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Pressure induced magnetic and semiconductor—metal phase
transitions in Cr,MoO¢*
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We investigate magnetic ordering and electronic structures of Cr;MoQOg under hydrostatic pressure. To overcome the
band gap problem, the modified Becke and Johnson exchange potential is used to investigate the electronic structures of
CrpMoOg. The insulating nature at the experimental crystal structure is produced, with a band gap of 1.04 eV, and the
magnetic moment of the Cr atom is 2.50 ug, compared to an experimental value of about 2.47 ug. The calculated results
show that an antiferromagnetic inter-bilayer coupling—ferromagnetic intra-bilayer coupling to a ferromagnetic inter-bilayer
coupling—antiferromagnetic intra-bilayer coupling phase transition is produced with the pressure increasing. The magnetic
phase transition is simultaneously accompanied by a semiconductor—metal phase transition. The magnetic phase transition
can be explained by the Mo—O hybridization strength, and ferromagnetic coupling between two Cr atoms can be understood

by empty Mo-d bands perturbing the nearest O-p orbital.
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1. Introduction

Many interesting phenomena can be produced by using
the pressure, such as semiconductor to metal,!'! conventional
insulator to topological insulator,>* and ferromagnetic semi-
conductor to spin gapless semiconductor® transitions. Ex-
ploring the magnetic coupling mechanism in magnetic ma-
terials has always been a fundamental topic.[®~!91 The ex-
change coupling in transition-metal oxides can be understood
by the superexchange interaction,[®! and the double-exchange
mechanism!”! which can explain the metallicity and ferromag-
netic coupling in the mixed-valence Mn compounds.

The inverse-trirutile compounds Cr,XOg (X = W, Te,
Mo) with space group P4, /mnm are antiferromagnetic insula-
tors, in which the antiferromagnetic superexchange interaction
cannot give an outright explanation about the magnetic cou-

[11-13] Their magnetic structures, namely

pling of Cr atoms.
the Cr—O—Cr magnetic coupling, depend on the X atom. In
CrXO¢ (X = W, Mo), the inter-layer Cr atoms are antiferro-
magnetically coupled, while the neighboring intra-bilayer Cr
atoms are ferromagnetically aligned. However, the neighbor-
ing intra-bilayer Cr atoms are antiferromagnetically aligned in
CrTeOg. The novel intra-bilayer ferromagnetic coupling can
be explained by assuming a virtual transfer between O and W
(Mo) atoms which tunes the orbital hybridization between Cr-
d and O-p orbitals.[%13]

Here, we investigate magnetic ordering change of inter-
bilayer and intra-bilayer Cr atoms of Cr;MoOg¢ under hydro-
static pressure. The electronic structures are calculated by us-
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ing Tran and Blaha’s modified Becke and Johnson (mBJ) ex-
change potential, which describes properly the gaps and posi-
tions of d electrons of Cr,MoQg. The calculated results show
that the inter-bilayer magnetic coupling changes from antifer-
romagnetic coupling to ferromagnetic, and the intra-bilayer
coupling changes from ferromagnetic ordering to antiferro-
magnetic. When the magnetic phase transition happens, a
semiconductor—-metal phase transition also occurs. The mag-
netic phase transition can be understood by the intra-bilayer
ferromagnetic coupling mechanism proposed by Zhu et al. in
Refs. [12] and [13].

The rest of the paper is organized as follows. In the next
section, we shall give our computational details. In Section 3,
we shall present our main calculated results and analysis. Fi-
nally, we shall give our conclusion in Section 4.

2. Computational detail

We use the
plane-waves method within the density functional theory
(DFT)!'415] a5 implemented in the package WIEN2k.[!%] We
use the mBJ exchange potential plus local density approxima-

full-potential linearized augmented-

tion (LDA) correlation potential for the exchange—correlation
potential!'”l to do our main electronic structure calculations,
and use the popular generalized gradient approximation of
Perdew, Burke, and Ernzerhof (GGA-PBE)!8! to optimize
the internal position parameters with a force standard of
2 mRy/a.u. The full relativistic effects are calculated with the

Dirac equations for the core states, and the scalar relativistic
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approximation is used for the valence state
sphere radii of Cr, Mo, and O are chosen to be 1.82 a.u.,
1.78 a.u., and 1.61 a.u., respectively. We use a 11 x 11 x 6
Monkhorst—Pack k-points grid for the self-consistent calcula-
tion and make harmonic expansion up to /nax = 10 in each of
the atomic spheres, and set Rnkmax = 7. The self-consistent
calculations are considered to be converged when the inte-
gration of the absolute charge-density difference between the
input and the output electron densities is less than 0.0001|e|

per formula unit, where e is the electron charge.

