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The electronic structure of the large low-field magnetoresistance material;Ma@D;,, is calculated by
using the local-spin-density approximatidrSDA) and on-site Coulomb interaction correction (LSBA) to
the 3 electronic states of Cu and Mn ions. The results obtained suggest a strong ionic character of this
material despite a presence of a partial Mn-O covalence effect. Three Cu ions per formula cell have their
respective half-filled orbitald,,, d,,, andd,, due to their different local crystal environments. Four Mn ions
per formula cell have nearly the same oxygen coordinations. As a consequence, the tsgitikeporbitals
(dyy.dy,, andd,,) are almost full-filled, while the spin-upg-like orbitals (dz,2_,2 andd,2_,2) are partially
occupied due to a finitpd hybridization. And it is shown that the sublattices of Cu ions and Mn ones are both
aligned in ferromagnetic order, while these two sublattices are coupled antiferromagnetically, thus giving a net
spin moment of 9ug per formula. The LSDA-U calculation yields a semiconducting solution, which is
improved upon a half-metallic state given by the LSDA calculation and consistent with an experimental
measurement.

[. INTRODUCTION suggested that certain key aspects of CMR cannot be ac-
counted for by DE alone, and that it seems necessary to
Ln;_,A,MnO; (Ln: a lanthanide, A: an alkaline-earth el- include a striking electron-phonon coupling, which forms JT
emen} materials stimulated extensive studies because thepolarons and promotes charge localization against the DE
exhibit a colossal magnetoresistarid4R) effect closely re-  process:®
lated to their structure, electronic and magnetic behaviors, It was reported very recently that perovskite-type
and hence have a potential application to magnetic recordingaCuMn,0;, without DE exhibits large low-field MR The
and sensorst all~* These materials have formally a mixed- MR at 20 K sharply increases at low field up t012% at
valence state of MH (t3,e5) and Mrf* (t3,e). Three spin-  0.05 T and almost saturates-atl T. In contrast to the MR
polarizedd electrons in the,, orbital of Mt and Mrf* at 20 K, the MR at room temperature is almost saturated at
cations form an inert spin cor$=3/2, and the last one;  only 0.03 T. While the common CMR materials exhibit
electron is itinerant. Thee, electron transfers along the stable and high MR only at high magnetic field up to several
Mn3*-O-Mn** route with its spin parallel to the core spin, tesla but in a narrow temperature range. Also, at low field
which is responsible for both ferromagnetieM) order and and room temperature, Cagn,O;, exhibits a much
metallic conduction of these materials, according to thesharper response to external magnetic fieldhan many
double-exchangéDE) model® The hopping between neigh- other systems. In addition, the temperature stability of the
boring Mr** and Mrf* cations strongly depends on the MR of CaCyMn,O;, is superior to that of
relative alignment of the Mn core spins. Consequently, thd-ag 76Ca ,gVINO;3, a typical CMR material. Both the magni-
electrical resistivity is extremely sensitive to the externaltude of low-field MR and the thermal stability of MR in
magnetic field. The applied magnetic field tends to align theCaCyMn,O,, are shown to be of potential technological
local spins and hence leads to a rapid drop of the measuradility.’
resistivity by suppressing spin fluctuations and enhancing Ca2+Cu§+Mnﬁ+O§2_ is semiconducting and orders ferro-
electrical transfer, thus giving rise to the CMR effect. magnetically at 355 K, unlike the CMR material
Thee, orbital in the ideal perovskite LaMnQs twofold-  La; _,A,MnO; (0.2<x<0.5) which is a FM metal.
degenerate due to a cubic crystal field and therefore halfcaCyMn,0;, has neither mixed valence of Mn cations for
filled. It is well known that the MA™ cation is a Jahn-Teller DE mechanism, nor the JT Mh ions, nor a magnetically
(JT) ion and that the half-fillee, state is unstable with re- coupled metal-insulator transition, as occurs in
gard to a lattice distortion, as was supported by an experitn;_,A,MnO; near Curie temperature. It was suggested that
mental observation that there exists a strong static JT distothe MR in CaCy_,Mn,,,0;, systems is not due to the DE
tion in LaMn0O,.>? In addition, a dynamic JT effect may be mechanism. Instead, the origin of the low-field MR has been
important in Ln_,A,MnO;. The JT distortion results in interpreted in terms of tunneling MR at grain boundafies,
buckling of the MnQ octahedral network, thereby altering in polycrystal samples of the perovskite mangartttegro-
the Mn-O-Mn bond angle and bond length, affecting thechlore ThMn,O,%° and half-metallic oxide&®*In this pro-
electron hopping probability and the DE mechanism. It wascess, the hopping of the spin-polarized electrons between
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T II. RESULTS AND DISCUSSIONS

