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We report on the magnetic-field-driven persistent ferromagnetic �FM� state in antiferromagnetic �AF� man-
ganite Pr1−xCaxMnO3, where x=0.4 and 0.375. At low temperatures the magnetic field-induced ferromagnetism
�FIFM� persists even at B=0 and is quenched to a fractional value of the total number of spins. This incomplete
ferromagnetism decreases with increasing temperature and disappears at Tm=10–20 K. Tm depends on the
hole concentration “x” and increases as x→0.3. We interpret this as the incomplete relaxation from FM toward
AF spin orientation, resulting in the canted antiferromagnetism �CAF�. This is in contrast to the “virgin”
�zero-field cooled� magnetic ground state where no ferromagnetic component could be detected. Due to the
strong competition between FM and AF orders, three successive AF transitions are detected. The low-
temperature transition at T3=27 K has a strong influence on FIFM, resulting in the minimum magnetic field
required to trigger the FIFM state. Furthermore, the T3=27 K transition results in a pronounced anomaly in the
temperature variation in magnetization. We comment on this property in the light of a similar finding in the
phase-separated La0.21Pr0.42Ca3/8MnO3 which was interpreted as the strain-glass transition.
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I. INTRODUCTION

The transition-metal oxides, when several physical
interactions—spin, charge, orbital, and lattice—act simulta-
neously, exhibit a large variety of physical phenomena, in-
cluding high-TC superconductivity, colossal magnetoresis-
tance �CMR�, and multiferroic behavior.1 The complexity of
the above interactions still presents a strong challenge in our
understanding of these materials. In the last ten years the
concept of phase separation has emerged in order to explain
the CMR in mixed-valence manganites2 and has been ex-
tended to high-TC superconductors, such as cobaltites, ruth-
enates, and organic superconductors.1,3 It is understood that
in the systems with strongly competing interactions, the
competing phases are spatially separated. In the mixed-
valence manganites R1−xAxMnO3, where R=La,Pr,Nd, . . .,
A=Sr,Ca,Ba. . ., and 0�x�1, the two competing phases are
frequently the ferromagnetic �FM� metallic phase and the
antiferromagnetic �AF� insulating phase. In this simplified
view, the CMR is viewed as the percolation of current
through the coalescing FM metallic domains under the influ-
ence of external magnetic field.4,5

The prototype CMR manganite is Pr1−xCaxMnO3
�PCMO�, where x=0.3–0.5.6 In this material, the charge and
orbital order �CO/OO� was found more than 20 years ago7

and was identified with the CE type of AF order. In the
subsequent reports the charge ordering �CO� and AF
transitions are found to be separated.8,9 The three magnetic
transitions in ��T� are usually assigned as �a� CO
�TCO=220–240 K�, �b� AF ordering �TN=140–180�, and �c�
canted antiferromagnetic �CAF� ordering �TCAF�100 K�.6
At low temperatures a magnetic field of several teslas is able
to overturn the AF order into FM order which results in the
CMR. Investigating the origin of this colossal effect, the
magnetic structure was studied by neutron scattering. In
Pr0.7Ca0.3MnO3 at B=0 T and T�150 K a phase separation
has been found.10,11 The two coexisting phases, one AF
charge ordered phase and another glassy nonmagnetic phase

were both found to be insulating in accordance with the
semiconducting behavior of the resistance. An external mag-
netic field overturns both phases into the almost complete
�85% sample fraction� ferromagnetic delocalized �metallic�
phase.10,11

The charge order is another conflicting point in the under-
standing of Pr1−xCaxMnO3 ground states. CO in manganites
refers to the spatial order of Mn3+ and Mn4+ ions that are
claimed to form stripes.12–14 However, in the last several
years the concept of separated charges in transition-metal
oxides has been questioned.15,16 This was initiated in 2002
by the publication of a report claiming an intermediate va-
lence state of Mn ions in Pr0.6Ca0.4MnO3 instead of the CO
state.17 The authors in Ref. 17 found no evidence of spatial
charge ordering at T=195�235 K=TCO in their high-
quality single crystal. Instead, they explain both the transport
and magnetization anomalies at TCO=235 K as the onset of
ferromagnetic coupling of two adjacent Mn ions: the “Zener-
polaron” ordering. The dimerization of Mn ions then changes
the balance of FM and AF correlations, and the susceptibility
decreases. The complex and controversial nature of electron
interaction in this system is still a hotly debated issue. Re-
cently it was reported that the Zener-polaron type of CO/OO
order coexists with unordered regions even at room
temperature18 and that Zener-polaron order results in the
static electric polarization.18,19