3. Results and analysis

The CroMoOg has an inverse-trirutile structure with the
lattice parameters a = b = 4.58717 A and ¢ = 8.81138 A at
T =4 K, which undergoes a paramagnetic—antiferromagnetic
transition at 7 = 93 K with inter-bilayer antiferromagnetic
coupling and intra-bilayer ferromagnetic coupling.['3 The
sketch map of CryMoOg crystal structure is shown in Fig. 1.
The experimental crystal structure is used as a reference. The
hydrostatic pressure is simulated by using V / Vexp» Where Vexp
is the volume of the experimental crystal structure. The cal-
culations are performed at six different V/ Vexp» and the six
calculated points are labeled as A (1.0), B (0.97), C (0.94),
D (0.91), E (0.88), and F (0.85). Four different magnetic con-
figurations denoted as A-B (AF-AF, F-AF, AF-F, and F-F)
are considered, where A represents the inter-bilayer magnetic
ordering and B represents the intra-bilayer magnetic ordering.
In all calculations, the ionic positions are relaxed by using
GGA-PBE. The magnetic energy differences as a function of
V /Vexp are plotted in Fig. 2. The results show that the AF-F
magnetic configuration with the experimental crystal structure
is the ground state, which agrees well with the experiment

Fig. 1. (color online) The sketch map of Cr,MoOQg crystal structure.
The black balls, blue balls, and red balls represent Cr atoms, Mo atoms,
and O atoms, respectively. The Cr bilayers are separated by a Mo layer.
The O atoms connecting inter-bilayer Cr atoms are marked as O1, and
the O atoms connecting intra-bilayer Cr atoms are marked as O2. The
labeled Mol and Mo2 atoms are equivalent.

and other GGA or GGA + U calculations.!'3! As the volume
decreases, the magnetic energy difference between F-AF and
AF-F magnetic configurations becomes negative, which im-
plies a magnetic phase transition. The V /Vey, corresponding
to the magnetic phase transition is about 0.882, and the ground
state at A, B, C, and D points has the AF-F magnetic configu-
ration, while the ground state at £ and F points has the F-AF
magnetic configuration. The magnetic energy differences also
show that the F-F magnetic configuration is most unstable un-
der the considered pressure.

0.6

0.5

0.4

0.3

AE

0.2

0.1

0

=010 0
0.84 0.88 0.92 0.96 1.00

VIV,

exp

Fig. 2. (color online) The magnetic energy differences as a function
of V /Vexp (AF-F magnetic configuration is used as a reference). The
points represent calculated values, and the lines are obtained by linear
or curve fitting. The inset shows the energy band gap as a function of
V [Vexp-

As is well known, GGA generally does not accurately
describe the position of transition-metal d electrons, and un-
derestimates the gaps of magnetic insulators. The improved
mBJ exchange potential has been proved to be very effec-
tive to describe electronic structures and gaps of magnetic
insulators.[>*>2] The projected spin-dependent densities of
states of CroMoQg calculated by using mBJ and GGA are
shown in Fig. 3. An obvious gap near the Fermi level is pro-
duced by using mBJ with respect to the GGA results, and
another gap between Mo-d and Cr-d states in the conduction
bands is opened. The calculated energy band gap is about
1.04 eV by using mBJ. It is clearly seen that the widths of the
d character bands with mBJ become narrower than the ones
with GGA. These results are in accordance with the related
experiment and the GGA + U calculations in Ref. [13]. The
calculated Cr magnetic moment is 2.26 up by using GGA,
and 2.50 ug with mBJ (the magnetic moment depends on the
chosen atomic sphere radius of Cr). The mBJ result is closer
to the experiment value 2.47 ug with respect to the GGA one.
So, we use mBJ to study the electronic structures of Cr,MoOg
under hydrostatic pressure. The ground-state total densities
of states of CryMoOQOg are plotted in Fig. 4. Figures 4(a)-4(d)
correspond to points A—D with AF-F magnetic ordering, and
figures 4(e) and 4(f) correspond to points £ and F' with F-AF
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magnetic ordering. Because of the long-range ordered antifer-
romagnetic state of CroMoQOg, the majority and minority chan-
nels are symmetric, and only the majority channel is shown.
As the pressure increases, the energy band gap gradually de-
creases. When V /Vey, equals 0.88, the energy band gap disap-
pears, which means a semiconductor—metal phase transition.

Density of states
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Fig. 3. (color online) The partial spin-dependent densities of states of
Cr,MoOg projected in Cr, Mo, O1, and O2 atom spheres by using (a)
mBJ and (b) GGA, respectively.
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Fig. 4. The total densities of states of Cr,MoQOg with (a)-(d) AF-F
and (e)—(f) F-AF magnetic configurations by using mBJ. Panels (a)—(f)
correspond to points A—F, respectively.

