebranch,M first increases smoothly up to 4 T. Then, a much
culiarity, the most important point emerging from the insetmore pronounced increase takes place between 4 and 5 T, a
of Fig. 4 is that a substantial ferromagnetic component apcrossover that reveals the starting of the metamagnetic tran-
pears at low temperatures in RgCa s MnO; for uoH sition. In a closer inspection of the low-field ranggH
=5 T. <4 T), one can also detect a rounding Mfvs H below
This metamagnetic transition can be more suitably invesabout 1 T. The overall shape of the first magnetization
tigated on the basis gf-vs-H and M-vs-H measurements. branch belw 4 T can thus be seen as the superimposition of
Let us consider the case ®=10 K as previously done for a ferromagnetic componeryielding the rounding of the
specific heat. Figure 5 showgH) at 10 K, starting from a curve at low fields and of an antiferromagnetic component
ZFC state. Two field scans have been recorded:-89TT  (associated with the linear iH dependence at intermediate
—0 Tand 0 =5 T—0 T. In accordance with the be- fields). The relevancy of such a scheme was recently sup-
havior displayed in Fig. 4, the resistivity is so high at low ported by combined nuclear magnetic resonance and magne-
fields that it cannot be measured. Approaching 5 T, bothization measurements in (b1 720 Ca aMnO;.3? The
curves exhibit a steep fall ip. The slight shift between them inset shows the data after subtraction of the antiferromag-
can be ascribed to the larger time constant used in the 0 fetic contribution, inferred from the slope bf(H) around 3
—5 T—0 T scan(e.g., at 10 K and undé T after a zero- T. The ferromagnetic part dfl obtained in this way 4 M
field cooling, p is divided by a factor 3 between 1 and 10 displayed in the inset of Fig.)6appears as the sum of a
min). As the field approaches 9 T, one observes in our semizero-field component, whose saturation value is about
logarithmic plot that the decrease in resistivity seems to satud.09ug/f.u., and of a field-induced component rising for
rate. This behavior indicates that the metamagnetic transitiop,H>4 T. As the field is reduced from 5 T, the magneti-
that starts arowh5 T isessentially achieved under 9 T. This zation exhibits a strong hysteretic behavior in the largest part
transition is found to be highly irreversiblé.The reverse of the field range. However, below about 0.5 W, starts
branches op(H) are nearly flat as the field is turned back to decreasing more rapidly and it goes to zero b 0. This
zero. This results in a giant hysteresis at low fields, down tdehavior cannot be related to the partial character of the tran-
H=0. This behavior is qualitatively the same in both scanssition induced by a maximum field of 5 T. Indeed Lees
though the metamagnetic transition in the minor loop is faret al’® also noted this behavior in their study of
from being completed. The inset shows a crossover in th@r, {Ca, ,MnO; up to 12 T at 10 K. This feature observed in
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plete in this field range. In contrast, the transition is clearly
] incomplete in the minor loop up to 5 T. In both cases, how-
1 ever, very pronounced hysteretic behaviors are observed.
The reverse branch 5 F0 T exhibits a remarkable flat
] aspect. In terms of field-induced transformation from antifer-
1 romagnetic to ferromagnetic order, this means that all the
FM domains created by the applicatioh®T persist when
] the field is turned back to zero. Such a proof of complete
hysteresis down to zero in the 0315 T—0 T scan dem-
onstrates that the observed absence of remanent magnetiza-
tion actually results from a complete disorientation between
the FM domains. It is worth noticing that this disorientation
I ] has no drastic effect on resistivity. Actually, we are just deal-
L . : : s ) : . : — ing here with a disorientation between domains, each of

0.7

o
o

b
)

C[J/K mol]

<
~

0o 1 2 3 4 5 6 7 8 9 them being ferromagnetically well ordered. In addition, this
U H [T] disorientation may be small between adjacent domains,
0 which limits the effects on resistivity via the double-

FIG. 7. Specific heat at 10 K as a function of magnetic field.exgrhhaenggwﬂ?gvr\}gglSmr'ocess inthe scan 0-F T—0 Tis
Two runs have been registered after zero-field cooling: 0 T PP -

