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High magnetic field study of charge melting in Bi1Õ2„Sr,Ca…1Õ2MnO3 perovskites:
Unconventional behavior of bismuth charge ordered compounds
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The stability of charge ordered phases of bismuth based Bi0.5Ca0.5MnO3 and Bi0.5Sr0.5MnO3 oxides is
investigated by magnetization measurements in magnetic fields up to 130 T. Marked differences exist when
comparing the critical fieldsm0HC found to induce a ferromagnetic state in Bi0.5M0.5MnO3 ~M5Ca, Sr! and
Ln0.5Ca0.5MnO3 ~Ln-rare-earth! manganites. Bi oxides do not match the generalm0HC-u or m0HC-TCO mo-
notonous tendencies showed by the half-doped manganites having rare earths. From this comparison, we
suggest the possibility that, at least in the case of Bi0.5Sr0.5MnO3, the high-field ferromagnetic phase below
130 T could be insulating in nature.

DOI: 10.1103/PhysRevB.67.134413 PACS number~s!: 75.25.1z, 71.45.Lr, 71.38.2k, 71.27.1a
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I. INTRODUCTION

Rare-earth-based manganites (Ln12xMxMnO3, Ln5 rare
earth, M5 alkaline earth! have been the subject of larg
interest during the last years. Their colossal magne
resistance1 ~CMR! and charge order~CO! phenomena2,3 dis-
played by many of these compounds have focused the a
tion of numerous research works. CMR has been unders
to come from the correlation between the alignment of M
magnetic moments and the mobility of theeg electrons. Al-
though recent studies evidence that there are also other
portant ingredients such as phase separation, percola
etc., it is now well established that in the range'0.25<x
<0.5 the ferromagnetic state in these compounds is meta
Besides, CO is usually understood in a purely ionic pictu
it is viewed as a spatially ordered distribution
Mn31/Mn41 ions in the lattice.3 This order is accompanie
by orbital order ~OO!: an ordered occupation of th
eg (d3r 22z2 or dx22y2) orbitals. It is generally accepted tha
the driving forces of the CO/OO phases formation are
minimization of both the Coulomb repulsion~when CO ap-
pears! and the strain energy, related with the strong Ja
Teller deformations around Mn31 ions. These terms compet
with the kinetic-energy term ofeg electrons that favors the
ferromagnetic-metallic phase. Beyond this simple ionic p
ture, a more realistic scenario for the CO state in mangan
emerges from recent studies,4–6 which have reported the for
mation of ordered Zener polarons~ZP!: eacheg electron be-
comes trapped in a Mn-O-Mn trio~with quite opened Mn-
O-Mn bond angle! instead of in a single Mn ion.4 The two
Mn ions involved in the trio conserve an intermediate v
lence state and are ferromagnetically coupled by the do
exchange interaction induced by the sharedeg electron.4 Ac-
cording to this new scenario, the CO phase of mangan
must be understood as an ordered phase of Zener pola
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~ZPO!. Along this paper, we will use CO in the sense
ZPO. In addition, the correlation between the one elect
bandwidth W and the transition temperatureTCO appears
now well established. Both are sterically controlled by^r A&,
the mean size of theA cations~Ln and M!. Large values of
^r A&, enlarged values ofW, favor the mobility ofeg elec-
trons, thus, reducingTCO .

After the electronic localization, the particular ordering
ZP in the CO~or ZPO! phase gives rise at low temperatur
to an antiferromagnetic~AFM! coupling between zig-zag
chains of FM coupled Zener units.4 This leads to the appear
ance of the AFM-CE structure characteristic of CO mang
ites. The evolution of the Ne´el temperature (TN), where this
magnetic ordering appears displays small and wande
variations when changing the rare earth. Due to the dis
sion in the determination ofTN and the small variations dis
played when changing the rare earth, a clear dependenc
TN on ^rA&, and/or onTCO cannot be easily drawn. For in
stance, TN'158 K, 155 K, 165 K, and 150 K for
Nd0.5Sr0.5MnO3 (^r A&51.185 Å),7 La0.5Ca0.5MnO3 (^r A&
51.140 Å),3 Nd0.5Ca0.5MnO3 (^r A&51.115 Å),8 and
Tb0.5Ca0.5MnO3 (^r A&51.080 Å),9 respectively.