In order to give some more insight into the nature of
ground state and competing phases of Pr0.6Ca0.4MnO3, we
have performed the detailed study of magnetic behavior of
several high-quality single crystals. Single crystals of
Pr0.6Ca0.4MnO3 are produced by the floating zone method
and the samples presented in this paper were cut from the
same rod. The details about the sample preparation and char-
acterization can be found in Ref. 17. Magnetization measure-
ments are performed in “Quantum Design” MPMS �super-
conducting quantum interference device �SQUID�� and
PPMS �ac susceptibility and vibrating sample magnetiza-
tion�. Due to the highly nonlinear response at low tempera-
tures, and in order to obtain the “virgin” curves, the sample

PHYSICAL REVIEW B 78, 184435 �2008�

1098-0121/2008/78�18�/184435�6� ©2008 The American Physical Society184435-1

http://dx.doi.org/10.1103/PhysRevB.78.184435


was heated to T=260 K after each magnetic cycle at low
temperatures. Resistivity measurements are done in Quantum
Design PPMS system.

II. RESULTS AND DISCUSSION

Figure 1 shows the temperature dependence of magnetic
susceptibility ��T� of the Pr0.6Ca0.4MnO3 single crystal.
Black circles and red squares stand for the zero-field-cooled
�ZFC� and field-cooled �FC� �cooling with B=100 Oe� mea-
surements. Magnetic field is 100 Oe. The arrows point to the
three antiferromagneticlike transitions, and the line is a
Curie-Weiss fit to the high-temperature �T�350 K� region.
The transition at TCO=235 K is usually assigned as the CO
transition7 and we shall label it in this way throughout this
paper. Nevertheless, and as already mentioned in Sec. I, this
transition is also interpreted as the onset of Zener-polaron
ordering.17 The magnetic susceptibility at high temperatures
�T�350 K� is driven by ferromagnetic interactions as indi-
cated by the Curie-Weiss fit ��1 / �T−TP� �blue line� that
yields a positive TP=220 K. In spite of these high-
temperature ferromagnetic correlations, antiferromagnetism
prevails at T�235 K. Still, FM correlations persist even at
lower temperatures which can be seen in the subsequent in-
crease in the susceptibility. The competition between FM and
AF correlations leads to two additional AF transitions at
T2=TN=175 K and T3=27 K. The T3=27 K transition is
usually assigned as the onset to canted antiferromagnetism,6

although T2 was initially also reported to be a CAF
transition.9,20 Nevertheless, our Pr0.6Ca0.4MnO3 sample is
completely antiferromagentic in the almost entire tempera-
ture range. In the inset of Fig. 1 we show the low-field
�B�1 T� magnetization versus magnetic field at T=160 and
15 K. At T=160 K, even at the smallest fields one cannot
detect any trace of ferromagnetism. Only as T→27 K do the
FM correlations grow stronger, and a trace of FM signal can
be detected in the region 15�T�40 K. This FM signal
could correspond to less than 0.5% of the sample but prob-
ably indeed represents a minor canting of AF spins. In spite

of this minor canting, the T3=27 K transition in our
material is predominantly ��99.5%� an AF transition.
Around T=T3=27 K �actually, in Fig. 1 below 40 K� the
ZFC and FC susceptibilities differ considerably so this tran-
sition could be compatible with the phenomenology for the
spin-glass transition. However, if the cooling is done in
higher magnetic field �B�100 Oe� or if the magnetic field is
cycled to larger values at T�27 K, the difference of ZFC
and FC measurements �both in B=100 Oe� persists up to
T=170 K, becoming colossal �orders of magnitude� at low
temperatures. Thus, the difference between the ZFC and FC
susceptibilities seems to be unrelated to the T3=27 K tran-
sitions.

