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First-principles study of crystal and electronic structures and magnetic
property for NaFe,Cr, (WOy), compounds
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We have first studied the crystal and electronic structures, and magnetic property
for sodium double tungstate NaFe Cr_(WO,); (x = 0, 0.50 and 1.0) compounds
using the plane wave self -consistent method within the framework of density
functional theory (DFT). Wedhow that the ground state of sodium double
tungstate compounds is the antiferromagnetic (AFM) state. We emphasize that
the AFM coupling on the bc plane is generated by the 90° superexchange
mechanism. While the AFM. coupling of the long range magnetic interaction
between the layers along the a — axis is generated by the Na mediated super -

superexchange mechanism.
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1. Introduction and NaFe(WOy), compounds in the AFM state
provide a suitable test for the super —
The crystal structure of double tungstates of ~ superexchange mechanism by the Cr/ Fe” -

the general formula NaM(WO,), (M = Cr and O — 0 —Cr"/ Fe" bonds on the bc plane.*

Fe) are closely related to the transition metal However the mechanism of long range
tungstate (MWO,) compounds, which magnetic interaction between the layers along '
crystallizes in monoclinic space group P2/c the a axis is not completely explained still
(#13). The sodium compounds, however, a now. But the magnetic ordering of NaFe,Cry.
doubled a lattice parameter due to additional (WO,); compounds with x = 0.25, 0.50 and
layers of Na — O polyhedra instead of each 0.75 disappears by the magnetization and
second layer with zigzag chains of MOg neutron diffraction experiments.*
octahedra.'? Therefore, they are called sodium In recent years, the theoretical studies for
double tungstates. crystal, electronic and magnetic properties in
The magnetic and electron spin resonance the transition metal tungstate (MWOy,)

(ESR) studies of NaCr(WO,), compound show compounds have been done using the first -

the AFM ordering and strong exchange principles method.”'
interactions.” Nyam - Ochir et al. In this paper we present the first results of
experimentally showed that the NaCr(WO,), crystal and electronic structures and magnetic
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property for sodium double tungstate

NaFe Cr, (WO,)- compounds using the plane
N %! 5

wave self - consistent method within the

framework of DFT.
2. Calculation method

Our calculations are based on the plane
wdxe self - consistent field (PWscf) method
using the generalized gradient approximation
(GGA) by Perdew, Burke and Ernzerhof
(PBE)"" within the framework of DFT,""* as
implemented in the QUANTUM ESPRESSO
package.” The interaction between the ions
and valence electrons is expressed as the
ultrasoft  pseudopotential.'” The following
electronic states are treated as valence states:
Na(2s”, 2p°, 3s%), O257, 2p7), W(5s", 5p°. 5’
657), Cr(3s™, 3p”, 3, 45"y and Fe(3s7, 3p°. 3.
457) for atoms. The wave functions are

expressed as plane waves up to a kinetic

energy cutoff of 30 Ry The unit cell of
NaM(WQO,)- M = Cr and Fe) has 2 Na, 16 O.
4 W and 2 M atoms. We used the unit cell. (2a,
b, ¢y and (2a. 2b, ¢) supercells including the 24,
48 and 96 atoms respectively [See Fig. 1]. The
summation of charge densities for both the unit
cell and (2a, b, ¢) supercell, and (2a, 2h. ¢)
supercell is carried out using the special A-
points generated by the (2x3x4) and (1x2x3) of
Monkhorst - Pack meshes respectively.!” We
used the tetrahedral method™ when we
evaluate the electronic density of state (DOS).
For the self - consistent cycle the total energy
convergence is 10% eV. The occupation
numbers of electrons are expressed Gaussian
electronic

distribution  function” with an

temperature of kT = 0.001 Ry. We performed

the variable cell optimization and fixed the
The
positions are relaxed until the residual forces

are less than 0.05 eV/A.

crystallographic angles. atomic  ionic

Fig.1. The (2a, b, c) supercell of NaM(WO,), (M = Cr and Fe) compounds. The greens are magnetic

fons (M), The blues are tungsten atoms, The reds are oxygen atoms. The blue violets are sodium

atoms.

