Available online at www.sciencedirect.com

sc.sncs@p.“cf.

ACADEMIC
PRESS

Journal of Solid State Chemistry 175 (2003) 341-347

JOURNAL OF
SOLID STATE
CHEMISTRY

http://elsevier.com/locate/ jssc

Analysis of the spin exchange interactions of ferromagnetic
CdVOs; in terms of first principles and qualitative electronic
structure calculations
D. Dai, H.-J. Koo, and M.-H. Whangbo™

Department of Chemistry, North Carolina State University, Raleigh, NC 27695-8204, USA
Received 6 February 2003; received in revised form 10 May 2003; accepted 20 May 2003

Abstract

First principles spin-polarized electronic band structure calculations were carried out for three ordered spin states of CdVO;, and
the strengths of its corner- and edge-sharing spin exchange interactions were estimated. To gain insight into why CdVOj; exhibits
ferromagnetism while CaV,05 does not despite their apparent structural similarity, the spin exchange interactions of CdVO3 and
CaV,05 were compared in terms of spin dimer analysis using extended Hiickel tight binding calculations, and the local geometries of

their V** ions were examined.
© 2003 Elsevier Inc. All rights reserved.

1. Introduction

The CdVO; phase had been known for some time
[1-3] before its precise crystal structure and magnetic
properties were determined a few years ago [4]. The
magnetic susceptibility data of CdVOj; collected from 77
to 297K were found to exhibit a Curie-Weiss behavior
with a positive Weiss temperature hence hinting the
presence of ferromagnetism [3]. That CdVO; is indeed
ferromagnetic was proven unambiguously by the mag-
netization and electron paramagnetic resonance studies
of Onoda and Nishiguchi [4]. CdVO; consists of isolated
VOs; chains made up of corner- and edge-sharing VOs
square pyramids (Figs. 1a and b). The V** (d') ions of
each VO; chain form a zigzag chain (Fig. 1c), and
adjacent V** ions interact through corner-sharing (J.)
and edge-sharing (J.) exchange paths. It was found [4]
that the magnetic susceptibility of CdVO; above 50K is
well described by the spin-1/2 ferromagnetic Heisenberg
model [5] with one exchange parameter J=8.6 meV. This
finding, together with the qualitative observation [6] that
an edge-sharing spin exchange between first-row metal
ions can be ferromagnetic when the direct overlap
between their 3d orbitals is weak, led Onoda and
Nishiguchi to suggest that J, is ferromagnetic and J. is
significantly weaker in strength than J, [4].

*Corresponding author. Fax: +919-515-7832.
E-mail address: mike_whangbo@ncsu.edu (M.-H. Whangbo).

0022-4596/03/$ - see front matter © 2003 Elsevier Inc. All rights reserved.

doi:10.1016/S0022-4596(03)00307-4

The occurrence of ferromagnetism in CdVOj; is quite
intriguing because it is typically antiferromagnetism that
is found in magnetic oxides made up of VOs square
pyramids containing V** ions. Representative examples
include AV,05 (4=Ca, Mg) [7-12] and AV40q (Cs,, Ca,
Sr, H,N(CH»CH,),NH,) [12—18]. In particular, the VOs
square pyramid and the zigzag V** chain unit of CdVO,
are very similar in structure to those of CaV,0s. The
V,0s5 layers of CaV,05 are made up of corner-sharing
VOs; chains such that the V*" jons between adjacent
VO3 chains interact through corner-sharing exchange
paths J! (Fig. 1d). In the present work, we estimate
quantitatively the spin exchange parameters J, and J, of
CdVOs; using first principles spin-polarized electronic
band structure calculations. Then we probe why
ferromagnetic interactions dominate in CdVO; but
antiferromagnetic interactions do in CaV,05 by analyz-
ing the edge- and corner-sharing spin exchange inter-
actions of CdVO; and CaV,Os5 on the basis of tight
binding electronic structure calculations and then
comparing the local geometries of their V™ ions.