It is interesting to note that the temperature of the third
AF transition coincides with temperatures of AF ordering of
Pr ions. It is known that praseodymium ions in oxides gen-
erally order antiferromagnetically at T�30 K.21 Thus, it
might be that the AF correlations of Pr ions at T�30 K
overcome the weak FM correlations of Mn ions resulting in
the third AF transition. The magnetic coupling between Mn
and Pr ions is already reported in Pr0.7Ca0.3MnO3 �x=0.3�. In
this compound the long-range FM order of Mn ions occurs at
T�130 K and FM ordering of Pr3+ ions is observed at
T�60 K.22 On the contrary, in our antiferromagnetic matrix
�x=0.4� Pr ions probably order AF, as it occurs in praseody-
mium oxides.21

Figure 2 shows the hysteresis loops �just one quadrant� of
magnetization versus field for one set of temperatures.
Before each M�B� curve the temperature is raised to
T=260 K in order to erase the remnant magnetization after
each field cycle. In Fig. 2 the magnetic field is swept:
B=0→9→0 T. At all temperatures the initial
�0�B�2–3 T� M�B� curves are linear with no hysteresis.
At sufficiently high magnetic fields �BC�5 T�
Pr0.6Ca0.4MnO3 exhibits a first-order transition from the low-
temperature AF state into the ferromagnetic state. On lower-
ing the field, the ferromagnetism persists to lower fields
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FIG. 1. �Color online� Temperature dependence of magnetic
susceptibility � for ZFC �black squares� and FC �red circles�.
B=100 Oe. Blue line is based on the Curie-Weiss fit to the region
350�T�400 K. Arrows denote three AF-like transitions. Inset
shows the field dependence of magnetization at T=15 and 160 K.
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FIG. 2. �Color online� Magnetization M in Bohr magnetons per
unit cell versus magnetic field B. Arrows denote the direction of
field ramp. Numbers aside the curves indicate the temperature.
T=2 �black circles�, 20 �red squares�, 40 �green triangles—up�, 100
�dark-yellow triangles-down�, 150 �blue diamonds�, 200 �pink
hexagons�, 240 �cyan circles�, and 300 K �gray squares�. Broken
line is the theoretically expected M =3.6�B.
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�BC��, resulting in the pronounced hysteresis. The magnetic
field-induced ferromagnetic �FIFM� transitions persist up to
T=225 K�TCO, i.e., much higher than T=TN=175 K. The
magnetic first-order transitions shown in Fig. 2 are reported
by Tokunaga et al.23 in similar systems �Pr1−xCaxMnO3;x
=0.45–0.5�. Our system �x=0.4� is different such that at low
temperatures �T=2 K in Fig. 2� the FIFM persists down to
B→0 T.

Figure 3 shows the full hysteresis loops at temperatures
T�10 K. The arrows denote the direction of B sweep. All
the curves are B=9→−9→9 T cycles. One can see that the
sample at T�6 K, once being in the FIFM state, remains
ferromagnetic down to very low fields �the magnetization
drops linearly and sharply from MS to 0�. We note that the
sample is not superparamagnetic since M�B� curves do not
scale as M�B /T�. On reversing the field, the ferromagnetic
moment reverses its sign but the reached saturation value MS

�

is lower than in the complete FIFM state �MS
��MS�. Finally,

at B= �BC the sample recovers full ferromagnetism. From
our magnetization measurements it is difficult to assess the
origin of this persistent fractional FM. It might be that the
FM state persists only in one fraction of the sample; this
would then present the macroscopic evidence of FM and AF
phase separations in Pr0.6Ca0.4MnO3. However, as shown in
the inset of Fig. 1, we do not detect separated FM and AF
phases in our sample, in accordance with Ref. 10. Therefore,
more likely is that upon lowering the field, the spins flip
from a FM to an incomplete AF orientation, resulting in a

canted AF state with the net ferromagnetic moment.
Increasing the temperature to T�6 K �T=7–10 K� �Fig.