The observation that AFM, charge, and orbital order
states can be disrupted by the application of external m
netic fields has stimulated intense work aimed at examin
the coupled structural, magnetic, and electronic transiti
induced under field and its relation with the structural deta
in each of these compounds.10–14 In the magnetic-field-
melting mechanism the induced polarization of the electro
spins competes with the trapping of the charges and fav
their delocalization. Thus, the FM state induced by the m
netic field is strongly favored by the energy gain due to
metallicity. This is reflected in the fact that the strength of t
field needed to break the AFM order is related toTCO ~and
thus to^r A&):11–14 very different fields are needed to brea
©2003 The American Physical Society13-1
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AFM couplings of similar strength~without important varia-
tions of TN for the different compounds!.

Bismuth-based manganites (Bi12xMxMnO3 M5Ca, Sr!
have been recently found to display quite differe
behavior.15–18 In fact, they do not follow the dependency o
TCO on ^r A& described above.16 The properties of bismuth
oxides can depend on the behavior of the highly polariza
6s2 lone pair of Bi31. Bi31 ions have been found to pus
TCO up to 525 K in Bi0.5Sr0.5MnO3, while Bi0.5Ca0.5MnO3
displays TCO'325 K. The extraordinary enhancement
TCO in the former has been attributed to an orientation of
6s2 lone pair toward a surrounding anion O22, which can
produce a local distortion or even a hybridization betwe
6s-Bi orbitals and 2p-O orbitals.19 This hybridization would
produce a local distortion and reduce the mobility ofeg
electrons, thus favoring charge order. In fact, resistivity m
surements have revealed that Bi12xSrxMnO3 (x50.0, 0.1,
0.2, 0.3, 0.5, and 0.67! compounds present a very large r
sistivity and insulating behavior at least up to roo
temperature.20 It is also worth mentioning that compound
with a small doping (x50.0, 0.1, 0.2! show a FM ground
state. Another example where the 6s2 lone pair is weakly
screened is BiMnO3.21,22 In this compound, there are indica
tions suggesting that the localized lone pair has so
contribution from the O 2p states.22 Very different is the
case of Bi0.5Ca0.5MnO3 (TCO'325 K). The apparen
size of Bi31 ions is smaller (Bi3151.16 Å) than in the
Sr case (Bi3151.24 Å).16 This is an indication of the 6s2

lone pair of Bi to be strongly screened15,16 in
Bi0.5Ca0.5MnO3.

In order to gain insight into the mechanisms th
drive these differences between~i! bismuth-based and
rare-earth-based manganites, and~ii ! between different
bismuth compounds, we have performed a magnetiza
study on Bi0.5Sr0.5MnO3 and Bi0.5Ca0.5MnO3 in very high
field.

II. EXPERIMENTAL DETAILS

Polycrystalline samples of Bi0.5M0.5MnO3 ~M5Ca, Sr!
have been prepared by standard solid-state reaction as
been previously reported.16 Neutron powder diffraction
~NPD! patterns were collected at ILL~Grenoble, France! in
the temperature interval 1.5,T,700 K. Several diffracto-
meters and wavelengths were used, D2B (l51.594 Å), D20
(l52.42 Å), and D1B (l52.52 Å). Synchrotron powde
x-ray-diffraction patterns were collected on BM16 (l
50.4424 Å) diffractometer of ESRF~Grenoble, France! be-
tween 170 and 700 K. Structural and magnetic parame
were refined by the Rietveld method using the progr
FULLPROF,23 and have been reported in detail in previo
works.15–17

Magnetic measurements have been done on a comme
superconducting quantum interference device~quantum de-
sign! under an applied field of 1 T, between 5 and 600
From these measurements, as well as from NPD data
have establishedTCO and TN for both compounds as ha
been reported elsewhere.17

Powdered samples with a volume of a few mm3 were
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investigated by compensated pickup coils in pulsed fields
to 150 T generated by the semidestructive single-turn
technique. The advantage of this method, as compared to
fully destructive flux-compression technique, is having bo
up and down sweep of the magnetic field applicable for
experiment as well as the survival of the sample and
equipment inside the field-generating coil. The magne
field is produced by a very fast discharge of a capacitor b
into a single-turn coil having a usable inner diameter a
width of 15 mm. This coil size is preferred for magnetizatio
measurements since it offers a good compromise betw
high peak field and sufficiently good field homogene
around the coil center. Even higher fields in excess of 20
can be produced within smaller single-turn coils. Details c
be found in Ref. 24. Specially designed He-flow cryost
made of nonconducting materials in the vicinity
the single-turn coil are capable of cooling samples down
5 K.

