PHYSICAL REVIEW B 79, 125201 (2009)

Electronic structure and magnetic properties of monoclinic 3-Cu,V,07: A GGA+U study
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A first-principles study on monoclinic C2/c copper pyrovanadate 8-Cu,V,05 has been performed using the
generalized gradient approximation (GGA) and GGA+U method. The optimized unit-cell parameters and
atomic coordinates of B-Cu,V,0; agree well with experimental data. The optimized crystal structure of
B-Cu,V,0; indicates the existence of one-dimensional -Cu-Cu-Cu-Cu- chains. The electronic structure and
magnetic properties were evaluated by the GGA+U calculations, which indicate that the -Cu,V,05 is a
semiconducting antiferromagnetic material with an indirect band gap and local magnetic moment per Cu atom
of 0.73up. The intrachain exchanges for short and long Cu-Cu couples are estimated to be 6.4 and 4.1 meV,
respectively, while the calculated interchain exchange (2.1 meV) is smaller, which indicate the one-
dimensional character. The top of the valence band is composed of V 3d, O 2p, and Cu 3d electrons while the
bottom of the conduction band is primarily composed of Cu 3d electrons. Valence electron-density distribution
map indicates the V-O and Cu-O covalent bonds. Calculated partial electronic density of states strongly
suggests that the V-O and Cu-O covalent bonds are mainly attributed to the overlaps of V 3d and O 2p atomic

orbitals and of Cu 3d and O 2p, respectively.
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I. INTRODUCTION

One-dimensional (1D) spin systems have attracted a great
deal of attention in condensed-matter physics due to their
fascinating magnetic properties. In inorganic compounds
containing Cu* ions (3d°) or V** ions (34'), a number of
quasi-1D spin systems such as CuGeOs;,!' SrCuO,’
(VO),P,0,, and a’-NaVO (Ref. 4) have extensively been
studied. A variety of magnetic ground states in copper-based
and/or vanadium-based oxides provide rich physics. In the
present work we focus on the 1D system S-Cu,V,0;.

The copper pyrovanadates Cu,V,0; exhibit interesting
electrical, magnetic, thermoelectric, electrochemical, and
catalytic properties.”> In the oxidation of isobutane under
anaerobic conditions, the Cu,V,0; showed high oxidizing
activity.'* Copper vanadate exhibited high catalytic activity
in the oxidation of toluene.'> The Cu,V,0; is an n-type
semiconductor.” The Cu,V,0, has at least two polymor-
phisms of low-temperature orthorhombic  blossite
(a-Cu,V,0,, space-group Fdd2) (Refs. 16-18) and high-
temperature monoclinic ziesite (B8-Cu,V,0,, space-group
C2/c; Fig. 1).!° The a-Cu,V,0, transforms into the 3 phase
at 712 °C.161819  Other forms of 9-Cu,V,0; and
B'-Cu,V,0, were reported recently.’>?> A number of re-
searchers have investigated the electrical, magnetic, and ther-
moelectric  properties of  3-(Cu,Zn),V,0,.%%!1  The
(Cu,Zn),V,0; solid solutions have large negative values
of  Seebeck coefficient.”!® The B-Cu,V,0; and
B-(Cu,Zn),V,0,; have been regarded as a quasi-one-
dimensional spin system composed of magnetic Cu?* ions. In
the present work, we focus on the end member B-Cu,V,0;.

First-principles calculations are useful to evaluate
the structural, electric, magnetic, and thermoelectric
properties.>332 However, the crystal, magnetic, and elec-
tronic structures of Cu,V,05 have not been studied theoreti-
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cally. The purpose of the present work is to evaluate the
structural, electronic, and magnetic properties of monoclinic
B-Cu,V,0; by the GGA+U method. The present study on
the B-Cu,V,0; can be a good starting point to understand
the structural, electronic, thermoelectric, and magnetic prop-
erties of the B-(Cu,Zn),V,0; solid solutions. Our results
clearly establish that the ground state of 8-Cu,V,0; consists