The LSDA results are shown in Figs. 1-3 for total and
projected density of statd®0S). The LSDA solution ap-
pears half-metallic—metallic for spin-up electrons while in-
Cu3d sulating for spin-down electrons. In this case, the conducting
electrons are fully spin-polarized. Such an effect was first
discussed for the alloy NiMnSb, which was theoretically pre-
dicted and then experimentally confirmed to be a half-
metallic ferromagnet? Half-metallicity was recently applied
to an account of enhanced spin-dependent magnetotransport
behavior of MR materials such as L3CaMnO;(0.2<x
<0.5)! double-perovskite $FeMoQ;,° and CrQ films.1
Also, various attempts have been made to seek for this new
class of half-metallic materials due to their potential applica-
tions to “spin-electron” deviced®?!

ENERGY (eV) As seen in Fig. 1, Cu @ bands mostly lie between bind-
ing energyE,=2 eV and Fermi leveEg. The spin-down

. : Ycu 3d states are full-filled, while the spin-up Cud 3tates
LSDA. For the projected DOS, the solidashed line denotes th e .’ .
up (down) spin,pasjin Figs. 2—6. Fermi( level ?js set at the Zer:. Aa_re_ partlal_—fllled(a_nd contribute a little to the [_)OS &),
half-metallic solution is evident. See the main text for discussions.g'v'n_g_a m'nus spin moment 6f 0.71 ug per_Cu ion. For ar.]

explicit view, also we plot the DOS projected onto five

microcrystalline graingeach with their own magnetic do- Cu 3d orbitals, as seen in Fig. 2. Owing to the different
maing is critically affected by a relative orientation of the spatial configurations of coordinated oxygesse Fig. 1 in
magnetization, and hence may be controlled by an externdef. 12, three Cu ions per formula cell exhibit different
magnetic field via the domain-rotation process. Thus the oborbital occupancies. For the Cu ion at the $#e5,0,0, the
served MR is due to field suppression of spin-dependerixy Orbital is coupled to the O 2 orbitals along theb-axis
scattering at the grain or domain boundariés. direction and hence forms a relatively dispersive bpsee

CaCuyMn,0, is a cubic perovskite-like compound with Fig. 2@]. The spin-downd,, orbital is full-filled due to a
lattice constana=7.241 A2 C&" and Cd" cations oc- large spin-splitting of 1.5 eV, while the spin-uR, orbital is
cupy the A sites of the ideal perovskite structure, while nearly empty. And other fowl orbitals are almost full-filled
Mn** ions occupy theB sites. A distortion of the oxygen With a small spin-splitting of 0.6 eV, except that the spin-up
sublattice leads to a tilted three-dimensional network ofeg-like orbitals (%*-r? andx?-y?) contribute a little to the
corner-sharing Mn@ octahedra. The Mn-O-Mn bond angle narrow bands acrods: . Similarly, the 31 orbitals of the Cu
is 142° instead of 180° in the ideal perovskite structureion at(0,0.5,0 are almost full-filled except for the half-filled
Reference 12 can be referred to, regarding the detailed dafh orbital with a nearly full spin polarization, as shown in
of the crystal structurésee Fig. 1 and Tables Il and IV in Fig. 2(b). While only thed,, orbital is half-filled for the Cu
Ref. 12. ion at(0,0,0.5, as seen in Fig. ().

It is intended in this work to study the electronic structure  In contrast, the @ states of four Mn cations per formula
of this new-type MR material by the first-principle calcula- cell are similar to each other due to their similar oxygen
tions within the LSDA(Ref. 13 and LSDA+U (Ref. 19 environments? Therefore, we plot the projected DOS for
formalisms. The linear combination of atomic orbitals the 3d orbitals of only the Mn ion a{0.25,0.25,0.2p as
(LCAO) band methotf is adopted, which has been applied seen in Fig. 3. It is evident that thg,-like orbitals (xz, yz
to electronic-structure calculations for some materialé. andxy) are almost half-filled and fully spin-polarized with
Quasi-self-consistent ionic basis functions are generated bipe same spin splitting of 3.5 eV, and that the spiregilike
solving Hohenberg-Kohn-Sham equatiditeratively for an  orbitals are slightly occupied due to a finite Md-® 2p
individual atom in the crystal environment, and Cs, €u  hybridization effect. As a result of spin dependence of the
3d4s, Mn 3d4s, and O Z2p orbitals are chosen as the Mn 3d-O 2p hybridization, the spin-up channel is conduct-
valence states. Hartree potential is expanded into lattice hatrg while the spin-down one is insulating.
monics up toL=4, and exchange-correlation potential of In addition, the O p states of the oxygen anions mostly
von Barth—Hedin typ¥ is used. distribute over the energy range frdfg=3 to 8 eV(see the

