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Large Low-Field Magnetoresistance in Perovskite-typeCaCu3Mn4O12
without Double Exchange
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We report the observation of large low-field magnetoresistance (MR) behavior in CaCu3Mn4O12

with a perovskite-relatedsAA0
3B4O12d structure. Ca21Cu21

3Mn41
4O12 is semiconducting and orders

ferromagnetically at 355 K. However, it has neither mixed valency of Mn for double-exchan
magnetic interactions, nor Jahn-Teller Mn31 ions, nor a metal-insulator transition. The MR smoothly
increases with decreasing temperature and is240% at 20 K. The low-field MR response does not
show the strong temperature-dependent decay characteristic of the LnMnO3 perovskite-based systems
and appears consistent with an intergrain-interdomain tunneling origin. [S0031-9007(99)08905-X]
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A common property of the alkaline earthsAd substituted
rare earth manganates, Ln12xAxMnO3 is a semiconductor
to-metal transition near a paramagnetic-to-ferromagn
transition, the Curie temperaturesTCd [1–3]. In general,
the highest magnetoresistance [MR srH 2 r0dyr0,
whererH andr0 are the resistivities at applied magne
fields of H and 0, respectively] is observed close
the semiconductor-to-metal transition temperaturesTIMd.
It is considered that in the rare earth perovskites
CMR originates from an applied magnetic field enhan
spin-charge-coupled magnetotransport phenomena.
Ln12xAxMnO3, A ion substitution for Ln produces Mn41

ions with itinerant eg holes which overlap with O2p
orbitals. The double-exchange (DE) [4] interacti
between Mn31-O-Mn41 mediates charge transfer and fe
romagnetic interaction, and below the Curie temperat
TC, the sample is metallic (i.e.,TIM ø TC). Near TC
the applied magnetic field tends to align the local sp
which enhances electron transfer and leads to a dram
decrease in the observed resistivity.

Because the MR of the colossal magnetoresista
(CMR) materials can be very large,,100%, these mate-
rials have potential applications for magnetic memory a
actuator devices. However, before practical applicati
can be realized critical properties of the CMR materi
must be improved. For example, the MR values are h
at theTCyTIM transition and at highH (several tesla), bu
the response at low field and at room temperature is n
ligible. Although much effort has been made to impro
the MR response of the manganates, the MR at room t
perature and low fields is significantly lower than that
the conventional giant magnetoresistance (GMR) ma
als [2,5]. Further, the MR effect of the manganates
sharply peaked nearT ø TCyTIM, thereby yielding a nar
0031-9007y99y82(15)y3164(4)$15.00
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row temperature range of stable high MR. For practi
application, significant temperature stability is required

The recent report of the pyrochlore Tl31
2Mn41

2O7
compound represented a novel extension of the CMR
terials both by virtue of the absence of Mn31-O-Mn41 DE
and of its departure from the perovskite structure [6
Here we report the observation of a large MR for the fi
time in a perovskitelike manganate, CaCu3Mn4O12 with
only Mn41-O-Mn41 interactions at theB site, hence with-
out the possibility of DE operating. Moreover, both t
magnitude and thermal stability of this MR are shown
be of potential technological utility.

CaCu3Mn4O12 was investigated by Chenavaset al. and
Bochuet al. [8,9]. Single crystal X-ray structural analy
sis showed thatACu3Mn4O12 crystallizes in a perovskite
like phasesAA0

3B4O12d with cubic symmetry (space grou
Im3) with a doubling of the ideal perovskite cell. Th
doubling of the unit cell is due to the ordering of the Ca21

and Cu21 ions and the distortion of the oxygen sublatti
which leads to a tilted three-dimensional network of Mn6
octahedra sharing corners (Fig. 1). The Mn-O-Mn bo
angle is,142± instead of 180±, as in the ideal perovskit
structure. This distortion creates two different polyhe
at theA site: a slightly distorted 12 oxygen-coordinat
cubooctahedral CasAd site and a grossly distorted icos
hedron at the CusA0d site. There are three sets of Cu-
distances at,1.9, 2.8, and 3.2 Å, each forming an approx
mately square-planar coordination. The unusual featur
this structure is that it requires a Jahn-Teller ion, such
Cu21 (or Mn31), at theA0 site [9].

