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Orbitally relieved magnetic frustration in NavVO,
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The magnetic properties of NaVO, are investigated using full-potential linearized augmented plane-wave
method. We perform calculations for three structures. For the rhombohedral structure at 100 K, the #,, orbitals
of V ions are split into upper a;, and lower e; orbitals by a trigonal distortion of compression. For the
monoclinic structure at 91.5 K, the system behaves such as a frustrated spin lattice with spatially anisotropic
exchange interactions. For another monoclinic structure at 20 K, the magnetic frustration is relieved by a lattice
distortion which is driven by a certain orbital ordering and the long-range magnetic ordering is thus formed.
Moreover, the small magnetic moment originates from the compensation of orbital moment for the spin

moment.
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I. INTRODUCTION

The compounds with a common chemical formula ATO,
(A=Na or Li, T=3d transition metals) have been attracting a
lot of attention for their large variety and richness in physical
phenomena.!~ Indeed, the discovery of superconductivity in
the Na(35C00,-1.3H,0 (Ref. 1) and the application of
LiCoO, in rechargeable Li batteries have accelerated inves-
tigations on their fundamental physics. In addition, NaMnO,
undergoes a structural phase transition at 45 K to a long-
range ordered antiferromagnetic (AFM) ground state,” while
NaNiO, exhibits ferromagnetic (FM) coupling in Ni-Ni
plane below transition temperature.> Furthermore, a well-
known member of this group, LiNiO,, has no long-range
magnetic ordering even at low temperatures.*’~ The orbital
frustration has been used to explain the absence of magnetic
ordering,*”# and a local ordering of Ni** Jahn-Teller orbitals
is also proposed to be responsible for the complex magnetic
properties.’ Therefore, its controversial magnetic properties
have been attracting considerable interest.

These various phenomena always relate to the quasi-two-
dimensional (2D) triangular lattice formed by T cations.
Such a triangular lattice may lead to magnetic frustration,
since all nearest-neighbor AFM interactions cannot be satis-
fied simultaneously.>> Nevertheless, the magnetic frustra-
tion can be relieved by a certain orbital ordering (00),!%12
such as in LiVO, (Ref. 13) and NaVO,.!* LiVO, has been
found to form a spin-singlet phase with corresponding OO at
low temperatures,>'3 whereas, its sister compound NaVO,
displays very different behaviors.

Recently, Onoda et al.'> have revealed a superparamag-
netic state driven by the short-range ordered spin-one (the
total spin in one trimer S=1) trimerization'® below the tran-
sition temperature (7=98 K). However, McQueen et al.'*
have reported two successive OO transitions in NaVO,. At
98 K, the system undergoes a continuous phase transition
from a rhombohedral (R-3m) phase to a monoclinic (C2/m)
one, corresponding to the proposed OO of one electron per
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V3. Below 93 K, the system undergoes a discontinuous
phase transition to another monoclinic (C2/m) phase, con-
sistent with the proposed OO of two electron per V3*. In
addition, a long-range ordered AFM state is formed at low
temperatures, while the magnetic moment observed in the
ordered phase is about 0.98 up, much smaller than the ex-
pected value (2 wp). The controversial magnetic states be-
low 98 K obtained by these two groups bring us interests and
the puzzling magnetic moment deserves to be explored. To
the best of our knowledge, there are possibly no theoretical
reports yet, therefore we expect to understand its magnetic
properties at low temperatures upon our theoretical efforts.

In the present work, we have performed first-principles
calculations to investigate the electronic structures of
NaVO,, further to reveal the most possible orbital and mag-
netic orderings, and to explore the origin of small magnetic
moment observed at low temperatures. Partially in agree-
ment with the experimental findings,'* the OO, accompanied
by a long-range magnetic ordering, is found for the second
monoclinic structure. And the observed magnetic moment
can be explained by including the spin-orbit coupling (SOC)
interactions.

This paper is organized as follows. The crystal structure
and computational details are described briefly in Sec. II and
the results and discussions are presented in Sec. III. Finally,
a brief conclusion is summarized in Sec. IV.