The magnetization was measured by the voltage indu
in a well-compensated pickup coil system. We used comp
sation coils consisting of two partial coils in parallel config
ration, each having 20–30 turns. They were produced
alternatively winding 70mm Cu wire in opposite directions
around two parallel cylinders having an identical diameter
1.40 mm. This allows obtaining full area compensation rat
better than 1023 for empty coils in a homogeneous field
This compensation ratio, however, may change in single-t
coil experiments so that the uncompensated background
nal, which is typically proportional to the field derivativ
dH/dt, may have a time dependence different fromdH/dt.
Considering the transient and frequency response of the m
suring system, the time delay in the magnetization signal w
not larger than 10 ns. Together with the uncertainty of
field measurement, the maximum uncertainty for all ma
netic field values was less than 2 T. In particular, for the fi
values of any two corresponding events in up and do
sweep, the field readings have thus a maximum uncerta
of 232 T.

In order to suppress trigger noise and other unwanted
terference to the measurement system, the whole sys
~including pickup coils, cables, and digitizers! is enclosed in
an electromagnetic screen, which is necessarily impleme
as a wire metal in the vicinity of the single-turn coil. A
detailed description of the measurement system is give
Ref. 25.

III. RESULTS

Figure 1 shows the signal picked up by the coil during
and down sweep of the magnetic field for bo
Bi0.5Sr0.5MnO3 and Bi0.5Ca0.5MnO3. The AFM to FM tran-
sition induced by the field produces a large signal in the c
reflected as the appearance of a peak in Fig. 1. In Refs
and 17, we reported the coexistence of CE andA-type phases
with nearly identicalTCO/OO and TN in the Bi0.5Sr0.5MnO3
specimen. By comparing the integration of the large peak
Fig. 1, we estimate that the whole Bi0.5Sr0.5MnO3 sample
becomes fully FM between 55 and 65 T~increasing the
3-2
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field!. The transition in both samples presents, as usua
high hysteresis between increasing and decreasing field
definem0HC

1 (m0HC
2) as the field when the minimum~maxi-

mum! takes place for increasing~decreasing! field. The ther-
modynamic critical field (m0HC) when the FM state is in-
duced is defined as the average of these values: (m0HC

1

1m0HC
2)/2. From the peaks of Fig. 1, we have estimat

that m0HC'50 T for Bi0.5Sr0.5MnO3 and m0HC'56 T for
Bi0.5Ca0.5MnO3. Surprisingly, a stronger field is needed
induce the FM state in Bi0.5Ca0.5MnO3 with its TCO ~325 K!
being 200 K smaller than that of Bi0.5Sr0.5MnO3 ~525 K!.
From both NPD and magnetic measurements16,17 it can be
concluded that Ne´el temperatures are very similar for bo
samples, although it is slightly smaller for Bi0.5Sr0.5MnO3
(TN'110 K) than for Bi0.5Ca0.5MnO3 (TN'120 K). The
values of these Ne´el temperatures together with CO tempe
tures, the values ofm0HC

1 , m0HC
2 , m0HC , and average Mn-

O-Mn bond angle for both compounds are summarized
Table I.