3�b�� the FIFM state weakens. Indeed it disappears at fields
higher than those at low temperatures yielding a new state
responsible for the hump around B=0 T. This is not ob-
served for temperatures T�20 K. This means that, although
the FIFM state turns off at B�0, one small FM component
remains even at B=0. In order to explore if this persistent
FIFM is a reminiscence of some glassy behavior, we have
checked if it is time dependent. Figure 4 shows the M�B�
cycles at T=10 K for various ramping rates of magnetic
field. Four ramping rates are shown �for the cycles
�B=8.5→−8.5→8.5 T��: 130, 50, 20, and 12 Oe/s. Initial
ramp B=0→8.5 T �black line with a different shape when
comparing to the other cycles� is made with 130 Oe/s. Data
in Fig. 4 correspond to another single crystal from the same
rod, and the results are identical to the T=10 K curve in Fig.
3. It can be seen that the ramping rate enlarges slightly the
hysteresis width, as is the case for these metamagnetic tran-
sitions at all temperatures. However, the main features of
these T=10 K cycles remain the same: �a� BC�6.5 T, �b�
there is a small FM part of the curve �coming out of
B=0 T� just below B=0.2–0.4 T, and �c� all the returning
curves �lowering the field toward B=0 T� collapse in the
same B=0.2–0.4 T point.

From the above we conclude that the persistent FIFM
depends only on the temperature and that the time effects due
to different ramping rates are common to FIFM at all tem-
peratures �up to T=230 K� and do not correlate to a glassy
behavior in this particular temperature range. In Fig. 5 we
have plotted the ratio of fractional saturation magnetization
�MS

��T� /MS�T�� as a function of temperature. The values of
MS

� �black diamonds� are taken from Fig. 3 as the extrapola-
tion M�B=0� of the ferromagnetic part of M�B� loops when
B increases �d�B� /dt�0�. MS

� drops sharply at T�6 K and
disappears completely at T=15 K. We find that this tempera-
ture variation in MS

� is dependent on the hole concentration
“x.” We have observed the same curves in all samples cut
from the same rod, but in the similar system �x=0.375� �red
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FIG. 3. �Color online� Magnetization M versus magnetic field B
from magnetic cycles B=9→−9→9 T. Arrows denote the direc-
tion of field ramp. �a� T=2 �black circles�, 4 �red squares�, 5 �green
triangles—up�, and 6 K �yellow triangles-down�. �b� T=7 �blue
circles� and 10 K �pink squares�. Broken line is the theoretically
expected M =3.6�B.
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FIG. 4. �Color online� Magnetization M versus magnetic field B
for different ramping rates of magnetic field: 130 �black�, 50 �red�,
20 �green�, and 12 Oe/s �blue�. Inset shows the enlarged portion of
the main figure as indicated by the frame. In the inset, the ramping
speed increases from right to left. T=10 K.
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circles� we have observed FM part even at T=20 K. This
increase in persistent FIFM in x=0.375 sample is consistent
with the stronger FM character of Pr1−xCaxMnO3 material as
x→0.3.

The T=27 K AF transition in Fig. 1 draws another con-
sequence in the regimes of high magnetic fields. The virgin
M�B� curves �those increasing from B=0 in Fig. 2� show that
the critical field BC for the onset of ferromagnetism has a
minimum at T�30 K. This indicates that the T=27 K is
just the temperature where the ferromagnetic correlation are
the strongest compared to the antiferromagnetic ones. At 27
K the system undergoes a new AF transition, and a stronger
magnetic field is again necessary to overturn the spins into
the FM order. The dependence of BC on temperature is
shown in the phase diagram in Fig. 6 by green diamonds.
Note a sharp overturn at T=30 K. The same phase boundary,

including the 30 K overturn, is observed from the onset of
CMR in our resistivity measurements �black diamonds�, in-
dicating that CMR in Pr1−xCaxMnO3 coincides with the onset
of long-range FM order. The same overturn was reported in
the phase diagram by Tomioka et al.6 and it was suggested to
be a consequence of “a decrease in the thermal fluctuation
effect on the first-order phase transition.” Here we propose
that it is related to the “27 K” AF transition as stated above.
When the magnetic field is lowered, FIFM state persists to
lower fields BC� �blue squares�, resulting in the large hyster-
esis area labeled as “H” in Fig. 6. Empty squares denote BC�
from our resistivity measurements �not shown here� that co-
incide with those from magnetic measurements. In the H
phase the shadowed �cyan� region, labeled as P-FM, is the
region of persistent ferromagnetism as defined in Figs. 3–5.
Note that the phase diagram in Fig. 6 corresponds to the
x=0.4 compound, while in that of x=0.375 the P-FM region
exists up to 20 K. Outside of this hysteretic region we have
pure FM and AF phases. At temperatures higher than 240 K,
PM� denotes the paramagnetic phase.