5 T=0 T (O) and 0 T-9 T—0 T (@). The field sweep more c.onjplex than.in the previous case. Two regimes have
directions are indicated by arrows. Various characteristic values art? be distinguishedi) asH 1S decrez’}sed fra 9 T down to
also shown(see text about 2.5 T,C smoothly increases(ji) then, below 2.5 T
down to O T, a much larger slope is observed. One remarks
magnetic measurements is in sharp contrast with the giaﬁhat this cro_ssoyervalue of25Tis clos_e to the field at whic_h
hysteresis observed down to 0 nvs H. the magnetization starts to drop from its sgturated value in
Actually, it is well known that resistivity and magnetiza- the M(H) measurements up to 12 T carried out by Lees
tion measurements probe the sample state in different way§t @l In their experiment, this first drop is followed by a
In particular, resistivity is very sensitive to percolation, aStéeper regime at low fields, which can be ascribed to a dis-
phenomenon of great importance in materials able to unffientation effect as dlscussgd above. Thg combination of
dergo electronic phase separatfom contrast, magnetiza- those magnetization data with our §peC|f|c-hgat measure-
tion is really a bulk quantity, averaging the local propertiesments leads us to propose the following scenario:
over the whole sample volume. It must be pointed out, how- (1) After application of 9 T, the sample becomes com-
ever, that what is averaged is the projection of the locaPIetely ferromagnetic. Al is reduced down to about 2.5 T,
moments onto one particular directiémost often the direc- the reverse leg df (H) is essentially flat” showing that the
tion of the applied field as in our casés a consequence, it Sample remains in a complete ferromagnetic state. As for the
is in principle impossible to distinguish, at low fields, a per- Weak field dependence & which is observed above 2.5 T,
fect antiferromagnet from a ferromagnet consisting of comt can be accounted for by the standard influencel @n the
pletely disoriented domains. Specific heat is also a bulk, avSPin-wave contribution in ferromagnets. The magnitude of
eraged quantity, but it does not have the above-mentionefdlis field-induced stiffening of the spin waves-(-1.8%
vectorial character of magnetization. In specific-heat meal ) is indeed consistent with what we observed in ferro-
surements, the contributions of all the regions or domaingnagnetic compounds such asy g MnO; (=—2.1%
simply add to each other. Such measurements can thus ge 1). Such a field effect is not observed on the reverse leg of

complementary to resistive and magnetic studies. the scan 0 5 T—O0 T. In this case, just a part of the
sample has been driven in the ferromagnetic state. As shown
VIl. HYSTERESIS IN C-versusH by the p(H) curve, the volumic fraction of conductive FM

phase unde5 T isjust at the percolation threshold. One can
We carried outC-vs-H measurements atF10 K. Two  thus assume the presence of small FM domains only partly
scans were recorded: 099 T—O0 T and 0 75 T  connected to each other. This granular FM structure inhibits
—0 T. In both cases, the measurements were started aftertiae development of low-energylong-wavelength spin
zero-field cooling procedure. The results are shown in Fig. 7waves, contrary to the case of the bulk ferromagnet induced
Along the scan 0 9 T, C-vs-H exhibits a striking step- by 9 T. Therefore the contribution of ferromagnetic spin
like shape®® which is very similar to the reconstruction waves may be negligible along the scan =% T—0 T.
shown in the inset of Fig. 3. The transition starts for fields (2) Below 2.5 T, the magnetization significantly decreases
larger tha 4 T and saturates approaching 9 T. According to(under fields that are not small enough to invoke disorienta-
theM(H) measurements at 10 K recorded by Leesl.ina  tion effects, while the specific heat increases much more
very close compountf, our sample is expected to be trans- rapidly than can be accounted for by the spin-wave field
formed into a completely ferromagnetic state under 9 T. Thalependence. Therefore one has to consider that, in this re-
reversibility observed in Fig. 7 between 8da® T lends gime, a part of the sample is progressively turned back into
further support to the fact that the transition is nearly com-the AFM state. Since the volumic fraction of FM phase re-
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mains well above the percolation threshold, resistivity is notsecond, from specific heat via the relation
drastically affected. One can denote, however, a larger slope
dp/dH around 2.5 T on the branch 9-F0 T (see inset of
Fig' 5) (CO_Cm)+XO(Cm_CFM)
(3) Below about 0.5 T, the magnetization vectors of the Xc= (Co—Crm) . (8.9
FM domains that are still present are no longer aligned to
each other. The macroscopic magnetization progressively
vanishes as the field is reduced to zero, while there is no With M,~1.22ug/fU., Mapy~0.72ug/fl., Mgy

spectacular change in specific heat. T 1
: . =3.63ug/f.u. C»=0.630 JK *mol Cg=0.355
In conclusion, one can remark that the metamagneti B ’ m ' F
9N T mol L, C,~0.685 JK 1 mol ! and x,=0.02, one

transformation between AFM and FM ordering is totally ir- . )
reversible when it is incomplete (0-F5 T—0 T), qbtglnstzO.17 andxc=0.18. There is a remarkable quan-
whereas it is only partly irreversible when it is complete titative agreement between both values, even though they are

(0 T—9 T—0 T). It looks like there was a limit value for derived from essentially independent measurements. If one

the remanent ferromagnetic fraction. neglects the small ferromagnetic component in the low-field
state(i.e., assumingMl aspy~M; and Cagy=~Csp), ONne ob-
VIIl. PERCOLATION THRESHOLD tains similar resultsxy,=0.15 andx.=0.17.