FIG. 1. (Color online) Crystal structure of monoclinic
B-Cu,V,0, depicted with optimized crystallographic parameters.
Views projected onto (a) (001) and (b) (010) planes. Gray (large),
pink (small), and red (dark) spheres denote the Cu, V, and O atoms,
respectively. Thick dashed lines denote the monoclinic C2/c¢ unit
cell. Eight primitive unit cells (2a,X 2b,X 2¢,, space-group P1) are
drawn with thin solid lines. Axes a,,, b,,, and c,, denote the direc-
tions of lattice vectors of the monoclinic cell. Axes a,, b,, and ¢,
denote the directions of lattice vectors of the triclinic primitive cell.
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of magnetic Cu ions, which lead to an antiferromagnetic
state. Furthermore the present GGA+ U calculations indicate
that the B-Cu,V,0; is a semiconducting material with an
indirect band gap.

II. COMPUTATIONAL DETAILS

The spin-polarized generalized gradient approximation
(GGA) and GGA + U method (U=on-site Coulomb repulsion
strength, the so-called Hubbard U) electronic calculations
were performed with Vienna Ab initio Simulation Package
(vasp) (Ref. 24) in order to obtain the valence electron-
density distribution, density of states, and band structure in
B-Cu,V,0;. Calculations were performed using projector
augmented-wave (PAW) potentials for Cu, V, and O atoms.?
A plane-wave basis set with a cutoff of 500 eV was used.
The Perdew-Burke-Ernzerhof GGA was employed for the
exchange and correlation functionals. Sums over occupied
electronic states were performed using the Monkhorst-Pack
scheme®® on a 3 X5 X3 set of a k-point mesh. A simplified
GGA+U method after Dudarev et al’> was utilized. The
value of U-J for B-Cu,V,0; (6.52 eV for Cu 3d channel)
was adopted from the literature.?’?8

Unit-cell parameters and atomic coordinates of
B-Cu,V,0; were optimized with the convergence condition
of 0.02 eV/A for a primitive triclinic cell (Fig. 2) and a
double triclinic cell (Fig. 3). Initial crystallographic param-
eters used in the optimization were referred from the
literature.'® To examine the effects of the Hubbard U on the
calculation results, we also used the simple GGA method for
the calculation of density of states (DOS). Wigner-Seitz radii
for Cu, V, and O atoms were 1.17, 1.34, and 0.73 a.u., re-
spectively, which were used in the calculations of local mag-
netic moments and partial atomic charges. Optimized crystal
structure and its valence electron-density distribution were
depicted with a computer program VESTA.

III. RESULTS AND DISCUSSION

The crystal structure of B-Cu,V,0; is monoclinic as
shown by the dashed lines in Fig. 1. We used the primitive
triclinic cell of B-Cu,V,0; for the GGA+U calculations
(solid lines in Figs. 1 and 2). To examine the applicability
and accuracy of both GGA+U and the PAW methods, we
first optimized the unit-cell parameters and atomic coordi-
nates of 8-Cu,V,0;. The optimized crystallographic param-
eters corresponding to the lowest total energy are listed in
Table I. Figures 1 and 2(a) show the optimized crystal and
magnetic structures. The present calculated values exhibit
good agreement with experimental data, which indicate the
validity of GGA + U method and PAW potentials used in this
work. In the optimized crystal structure, one vanadium and
four oxygen atoms form a VO, tetrahedron while a copper is
coordinated with five oxygen atoms. The Cu-O bonds nearly
perpendicular to the b-c¢ plane have longer bond length
(2.283 A), compared with other Cu-O bonds on the b-c
plane (1.925-1.966 A). Here the b and ¢ stand for the lat-
tice vectors of the triclinic primitive cell. The longer Cu-O
bond length is attributable to the Jahn-Teller distortion,'!3*
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FIG. 2. (Color online) (a) Crystal structure of a primitive tri-
clinic cell for monoclinic 8-Cu,V,07 depicted with optimized crys-
tallographic parameters of the antiferromagnetic ground state,
which was obtained through GGA + U calculations. (b) Isosurface at
0.8 A3 of corresponding valence electron density calculated by the
GGA+U method. Gray (large), pink (small), and red (dark) spheres
denote the Cu, V, and O atoms, respectively. Thin lines denote the
primitive cell. V-O bonds are drawn. Arrows at the Cu atoms denote
the spin. Axes a,, b, and ¢, denote the directions of lattice vectors of
the triclinic primitive cell. The atom with a star in Fig. 2(a) exists
within a nearest-neighbor cell. Bonds between Cu and Cu atoms are
drawn to show the Cu-Cu couple in Fig. 2(a).

which result in the elongated square-pyramidal CuOs.