141



3. Results and discussion

3.1. The unit cell of NaCr(WQO,), and
NaFe(WQ,), compounds

The sodium double tungstate NaCr(WO,),
and NaFe(WQy), compounds contain of two
magnetic ions in the unit cells. In order to
determine the magnetic ground state of these
compounds, we have performed the spin
polarized calculations to find the magnetic
energy gain (AEapmem = Earv - Epu) between
the AFM and ferromagnetic (FM) states in all
the unit cells. Our results are shown that the
AFM state is favored in these sodium dm’ble
tungstate compounds [Table 1], and agree with
the experimental results. But the difference
between the predicted and experimental values
of magnetic moment for magnetic ions is large
in the .NaCr(WQ,), and Nale(WO,),
compounds. It is therefore shown that the
structural unit cell is different from the
magnetic unit cells. For the structural unit cells
we predicted the lattice parameters and
crystallographic angle [Table 2]. The lattice
parameter on thesb axis increases from the

experimental value up to 2%. The other lattice

parameters increase up to 1%.

3.2. The electronic structure and magnetic

property of NaFe,Cr, (WO, compounds

Nyam — Ochir et al. shown that the magnetic
unit cell of NaCr(WOy), compound is the (2a, 2b,
¢) supercell and the magnetic experiments were
performed on the polycrystal NaFe,Cri.(WOq),
compounds." A single crystal has an atomic

structure that repeats periodically across its whole
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volume. While a polycrystal is comprised of
many individual grains. Each grain can be
thought of as a single crystal, within which the
atomic structure has long range order. In an
isotropic polycrystal, there is no relationship
between neighboring grains. Therefore there is
no periodicity across a polycrystalline sample on
a large enough length scale.

Therefore we first performed the spin
polycrystal
NaCr(WO,), and NaFe(WO,), compounds on
(2a, b, ¢) supercell [Fig. 1.]: (i) Fe,/Cri(d),
Fe)/Cry( D), Fes/Cry(T) and Fey/Cry(¥) [denoted as
AFM-1]; (ii) Fe/Cry(T), Fey/Cry(¥), Fey/Cry(T)
and Fe/Crd) [AFM-2]; (i) Fe/Cry(T),
Feo/CryT) Fey/Crs(d) and Fey/Cry(d) [AFM-3].

polarization  calculations  of

We have found that the most stable spin
orientation is energetically AFMI state in both
the NaCr(WQ,), and NaFe(WOy), compounds.
The ground states of AFM2 and AFM3 states are
energetically higher than that of AFMI state by
the energy difference of 4.45 (1.42) and 48.13
(26.59) meV respectively in the NaCr(WOy),
(NaFe(WQy),) compound. For the (2a, b, ¢)
supercell approach the total energy calculations
show that the magnetic energy gains (AEarm-rm
= Earm - Erm) between the AFM and FM states
are 23.91 and 12.88 meV/cell respectively in the
NaCr(WOQO,), and NaFe(WO,), compounds.
These values are consistent with the estimated
values in the Table 1.

We extended the spin polarization
calculations of polycrystal NaFe,Cri.(WOs),
compounds on (2a, 2b, ¢) supercell, as shown the
spin orientations in the paper by Nyam — Ochir et
al* In this case the magnetic unit cell of

NaCr(WOy), compound is created and the
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magnetic moments are averaged. We have shown
the predicted and experimental lattice parameters
in the Fig. 2. For the magnetic couplings of the
magnetic ions on the bc — plane, the distance
between the Cr* and Cr'"* (Fe™ and Fe™) ions is

found to be 3.01 (3.21) A in the NaCr(WO,),

NaCr(WO,), and NaFe(WO,), respectively. In
our calculation the angles of M"” — O — M™
couplings are determined to be 96.2 and 98.5°
NaCr(WO,), and NaFe(WO,),
NaFe sCrp s(WOy),

compound the distance between the Cr™ and

in the

respectively.  For the

(NaFe(WOy),) compounds. These distances are  Fe™ ions is found to be 3.1 A. While the two

3.04 and 3.19 A in the experiment.® The angles of Cr"” — O — Fe™ coupling are different
experimental angles of M® — O — M™  and found to be 95.7 and 98.0°.
couplings are 973 and 99.3° in the

Table 1. For the sodium double tungstate NaM(WO,), (M = Cr and Fe) compounds the magnetic
energy gain (AEamm e = Earm - Ern), the spin state and the magnetic moments for magnetic ions in

the unit cells.

magnetic moments ()

AEaepmem (MeV Spin state -
Arm-em ( ) p m(M,) m(My) exp4
Cr -22.907 AFM - 2.8712 -2.8212 1.9(3)
Fe -12.382 AFM 4.0194 -4.0194 3.31(6)

Table 2. For the sodium double tungstate NaM(WO,), (M = Cr and Fe) compounds the lattice
parameters and the crystallographic angle in the AFM state. The experimental values are

measured from low temperature neutron powder diffraction.”

a (A) b (A) c(A) B ()
exp. calc. exp. calc. exp. calc. exp. calc.
Cr 9.803 9.876 5.699 5.797 4.942 4985 90.300 90.336
Fe 9.863 9.886 5.730 5.826 4.957 4.976 90.607 90.678

(NaFe(WO;),) compounds. These values are
close to 10 A.° For the NaFe, sCro s(WOy4),

For the magnetic couplings between the
layers, the distance between the Cr” — Cr*
compound the distance between the Cr™ and

Fe'? ions is found to be 9.92 A.