2. Mapping analysis of spin exchange interactions

Spin exchange parameters of an extended magnetic
solid can be quantitatively determined on the basis of
first principles electronic structure calculations using the
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Fig. 1. (a) Representations of VOs square pyramids with the apical oxygen atom lying above and below the O4 basal plane. (b) Schematic projection
view of a VO5 chain of CdVO;. (c) Arrangement of the V*™ ions (represented by dots) in a VO; chain of CdVOs. (d) Arrangement of the V** ions

(represented by dots) in a V,05 layer of CaV,0s.

“mapping’ [19-21] or “direct” method [11, 22]. In the
mapping method, the energies of several electronic states
of a magnetic solid (or its fragments) are determined by
electronic structure calculations, and then the energy
differences between these electronic states are mapped
onto those between the corresponding spin states
determined by an appropriate spin Hamiltonian. In
the direct method, spin exchange parameters of a
magnetic solid are directly calculated from its ground
state electronic structure on the basis of electronic band
structure calculations.

In the cluster approach to the mapping analysis [19],
one defines the spin dimer for each exchange path as the
structural fragment containing the two interacting spin
sites. Then the energies of two different electronic states
of the spin dimer are determined by first principles

electronic structure calculations, and the correspond-
ing spin states are generated by employing either a
Heisenberg or an Ising Hamiltonian depending upon the
nature of electronic structure calculations employed
[20]. In the noncluster approach to the mapping analysis
[21], the electronic energies of a magnetic solid are
determined for a number of states with ordered spin
arrangements on the basis of spin-polarized electronic
band structure calculations, and the corresponding spin
states are generated in terms of an Ising Hamiltonian.
In the present work, this latter method was employed to
evaluate the J. and J, values of CdVOs.

To determine the two spin exchange parameters J
and J, of CdVO; (Fig. 1d), we consider the three
ordered spin states [HS >, |BS; ), and |BS; ), depicted in
Fig. 2. In general, the Ising Hamiltonian for an extended
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solid is written as

I_jlsing I ZJI/§IZ§]Z (1)
ij

Thus, for an isolated zigzag chain of CdVO;, the
energies of the three spin states per formula unit (FU)
(i.e., per spin site) are written as

1

o 1
E(HS) = (HS|H“"HS) = —3Je =37 (2a)
- 1 1
E(BS;) = (BS;|H""¢|BS; ) = 17 =77 (2b)

s 1
E(BS;) = (BS,|H""¢|BS, ) =/ (2¢)

Consequently, the spin exchange parameter J. is related
to the state energy difference as

J. = 2|E(BS;) — E(HS)). (3a)

Then, the spin exchange parameter J. is obtained either
as

1

Je=5Je = 2{E(BS) — E(BS,)] (3b)
or as
Jo = %Je +2[E(BS,) — E(HS)]. (3c)

HS)

Fig. 2. Three ordered spin arrangements in an isolated VO3 chain of CdVOs;. (a) Ferromagnetic arrangement |[HS). (b) Antiferromagnetic
arrangement |BS; >. (c) Antiferromagnetic arrangement |BS; >. Here the labels “HS” and “BS” refer to “highest-spin” and “‘broken-symmetry”,
respectively.

(a)

() | BS1 > (©

Therefore, the J,. and J. values are determined when the
energies (per FU) of the electronic states corresponding
to the spin states |HS ), |[BS; ) and |BS, >, are obtained
by first principles electronic band structure calculations.