To investigate the magnetic properties of 5-Cu,V,0, all
possible magnetic moments corresponding to the ferromag-
netic, antiferromagnetic, and nonmagnetic (paramagnetic)
phases (Table II) were initially assigned to the four Cu atoms
in the primitive unit cell [arrows in Fig. 2(a)]. Structural
optimization and self-consistent convergence were per-
formed for each initial setting. It was confirmed that the
paramagnetic structure is unstable compared with the antifer-
romagnetic and ferromagnetic states. Total energy of the
paramagnetic state is considerably (577 meV per Cu atom)
higher than that of the antiferromagnetic ground state. On the
contrary, total energies of the ferromagnetic and other anti-
ferromagnetic phases are a little (4-9 meV per Cu atom)
higher than that of the ground state. These results for
B-Cu,V,0; are similar with those for Cu0O.?8

It was found that the lowest energy, i.e., the ground state
of the B-Cu,V,0; crystal, corresponds to the antiferromag-
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FIG. 3. (Color online) Crystal structure of a 1 X2 X 1 supercell
(double primitive triclinic cell) for monoclinic 8-Cu,V,0; depicted
with optimized crystallographic parameters of the antiferromagnetic
ground state, which was obtained through GGA+U calculations.
Gray (large), pink (small), and red (dark) spheres denote the Cu, V,
and O atoms, respectively. Thin lines denote the double primitive
cell. Axes a, b, and ¢ denote the directions of lattice vectors of the
triclinic double primitive cell. Solid and dashed blue lines denote
the short and long Cu-Cu bonds.
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netic phase shown in Fig. 2(a) where the local magnetic mo-
ment per Cu atom is 0.73up for Wigner-Seitz radius of 1.17
a.u. The antiferromagnetic phase found in the present calcu-
lations is consistent with the experimental study after
Touaiher et al.” and after He and Ueda.'' Based on the
magnetic-susceptibility measurements, they concluded that
the B-Cu,V,0; is antiferromagnetic. Touaiher et al.” sug-
gested a magnetic model with two couples of copper ions. In
our optimized structure model in Fig. 2(a), two couples of
Cul-Cu4 and Cu2-Cu3 exist. The interatomic distances be-
tween Cu2 and Cu3, and between Cul and Cu4 are short
(2.9974 A), which might stabilize this magnetic structure.
The significantly reduced Cu?* spin moment 0.73u; com-
pared with u, expected for a Cu?* ion is attributable to the
covalent effect. Similarly reduced Cu?* spin moment was
also reported for copper oxide Cu0.33-3 Covalent bonds be-
tween Cu and O atoms are discussed later. The energy dif-
ference of intracouple [e.g., between Cu2(+)-Cu3(-) and
Cu2(+)-Cu3(+)] is estimated to be E(Intra)=4.7 meV per
one Cu-Cu intracouple from the Table II while that of inter-

TABLE 1. Unit-cell parameters and atomic coordinates of monoclinic copper pyrovanadate S-Cu,V,O;.
Primitive triclinic cell shown in Figs. 1 and 2(a) is adopted.

