
RAPID COMMUNICATIONS

PHYSICAL REVIEW B 1 JULY 1999-IIVOLUME 60, NUMBER 2
Charge disordering induced by electron irradiation in colossal magnetoresistant manganites
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The electron microscopy investigation of Pr0.7Ca0.3MnO3 shows that a complete charge disordering is in-
duced in this phase by electron irradiation at 92 K, the disordered state remaining stable at this temperature,
even in the absence of irradiation. A model is proposed for this transition, according to which an electron
jumping into the manganite matrix creates a local charge disordered state and extends to the whole matrix
through a chain mechanism, leading to a ferromagnetic metallic state. This model is supported by the fact that
the charge ordered state~evidenced by the doubling of thea parameter! is restored by heating the material
above 120 K (;TC) and then disappears above 150 K (;TCO). Similar results are obtained for
Nd0.7Ca0.3MnO3, whereas Pr0.5Ca0.5MnO3 is not sensitive to electron exposure, in agreement with the larger
stability of its 1:1 Mn31/Mn41 charge ordering.@S0163-1829~99!50626-7#
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The discovery of negative giant magnetoresistance
manganites with the perovskite structure~see, for instance
Refs. 1–7! has resuscitated a renewed interest in this c
of materials. Some of those oxides are insulators and exh
a decrease of resistance by several orders of magnitud
applying a magnetic field and are called for this reas
colossal magnetoresistant~CMR!.8–10 This CMR effect,
which appears by applying a magnetic field to such insu
ing perovskites, originates from a competition between f
romagnetism~FM! and antiferromagnetism~AFM!. In those
Ln12xAxMnO3 oxides~A being an alkaline-earth ion!, ferro-
magnetism coincides with a carrier delocalization leading
a metallic state in agreement with the double excha
mechanism,11 whereas antiferromagnetism is closely relat
to charge ordering~CO! phenomena.12 It has been shown
that the transport and magnetic properties of these oxides
especially the magnetoresistance are controlled by the
ing level ~hole or electron concentration! and the size of the
A-site cation, providing the cation radius is beyond a cert
size.7–10 For smallA-cations, the carrier delocalization tend
to disappear, and for a particular doping level, charge ord
ing is observed. This is the case of the mangan
Pr12xCaxMnO3, which are insulating whateverx and exhibit
1:1 Mn31/Mn41 charge ordering combined to a CE typ
AFM structure forx50.50.13

In fact, the magnetotransport properties of these mate
are greatly influenced by the high metastability of t
charge ordered state. This property is exemplified
Pr0.7Ca0.3MnO3, which shows three transition temperatur
TC , TN , and TCO at ;120, ;140, and ;180 K, re-
spectively.14 In this oxide, melting of the charge ordere
state by application either of high magnetic9 or high electric
fields15 has been demonstrated, so that an insulator to m
~I-M ! transition was obtained. Recently, a similar I-M tra
sition was induced in the same compound via photoabs
tion of visible-infrared light16 and of x-ray.17 This excep-
tional behavior of Pr0.7Ca0.3MnO3 suggests that a simila
effect should be obtained with other radiations. In this pap
we show that complete charge disordering is induced in
oxide via electron irradiation at 92 K in an electron micr
scope. We also demonstrate that the so obtained disord
PRB 600163-1829/99/60~2!/726~4!/$15.00
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state remains perfectly stable at this temperature in the
sence of irradiation, and that the charge ordered state is
markably restored by heating above;120 K (TC) and de-
finitively redisappears aboveTCO ~;180 K!.

The ceramic Pr0.70Ca0.30MnO3 was prepared from the ad
equate mixture of Pr6O11, CaO, and MnO2 heated up to
1500 °C according to the experiment previously describ
for this compound.8 The phase purity and its cationic com
position were checked by x-ray powder diffraction and x-r
energy-dispersive spectroscopy, respectively. Electron
fraction investigation was carried out as a function of t
temperature with a JEOL 2010 electron microscope equip
with a LINK analyzer.