3. First principles electronic structure calculations and
spin exchange parameters

To determine the electronic energies of the three
ordered spin states, |[HS),|BS;)> and |BS,)>, we
carried out spin-polarized first principles full potential
linearized plane wave (FP-LAPW) calculations using
the WIEN2k program package [23] with the generalized
gradient approximation [24] for the exchange-correla-
tion energy. Both ferromagnetic and anti-ferromagnetic
calculations were performed with the (a, 2b, ¢) supercell.
We employed the muffin-tin radii of 2.57au for Cd,
1.59au for V, and 1.56au for O. The basis set cut-off
parameters were G =14 and R, Kna.x=7. Integra-
tions over the irreducible wedge of the Brillouin zone
were performed using a 40 k-point regular mesh. Results
of our calculations are summarized in Tables 1, 2 and
Figs. 3-5.

The present FP-LAPW calculations show that the
[HS) state of CdVO; is more stable than the

BS,)
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Table 1

Electronic energies £ (Ryd/FU) and relative energies AE (meV/FU) of
the |[HS), |BS; ) and |BS; ) states of CdVO; obtained by FP-LAPW
calculations

State E (Ryd/FU) AE (meV/FU)*
[HS> —13542.465395 0.0
IBS; > —13542.464486 12.4
IBS, > —13542.464657 10.0

#The |HS) state was taken as the reference.

Table 2
Magnetic moments on V (ug/FU) in the |HS),|BS;) and |BS,)
states of CdVO; obtained by FP-LAPW calculations®

[HS [BS: > [BS, >

v Vi V2 V1 V2
Total 0.75 0.71 ~0.71 0.72 ~0.72
dyy1 0.62 0.62 0.05 0.63 0.05
deyl —0.05 —0.05 —0.62 ~0.05 —0.63
dot 0.17 0.16 0.14 0.17 0.14
d.| —0.14 —0.14 ~0.16 —0.14 ~0.17
d,.1 0.19 0.19 0.11 0.18 0.11
d,.| ~0.10 ~0.11 ~0.19 ~0.11 ~0.18

V1 and V2 refer to the up-spin and down-spin vanadium sites,
respectively.

antiferromagnetic states |BS;) and |BS;) of CdVO;
(Table 1), in agreement with experiment [4]. Fig. 3 shows
the total density of states (DOS) and the partial DOS of
the V 3d orbitals calculated for the |HS) state. The
corresponding DOS plots for the |BS;) and |BS;)
states of CdVO; are presented in Figs. 4 and 5,
respectively. Our FP-LAPW calculations reveal that
approximately 0.7 spin/FU is found on each V** site,
and the spin density of each V** site resides largely in
the d,, orbital (Table 2). These results are consistent
with the finding of qualitative electronic structure
calculations that the magnetic orbital of a VO5 square
pyramid containing a V4™ ion is given by the d,, orbital
of V that makes m-antibonding with the 2p orbitals of
the basal oxygen atoms (Fig. 6) [12, 25].

From Eq. (3a) and the electronic energies of the states
[HS)> and |BS;) (Table 1), we obtain J, =24.7meV.
Using this J. and the electronic energies of the states
[HS>,|BS;) and |BS,), we obtain J.=7.7meV from
both Egs. (3b) and (3c). These values of J, and J, are in
support of the suggestion by Onoda and Nishiguchi that
J. is ferromagnetic and dominates over J in strength [4].
Nevertheless, the calculated J. value (i.e., 24.7meV) is
larger than the experimental J value (i.e., 8.6 meV) by a
factor of approximately 3. However, density functional
theory electronic structure calculations tend to over-
estimate spin exchange parameters. For example, the
spin exchange parameters of A,MnFs (4= Rb, Cs, NHy4,
Li) were calculated to be greater than the experimental
values by a factor of 3 to 4 [26].
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Fig. 3. Plots of the total DOS (solid line) and the partial DOS of the V
3d orbitals (dotted line) calculated for the |HS) state of CdVO; by
spin-polarized FP-LAPW calculations.
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Fig. 4. Plots of the total DOS (solid line) and the partial DOS of the V
3d orbitals (dotted line) calculated for the [BS; ) state of CdVO; by
spin-polarized FP-LAPW calculations. Here V1 refers to the vanadium
atoms at an up-spin site.

