PHYSICAL REVIEW B 76, 024429 (2007)

Magnetoresistance and electronic structure of the half-metallic ferrimagnet BiCuz;Mn4 04,

Kazuhide Takata, Ikuya Yamada, Masaki Azuma, Mikio Takano, and Yuichi Shimakawa*
Institute for Chemical Research, Kyoto University, Uji, Kyoto 611-0011, Japan
(Received 16 March 2007; revised manuscript received 1 May 2007; published 23 July 2007)

A cubic ordered perovskite BiCuz;Mn,0O, has been synthesized under 6 GPa and 1000 °C. BiCuzMn40,, is
a ferrimagnet with T-=350 K and its saturated magnetic moment is 10.5 upg/f.u. The material showed low-
resistive metallic behavior and magnetoresistance (MR) below T. Its MR was observed over a wide tempera-
ture range, and the low-field MR reached —28% at 5 K. An electronic structure calculation revealed that it had
a half-metallic nature and that the large MR observed under a low magnetic field was attributed to a spin-
polarized tunneling or spin-dependent scattering effect at grain boundaries.
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I. INTRODUCTION

Considerable attention has been paid to the colossal mag-
netoresistance (CMR) effect from the viewpoints of both
fundamental physics and technological application. In
R,_,AMnOj; (R: rare earth ions, A: alkaline earth ions),
T1,Mn,0; and Sr,FeMoOy, for example, a half-metallic na-
ture produces 100% spin-polarized charge carriers, which
gives rise to the CMR effect. Two types of CMRs, that is,
intrinsic and extrinsic CMRs, have been observed. The
former is referred to as intragrain magnetoresistance (MR),
in which the strong interplay between local spins and itiner-
ant carriers plays an important role in the transport proper-
ties. This CMR usually shows its maximum near the ferro-
magnetic transition temperature 7T.. In the manganese
perovskites, a double-exchange mechanism explains the
magnetotransport behavior. Near 7, thermally fluctuated lo-
cal spins are forced to align by an external field, leading to
drastically reduced resistivity. The latter is intergrain MR,
which is attributed to spin-polarized tunneling through a very
thin insulating barrier or spin-dependent scattering at grain
boundaries in polycrystalline samples. This MR often occurs
under a low magnetic field over a wide temperature range
below 7. Since large MR at a low applied field above room
temperature (RT) is highly desirable from the viewpoint of
practical application, the extrinsic MR effects of polycrystal-
line manganese perovskites and Sr,FeMoOg have been ex-
tensively studied.

Another example of intergrain MR has recently been
found in a complex perovskite-structure  oxide,
CaCu3Mn,O;,. This compound is a ferrimagnet
(T-=355 K) and a polycrystalline sample showed a good
low-field response below T, with a value as large as —12%
at 0.05 T and 20 K." A band-structure calculation by Weht
and Pickett revealed that this material has a spin-asymmetric
gap.? Thermally induced electrons are doped into up-spin Mn
e, levels, giving rise to spin-polarized semiconducting be-
havior with resistivity of about 1.8 X 10? ) cm at RT.

CaCu3Mn,0O;, was extensively studied in the 1970s be-
cause it has a high ferrimagnetic transition temperature.>*
This material crystallizes in an A-site ordered perovskite
structure, that is, Jahn-Teller Cu?* and Ca2* ions are ordered
in a 2a X2a X 2a cubic unit cell. The ferrimagnetic interac-
tion originates from antiferromagnetic coupling between
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Cu?* (&°,5= %) and Mn** (&®,5= %) spins. Although the ideal
ferrimagnetic ordering of Cu’** and Mn** spins produces
9up/f.u., partial substitution of Mn for Cu often reduces the
magnetization.> Ca®* ions at the A-site can be replaced by
R3* ions, and the substitution produces electrons into Mn at
the B site. LaCuzMn40,, is an example of this substitution
and it shows low-resistive metallic behavior. Similar to
CaCu3zMn,0,, the reported LaCu;Mn,O;, compound had a
Mn-rich composition like LaCu, ;Mn, 304, g, which was con-
firmed by structural study using neutron powder diffraction.®
Thus, the saturated magnetization was about 8.4up/f.u.,
which was much smaller than the value of 10ug/f.u. ex-
pected from the stoichiometric composition. This antisite
substitution decreases the ferrimagnetic magnetization.