The electron-diffraction~ED! patterns of this perovskite
phase, registered at room temperature, confirm that
sample exhibits the expectedPnmaorthorhombic cell with
a'apA2, b'2ap , andc'apA2.13

The sample was then cooled down to 92 K in>30 min
without any electron beam. The ED patterns were recorde
this temperature, with a constant current density~estimated
at 80 pA cm22 at the level of the crystallite!. In these condi-
tions, additional reflections at 1/2 0 0 are observed in
@010# ED patterns@Fig. 1~a!#, and the reconstruction o
the reciprocal space confirms the supercell ‘‘a>2apA2,b
>2ap ,c>apA2,’’ previously established from neutro
powder diffraction ~NPD! data at low temperature fo
Pr12xCaxMnO3 with 0.30<x,0.50.13 The doubling of thea
parameter is correlated to au:u ordering, namely
@Mn31#:@Mn31,Mn41#. The corresponding lattice images r
corded at 92 K@Fig. 2~a!# confirm the doubling of thea
parameter, showing a system of gray and bright fringes,
ternating with a periodicity of 11 Å throughout the who
crystallite. Thus for these experimental conditions, t
Pr0.7Ca0.3MnO3 phase is 1-1 type charge ordered, and
ideal structure can be described as the alternation alonga of
Mn31 stripes with mixed Mn31/Mn41 stripes, containing
40% of Mn31 species@Fig. 3~a!#. However, the brightness o
the fringes is not regular alongc, sometimes varying strongly
over a few tens Å distance@Fig. 2~a!#. This suggests that
though the ‘‘2apA2’’ periodicity alonga is respected, there
R726 ©1999 The American Physical Society



at
-
-
n

le
e

g

ent,
re-
ge

the
80
ch
he
ob-
ws
that
t 92

ned
the
by

e

.
ext

ob-
etic
car-

ge

red

f

e

up
me

.

RAPID COMMUNICATIONS

PRB 60 R727CHARGE DISORDERING INDUCED BY ELECTRON . . .
exists short-range ordering alongc within the ‘‘Mn31

2Mn41’ ’ stripes. The sample at this temperature is insul
ing and weakly FM as shown from theT-dependent resistiv
ity and magnetization curves@Fig. 3~b!#, and can be consid
ered as biphasic, i.e., consists of FM clusters embedded i
AFM matrix as described from NPD studies.14

Keeping the sample at 92 K under the same constant e
tron current density~80 pA cm22! leads to a progressiv
weakening of the satellites which disappear after>30 min
exposure@Fig. 1~b!#. In the same way, the correspondin

FIG. 1. @010# ED pattern of Pr0.7Ca0.3MnO3. ~a! At 92 K, just
after cooling. The extra reflections which attest of the doubling o
parameter are indicated by white arrows.~b! At 92 K, after a 30 min
exposure, keeping constantT and the electron current density. Th
extra reflections have disappeared.~c! After warming up to 125 K,
the extra reflections have reappeared and are still observed
cooling back to 92 K. The cycle has been carried out several ti
on the same crystallite.
-

an

c-

lattice image@Fig. 2~b!# confirms a periodicity of 5.5 Å in
agreement with the loss of charge ordering. This experim
carried out several times and for different crystallites, is
producible. More importantly, this transition from a char
ordered to a charge disordered state is very sensitive to
current density of the electron beam: a density of
nA cm22 allows the transition to be reached in a mu
shorter time of few seconds. Moreover, after cutting off t
electron beam during several hours, electron-diffraction
servation of the previously characterized crystallites sho
that the extra reflections have not reappeared, proving
the transition to the so-formed disordered state is stable a
K, even in the absence of electron irradiation.

The fact that the temperature of the sample is maintai
at 92 K all during this experiment strongly suggests that
transition is not due to the Joule effect, but is induced
electron irradiation. Different from x-ray4,17 or from visible
IR radiation,16 this transition is not photoinduced, but can b
described by an extra electron at a Mn41 site in the matrix of
Pr0.7Ca0.3MnO3, creating locally a distortion of the lattice
The latter is then relaxed, as the electron jumps to the n
Mn site. It results in a complete disordering of the Mn31 and
Mn41 species, due to a kind of chain mechanism. Most pr
ably, the so-formed charge disordered state is ferromagn
and metallic, but unfortunately measurements cannot be
ried out in the present conditions.