Another way to study the complex magnetic properties of
such system is to sweep the temperature at a fixed magnetic
field. Experimental steps are the following: �a� sample is
cooled in the zero magnetic field to T=10 K, �b� magnetic
field is raised to a fixed value, �c� the sample is heated up to
300 K, and �d� field is turned off. The result of this experi-
ment is shown in Fig. 7. The curves show the temperature
dependence of magnetization M�T� in Bohr magnetons per
unit cell for fixed fields between B=13 T �uppermost curve,
black� to B=2 T �lowest curve, blue� with �B=1 T be-
tween each curve. The rich structure of these curves will give
us the rest of the points in the phase diagram �Fig. 6�. The
temperature of the highest AF transition TCO decreases by
almost 10% when B increases up to B=10 T. The field of 11
T overcomes completely the inherent antiferromagnetism,
and the system is completely ferromagnetic below TCO. The
temperature of second AF transition �TN�B=0�=175 K� de-
creases in magnetic field by just 4% until it is not detectable
at B=9 T. The third AF transition at T=27 K is well pro-
nounced just at small fields. These three transitions are rep-
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resented by black lines in Fig. 6. It is interesting to note that
the T=175 K AF transition has no major impact in the phase
diagram.

Red circles in Fig. 6 represent the ferromagnetic transition
temperature TC� as deduced from Fig. 7. At B	11 T TC� is
defined as the inflection point in the M�T� curve. For
B�11 T, TC� is defined as the temperature where M�T�
curve decreases sharply �−dM /dT=max� from FM to AF
state. As expected, TC� data correspond precisely to the BC�
data �blue squares�, which means that they depict the same
property. The most intriguing in Fig. 7 is the sudden increase
in M�6 T� between T=10 and 30 K. Actually, all M�T�
curves for B�7 T start with the lower value at T=10 K and
then raise to a plateaulike value. This interesting feature is
merely the fact that at these particular fields, the �ferro�mag-
netism is not complete, as the system is on the feet of the
large increase in M�B� �Fig. 2�. For example, at T=10 K,
increasing the field to B=6 T brings the material just below
the FIFM transition �BC�10 K�=6.5 T�. The increase in
temperature then increases the magnetization toward MS
since BC decreases toward T�30 K. In a certain region of
temperature �30–70 K� the system is in FIFM state. With a
further increase in temperature, the BC becomes larger than 6
T and M falls again—this temperature is the above-labeled
TC�. At fields lower than BC �B=2, 3, and 4 T� the anomaly
is much smaller and is finally reduced to the 27 K anomaly
observed in Fig. 1.

The M�T� data presented in Fig. 7 are rather similar to the
M�T� data observed in La0.215Pr0.41Ca3/8MnO3 �LPCMO�.24

In the latter case it was reported that M�T� data reveal a
phase boundary not detectable in usual M�B� measurements.
The low-temperature increase in M�T� �similar to the
B=6 T trace in Fig. 7� was interpreted as the crossing from
the low-temperature strain-glass phase to the strain-liquid
phase.24 Their complex system �three different ions on the
perovskite A site: La, Pr, and Ca� is considered to be a pro-
totype system for percolative phase separation.4 The two
competing phases were considered to be FM metallic and
CO/AF insulating phases, and the freezing from dynamic to
static phase-separated state was labeled as the “strain
glass.”24 The border between the strain-glass and strain-
liquid phases was determined by both transport and magne-
tization measurements. In the magnetization measurements,
this border is defined as the increase in M�T� when raising
the temperature—similar to the case of M�T ,B=6 T� in Fig.
7. In the case of Pr0.6Ca0.4MnO3 we have seen that the de-
crease in M�T ,B=6 T� in Fig. 7 at T�30 K is a direct
consequence of the minimum of BC around T=30 K which,
in return, is the consequence of strongest FM correlations at
this temperature. Also, contrary to Ref. 24 we were not able
to deduce a convincing temperature dependence of this
“glass-liquid” border; dM /dT for T�30 K is rather small
and ambiguous when B�6 T. Therefore, from our experi-
ment we can only conclude that the third AF ordering
at T=27 K causes the low-temperature anomaly of M�T�
�Fig. 7� �B=6 T trace�. Nevertheless, it is worth noting that
the same cause could produce similar effects in LPCMO.
Although the LPCMO system is more complex than PCMO
�Pr1−xCaxMnO3�, the AF ordering on the Pr site in LPCMO
could reinforce locally the insulating AF state. As T→0, this

AF order gets stronger and a larger magnetic field is neces-
sary to overturn it into the metallic FM state.