CaCu3Mn4O12 was prepared from a stoichiometr
mixture of high purity CasOHd2, CuO, and MnO2 mixed
with 15% KCIO3. The mixture was sintered at 1000±C
and 58 kbar for 30 min. The product was ground to
© 1999 The American Physical Society



VOLUME 82, NUMBER 15 P H Y S I C A L R E V I E W L E T T E R S 12 APRIL 1999

e
h

s
d

n
h

o

l
in
n

e

s
r
a
e

t
h
a
h

gy,

e

by

h
s
Mn
2

e
the

tra

ther
e
ly

Cu

s
ch-
kbar
with
netic

a

ne-
-

the
FIG. 1. Structure of CaCu3Mn4O12 indicating the MnO6
polyhedral structure. The cubooctahedral CaO12 and the
highly distorted 12-coordinated polyhedra around the Cu21 fill
alternate cavities created by the three-dimensional network
corner-sharing MnO6 octahedra.

finite powder and washed several times with deioniz
water under ultrasonic conditions to dissolve KCl. T
powder x-ray diffraction (SCINTAG PAD V, CuKa)
indicated formation of single phase CaCu3Mn4O12 with
cubic symmetry (space groupIm3) and a unit cell
with a  7.21348s4d Å in good agreement with previou
results [8,9]. Chemical analysis [inductively couple
plasma emission spectrometer (ICP); Baird Atomic Mod
2070] shows that Ca:Cu:Mn is 1:2.97:4.02 in excelle
agreement, within the experimental error (2%), with t
expected values for CaCu3Mn4O12. The oxidation state
of Mn is 3.99, as determined by dissolving a sample
CaCu3Mn4O12 in dilute sulfuric and phosphoric acid with
an excess of FesNH4d2sSO4d2 and titrating with a standard
solution of KMnO4.

Since the Mn41 character of this material is centra
to its novelty, the oxidation states of Mn and Cu
CaCu3Mn4O12 were also investigated by x-ray absorptio
near-edge spectroscopy (XAS) to establish this point. T
Mn and CuK-edge XAS measurements were perform
on beam lines X-19A and X-18B at the Brookhave
National Synchrotron Light Source using a double cry
tal Si(311) and channel-cut Si(111) monochromator,
spectively. A standard was run simultaneously with
measurements for precise calibration. All spectra w
normalized to unity step in the absorption coefficient.

The Mn-K main edge of CaCu3Mn4O12 is compared
to those of standard Mn31 and Mn41 standards in Fig. 2.
Although the detailed shape of such Mn-K edge spec
can vary between different compounds, the shift to hig
energies of the higher valent spectra (typical to
core level spectroscopes) can be still discerned. T
shift is clearest between the LasMn31d and CasMn41d
perovskite spectra. Although the Mn41-MnO2 spectrum
of
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exhibits features that are split up and down in ener
the edge centrum, near the absorption coefficientm  0.8
coincides very well with the steeply rising portion of th
Mn41-CaMnO3 spectrum. The shift of CaCu3Mn4O12
edge strongly supports the Mn41 assignment for this
compound in agreement with that (3.99) obtained
chemical titration.