(Fe" — Fe™) ions along the a — axis is found to

be 9.88 (995 A in the NaCr(WO,),
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The electronic DOS of the sodium double
tungstate NaFe,Cr . (WOy) (x =0, 0.50 and
1.0) compounds are shown in the Fig. 3. We
found that the NaCr(WQy,), and NaFe(WO,),
compounds have a band gap of 1.04 and 1.10
eV respectively [See Fig. 3]. The Na-3s, W-6s,
Cr-4s and Fe-4s states become a full empty,
and their peaks are not observed in the valence
band. An electron in these states is transferred

to the 2p state for nearest neighbor O atoms as
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the selection rules. Therefore these peaks are
not observed in the spectra by X-ray Emission
Spectroscopy (XES) and X-ray Photoemission
Spectroscopy (XPS) in experiments. For the
NaM(WOy), (M =V and Cr) the valence band
mainly consists of the O-2p state sited from -8
eV to -2 eV below the Fermi level. While for
the NaFe(WOy), the O-2p state, which sited

from -6 eV to the Fermi level.
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Fig. 2. The lattice parameters of NaFe,Cr.( WO0,), compounds as a function of Fe concentration.

The W-35d and M-3d states are splitting to
the £, (dy, dx. and d,;) and e, (d.; and dy2.2)
states around the Fermi level as a crystal field
of the WO4 and MOg octahedra. For the WOs
octahedra the W-5d(t,,) state is sited below the
M-3d state and not full empty. The W-5d(12,)
state is hybridized with the bonding states of
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O-2p state in the valence band. The W-5d(ey)
state is a full empty and hybridized with the
in the

nonbonding state of O-2p state

conduction band [See Fig. 3]. For the
NaCr(WOy), the localized Cr-3d(t,,) state is
full occupied and the Cr-3d(e,) state is a full

empty. For the NaFe(WO,), the Fe-3d(t,,) and
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Fe-3d(e,) states are full occupied and these
states are strong hybridized with the O-2p
state.

The total charge densities of NaFe,Cr.
(WOq), (x =
presented in the Fig. 4 are shown the AFM

0, 0.5 and 1.0) compounds

coupling on the bc plane is generated by the

90° superexchange mechanism."” While the

FM coupling is not generated on the bc plane.
60 | =

The AFM coupling along the « axis is

generated by the Na mediated super -

superexchange (M™ — WO, — Na — WO, — M)
mechanism.” 1t is also shown that the bond
distance between the magnetic ions increases
as inserted the Fe ion into the NaCr(WO,),
compound, and the Fe containing AFM
coupling becomes weakly compare with the Cr

— Cr bond in the NaCr(WOy,), compound.

@) Crt 95 Cr(e )

Density of states (states/eV)

E-E,_(eV)

Fig. 3. The total and projected densities of states of NaFe,Cry.( WO,), (x =0 (a), 0.5 (b) and 1.0 (c))

compounds. The black is total DOS. The green is the PDOS for O-2p. The black short dot is the

PDOS for W-5d. The red is the PDOS for Fe-3d ion. The blue is the PDOS for Cr-3d ion.
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Fig. 4. The total charge densities of NaCr(WQ,); (first column), NaFe, sCros(WO,), (second column)

and NaFe(WO,), (third column) compounds. The top panel is in plane case,which is containing the

3 and 4 magnetic ions). The middle and bottom panels are low (2 and 4magnetic ions containing)

and upper (1 dnd 3 magnetic ions containing) inter planes respectively [See Fig. 1].

‘4. Conclusion
In conclusion, we have shown that the ground
state for sodium double tungstate NaFe,Cr,.
(WOy), (x =0, 0.50 and 1.0) compounds is the
AFM state using the first - principles approach
within the framework of density functional
This the

experimental results. We emphasized that the

theory. result agrees with
AFM coupling on the bc plane is generated by
the 90° superexchange mechanism. While the
AFM coupling between the layers along the a
— axis is generated by the Na mediated super -

superexchange mechanism.
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