Finally, we want to stress that the FIFM, corresponding to
the flipping of AF into FM order, persists up to
TCO=235 K. In Fig. 8 we plot the hysteresis width �BC of
the metamagnetic transitions �FIFM state� as a function of
temperature. �BC=BC−BC� is taken at the half height of the
FIFM transitions. One can observe the strong increase in
�BC below 30 K and the disappearance of hysteresis
��BC→0� at T=230 K. Therefore, the first-order magnetic
transitions do correspond to a complete long-range AF order
present until T=230�235 K=TCO. The existence of the
first-order FIFM transitions up to TCO is well known and
reported in Refs. 6 and 22. Here we want to stress out that
this indicates the equivalence of the magnetic states at
T�TN=175 K and 175�T�235 K=TCO. This then ques-
tions the widely accepted picture of charge order as the ori-
gin of TCO anomaly and suggests the existence of an antifer-
romagnetic order also in the 175�T�235 K range. In the
same graph we plot the “saturation magnetization” MS of
FIFM states �right axis, triangles�. MS is taken as the inter-
ception on “y” axis of the linear part of M�B� in the FIFM
state. At T=2 K MS reaches the value of MS=3.9�B per cell
unit. This value is higher than expected if just Mn3+ and
Mn4+ ions order ferromagnetically and probably includes the
�canted� ferromagnetic contribution of Pr3+ ions. What is
more surprising is that the temperature behavior of MS fol-
lows the T3/2 rule, as if the magnon dispersion indeed decays
the FIFM state. This indicates that the FM contribution of Pr
ions remains locked within the Mn lattice to at least
TN=175 K.

III. CONCLUSION

We have reported on the magnetism in Pr0.6Ca0.4MnO3
which can be separated into the spontaneous antiferromag-
netism �B�BC� and induced ferromagnetism �after magnetic
transitions at BC�. Regarding spontaneous magnetic order,
three successive AF transitions result as a consequence of the
strong competition between FM and AF correlations. After
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each of these transitions, no inhomogeneities �mixture with
FM or CAF phases� are found in the sample. At sufficiently
high magnetic fields �B�BC� the AF order is flipped into the
FM one. This first-order �hysteretic� transition is observed up
to T=225 K�TCO which supports the assignment of first
transition at TCO=235 K as an AF transition. The hysteresis
width increases with decreasing temperature, yielding to per-
sistent FIFM states as B→0 at T�10 K. At these tempera-
tures, as �B� increases again, the saturation magnetization MS

�

of persistent FIFM states is smaller than the observed total
MS and decreases with temperature. We interpret this frac-
tional MS

� as a switching from the complete FM into the
incomplete ferro state, i.e., into a CAF state. The total MS of
FIFM state at low temperatures reaches 3.9�B per cell unit,
indicating the CAF contribution of Pr3+ ions. When B�BC,
the canting of AF alignment of Pr ions increases and raises
the magnetization, as can be seen from the finite slope of
M�B� in FIFM state �Figs. 2–4�. Nevertheless, when
B=const the total magnetization of FIFM state, including

CAF of Pr ions, decays upon the Bloch T3/2 law up to T
=180 K �Figs. 7 and 8�. Finally, we note that the T3
=27 K AF transition has a pronounced impact on FIFM
transitions, resulting in a minimum of transition field BC
around 27 K. This in turn produces an anomaly in M�T� �Fig.
7� similar to the one that has been interpreted as the strain-
glass transition in a phase-separated La0.215Pr0.41Ca3/8MnO3.
We interpret the same M�T� anomaly in Pr0.6Ca0.4MnO3 as a
consequence of the 27 K AF transition driven by Pr3+ AF
ordering.
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