In Pry 6Ca 3MNO;, the AFM matrix is highly insulating
One can estimate the volumic fracti¢r) of ferromag-  (charge-ordered while the FM domains have a rather low
netic phase induced by the applicatidnsol” on thebasis of  resistivity related to double exchange. Tad) curves at 10
magnetization and specific-heat measurements. For bofk gisplay a percolationlike transition around 5Jee Fig. 5.

quantities, the mixed state that takes place oid€ allows  \yhatever the details of the analysis, the volumic fraction of

us to write conducting domains undé T is always found to be in re-
M= (1= X)M apy+ X Mey (8.1) markable accord with the theoretical predictions for a three-
" ’ dimensional(3D) percolation threshold=17%)3* Closely
Cn=(1=X)Carm+X Cem » (8.2  related results have been recently reported in the system

Lag;g «Pr,CagMn0O3, by varying the FM fraction via the Pr
whereM,, andC, are the measured values under Mgy conten Such behaviors are strong supports to the relevancy
and Cgy are the magnetization and specific-heat values iy percolation effects connected to a field-dependent phase

the complete ferromagnetic state, respectivéll;ry and separation in manganese oxides exhibiting colossal
Carm are the magnetization and specific-heat values in thenagnetoresistivity?

complete antiferromagnetic state, respectively.

It must be noted that the above relation about magnetiza-
tion involves the reasonable assumption that all ferromag-
netic domains are aligned with the external field under 5 T.
For Cgy , let us consider the value toward which tends the In Pry{a sMnO3, a real-space charge-ordering fol-
specific heat at 9 Tsee Fig. 7, while Mgy, is taken as the lowed by an AFM spin orderingpseudo-CE-type takes
expected value for a fully Mn spin-polarized phase, i.e.,place below about 230 and 160 K, respectively. Both char-
about 3.63.g/f.u.. The situation is more complex f@ gy acteristic temperatures can be detected in magnetization, re-
andM 5py because of the small ferromagnetic fractiog)(  sistivity, and specific-heat curves. Upon further cooling be-
already present in zero field, which requires to be correctetbw 100 K, a tiny ferromagnetic component appears, which
for the low-field valuesC, and M, (see Figs. 6 and)7 can be related to an incipient-phase-separation phenomenon.
Magm IS the magnetization undé& T if the whole sample  In addition to lattice and hyperfine terms, the I@wdepen-
was in the AFM state. It can thus be inferred from the ex-dence of specific heat in zero field can be well accounted for
trapolation & 5 T of the low-field range M, by considering either a largeT term related to disorder, a
=0.79ug/f.u.) after subtraction of the magnetization associ-ST" term (n close to 2 possibly related to spin-wave exci-
ated with the zero-field ferromagnetic componésge Fig. tations in a pseudo-CE-type AFM, or most likely a combi-
6). One estimatesxg=(My—Mpru)/Mgy=0.02. This nation of both contributions.

IX. CONCLUSION

value can then be used to evalu&ggy from a relation Pry sCa 3MNO; undergoes a metamagnetic transforma-
similar to Eq.(8.2): tion arourd 5 T at low temperature, yielding a marked in-
crease in magnetization accompanied by a steep fall in resis-
Co=(1=X0)Carm+XoCrm - (8.3  tivity. We have shown that this transition also manifests

) ) ) ) itself as a sudden decrease@{H) around 5 T. In a zero-
Finally, the volumic fraction of ferromagnetic phase at 5fig|g-cooling curve, specific heat is nearly unchanged up to 4
T can be derived in two ways: first, from magnetization viaT (essentially AFM state while it tends to saturate under 9
the relation T (fully FM state), giving rise to an amazing steplike shape
Mo M of C-vs-H. Specific heat can also provide us with additional
XM:”‘—AFM, (8.4  information about irreversibility effects in the metamagnetic
Mem—Marm transition. For instance, one can easily distinguish a disori-
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