In this model, the electron induced FM metallic char
disordered state should only be stable belowTC ~120 K!. In
order to check this point, the complete charge disorde
sample~observed after prolongated exposure at 92 K! was

a

on
s

FIG. 2. @010# lattice image, recorded at 92 K.~a! Just after
cooling @ED pattern in Fig. 1~a!#: charge ordered state.~b! After a
30 min exposure@ED pattern in Fig. 1~b!#: charge disordered state
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heated progressively, keeping the electron-beam current d
sity at 80 pA cm22. One indeed observes that at about 125
the set of extra reflections, characteristic of charge orderin
is restored, as shown from the@010# ED pattern@Fig. 1~c!#.
Note that an identical result is obtained by heating th
sample in the absence of an electron beam up to 125
confirming that the appearance of extra reflections is, in th
case, only due to the temperature increase effect, leading
the charge ordered AFM insulating state. The phenomenon
perfectly reproducible: by decreasing again the temperatu
down to 92 K, the extra reflections are still observed, bu
keeping the electron beam~80 pA cm22! at this temperature
for 30 min leads again to a disappearance of the extra sa
lites.

Finally, starting from the charge ordered sample obtaine
at 125 K, one observes that by heating above 150 K in th
presence of or without an electron beam, the extra reflectio
disappear again, and do not reappear at 160 K after prolo
gated exposure to the electron beam whatever the curr

FIG. 3. ~a! Ideal structure of a 1-1 type ordered structure fo
Pr0.7Ca0.3MnO3. ~b! T-dependent magnetization curves registered
1022 T @field-cooling: FC, zero-field-cooling: ZFC, and zero-field
T-dependent resistivity~inset!#.
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density. This last transition corresponds to the disappeara
of the charge ordering aboveTCO, leading to the paramag
netic insulating disordered state. Note thatTCO deduced from
the ED investigation (TCO[150 K) is smaller than the value
obtained from the NPD data (TCO[180 K).14 This differ-
ence may be due to the fact that close toTCO, the electron
irradiation also contributes, together with the temperature
crease, to the destruction of the metastable charge ord
state, so thatTCO may be artificially lowered with respect t
other methods of observation.

In this oxide, the electron induced charge disordering
low temperature is only made possible because of the g
metastability of the charge ordered state. Lattice images
corded at 92 K~Fig. 2!, before and after electron-beam e
posure, support this viewpoint.

In contrast, all attempts to destroy the charge ordered s
of Pr0.5Ca0.5MnO3 by electron exposure belowTCO ~250 K!,
varying the intensity of the beam, were unsuccessful. T
different behavior is easily explained by the fact that the
Mn31/Mn41 charge ordering in this phase is more stable th
that of Pr0.7Ca0.3MnO3,

13 which implies the alternation o
Mn31 and disordered Mn31/Mn41 stripes.

This electron induced charge disordering is not specific
Pr0.7Ca0.3MnO3, but should appear each time the charge
dered state is at the border of the instability. This expla
why we observe a similar effect in Nd0.7Ca0.3MnO3. The ED
patterns of this oxide exhibit at 92 K the extra reflectio
characteristic of a 1:1 Mn31/Mn41 charge ordering;TC , TN ,
andTCO were obtained from the NPD data.18 However, the
ED patterns registered at 92 K, keeping the same condit
as those described for the praseodymium phase, clearly s
that the extra reflections characteristic of charge order
have disappeared and are restored by warming the crysta
140 K due to a similar mechanism.

In conclusion, we have shown that a complete cha
disordering is induced in Pr0.7Ca0.3MnO3 by electron irradia-
tion. The destruction of the charge ordered state of this m
ganite by electron injection may be of great interest for a
plications since, most probably, it allows a ferromagne
metallic state to be induced in insulating materials wh
involve a strong competition between FM and AFM intera
tions. There is no doubt that such an effect will appear
oxides whose charge ordered states are very metastable
in oxides that are on the border of the charge ordered
charge disordered states. In this respect, this effect is v
similar to the chemical pressure induced by theA-site sub-
stitution. For instance, Pr0.7Ca0.26Sr0.04MnO3 is an insulator
whereas Pr0.7Ca0.25Sr0.05MnO3 exhibits an I-M transition.8

Finally these results show that particular attention will ha
to be paid to the electron microscopy observations of th
manganites, in order to avoid errors, due to a possible se
tivity of the charge-ordered states to an electron beam.
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