II. CRYSTAL STRUCTURE AND
COMPUTATIONAL DETAILS

The lattice parameters provided by McQueen et al. are
listed in Table 1. The structure of NaVO, is composed of
two-dimensional (2D) triangular lattice VO, layers of edge
sharing VOg octahedra separated by sodium ions, which is
rhombohedral (R-3m) at relatively high temperature (HT)
(Ir>98 K) and monoclinic (C2/m) in both intermediate
temperature (IT) (91.5 K<T<98 K) and low-temperature
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TABLE 1. The lattice parameters of NaVO, at 100, 91.5, and 20 K.

Temperature 100 K 915 K 20 K
Space group R-3m C2/m C2/m

a

(A) 2.9959(1) 5.1758(1) 5.2223(2)
b

(A) 2.9959(1) 3.0078(1) 2.9755(1)
c

(A) 16.0996(1) 5.6340(1) 5.6492(3)
o

(deg) 90 90 90

B

(deg) 90 107.629(1) 108.335(1)
Y

(deg) 120 90 90
x,y,z(Na) 3a(0,0,0) 2a(0,0,0) 2a(0,0,0)
x,y,z(V) 36(0,0,0.5) 2d(0,0.5,0.5) 2d(0,0.5,0.5)
x,y,z(0) 6¢[0,0,0.2339(0)] 4i[0.2368(7),0,0.6989(5)] 4i[0.2296(5),0,0.7005(4)]

(LT) (T<91.5 K) phases.'* At 100 K, the V-O distances are
nearly 2.04 A, but the O-V-O angle « is only 85.53° (Fig.
1). With lowering the temperature, « further reduces to
85.42° at 91.5 K and 85.13° at 20 K. Therefore, even in the
HT phase, VOg octahedra in NaVO, have been different
from the regular ones under a trigonal distortion of compres-
sion along the threefold (111) axis,'* which induces the low-
ering of the O, local symmetry to D3, In VO, layers, the
V-V geometry is built by two long (3.00781 A) and four
short (2.99316 A) bonds in the IT phase, and reversely is
built by two short (2.97551 A) and four long (3.00526 A)
ones in the LT phase.!” The interlayer V-V distance is about
5.6 A.

All the calculations were performed using the standard
full-potential linearized augmented plane-wave code
WIEN2K.'® The muffin-tin sphere radii of 2.22, 2.00, and 1.77
a.u. were chosen for the Na, V, and O atoms, respectively.
The cut-off parameter R,,,K ,.x Was chosen to be 7.0 and 100.

k points were used over the first Brillouin zone. The local
spin-density approximation (LSDA) of Perdew and Wang!®
was used for the exchange and correlation potential. In order
to take the strongly correlated nature of 3d electrons into
account explicitly, we performed LSDA+U calculations,?®
where U, z=U-J (U and J are on-site Coulomb and exchange
interaction, respectively) was used instead of U,?! and the
orbital-dependent potential has the form of AVp,; =
—U, /17— 21,22 where /i is the orbital occupation matrix of
spin o. This type of double-counting correction has been
called the fully localized limit.>*** For NaVO,, we used
Us=3.6 eV which has been used in its sister compound
LiVO,.’> Note also that the conclusion made in this paper is
not affected for U,;,=2-6 eV.? To explore the origin of
small magnetic moment observed in the LT phase, we per-
formed LSDA+SOC+U calculations, where the SOC is in-
cluded by the second variational method with scalar relativ-
istic wave functions.!® The easy magnetization direction was

85.6 set along the (110) direction (short V-V bonds in the LT
l a5 sl ~ phase) observed in the experiment.'*
— R In order to investigate different magnetic patterns, 2 X2
z b 85.4| T m X2 supercell was used in our calculations. We took into
> \\ account two AFM structures in V-V plane as described in
a S s53l \ Fig. 2(a): I-type antiferromagnetism [Fig. 2(a)(i)] is AFM
T \\ exchange along the (010) and (110) directions with FM ex-
I 85.2t R change along the (100) direction, (ii) II-type antiferromag-
Y netism [Fig. 2(a)(ii)] is AFM exchange along the (100) and
85.1HT I:r LT (010) directions with FM exchange along the (110) direction.