4. Qualitative analysis of the spin exchange interactions
in CdVO3 and CaV205

In general, a spin exchange parameter J is expressed
as J=Jr+ Jar, where Jr(>0) and Jap(<0) are
the ferromagnetic and antiferromagnetic terms, respec-
tively [27,28]. When the two spin sites of a spin dimer
are represented by magnetic orbitals ¢, and ¢,, the
ferromagnetic and the antiferromagnetic terms are
given by

JF = 2K12, (43.)

Jar = —(Ae)? /Uy, (4b)
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Fig. 5. Plots of the total DOS (solid line) and the partial DOS of the V
3d orbitals (dotted line) calculated for the [BS, ) state of CdVO; by
spin-polarized FP-LAPW calculations. Here V1 refers to the vanadium
atoms at an up-spin site.

Fig. 6. Magnetic orbital of a VOs square pyramid containing
a V*" ion.

where K, is the exchange repulsion between the
magnetic orbitals ¢, and ¢,, and becomes larger with
increasing the overlap density distribution ¢,¢, [28].
Ugr is the effective on-site repulsion, and Ae is the
energy separation of the two levels resulting from the
interaction between the two magnetic orbitals. In
general, Jg is a small positive number so that J becomes
ferromagnetic (i.e., J>0) when JaF is negligibly small in
magnitude.

The (Ae)? values for the edge- and corner-sharing spin
dimers of CdVO; and CaV,05 were calculated using the
extended Hiickel tight binding (EHTB) electronic
structure calculations [29,30],' as described elsewhere
[12,18,25]. Table 3 summarizes the (Ae)* values as well
as the corresponding Jap values estimated by using
Eq. (4b) with Uey = 966 meV, which was chosen to
reproduce the J. value of CaV,Os calculated by the
direct method [11]. Also listed in Table 3 are the spin
exchange parameters determined for CdVO; and

'Our calculations were carried out by employing the SAMOA
(Structure and Molecular Orbital Analyzer) program package.

Table 3
Values of (Ae)z, Jar, Jeale and Jogp determined for the edge- and
corner-sharing spin exchange paths of CdVO; and CaV,05"

J. J. J.
CdVO; (Ae)? 1300 21000
Jar® -13 -21.7
Jeat 247 7.7
CaV,0s (Ae)? 3800 19600 50600
JAr® -39 -20.3 —52.4
Jearc 2.4 —-10.5 —52.4
Joxpt® 22 -28.6 —-573
Joxpt' -39 -58 —57.7
Jexpt® —14.6 —-50.6 —62.9

*(Ae)* values are given in (meV)?, and Jap, Jeae and Jexpt Values
in meV.

®Calculated by using Eq. (4b) with U.r=966 meV.

¢Calculated from the present FP-APW calculations.

dCalculated by the direct method using the LDA + U functional
(Ref. [11]).

¢Deduced from magnetic susceptibility measurements assuming that
Jo/JL = 0.2 (Ref. [10]).

fDeduced from magnetic susceptibility measurements assuming that
Jo/J. = 0.1 (Ref. [10]).

€Deduced from magnetic susceptibility measurements (Ref. [9]).

CaV,0s from first principles electronic structure calcu-
lations (Jcae), and those derived for CaV,0s from
magnetic susceptibility measurements (Jexp) [9,10]. In
analyzing results of magnetic susceptibility and neutron
scattering measurements in terms of spin exchange
parameters, the latter become numerical fitting para-
meters needed to reproduce the experimental results.
The nature and values of these “‘experimental” para-
meters depend on what spin exchange paths one
includes in the analysis and on what constraints one
places on them. Thus more than one set of spin
exchange parameters can lead to an equally acceptable
fitting. The meaningful “experimental” spin exchange
parameters for a given magnetic solid are those that are
consistent with its electronic structure [12].