The energy band gap as a function of V/Vey, is plotted in
Fig. 2. With the increasing pressure, the gap shows a linear
decrease with AF-F magnetic ordering. When the AF-F mag-
netic ordering changes into the F-AF one, the gap disappears,
leading to a semiconductor—metal phase transition.

In Refs. [12] and [13], the mechanism of the intra-bilayer
ferromagnetic coupling was explained as follows. The virtual
hopping of an O2-p electron to the empty Mo2-d states makes
the O2-p state partially occupied, which creates a virtual hole
in the O-p band and leads to ferromagnetic coupling between
intra-bilayer Cr atoms. The hybridization strength between
01 (02) and Mol (Mo2) is a key factor that determines the
inter-bilayer (intra-bilayer) magnetic coupling. Since the dis-
tance between O1 and Mol and that between O2 and Mo2
control the hybridization strength, we plot the bond lengths of
O1-Mol and O2-Mo2 (and their average values) as a func-
tion of V /Vexp with AF-F and F-AF magnetic configurations
in Fig. 5. With the increasing of pressure, d; decreases more
quickly than d, with both AF-F and F-AF magnetic config-
urations. To consider the combined effect of the two kinds
of magnetic configurations, the average value of d; and d, is
used to decide the hybridization strength of O and Mo. In
Fig. 5(c), it is clearly seen that d; becomes smaller than d;
with the pressure increasing, and then magnetic phase tran-

sition occurs. So, the hybridization strength between O and
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Fig. 5. (color online) The bond lengths of O1-Mol (d;) and O2-Mo?2 (d;)
as a function of V /Veyp, with (a) AF-F and (b) F-AF magnetic configura-
tions, and (c) their average values.
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Mo controls the magnetic configuration of Cr,MoOQg, and if
the hybridization strength between O2 (O1) and Mo2 (MO1)
is stronger than the one between O1 (O2) and Mol (Mo2),
CrpMoOg will possess the AF-F (F-AF) magnetic configura-
tion.

To see clearly the magnetic ordering, we show the mag-
netization density distributions of Cr,MoOg at points A (AF-
F) and F (F-AF) with energy ranging from —8 eV to the
Fermi level in Fig. 6, within the magnetization density —0.01—
0.01 up /Bohr3. Here, the plane is defined by a Cr1-Cr2—
Cr3 triangle. The magnetization densities of the nearest Ol
related with Crl and Cr4 (inter-bilayer coupling) with AF—
F are very similar to the ones of the nearest O2 related with
Crl and Cr2 (intra-bilayer coupling) with F-AF, and the re-
lated Cr couplings are all antiferromagnetic. It is clearly seen
that the hybridizations among Crl, Cr4, O1, and Mol at point
F (F-AF) are very obvious, and the Cr and Mol spin densi-
ties are the same and opposite to the O1 spin densities, which
agrees well with the mechanism of the ferromagnetic coupling
in Refs. [12] and [13].

Fig. 6. (color online) The magnetization density distributions of Cr,MoOg
at (a) A (AF-F) and (b) F (F-AF) points. The plane is defined by a Cr1-Cr2—
Cr3 triangle. The actual magnetization density is —0.01-0.01 |e|/Bohr® and
the density increment is 0.00067 |e|/Bohr>. The blue, black, and red lines
stand for positive, negative, and zero values, respectively.

4. Conclusion

The improved mBJ exchange potential is used to inves-
tigate the electronic structures of CryMoQOg under pressure.
The x-ray emission spectra of delafossite type oxide CuFeO,
(magnetic insulator) calculated by using mBJ are quite com-

a.??l The mBJ gives an ap-

patible with the experimental dat
propriate description for HgCr,Ses, CdCr,S4, and CdCr,Seq
(magnetic insulator), and the mBJ gaps agree well with the ex-
perimental values.®! So, the mBJ may be suitable to study the
electronic structures of Cr,MoQOg under pressure.

We investigate the change of magnetic ordering and gaps
of Cr,MoOg under pressure. The calculated results show

that magnetic and semiconductor—metal phase transitions in

CryMoOg are caused by the pressure. With the increasing
pressure, the AF—F magnetic configuration transforms into the
F-AF one, followed by a semiconductor—metal phase tran-

sition. The proposed mechanism of intra-bilayer ferromag-

12,13]

netic coupling in CroMoOg! can be used to understand

the magnetic phase transition, and the Mo—O hybridization
strength plays a key role in determining the inter-bilayer and
intra-bilayer magnetic ordering. We use the trend of bond
lengths of Mo1-O1 and M02-02 under pressure to explain the
magnetic phase transition. The idea that empty Mo-d states by
perturbing the O-p states can give rise to ferromagnetic cou-
pling between two Cr atoms is further confirmed.
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