(@) (b)

FIG. 1. (Color online) (a) The compressed octahedron of VO,
layers. The z axis is the threefold axis of the VOg4 octahedron. «
represents the O-V-O angle. (b) a angles in the HT, IT, and LT
phases.

Totally there were five possible magnetic configurations in
our calculations for the IT and LT phases [Fig. 2(b)]: ferro-
magnetic, C-AFI (I-type antiferromagnetism in plane, FM
stacking), C-AFII (II-type antiferromagnetism in plane, FM
stacking), G-AFI (I-type antiferromagnetism in plane, AFM
stacking), and G-AFII (II-type antiferromagnetism in plane,
AFM stacking).
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FIG. 2. (a) Two different magnetic patterns in V-V plane (i)
I-type AF and (ii) II-type AF. The solid (dashed) lines represent
short V-V bonds in the IT (LT) phase and dashed (solid) lines rep-
resent long V-V bonds in the IT (LT) phase. J; (J,) denotes ex-
change interaction along the direction of dashed (solid) lines. (b)
Schematic representation of five magnetic configurations used in
our calculation. Only V atoms are drawn. Filled (open) circles in-
dicate spin-up (down) moments.

III. RESULTS AND DISCUSSIONS
A. HT phase

As the paramagnetic behavior of NaVO, has been deter-
mined from the magnetic susceptibility measurements in the
HT phase,'*!> we just focus on the electronic structure in-
stead of its magnetic properties.

The band structures obtained from LSDA and LSDA+U
calculations are shown in Fig. 3. Within LSDA [Fig. 3(a)],
the bands near the Fermi level (Ey) are mainly derived from
V 3d states. Since straight V-O-V paths are not present in
layered NaVO, and instead only nearly 90° V-O-V bonds
exit, the V 3d states are quite narrow. In the approximately
octahedral crystal field, the 3d orbitals are split into upper e,
and lower 1,, states. As shown in Fig. 3(a), e,-derived bands
range from 1.5 to 2.5 €V and 1,,-derived bands lie between
—1.5 and 0.5 eV. The splitting between 7,, and e, bands is
about 1 eV. Under the trigonal crystal field, the 7,, orbitals
are further split into one a;, and two degenerate e, orbitals.

g
However, the splitting is much less than the bandwidths so
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FIG. 3. The spin-majority band structure of NaVO, from (a)
LSDA and (b) LSDA+U (U,;=3.6 eV) calculations for the fixed
structure at 100 K. The band with (a) 3d and (b) a, characters is
marked.
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that the Iy, orbitals still cross the Er, which denotes a metal-
lic state within LSDA. That is to say, LSDA calculations
cannot reproduce the insulating nature of NaVO, from
experiment.'* The LSDA+ U scheme? is thus used to count
the strong correlation of V 3d electrons. As shown in Fig.
3(b), the empty a;, band is pushed upwards by about 1 eV,
and a gap is opened near the Er. The system is hence an
insulator due to electron correlation and NaVO, is indeed a
good candidate for Mott-Hubbard insulator.

According to the pure crystal-field theory, the a;, orbital
is of lower energy than the e;, orbitals under the trigonal
distortion of compression, which is opposite to our LSDA
+U results. So it is necessary to discuss the controversy on
relative order of a, g-e;, in such trigonal distortions. In Ref.
26, Landron and Lepetit pointed out that this relative order is
strongly influenced by the e,-e, hybridization. The e, and e,
orbitals belong to the same irreducible representation (E,
and can thus mix despite the large t,,-¢, energy difference.
Such a mix may be small but it modulates large energetic
factors: the on-site Coulomb repulsions. When the eg-eé hy-
bridization is taken into account, the energy difference AE
between the a,, and e’ orbitals depends on two competitive
parts: AE=AE+AE,=¢(a;,)~e(e,). AE, includes the ki-
netic energy, the electron charge interaction, and the interac-
tion with the core electrons. AE, denotes the repulsion and
exchange terms within the 3d shells. Additionally, AE, and
AE, both depend on the amplitude of the trigonal distortion
and are of opposite effect with each other. Under a trigonal
distortion of compression, if we only consider the crystal-
field effect (AE,), the a;, orbital is of lower energy than the
eé orbitals (AE<0). Whereas if we take AE, into account,
the relative order between the a;, and e; orbital is reversed
(AE>0), comparing with the crystal-field prediction. There-
fore, LSDA+U calculations predict that the a,, orbital is of
higher energy than the eg', orbitals in NaVO,. In fact, such a
controversy has been presented in another compressed trian-
gular system Na,C00,.2”?° From the crystal-field theory,
Koshibae and Maekawa®’ proposed that the energy of a, <
orbital is lower than the e;’, orbitals. However, the LDA+U
method*®* yielded an a;, orbital of higher energy than the
e, orbitals. Later, the experimental results?® showed that the
Fermi surface of the CoO, layers issues from the a;, orbital,
not at all from the eé orbitals, supporting the LDA+U re-
sults.