In this study, we succeeded in preparing a complex oxide
BiCu3Mn,0O;, by means of high-pressure synthesis. In con-
trast to CaCusMn,04, and LaCu;Mn40,,, the obtained ma-
terial showed no Mn substitution for Cu in the crystal struc-
ture. BiCuzMn,O;, showed a large magnetic moment as
expected from the ideal composition below the ferrimagnetic
Curie temperature at 350 K. The half-metallic nature re-
vealed by a band-structure calculation causes large MR at a
low magnetic field.

II. EXPERIMENTS

A bulk sample of BiCusMn,0O,, was prepared under high-
temperature and high-pressure conditions. MnO, raw mate-
rial was prepared by firing MnOOH powder at 300 °C in air.
A mixture of 3Bi03+3CuO+3;Mn,05+3Mn0O, was
charged into a gold capsule and treated at 6 GPa and
1000 °C for 30 min in a cubic-anvil-type high-pressure ap-
paratus. The sample was then quenched to room temperature
before the pressure was released. The crystal structure of the
obtained sample was analyzed by synchrotron x-ray powder
diffraction (XRD) taken with the large Debye-Scherrer
camera’ installed at BLO2B2 of SPring-8 with X\
=0.421 53 A. The RIETAN-2000 program® was used for the
structure refinement. Magnetic properties were measured
with a superconducting quantum interference device magne-
tometer (Quantum Design MPMS XL) for the temperature
range from 400 to 5 K. Transport properties were measured
by a four-probe method. The electronic structure of
BiCu3;Mn,0,, was calculated by the linearized augmented
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FIG. 1. Synchrotron x-ray powder diffraction pattern (dots) and
the calculated (solid line) profile of Rietveld refinement for
BiCu;Mn 0, (A\=0.42153 A). Differences between the observed
and the calculated intensities are shown at the bottom. Thick marks
correspond to the Bragg angle positions of BiCuzMn,O;, (top),
Bi,(CO3)0, (second), and CuO (third).

plane-wave (LAPW) method with the WIEN2k code. The
experimental lattice constant and the atomic positional pa-
rameters obtained by the structural refinement were used for
the calculation. LAPW sphere radii were 1.60, 2.00, 2.00,
and 1.60 for Bi, Cu, Mn, and O, respectively. Self-
consistency was carried out on 60 k-point meshes in the ir-
reducible Brillouin zone. The generalized gradient approxi-
mation exchange-correlation function was used.

III. RESULTS AND DISCUSSION
A. Crystal structure

BiCuzMn4O;, obtained by the high-pressure synthesis
was well-crystallized black powder and was almost single
phase. Figure 1 shows the synchrotron XRD pattern of
BiCusMn,0,, and the results of fitting by Rietveld analysis.
Small amounts of impurity phases, 0.10 wt % Bi,(CO3)O,
and 0.79 wt % CuO, were included in the refinement. The
XRD pattern is characteristic of a cubic perovskite with su-
perstructure reflections due to the 1:3 ordering of Bi and Cu
ions. All diffraction peaks are indexed with a 2a X2a X 2a

cubic cell of Im3 symmetry, which is the same as that of
CaCu3;Mn,Oy,. In the structure refinement, Bi, Cu, Mn, and
O atoms were placed at 2a (0, 0, 0), 6b (0, % %), 8¢ (j—t, J-l, 3;),
and 24g (x,y,0) sites, respectively. No apparent vacancy was
observed at any site, so each occupation factor g was fixed at
1. Although XRD is insensitive to the substitution of Mn for
Cu as seen in LaCu;_ Mn,, O4,_s such a possibility can be
ruled out for our sample. Since the amount of impurity
phases in the resultant sample is very small, cation stoichi-
ometry should be maintained during the confined condition
of the high-pressure synthesis. The result of magnetic mea-
surement discussed in the next section also strongly supports
the absence of cation nonstoichiometry. A reasonable fit,
pr=3.46, S=1.16, and R;=1.81%, was obtained with thois
model. The refined unit-cell parameter was 7.305 16(6) A,
and the refined structural parameters are summarized in
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TABLE 1. Refined structural parameters of BiCu;Mn,0O;, from
Rietveld analysis of synchrotron XRD data. Numbers in parenthe-
ses are standard deviations of the last significant digit. Space group:
Im3. a=730516(6) A, R,,=3.46%, R,=2.42%, R;=1.81%, R
=0.57%, and Re=2.98%.