First, we calculate the electronic structure within LSDA, lowest panel of Fig. 1 where minor Cu 8 and Mn 3d
which shows to be a half-metallic narrow band structurestates are mixed also due to tpel hybridizations. And a
Next, we argue that CaGMn,O,, is a strongly correlated small component of the O®2states lies in the energy region
electron system like common transition-metal oxides, andf the Cu 31 and Mn 3 states discussed above. Whereas
hence we employ the so-called LSBAJ method where the the empty 4 states of Ca, Cu, and Mn cations lie mostly
strong d-d electron correlations are incorporated into theaboveEg by 5, 7, and 12 eV, despite their distribution over
LSDA scheme. As will be seen below, the LSBAJ calcu- a wide energy range. Thus, the Ca atoms denote their 4
lation gives a semiconducting solution, which is improved onelectrons to the active Mn-O bands, and no Gaefectrons
the LSDA result of half-metallicity and consistent with the contribute to the transport properties, as the $lefectrons
experimental measurement. in TI,Mn,O; where an itinerant TI-O-Mn hybridized state is

DOS (states/eV)
o

FIG. 1. Total DOS per formula and projected average DOS b
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FIG. 2. Projected DOS by LSDA for thed3orbitals of the Cu cations at different sités (0.5,0,0, (b) (0,0.5,0, and(c) (0,0,0.5. The

d,,, dy,, andd,, orbitals are in turn nearly half-filled.

Xy “yzs
formed in part due to the short bond len§t. (xz,yz, andxy), respectively. Next, the Mn cation has the
The present results support a proposal of a strong ionisame spin moment of &z as expected for the formally
character for CaGMn,O,,, despite that the Mn cation de- Mn*" cation with a spinS=3/2, and the moment is carried
viates a little from the formal tetravalence due to a pagidl  mainly by thet,y orbitals (2.3ug) and a little by thee,
covalence effect, as is the case for many ionic oxides®  orbitals (0.7ug). In addition, the present calculation indi-
This point could be inferred from the fact that the Mn-O cates a small but nonvanishing spin moment-03.08 wg
bond length of 1.915 A is smaller than a sumZ.1 A) of  carried by the O anions, as in the case of the perovskite
two corresponding ionic radii Ryn+~0.7 ARg2-  LaMnO; (Ref. 1) and pyrochlore TMn,0,.22 The present
~1.4 A), while three sets of Cu-O distances of 1.942, 2.707results suggest that the Cu and Mn sublattices are both
and 3.181 A are close to or much larger than the correspondiligned ferromagnetically, while both of the sublattices are
ing sum approximately equal to 2.1 R{z+~0.7 A)1*  coupled antiferromagnetically. A similar case occurs in the
Naturally, there exists a little stronger covalence effect in thedouble-perovskite MR material §feMoQ;, where exists an
Mn-O bonds than in the Cu-O bonds. antiferromagnetic coupling between the Fe and Mo
It is shown above that the spin moment of the Cu cationsublattices® Consequently, this ferrimagnetic state of
(—0.71 ug) is carried mostly by one of thig-like orbitals ~ CaCyMn,O;,, gives a net spin moment of &g per formula,
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FIG. 3. Projected DOS by LSDA for the Mndorbitals. The local orbital basis, it was proposed that the value®Jcadre

t,,-like orbitals are nearly half-filed, while the,-like orbitals area  tyPically only 40-60% as large as values currently in tise.
little occupied due td hybridizations. This suggestion is consistent with the work in Ref. 26, and

some of the former values & proved appropriate in our

. . . . .. L 6,17
which is consistent with a prediction from an ionic model butécent works. _ _ _ _
a little larger than an experimental value ofu% (Ref. 23 In general,U increases gradually whilé varies slightly
derived from a magnetization measurement. This discrepTom early transition-metal oxides to late transition-metal

. - 14
ancy could be due to impurity effects or defect ones, both oPnes.” It can be seen from the results above that the Mn 3
which would reduce the ordered spin mométt. states are less localized than the Qli}ates. In particular,

It can be seen in Figs. 1-3 that Ca®n,O,, has a nar- the Mn eg-like orbitals are more delocalized than the Mn
row band structure like the common transition-metal oxidest2g-like ones due to the strongedo-type hybridization for
The narrow-band behavior implies strong localization ofthe former than the@dw-type one for the latter. As a result,
electrons in materials, which leads to strong on-site Coulomithe U interactions on the Mn sites are partially screened by
interactions and hence results in a redistribution of electroniéhe delocalizee, electrons. The role of they screening in
states’ In view of the fact that LSDA, something like a LaMO; (M:Ti-Cu) perovskites was discussed in detail in
mean-field method with an underestimation of electronic corRef. 27, where the effective Coulomb interactions were esti-
relations, usually fails to give a satisfactory description formated. Specifically, the decreasibig~2 eV was evaluated
strongly correlated electron systeAié, 7 we also include for the Mn 3d electrons in LaMn@?’ Similarly, we choose
the on-site Coulomb interaction correction and adopt the sot =2 eV for the Mn 31 electrons in CaCMn,O,,, and a
called LSDA+U scheme to further our calculation. largerU=5 eV for the Cu & electrons as in the case of