B. IT phase

The triangular lattice of NaVO, exhibits magnetic frustra-
tion and spatially anisotropic exchange interactions in the IT
phase. As shown in Table II, the G-AFI configuration is the
most stable state among the five magnetic structures both
from LSDA and LSDA+ U calculations. By a detailed analy-
sis of the magnetic ground state G-AFI, see [Fig. 2(a)(i)],
AFM chains are formed along the (110) direction (long V-V
bonds), while AFM exchange is also more favorable along
the (010) direction (short V-V bonds). Considering that all
the short V-V bonds are completely equivalent, both the
(100) and (010) directions should be AFM exchange. Thus,
NaVO, in the IT phase can be regarded as a system with
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TABLE II. The total energy E [meV/(8 f.u.)], magnetic moment M (up) per V** and band gap E, (V) in

different magnetic states.

Configuration FM C-AFI  G-AFI  C-AFIl  G-AFII
LSDA IT (T=91.5 K) E 514 4 0 128 132
M 163  *+137 =137  *134  *134
LT (T=20 K) E 574 152 156 4 0
M 151 *135 +135  +138 =138
LSDA+U  IT (T=91.5 K) E 329 65 0 192 189
M 171 *165 +1.65 +166  *+1.66
E, 1.1 12 1.1 1.4 L5
LT (T=20 K) E 395 286 288 0 0
M 171 *166 +1.66  *+1.65  *1.65
E 1.2 1.4 1.4 1.1 1.1

o

frustration effects. In addition, spatially anisotropic exchange
interactions may exist in such a triangular spin lattice,” i.e.,
J, along the direction of long V-V bonds and J, along the
two directions of short V-V bonds [Fig. 2(a)(i)].

In order to describe the magnetic frustration and spatially
anisotropic exchange interaction more clearly, we estimate
the exchange interactions along one of the triangle directions
(/1) and the other two (J,) [Fig. 2(a)(i)]. Since all the con-
figurations exhibit insulator characteristics, the spin size of V
is stable, and the difference of total energy between C-AFI
and G-AFI (C-AFII and G-AFII) configurations (see Table
II) is so small that the system exhibits a 2D characteristic, a
nearest-neighbor Heisenberg-type Hamiltonian may be a
good primary approximation for the in-layer magnetic en-
ergy. The corresponding 2D spin Hamiltonian can be written
as

H:JIE Sk' SI+J22 SZS]
(kD) (i.j)

(1)

where (i,/) denotes a nearest-neighbor pair (short V-V bond)
and (k,I) denotes a next-nearest-neighbor pair (long V-V
bond). By mapping the obtained total energies for each mag-
netic state to the Heisenberg model, the exchange interac-
tions J; and J, were calculated within this approximation

2 X (8 X 4J,5%) = E(FM) — E(C — AFII), (2)

2 X (4 X 4J,8% + 4 X 4J,5%) = E(FM) — E(C — AFI),
3)

with S=1, we get J,=2.1 meV and J;=6.1 meV for NavVO,
in the IT phase, which reflects strong spatial anisotropy. The

AFM chains are established along the (110) direction (J,)
and the interchain coupling (J,) is frustrated. Moreover, the
value of J,/J;=0.3 is so small that this magnetic structure
can be described as so-called weakly coupled zigzag (S=1)
chains model.?!