Figure 2~a! shows the dependence ofm0HC on the aver-
age Mn-O-Mn bond angle for different rare-earth-bas
manganites half doped with Ca~Ref. 14! compared with
those obtained from Fig. 1. It must be highlighted that n
ther Bi0.5Sr0.5MnO3 nor Bi0.5Ca0.5MnO3 match the genera
tendency displayed by rare-earth-based half-doped man
ites. Figure 2~b! shows the same values plotted versusTCO .
The evolution ofm0HC for the rare-earth compounds in
cluded in Fig. 2 has been discussed in detail in previ

FIG. 1. Signal of the pickup coil for increasing and decreas
magnetic field for Bi1/2M1/2MnO3 ~M5Sr, Ca!.
13441
a
e

d

-

n

d

-

n-

s

works.10–14 From Fig. 2~a! Bi0.5Ca0.5MnO3 and
Bi0.5Sr0.5MnO3 exhibit critical fields drastically larger than
the values that one could expect from the dependency
m0HC on the mean Mn-O-Mn bond angle obtained for t
Ln0.5Ca0.5MnO3 family. On the contrary, from Fig. 2~b!, both
Bi0.5Sr0.5MnO3 and Bi0.5Ca0.5MnO3 present a critical field
smaller than the corresponding according to theirTCO . The
deviation from the general tendency is moderated
Bi0.5Ca0.5MnO3, but it is very important for Bi0.5Sr0.5MnO3.

IV. DISCUSSION

The results shown in the preceding section reveal rem
able differences when comparing not only bismuth and ra
earth half-doped perovskites, but also, respectively, bism
based Sr and Ca doped manganites. Next, we will show
a key factor in all cases is the highly polarizable 6s2 lone
pair of Bi. The melting under field of the CO phase in ha
doped rare-earth-based manganites has to be reinterp

g

FIG. 2. Critical magnetic fields for several rare-earth-bas
manganites half doped with Ca~open symbols! together with those
of Bi0.5Sr0.5MnO3 and Bi0.5Ca0.5MnO3 ~filled symbols!, plotted as
function of Mn-O-Mn bond angle~a! and as function ofTCO ~b!.
The lines are, in both panels, guides to the eyes.
TABLE I. Average Mn-O-Mn bond angles, critical fields, CO temperatures, and Ne´el temperatures of
Bi0.5Sr0.5MnO3 and Bi0.5Ca0.5MnO3.

^u&(o) m0HC
1 ~T! m0HC

2 ~T! m0HC ~T! TCO ~K! TN ~K!

Bi1/2Ca1/2 156.1~1! 72 40 56 325 120
Bi1/2Sr1/2 166.9~5! 60 40 50 525 110
3-3
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within the new framework for the CO phenomena propos
by Daoud-Aladineet al. in Ref. 4. We recall here that in th
new scenario the ordering of Mn31/Mn41 ions ~ionic pic-
ture! has been substituted by the ordering of Zener polaro
Thus, a key factor is the fact that theeg electron trapped in
each ZP is shared by the two Mn ions involved. Con
quently, the two Mn in the Mn-O-Mn trio are ferromagne
cally coupled by the double exchange interaction~intermedi-
ate valence state!. This situation is qualitatively different to
having a pair of Mn31/Mn41 ions coupled ferromagneticall
due to superexchange~ionic picture!. According to Ref. 4, at
low-temperatures superexchange exclusively applies to
coupling between different ZP’s: FM coupled along zig-z
chains and AFM between them. As a consequence,
double exchange nature of the local FM coupling betwe
Mn within the ZP~in the ZPO model! is probably respon-
sible for the moderate stability of the ZPO phase aga
the application of magnetic fields~few tesla!. A contradiction
of the ionic picture was that a higher stability than th
experimentally observed was expected for an ordered cry
of Mn31/Mn41 ions. At variance, in the case of ordered Z
the CO phase contains very small FM clusters~two Mn at-
oms! than would act as the FM seed from which large F
clusters can develop under application of a external magn
field. On another hand, the field needed to melt the lattice
ZP in half-doped manganites is mainly determined by str
tural features. These steric properties govern the kine
energy gain when the metallic~and FM! phase is induced
by the field: the larger this energy gain, the smallerTCO and
m0HC .