Experimental®® Theoretical (This work)
a (A) 7.687 7.8468
b (A) 5.54982 5.6213
¢ (A) 10.09 10.18
a (deg) 104.00 103.61
B (deg) 110.45 109.71
y (deg) 46.17 45.74

x, v, and z of Cul atom
x, v, and z of Cu2 atom
x, v, and z of Cu3 atom
x, v, and z of Cu4 atom
x, y, and z of V1 atom
x, y, and z of V2 atom
x, y, and z of V3 atom
x, y, and z of V4 atom
x, y, and z of Ol atom
x, y, and z of O2 atom
x, y, and z of O3 atom
x, y, and z of O4 atom
x, y, and z of O5 atom
x, y, and z of O6 atom
x, y, and z of O7 atom
x, y, and z of O8 atom
x, y, and z of O9 atom
x, y, and z of O10 atom
x, y, and z of O11 atom
x, v, and z of O12 atom
x, v, and z of O13 atom
x, v, and z of O14 atom

0.7638, 0.8528, 0.9860
0.3834, 0.8528, 0.5140
0.6166, 0.1472, 0.4860
0.2362, 0.1472, 0.0140
0.5641, 0.4438, 0.2130
0.9921, 0.4438, 0.2870
0.4359, 0.5562, 0.7870
0.0079, 0.5562, 0.7130
0.8646, 0.2708, 0.2500
0.1354, 0.7292, 0.7500
0.3631, 0.8058, 0.1338
0.8311, 0.8058, 0.3662
0.6369, 0.1942, 0.8662
0.1689, 0.1942, 0.6338
0.5344, 0.1762, 0.1024
0.2894, 0.1762, 0.3976
0.4656, 0.8238, 0.8976
0.7106, 0.8238, 0.6024
0.4846.,° 0.5024.> 0.3709
0.0130,° 0.5024.> 0.1291
0.5154.2 0.4976,> 0.6291
0.9870.,> 0.4976,> 0.8709

0.7582, 0.8522, 0.9841
0.3897, 0.8522, 0.5159
0.6103, 0.1478, 0.4841
0.2419, 0.1478, 0.0159
0.5566, 0.4431, 0.2134
0.0003, 0.4431, 0.2866
0.4434, 0.5569, 0.7866
0.9997, 0.5569, 0.7134
0.8650, 0.2700, 0.2500
0.1350, 0.7301, 0.7500
0.3673, 0.8110, 0.1354
0.8218, 0.8110, 0.3646
0.6327, 0.1890, 0.8646
0.1782, 0.1890, 0.6354
0.5339, 0.1805, 0.1021
0.2856, 0.1805, 0.3979
0.4661, 0.8195, 0.8979
0.7144, 0.8195, 0.6021
0.4853, 0.5046, 0.3723
0.0101, 0.5046, 0.1277
0.5147, 0.4954, 0.6277
0.9899, 0.4954, 0.8723

dReference 16.

bCorrected coordinates are used. See Appendix for details.
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TABLE II. The energy differences and total magnetic moment for the various magnetic phases in the primitive triclinic copper pyro-
vanadate 3-Cu,V,0O5 unit cell. The zero point of the energy is chosen as the ground-state antiferromagnetic configuration whose magnetic

moments are indicated by the arrows in Fig. 2.

Initial magnetic moment for each of the four Cu atoms

Energy difference  Total magnetic

per Cu atom moment

Magnetic configuration Cul Cu2 Cu3 Cu4 (meV) (uep)
Antiferromagnetic (Ground states) - - + + 0 0
Other antiferromagnetic states + - + - 4 0

+ - + 6 0
Paramagnetic state 0 0 0 0 577 0
Ferromagnetic states + + + + 9 4

+ + + - 5 2

couple [e.g., between Cul(-)-Cu2(-) and Cul (+)-Cu2(-)] is
2.1 meV. There exist long and short Cu-Cu intracouples as
shown by the blue solid and dot lines, respectively, in Fig. 3.
To estimate the exchange constant for each Cu-Cu couple,
structural optimization was performed for three antiferro-
magnetic configurations with the double primitive cell
(Fig. 3 and Table IIT). The exchange constants for the short
and long Cu-Cu intracouples are calculated to be
E(Intra Short)=6.4 meV and E(Intra Long)=4.1 meV,
respectively. The ratio 2E(Inter)/{E(Intra Short)
+E(Intra Long)}=0.400 is a little higher than the experi-
mental data (0.354) in the literature.!! The ratio value 0.4
clearly indicates that the B-Cu,V,0; compound has one-
dimensional character.