The integer spins (S=1) are able to weaken the frustration
effects in the frustrated systems, as in kagomé lattice.’? Such
a lattice has four nearest neighbors with the adjacent tri-
angles on the lattice sharing only one lattice point. Interest-

ingly, the triangular lattice can be composed of four kagomé
lattices.?” Thus, there are some analogous properties in these
two frustrated systems. Therefore, it is reasonable to suppose
that the triangular lattice also has the rule that the half-odd-
integer spins are more highly frustrated than integer ones.
For example, NaTiO, (S=%) (Ref. 5) and LiCrO, (S=%)
(Ref. 6) with half-odd-integer spins are always frustrated
even at low 7, while the magnetic frustration of NaMnO,
(§=2) is clearly lifted by a structural distortion.> Besides
NaMnO,, NaVO, is another typical triangular lattice with
integer spins (S=1). Therefore, we can presume that the
magnetic frustration in NaVO, can be lifted in some ways.

C. LT phase

From the discussion above, we expect that NaVO, with
S=1 will show a long-range magnetic ordering or a finite
ground-state magnetization at low 7. As shown in Table II,
G-AFII is only 0.3 meV lower in total energy than C-AFII
within LSDA, and both G-AFII and C-AFII have the same
lowest total energy from LSDA+ U results for the LT phase.
This reflects the obvious 2D characteristic of NaVO,: the
interlayer interaction is much weaker than the intralayer one.
As stacking antiferromagnetically between layers is observed
in the experiment,14 G-AFII state should be more favorable
at low 7. Such a magnetic state denotes the long-range three-
dimensional magnetic ordering with AFM-coupled FM
chains in V cation layers and interlayer AFM coupling. Ob-
viously, the magnetic frustration is lifted in G-AFII state by
the first-order transition at 91.5 K: the lattice distorts to an-
other monoclinic (C2/m) with four long and two short V-V
bonds reversed, comparing with the IT phase.

The lattice distortion, which relieves the frustration, is
driven by the formation of OO in the LT phase. Figure 4
shows the orbital characteristic of V 3d in G-AFII state.
Since the orbital occupancies of the two inequivalent V [V1
and V2 in Fig. 2(a)(ii)] are nearly the same, only the density
of states (DOS) of V1 3d is shown. The z axis of local
coordinate system coincides with the V-O bond of the VOgq
octahedra. In such a coordinate system, d,, and dyz orbitals
are mainly occupied and d,, orbital is less occupied at all V
ions. Such an orbital occupancy is consistent with the OO
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FIG. 4. DOS of NaVO, calculated by LSDA+U (Ueff
=3.6 eV) in the G-AFII state for the fixed structure at 20 K. Be-
sides total 3d state, all the d,,, dyz, and dxy orbitals in local coordi-
nate system for V1 [Fig. 2(a)(i)] ion are depicted. Solid (dashed)
lines denote the spin-up (down) states.

proposed by McQueen and Cava:'* the d,, and d,, orbitals
are singly occupied with all unoccupied d,, orbitals.

This OO relieves the magnetic frustration and stabilizes
the long-range magnetic ordering state. In view of the weak
superexchange interaction resulted from the nearly 90° angle
of V-O-V (Ref. 33) as well as the weak magnetic interaction
between adjacent VO, planes interleaved by a layer of Na
ions, the V-V direct exchange interaction in plane should be
dominant in such a particular crystal structure. Particularly,
we only consider the o overlap in V-V direct exchange,
which is much stronger than the 7 overlap. It means that
each orbital in a V ion only hybridizes with the same orbitals
in the two nearest-neighboring V ions. That is to say, d,,
orbital hybridizes with two neighboring d,, orbitals in the

(010) and (010) directions, and the d,, orbital hybridizes

with two neighboring d,, orbitals in the (100) and (100) di-
rections. The repulsions between the occupied orbitals (d., or
d,,) induce the elongation of V-V bonds along four direc-

tions: (010), (010), (100), and (100). According to the
Goodenough-Kanamori rules,>* the strong AFM coupling
should exist along these four directions because of the occu-
pation of two orbitals with o overlap. At the same time, the
less occupancy of d,, orbital leads to V-V bonds contraction

as well as a weak FM exchange along the (110) and (110)
directions. Thus, the four long and two short V-V bonds re-
sult from bonding via d_, and d,, orbitals, with no bonding of
the d,, electrons. In other words, such an OO results in the
lattice distortion, and consequently relieves the magnetic
frustration.