Table 3 shows that in CdVOs5 the Jor term of the path
J. is significantly larger in magnitude than that of the
path J.. This explains why J, of CdVOj is more strongly
ferromagnetic than J. of CdVO; in our quantitative
calculations. The Jar term of the path J. is small in
CdVOj; and CaV,0s, so that J, should be either weakly
antiferromagnetic or weakly ferromagnetic. However,
the Jar term of the path J, is considerably smaller in
CdVOs; than in CaV,0s, so that the path J; is likely to
be more strongly ferromagnetic in CdVO;. Further-
more, the ferromagnetic terms Jg of the paths J, and J.
should be greater in CdVO; than in CaV,0s5 for the
following reasons: First, J, is more strongly ferromag-
netic in CdVO; than in CaV,0s. This suggests that
CdVOs; has a larger Jg contribution in addition to a
negligible Jof. Second, the Jor values of the path J, are
similar in CdVO; and CaV,0s. Nevertheless, J. is
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weakly ferromagnetic in CdVOs;, but substantially
antiferromagnetic in CaV,0s. This implies a greater Jg
contribution to the J. path in CdVOs;.

5. Geometrical features of spin exchange paths in CdVO;
and CaV,05

To see if CdVO; possesses any structural feature that
enhances the Jg term for the exchange paths J. and J.,
we compare the local geometries of the V** ijons in
CdVO; and CaV,0s. The interatomic distances and
bond angles specifying the local structures are defined in
Fig. 7 and their values are listed in Table 4. In terms of
the V---V and V-0 bond lengths as well as the V-O-V
and O-V-O bond angles, the local structures of the
V** ions are very similar in CdVO; and CaV,Os. A
substantial difference between the local structures of
CdVO; and CaV,0:s lies in the height Ak of the V** ion
above the basal plane in each VO;5 square pyramid. As
can be seen from Fig. 1b, the two V** ions of each J,
path are located symmetrically on the opposite sides of
the “condensed basal plane”. Thus the A/ value of each
V** ion can be approximated by Az/2, where Az is the
height difference between the two V** ions. As listed in
Table 4, the Ak value is considerably smaller for CdVO;
than for CaV,0Os. Our analysis of the crystal structures
of other magnetic solids of V*" ions made up of VOs
square pyramids (e.g., MgV,05 [8], CaV,Oq [31],
SrV,40q [16], CdV305 [32] and CaV;0; [32]) shows that
the Ah value is smallest for CdVOs;. The strength of the
m-interaction between the V 3d,, and the basal oxygen
2p orbitals (Fig. 6) is enhanced with decreasing the Ah
value toward zero. An enhancement of the n-interaction
should induce a stronger ferromagnetic term Jg because

Fig. 7. Geometrical parameters defining the local structures around
the V** ions associated with the J, paths in CdVO; and CaV,Os.

Table 4
Geometrical parameters associated with the J. paths of CdVO; and
CaV205

CdVO5? CaV,05°

VeV (A) 3.048 3.026
r (A) 1.940 1.949
s (A) 1.992 1.982
0, () 78.4 79.4
0> () 101.6 100.7
Ah (A) 0.430 0.536

Ref. [4].

PRef. [7].

it will increase the overlap density distribution between
two magnetic orbitals.

6. Concluding remarks

Using first principles spin-polarized FP-LAPW calcu-
lations, we estimated the strengths of the spin exchange
interactions J, and J. in CdVO;. These calculations
show that both J, and J. are ferromagnetic, but J,
dominates over J.. Our spin dimer analysis based on
EHTB electronic structure calculations suggests that in
terms of Jaf the path J, is expected to be more strongly
ferromagnetic in CdVO; than in CaV,Os, and the
ferromagnetic terms Jg of the paths J, and J.. should be
greater in CdVO; than in CaV,0s. In each VOs square
pyramid, the height of the V** ion above the basal
plane is considerably lower in CdVO; than in CaV,0s.
This geometrical factor is expected to enhance the Jy
term contributions to the spin exchange paths in
CdVO;.
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