Figures 4 and 5 show parts of the total DOS and band
structure for the ground state of 8-Cu,V,0; calculated using
the GGA+ U method (red solid lines in Fig. 4). To examine
the effects of the Hubbard U on the calculation results, we
also used the simple GGA method for the calculation of DOS
using the same crystallographic parameters and energy cut-
offs (blue dotted lines in Fig. 4). The symmetric DOS for
both spin up and spin down indicates an antiferromagnetic
state, which is consistent with the local magnetic-moment
results in Fig. 2(a). The DOS calculated from the simple
GGA method exhibits a metallic character while the GGA
+U approach leads to a different picture of the DOS of
B-Cu,V,05, with zero DOS at the Fermi level and an indi-
rect band gap of 2.0 eV (Figs. 4 and 5). Therefore, by intro-
ducing the Hubbard U, the GGA+U calculations predict
B-Cu,V,0; to be a semiconductor. This is consistent with

the experimental results after Sotojima et al.” where the elec-
trical conductivity of B-(Cu,Zn),V,0; and a-Cu,V,0; de-
creases with increasing temperature.

Figure 6 shows parts of partial density of states (PDOS)
for V3, O13, and Cu2 atoms. The top of the valence band is
composed of V 3d, O 2p, and Cu 3d electrons. The bottom
of the conduction band is primarily composed of Cu 3d elec-
trons. Figure 2(b) shows the isosurface of the valence elec-
tron density of B-Cu,V,0; at 0.8 A3 obtained by the
GGA+U calculations. Covalent bonds between the V and O
atoms are clearly shown in Fig. 2(b), which are ascribed to
the overlap of V 3d and O 2p atomic orbitals (Fig. 6).

The B-Cu,V,0,; and B-(Cu,Zn),V,0; have been re-
garded as a quasi-one-dimensional spin system composed
of magnetic Cu?* ions. Figure 7(a) indicates the one-
dimensional -Cu3-Cu2-Cu3-Cu2- chain along the b, axis in
the optimized structure of B-Cu,V,0,. The b, denotes the
lattice vector of the triclinic cell of 8-Cu,V,0,. There exist
shorter Cu2-Cu3 (2.997 A) and longer Cu2-Cu3 (3.242 A)
couples. Components of atomic partial charge for Cu s, p,
and d orbitals were calculated to be 0.242, 0.251, and 8.931,
respectively, which indicate the 3d° configuration. Figure
7(b) clearly shows the covalent bonds between the Cu and O
atoms. The covalency is mainly attributable to the Cu 3d and
O 2p atomic orbitals (Fig. 6). The covalency of the Cu?* ions
can be responsible for the significantly reduced Cu”* spin
moment 0.73up compared with up expected for a Cu?* ion.
The electron density at the middle point of the shorter Cu2-
013 bond is higher than that of the longer Cu2-O10 bond.

TABLE III. The energy differences and total magnetic moment for three magnetic phases in the double primitive triclinic copper
pyrovanadate $-Cu,V,0; cell (Fig. 3). The zero point of the energy is chosen as the ground-state antiferromagnetic configuration.

Initial magnetic moment for each of the four Cu atoms

Energy difference Total magnetic

per Cu atom moment
Magnetic configuration Cul Cu2 Cu3 Cu4 Cu5 Cu6 Cu7 Cu8 (meV) (up)
Antiferromagnetic® (Ground states) - - + + - - + + 0 0
Other antiferromagnetic states - - + + + + - - 4.1 0
+ + + + - - - - 6.4 0

4Ground state in the double cell of this table is equivalent to that in the primitive one of Table II.
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FIG. 4. (Color online) Comparison of density of states of a
primitive triclinic cell for monoclinic 8-Cu,V,05 from standard
GGA (blue dotted lines) and GGA+ U (red solid lines) calculations.
The positive and negative DOS denote spin up and spin down,
respectively. The energy zero point is chosen at Fermi level in the
standard GGA calculation.