In the LT phase, another important aspect is that the SOC
turns out to be crucial for the small magnetic moment of
0.98 up per V3* observed experimentally.'* As shown in
Table II, the magnetic moments from LSDA+ U calculations
are much larger than the ones observed in the experiment.
Further to investigate the magnetic moments changing with
the particular choice of U,y we calculate the moments for
U,;p=2—6 eV and find that the moments are not sensitive to

PHYSICAL REVIEW B 80, 045103 (2009)

TABLE III. The band gap E, (eV) and magnetic moment M
(mp) per V3* for different U,z (eV) in G-AFII configuration.

Uyy 2 3 3.6 5 6
E, 0.02 0.9 1.1 1.8 23
M +1.57 *£163 =165 =169 =171

U,y as shown in Table III, the magnetic moments stay con-
stant within 0.2 up as long as the system is an insulator.

Since an easy magnetization direction (110) is observed in
the experiment,'* the SOC may play an important role in
determining the total magnetic moment. Thus, the SOC is
included to reinvestigate the magnetic moment.

Then, we perform LSDA+SOC+U calculations for the
favorable magnetic configuration (G-AFII), and obtain a lo-
cal moment of 0.89 wg per V3* with 1.65 up spin and
—0.77 up orbital contributions. This value is half the ex-
pected moment (2 up), but very close to the observed one
(0.98 up). The DOS projected on (2,m) space shown in Fig.
5 reveals the origin of orbital moment. Note that the z axis is

set to the direction of easy magnetization along (110) now.
Since d; and d_; have nearly the same occupancies, the or-
bital moment only comes from the contribution of different
occupancies between d, and d_,. By further analysis, the d,
occupancy is less than one half of the d_, one, which should
give an orbital moment between 1 up and 2 wp. Neverthe-
less, there is no surprise that the calculated orbital moment is
0.77 up here, because some hybridization effects are ne-
glected in the above analysis, e.g., the covalence effects with
O 2p. Thus, the inclusion of SOC leads to a surprising but
experimentally sound results.

IV. CONCLUSIONS

In summary, we have investigated the electronic structure
and magnetic properties of NaVO, by first-principles calcu-
lations. The 1,, orbitals are split into upper a,, and lower eé’,

2 N
V1 ]\
1 d : .

2 | noe N

—~ 0 N - "MLP\
> g

E 1 dz /\,\ W

E 0 A /\'\. n"/'\'/\;‘
) %
g d,d, |,

@) 1701 A
o 0 Lo . . AW_\
1 do ﬁ,\ »‘IE

O A N /\l 'l“/‘r{.\z_/ll

8 6 4 2 0 2 4 6
Energy(eV)

FIG. 5. DOS of NaVO, calculated by LSDA+U+SOC (U,
=3.6 eV) in the G-AFII state for the fixed structure at 20 K. Solid
(dashed) lines denote the spin-up (down) states.
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states by a trigonal distortion of compression in the HT
phase, which is similar to the splitting in Na,C00,.?® In the
IT phase, the crystal symmetry is lowered to C2/m, under
which the system behaves like a frustrated spin lattice with
spatially anisotropic exchange interactions. Finally, a long-
range ordered AFM ground state is formed when the mag-
netic frustration is relieved by another lattice distortion re-
sulted from a certain ordering of occupied orbitals at low 7.
The small magnetic moment observed originates from the
compensation of orbital moment for the spin moment. It is
obvious that so many physical phenomena in the triangular
lattice are reflected in NaVO,, suggesting that NaVO, is a
very good model material for studying 2D triangular lattice
systems.

PHYSICAL REVIEW B 80, 045103 (2009)
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