B
Atom Site g x y z (A?)

Bi 2a 1 0 0 0 097(1)
Cu 6b 1 0 3 3 0.58(1)
Mn 8¢ 1 : : T 023D
¢ 24g 1 030183) 0.1827(3) 0 0.54(5)

Table I. The structure model determined by the refinement is
also shown in Fig. 2. At the A site, the Bi ions are isotropi-
cally coordinated to 12 oxygen ions with Bi-O bond length
of 2.577(2) A, while the Cu ions make an almost square
coordination to oxygen due to significantly tilted MnOg¢ oc-
tahedra. The Mn-O-Mn and Cu-O-Mn angles are
142.47(14)° and 108.48(6)°, respectively. The refined Mn-O
distance is 1.9288(6) A, which is longer than 1.915(1) A
observed in CaCu;Mn,0,,. Since the chemical composition
of BiCu3Mn,0,, induces mixed valence for the Mn ion such
as Bi**Cu,**Mn,*75*0,,”", the result is consistent with the
incorporation of larger Mn®* ions in the Mn** sublattice. A
bond valence sum® calculation from the refined structural
parameters also gave 3.73+ for the B-site Mn ion, which is
close to the nominal valence of 3.75+. The result obtained
from the structure analysis strongly indicates the (BiCus)
A-site ordering for the perovskite structure and the incorpo-
ration of Mn** in the Mn** sublattice.

B. Magnetic properties and magnetoresistance

BiCusMn,0,, shows spontaneous magnetization below
350 K. The M (magnetization)-H (applied magnetic field)

FIG. 2. Crystal structure of BiCusMn4O,. The octahedra corre-
spond to MnQOg. Bi and Cu ions drawn with large white and small
dark gray spheres, respectively, are ordered at the A site in the
perovskite structure.
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FIG. 3. M-H curves of BiCu;Mn,O1, at various temperatures.
The inset shows the temperature dependence of M/H measured at
0.1 T from 400 to 5 K.

behaviors at various temperatures and the temperature de-
pendence of the magnetic susceptibility are shown in Fig. 3.
The observed saturated magnetic moment (M) at 5 K is
about 10.5ug/fu. If we assume antiparallel alignment be-
tween Mn and Cu spins for the composition of
BiCu;Mn**Mn,**0,, (Cu®*, S=1; Mn**, §=2; Mn**, §=3),
then the saturated ferrimagnetic moment should be
10up/f.u., which is quite close to the observed value. This is
in sharp contrast to LaCu;Mn,0,,, for which the reported
saturated magnetic moment, 8.4up/f.u., is smaller than the
expected value (10up/f.u.). Although Sunchez-Benites et al.
proposed a spin canting model of the magnetic moments at
the B-site ions in CaCu, sMn, 50,,,” we see no trace of such
canting moments in our sample. The observed magnetization
shows the saturation (10.5uz/f.u.) at about 0.5 T and no
increase at higher magnetic fields. We therefore conclude
that the large magnetic moment observed in BiCu;Mn,0, is
a result of ferrimagnetic ordering of A-site Cu and B-site Mn
spins and there are no indications of a cation substitution or
spin canting effect.

The resistivity of BiCu;Mn,0, is as low as 107 Q cm
and the material clearly shows low-field magnetoresistance
below the ferrimagnetic transition temperature. Figure 4
shows the MR ratio, defined as MR(H)=[R(H)
—R(0)]/R(0), under magnetic fields at various temperatures.
At 5 K, the low-field MR below 1 T is as large as —28%, and

FIG. 4. MR ratios of BiCuzMn40;, at various temperatures.
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FIG. 5. Temperature dependence of resistivity at 0 T and MR
ratio at 0.5 T (triangles), 1 T (squares), and 5 T (circles).