The pre-edgea feature in Fig. 2 is associated wit
transitions intodyd-p-hybridized final states; and ha
been shown to increase in strength with increasing
valence (ord-hole population) [10]. In the inset of Fig.
an expanded view of thisa feature clearly manifests
a spectral intensity comparable to the Mn41 standards
and far greater than the Mn31 standard. Thea1-a2
subfeature splitting and intensity ratio, typical of th
Mn41 state spectra (see inset), are also replicated in
CaCu3Mn4O12 a-feature. Sucha1-a2 feature splittings
have been attributed in the past to the3d t2g-eg splitting
[11]. The particularly high resolution of these spec
also allows the identification of a thirda3 subfeature
common to both the CaMnO3 and CaCu3Mn4O12 spectra.
Thus the strength and structure of the Mn preedge fur
reinforce the Mn41 assignment in this material. Th
Cu K edge XAS (not shown) indicated unambiguous
that the formal valence of Cu is21 in this and a
related class of materials with Mn substituted at the
sites [12].

The dc electrical resistivitysrd and MR measurement
were carried out using a conventional four-probe te
nique. The resistivity samples were pressed under 15
of pressure. Gold leads were attached to the sample
baked silver paste. The magnetoresistance and mag
measurements were carried out from 20 to 400 K in
SQUID magnetometer (MPMS, Quantum Design).

The temperature dependence of the low-field mag
tization of CaCu3Mn4O12 in Fig. 3A shows a ferromag
netic transition near 355 K. The coercivitysHcd is only

FIG. 2. The Mn K edges of CaCu3Mn4O12, along with
those of the Mn31-LaMnO3; and the Mn41-CaMnO3 and
Mn41-MnO2 standards. The inset is an expanded view of
pre-edgea features of these spectra.
3165
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FIG. 3. Magnetization as a function of temperature f
CaCu3Mn4O12 (A). Resistivity and MR% (H  0 and 5 T)
as a function of temperature (B).dsMRdydT as a function of
temperature at 5 T (C).

70 G at 20 K, and 10 G at 300 K (see Fig. 3A-inse
indicating that CaCu3Mn4O12 is a soft ferromagnetic
material. Recall that the Mn41-pyrochlore, Tl2Mn2O7
manifests a coupled insulator-to-metal and paramagne
to-ferromagnetic transitions [6,7]. CaCu3Mn4O12 pro-
vides an example of a perovskite-type structure with M
only in the 41 oxidation state with ferromagnetic or
dering. It is well established that the Mn-O-Mn bon
angle is a critical factor in determining the nature of t
magnetic interactions in manganates. Mn41-O-Mn41 sd3d
180± superexchange interactions generally lead to anti
romagnetic ordering while 90± superexchange will resul
in ferromagnetic ordering [13]. It was suggested that
ferromagnetism of Tl2Mn2O7 is due to superexchange in
teractions, as the Mn-O-Mn bond angle of 134± is inter-
mediate between 90± and 180± [7]. The Mn-O-Mn bond
angle in CaCu3Mn4O12 is 142±, therefore, the observed
ferromagnetic transition similarly may be related to s
perexchange interactions. However, the magnetic in
actions in CaCu3Mn4O12 are more complex than those i
Tl2Mn2O7 involving the heteromagnetic ions, Mn41 and
Cu21 arranged in alternate sites of the perovskite latti
Thus the competing coupling between the magneticA0-
site Cu21yCu21 and B-site Mn41yMn41 ions may influ-
ence its properties also.

Qualitative Seebeck measurement of CaCu3Mn4O12
indicates n-type behavior. The log10 r as a function
of temperature in Fig. 3B shows that CaCu3Mn4O12 is
semiconducting between 20–300 K with a room tempe
ture resistivitysrRTd of ,1.8 3 103 V cm. The plot of
3166
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log10 r vs 1yT (see Fig. 4) indicates a temperature depe
dence more complex than simple activation. Althou
there is a change in the effective activation energies fr
above to belowTC the limited temperature region abov
TC makes definitive conclusions difficult. There is n
clear critical anomaly in the vicinity ofTC either in the
resistivity or its derivative.

The magnetoresistance of CaCu3Mn4O12 is 240.3%
at 20 K and 5 T (Fig. 3B). It is evident in Fig. 3C tha
the temperature stability of the MR of CaCu3Mn4O12
is superior to that of La0.75Ca0.25MnO3, a typical CMR
manganate.