IV. CONCLUSIONS

Crystal, magnetic, and electronic structures of monoclinic
C2/c copper pyrovanadate B-Cu,V,0,; were evaluated by
first-principles calculations for the first time. The optimized
unit-cell parameters and atomic coordinates of B-Cu,V,0;
agree well with experimental data. The elongated Cu-O bond
nearly perpendicular to the b-¢ plane, which is attributable to
the Jahn-Teller distortion, was confirmed in the optimized
crystal structure of 8-Cu,V,0,. In addition, we corrected the

2.5

2.0 \\—/‘ﬁ’\ ]
L.5f

1.0f

Energy (eV)

0.5f

— 1 =

E r B G r

Brillouin Zone Direction

FIG. 5. (Color online) A part of band structure of monoclinic
B-Cu,V,05 from GGA+U calculations. The Fermi level (horizon-
tal solid line) is set at 0 eV. Dashed line with arrows indicates the
indirect band gap of 2.0 eV.
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FIG. 6. (Color online) PDOS of d (blue line), p (red line), and s
(green line but negligible) orbitals of Cu2, O13, and V3 atoms in
monoclinic B-Cu,V,0;. Atomic sites with numbers are referred
from Fig. 2(a). The positive and negative PDOSs denote spin up
and spin down, respectively.

(@)

Cu2-Cu3 couple
2.997 A

o0 0000
Cu2-Cu3 couple
3.242A

FIG. 7. (Color online) (a) Crystal structure and (b) correspond-
ing isosurface of electron density at 0.25 A3 in B-Cu,V,0; de-
picted with optimized crystallographic parameters of the antiferro-
magnetic ground state, which was obtained through GGA+U
calculations (0<x<1, 0<y<2, 0.35<z<0.57). Gray (large)
and red (dark) spheres denote the Cu and O atoms, respectively.
Thin lines denote the primitive cell. Structure in (a) is depicted with
the elongated square-pyramidal CuOs. Axes a,, b,, and ¢, denote the
directions of lattice vectors of the triclinic primitive cell. The blue
solid and dotted lines are Cu2-Cu3 couples with the distances of
2.997 and 3.242 A, respectively.
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atomic coordinate y(O4) reported in the literature'® (see
Appendix). The GGA+U calculations indicate that the
B-Cu,V,05 is a semiconducting antiferromagnetic material
with an indirect band gap and local magnetic moment per Cu
atom of 0.73up for Wigner-Seitz radius of 1.17 a.u. The
intrachain exchanges for short and long Cu-Cu couples are
estimated to be 6.4 and 4.1 meV, respectively, while the cal-
culated interchain exchange (2.1 meV) is smaller, which in-
dicate the one-dimensional character. The calculated PDOS
indicates that the top of the valence band is composed of
V 3d, O 2p, and Cu 3d electrons while the bottom of the
conduction band is primarily composed of Cu 3d electrons.
Covalent bonds between V and O atoms are mainly attribut-
able to the overlap of V 3d and O 2p atomic orbitals. Cova-
lent bonds between Cu and O atoms are mainly ascribed to
the overlap of Cu 3d and O 2p. The covalence of Cu ions
can be responsible for the significantly reduced Cu?* spin

PHYSICAL REVIEW B 79, 125201 (2009)
moment 0.73u, compared with up expected for a Cu?* ion.

APPENDIX

Calvo and Faggiani'® refined the crystal structure of
monoclinic 8-Cu,V,0; and reported the refined atomic co-
ordinate y of O4 atom to be y(O4)=0.7152. This value is
incorrect and the correct y(O4) value should be 0.7512. The
reported value [y(04)=0.7152] yields a different Cu-O4
interatomic  distance of 0.2167(5) A from the value
0.1950(5) A reported in the same paper.'® On the contrary,
the new value [y(04)=0.7512] makes the same value
0.1950(5) A. The reported coordinate [y(04)=0.7152] is
not consistent with the theoretical value obtained through the
present GGA+U calculations but the corrected coordinate
y(04)=0.7512 is consistent with the theoretical value
(Table I).
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