The U-corrected potential dependent anorbital ands other cuprated] as well as the sama=1 eV for both the
spin of the Cu 8 and Mn 3 states is expressed as follows: Cu 3d and Mn 3 electrons®’ Although the LSDA+U re-

sult is not a substitute for a true many-body solution, it does
VISP U—VISPAL U S (1) T The LSbA® U caloulation yields a semiconducting solu
o - o yields a semiconducting solu
m tion (with a minor gap lying between the spin-up Cd and
0 0 Mn 3d bands, which is consistent with an experimental
+U 2 (N g=n7) = 2 (Nmre=Ng), measurementA comparison between Fig. 1 and Fig. 4 sug-
m(zm) m(#m) gests that the Cu®and Mn 3 states are modified remark-
which includes the effects of Hubbattterm in a mean-field ably by theU interactions. For example, the projected 3
sens&” The last term { is an intraatomic exchange param- DOS given by LSDA-U for the Cu cation a(0.5,0,0 is
eten is subtracted from the expression above in order tglotted in Fig. 5. In particular, the empty spin-ul, band
avoid double counting of the interactions. Owing to a pres-shifts up to 3.3 eV abov&r due to the strong on-site Cou-
ence of screening effects and interorbital hybridizations, it idomb repulsions, and this band becomes even more narrow
hard to evaluate accurately theandJ in solids. A common due to a subsequent enhanced orbital polarization. On the
“constraint” density-functional calculation usually gives a other hand, the other Cud3bands move downward by a
somewhat overestimated due to an underestimation and little, and thus the 8 bands derived from theg-like orbitals
even negligence of the screening and hybridization effécts. do not cros€r and become full-filled. Meanwhile, the spin-
ThusU andJ are estimated or empirically chosen in many down Mnt,, bands move up by-1.2 eV, while the Mne,
cases. In a recent reformulation of the LBAJ method for a  bands undergo fewer changes due to a little stropgkehny-
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FIG. 5. Projected DOS by LSDAU for the 3d orbitals of the FIG. 6. Projected DOS by LSDAU for the Mn 3d orbitals.

Cu cation at(0.5,0,0. . _
: 0 over the Mne, orbitals as a result of a finitpd covalence

effect, theey electrons are not itinerant due to the presence
Ig?f a semiconducting gap. Thus, the DE mechanism could be
precluded from the origins of the MR effect in

The calculated ionic valences remain almost unchangeoc,:aCLéMn“olz' Instead, an intergrain-interdomain tunneling

H 9-11 ..
whereas the assignment of charge and spin to the differer[f?ech"’.m';c"ﬁ _was proposed to be an origin of the MR
pehawor. This proposal was supported by experimental

orbitals undergoes little change due to the enhanced orbita . .
and spin-polarizations induced by thé interactions. The measurements that the magmtud_e of the Sa"_”ate_d magnetic
local spin moment of Cu, Mn and O ions increases up to field in the FM-domain reorientatiofthe coercive fielilis

— 083 317 and—0.1 /'Ll; respectively, thus giving the nearly the same as that in the observed MR, and that the MR

same total spin moment of A5 per formula as the LSDA magnitude would be scaled by a square of the magnetization

result above. order parameter The Ia_tter result is in gccord with a conse-
For the group of Cu 8 bands, there exists a large insu- quence of the'mechamsm that the s.pm-dependent sqatterlng

lating gap of~3.5 eV, as seen in Fig. 5. Also, the bandwidth at the magnetic domain boundaries is totally responsible for

10
is less than 1 eV, e.g., onk0.2 eV for the topmostiz,2_,2 the observed MR:
valence band. Both indicate that the Cd &lectrons are
highly localized and the Cu cations keep their intraatomic
behavior. It is suggested that the Cd 8lectrons may con- This work was supported by the PanDeng Proje6tYu-
tribute less to the transport property of Ca®um,0;,. On  41) and NSF of Ching19574057, and it was financed by
the other hand, although there is a small charge occupandyAS (LWTZ-1298).

bridization against the on-sild interactions, as seen in Fig.
6. As a striking feature, a semiconducting gap is present i
this LSDA+ U solution.
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