As indicated above, the large MR i
CaCu3Mn4O12 is not likely due to DE mecha-
nism. Moreover, we also prepared CaCu2.5Mn4.5O12
fCasCu21

2.5Mn31
0.5d sMn31

0.5Mn41
3.5dO12g and

CaCu2Mn5O12 fCasCu21
2Mn31d sMn31Mn41

3dO12g
with mixed valent Mn31y41 on theB site and the possi-
bility of Mn 31-O-Mn41 DE mechanism operating [12]
However, the MR of these compounds is significan
smaller than that of CaCu3Mn4O12. Thus it is concluded
that in the CaCu32xMn41xO12 system the MR is not due
to the DE mechanism.

Figure 4A shows the MR as a function ofH at
20 K. The MR sharply increases at low fields, an
almost saturates at,1 T. The MR is 212% at 0.05 T.
La0.6Y0.07Ca0.33MnO3 was reported to have a CMR
,100% at high fields, but the MR is only 6.5% a
0.05 T [3]. In other systems, such as LasBdCoO3 [14],
Cr-based chalcogenide [15], and Tl2Mn2O7 [6,7] the
low-field MR is also very low. Figure 4B compare
MRHyMR5T (where MRH and MR5T are the MR atH and
5 T, respectively) as a function ofH in several systems
[3,6,14,15]. At low fields, CaCu3Mn4O12 exhibits a
much sharper response than any of the other syste
The MR as a function of field at 300 K is shown i
Fig. 4A, inset. In contrast to the MR at 20 K, th
MR at room temperature is almost saturated at o

FIG. 4. The variation of log10 r as a function of1yT for
CaCu3Mn4O12.



VOLUME 82, NUMBER 15 P H Y S I C A L R E V I E W L E T T E R S 12 APRIL 1999

R

n

t
ing

fo
he
is
ial
ng
ion
ld)
in
th

st
me

-
of
as

se
mo-
arly

g-
us-
try
.
i-
R-

.

g,

n-

J.

hu,

nd

g,

z,
. B

ft,

d

nd

re

0),
FIG. 5. MR as a function ofH for CaCu3Mn4O12 at 20 and
300 K (A). MRHyMR5T as a function ofH for CaCu3Mn4O12,
La0.6Y0.07Ca0.33MnO3, La0.9Sr0.1CoO3, FeCr2S4, and Tl2Mn2O7
(B).

0.03 T. At low fields and room temperature, the M
sharply responds toH. The rRT of CaCu3Mn4O12
s1.8 3 103 V cmd is 8 orders of magnitude higher tha
that of permalloy, 80Ni-20Fes1025 V cmd [16]. If we
definer0 3 MR as a relative output voltage,r0 3 MR
of CaCu3Mn4O12 is ,106 higher than that of permalloy a
10 G and room temperature. This behavior is promis
for potential application of CaCu3Mn4O12 as a magnetic
sensor material.

Thus, by virtue of its Mn41 character, CaCu3Mn4O12
represents the first perovskitelike, large-MR material
which double exchange is precluded from driving t
ferromagnetic (FM) exchange or MR. Moreover, it
also the first of this perovskite-based class of mater
to lack a magnetically coupled IM transition. Regardi
the MR mechanism in this material, the similar saturat
fields in the FM-domain reorientation (the coercive fie
and in the MR suggests an interdomain/grain tunnel
mechanism origin for the MR [5]. The relatively smoo
vanishing of the thermal variation of the MR nearTC
would be consistent with the coupling of the MR (to fir
order) to the square of the magnetization order para
r

s

g

-

ter [5]. Additional enhancement of the MR at low tem
peratures would be anticipated from the freezing out
phonon and domain-wall-impurity assisted tunneling
well as from localization effects. Future work on the
issues and on the role of the Cu sublattice magnetic
ments on both the magnetism and transport are cle
called for.
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