MR reaches —31% at 5 T. The changes in MR are quite
consistent with the changes in magnetization. At low applied
fields of less than 1 T, resistivity significantly decreases with
increasing magnetization, and it saturates in accordance with
the saturation in magnetization. Since the change in magne-
tization in a polycrystalline sample below T+ corresponds to
the change in alignment of magnetic domains, the observed
large MR under low magnetic field should be a result of a
grain- or domain-boundary effect. It should also be noted
that MR is still significant at room temperature. The ob-
served MR values are about —2% and about —6% at 1 and
5 T, respectively.

The temperature dependence of the resistivity of
BiCusMn,0,, is illustrated in Fig. 5. As mentioned above,
the observed resistivity p (T=300 K, H=0) of 12 m{) cm is
considerably lower than that reported for the compound
CaCu3zMn,0,,. It is worth mentioning that the resistivity at
H=0 displays a metallic behavior below T~ and semicon-
ducting behavior above 7. The distinct change in the tem-
perature dependence of the resistivity at 7 implies that the
transport properties of BiCusMn,0,, are strongly affected by
the magnetic properties. In the ferrimagnetic state below T,
the sample changes to a metallic state and the resistivity
decreases. It should also be pointed out that the MR is ob-
served over a wide temperature range below T, and the
value increases with decreasing temperature. This is quite
similar to that observed in Sr,FeMoOyg, in which low-field
MR is attributed to the grain- or domain-boundary effect in
polycrystalline samples.

C. Electronic structure

The electronic structure of BiCu;Mn40,, was calculated
for the ferrimagnetically ordered ground state as indicated by
the magnetic measurement. The calculated magnetic mo-
ments inside the muffin tin spheres are 2.66 and
—0.44up/fu. for Mn and Cu ions, respectively. The reduc-
tion from the ideal value results from hybridization with the
O 2p state. The total magnetic moment is 10.00up/f.u.,
which agrees well with the experimentally observed satu-
rated magnetic moment and the moment expected from the
ferrimagnetic ordering of Mn and Cu spins for the composi-
tion of BiCusMn**Mn;** 0 ,.
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FIG. 6. Electronic band structure and density of states (DOS) of
BiCu3zMn,O, for up spins (left panels) and down spins (right pan-
els). Calculation was performed for the ferrimagnetically ordered
ground state. Total densities of states (shaded region) and partial
density of states for Mn (solid line), Cu (dashed line), and Bi
(dashed-and-dotted line) are shown in the DOS figures.

The calculated band structures and the corresponding den-
sity of states (DOS) for up and down spins are shown in Fig.
6. In sharp contrast to the spin-asymmetric insulating band
structure of CaCu;Mn40,, up-spin conduction bands cross
the Fermi level. These bands mainly consist of Mn e, states.
This is consistent with the ionic picture, in which the Bi**
incorporation induces mixed valence for the Mn ion such as
Mn*7*. It should be noted that the band structure for
BiCu;Mn,0,, is also spin asymmetric, and the half-metallic
nature produces spin-polarized conduction electrons in this
material. The down-spin bands at the valence band maxi-
mum, on the other hand, have a strong Cu 3d character hy-
bridized with O 2p. The calculated band structure of our
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BiCusMn,0O,, is very similar to that reported for
LaCusMn,0,."° The bands originating from Bi ions appear
to play a less important role in the metallic conductivity and
magnetoresistanace. Although Liu ef al. discussed an intrin-
sic magnetoresistance mechanism in LaCu;Mn,O,, we be-
lieve that the observed low-field MR in BiCu;Mn,Oy, is ex-
trinsic effect of polycrystalline samples.

IV. CONCLUSION

A half-metallic ferrimagnet BiCu;Mn,O;, was synthe-
sized at 6 GPa and 1000 °C. The mixed valence in Mn
(3.75+) and ferrimagnetic ordering of A-site Cu and B-site
Mn spins lead to the half-metallic nature and produce spin-
polarized conduction carriers. The compound shows large
magnetoresistance under low magnetic fields, which is attrib-
uted to a spin-polarized tunneling or spin-dependent scatter-
ing effect at grain or domain boundaries. The relatively high
ferrimagnetic transition temperature (T-=350 K) of this ma-
terial could be a great advantage for possible magnetoresis-
tive applications.
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