Remarkably, we have found that the field necessary
induce a FM state is slightly smaller for Bi0.5Sr0.5MnO3 than
for Bi0.5Ca0.5MnO3, even whenTCO of the former is about
200 K larger than that of the latest. At the same timem0HC
for both compounds are much larger~specially in the case o
Bi-Sr! than the value expected for their average Mn-O-M
bond angles. Even when they present Ne´el temperatures sig
nificantly smaller~30–40 K lower! than the rare-earth-base
manganites. It is clear that the stability under field of
compounds do not follow the same general tendency t
those of Ln0.5Ca0.5MnO3 compounds. In the case o
Bi0.5Sr0.5MnO3 the difference is very important although fo
Bi0.5Ca0.5MnO3 it is much less significant.

Given that Bi0.5Sr0.5MnO3 falls completely out of the gen
eral tendency displayed by the half-doped rare-earth c
pounds, in our opinion, this can be an indication that
nature of the field-induced phase in this compound is ma
edly different from the FM metallic state induced in Ln
based compounds. The evidence is not so strong
Bi0.5Ca0.5MnO3 ~we recall that in any case Bi31 is a very
electronegative ion compared with the rare earths!. We sug-
gest that in the case of Bi0.5Sr0.5MnO3 the main difference in
the final ~high field! state may concern its metallicity
Namely, in the field-induced state of Bi0.5Sr0.5MnO3 the
charges could be localized, this state being comparable to
FM insulating state reported for BiMnO3.21 In the present
case, however, this possible interpretation would imply t
the ZPO is not melted by the magnetic field~at least up to the
highest field in our measurements, 135 T!, and themeta-
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magnetic transition found in Fig. 1 would correspond to t
disruption of the CE-type AFM structure due to the F
alignment of Mn moments, with only the magnetic couplin
term being involved in the transition. Furthermore, if th
possibility for the final FM state of Bi0.5Sr0.5MnO3 were true
as well for Bi0.5Ca0.5MnO3 ~final FM insulating state!, this
would easily explain why the critical field of Bi0.5Sr0.5MnO3,
with TN'110 K, is smaller than that of Bi0.5Ca0.5MnO3,
with TN'120 K.

V. CONCLUSIONS

We have investigated the stability under magnetic field
charge ordered phases of half-doped bismuth-based ma
nites Bi0.5Ca0.5MnO3 and Bi0.5Sr0.5MnO3, the last having the
highestTCO reported in manganese oxides. In two very w
characterized samples, low-temperature magnetization m
surements were performed in very high magnetic fields up
130 T. Field-induced transitions giving ferromagnetic pha
were observed at high critical fields (m0HC'50 T for
Bi0.5Sr0.5MnO3 and m0HC'56 T for Bi0.5Ca0.5MnO3). We
remark that these values ofm0HC found are much larger than
one would expect from their Mn-O-Mn bond angles. None
both match the generalm0HC2u or m0HC-TCO tendencies
showed by the half-doped manganites having rare ear
The differences are remarkably important f
Bi0.5Sr0.5MnO3, and for Bi0.5Ca0.5MnO3 are much less sig-
nificant. Surprisingly, a stronger field is needed to induc
FM state in Bi0.5Ca0.5MnO3 than in Bi0.5Sr0.5MnO3, despite
TCO for the former~Ca, 325 K! is 200 K smaller than for the
latter ~Sr, 525 K!.

Of special relevance is the case of Bi0.5Sr0.5MnO3 with a
quite opened Mn-O-Mn bond angle. As happens with th
CO temperature, this angle does not govern the field nee
to induce FM moments in the compound. The possibility th
the nature of the FM-field-induced state
Bi0.5(Sr,Ca)0.5MnO3 compounds could be different from
that of Ln0.5Ca0.5MnO3 ones ~at least for Bi0.5Sr0.5MnO3)
cannot be ruled out. Thus, it is not clear at present whethe
Bi0.5Sr0.5MnO3 ~and perhaps Bi0.5Ca0.5MnO3) the field be-
low 135 T is really melting the CO~ZPO! phase or just
breaking the AFM coupling between the FM zig-zag cha
of localized ZP. In the latter case, the extension of the m
bility region of theeg electron will remain unchanged an
the induced FM phase would be insulating rather than m
tallic. This, when examining the Ne´el temperatures (TN
'110 K for Sr and 120 K for Ca!, could also explain why
the critical field is smaller for Bi0.5Sr0.5MnO3 than for
Bi0.5Ca0.5MnO3.
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