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Abstract. A first-principles tight-binding linear muffin tin orbital (TB-LMTO) method within the local-
density approximation is used to calculate the total energy, lattice parameter, bulk modulus, magnetic
moment, density of states and energy band structures of half-metallic CrO2 at ambient as well as at high
pressure. The magnetic and structural stabilities are determined from the total energy calculations. From
the present study we predict a magnetic transition from ferromagnetic (FM) state to a non-magnetic
(NM) state at 65 GPa, which is of second order in nature. We also observe from our calculations that
CrO2 is more stable in tetragonal phase (rutile-type) at ambient conditions and undergoes a transition to
an orthorhombic structure (CaCla-type) at 9.6 GPa, which is in good agreement with the experimental
results. We predict a second structural phase transition from CaCls- to fluorite-type structure at 89.6 GPa
with a volume collapse of 7.3%, which is yet to be confirmed experimentally. Interestingly, CrOs shows
half metallicity under ambient conditions. After the first structural phase transition from tetragonal to
orthorhombic, half metallicity has been retained in CrO2 and it vanishes at a pressure of 41.6 GPa.
Ferromagnetism is quenched at a pressure of 65 GPa.

PACS. 71.15.Mb Density functional theory, local density approximation, gradient and other corrections —
71.15.Nc Total energy and cohesive energy calculations — 75.50.-y Studies of specific magnetic materials

1 Introduction

There has been a renewed interest in 3d-transition metal
oxides (TMO) during the last decade. As the changes in
d bandwidth are controlled by pressure, the high-pressure
studies of TMO have been regarded as a useful way to
understand their basic properties. Insulator-metal transi-
tion, magnetic moment collapse and electron topological
transitions are some of the phenomenon, which may occur
under high pressure. In addition, structural phase tran-
sitions induced by pressure are also a striking subject.
Out of the numerous TMO, Chromium dioxide (CrOs)
has received a renewed attention not only due to its
practical importance in technology of spintronics, tunnel-
ing magneto-resistance devices, magnetic heads and mag-
netic field sensors [1-3] but also for its distinct trans-
port, optical, electronic and structural properties [4-9].
Under ambient conditions CrOq crystallizes in rutile-type
structure (space group P4s/mnm). Extensive theoretical
and experimental studies on pressure induced structural
and electronic properties of several transition metal di-
oxides (TMDO) have been reported in literature [10-14].
Among these oxides, Chromium dioxide is the only fer-
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romagnetic (FM) compound with a Curie temperature
of =390 K, which in addition, shows ‘half-metallic’ be-
havior with a magnetic moment of 2up per Cr atom.
In its half-metallic (HM) behavior, one spin species is
metallic and other is semiconducting resulting in a typ-
ical transport property i.e. it shows anomalously large
resistivity but still metallic at high temperature [14,15].
It has been found in various electronic studies [4,5] of
CrO; that density of states (DOS) at the Fermi level
varies from 0.69 states/Ry.f.u. [5] to 2.34 states/Ry.f.u. [4].
Moreover, earlier studies [4,16,17] on band structure cal-
culations at ambient conditions are diverse with the HM
picture of a-CrOs. The electronic properties predicted by
Matar et al. [9,17] are in good agreement with that of the
Schwarz [15]. On the other hand, Kulatov et al. [4] found a
gap for both majority and minority spins, which is incon-
sistent with that of the Schwarz [15]. Nikolaev et al. [16]
computed a magnetic moment of 1.772up per Cr atom
which is in conflict with the HM (must be 2u5) picture of
a-CrQOs. On the other hand, it is revealed from the litera-
ture that experimentally [18-21], half-metallicity in CrO,
has been extensively studied and fairly understood. For
example Keizer et al. [20] have injected new excitement
into the field of half-metals by reporting the existence of a
spin triplet super current through the strong ferromagnet
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CrOs. However, correlations in the theoretical and exper-
imental studies of half-metallic ferromagnetic CrO5 are
discussed by Dedkov et al. [22].

So far as the structural, magnetic and electronic prop-
erties of a-CrOy at high-pressure are concerned, one re-
cent experimental study is presented by Maddox et al. [8]
using angle-resolved synchrotron X-ray diffraction study.
According to their observations, rutile-type CrOs trans-
forms to CaCls-type (space group, Pnnm) structure under
a pressure of 12.8 GPa without any discontinuity in vol-
ume. Such type of transformation (rutile to CaCls-type)
under pressure in other TMDOs [10-13] is a common phe-
nomenon. However, their electronic role to structural con-
stancy is noteworthy in TMOs at high pressure. They are
the prototypical examples of strongly correlated electron
systems. Pressure induced electronic study of MnO [23]
also concludes to metallisation, electronic valence trans-
formation in several TMO [24,25] are the some examples,
where electrons play crucial role. As far as the theoretical
electronic studies of CrO5 at high-pressure are concerned,
there has been no report till now up to our knowledge.
Under the application of pressure the disappearance of
magnetism and half-metallicity is yet to be explored in
details, however, we undertook this problem and solved
up to some extent.

Structural phase transition, collapse of magnetic mo-
ment and half-metallicity are reported for a number of
rutile-type TMO compounds [8-13,26,27]. Since CrO2 also
belongs to the same family namely, rutile-type, we like to
know whether this also fall into the same category. This
is the main motivation of the present work and this is
achieved by performing both non-spin- and spin-polarised
electronic band structure calculations using first princi-
ples tight binding linear muffin tin orbital (TB-LMTO)
method at ambient as well as at high pressures. The orga-
nization of the paper is as follows: Section 2 describes the
computational details of the TB-LMTO method. In Sec-
tion 3 potentially interesting results are discussed. The
corresponding Sections 3.1 and 3.2 deal with the results
of the ground state, magnetic properties, and electronic
band structures in three structures, respectively. Finally
in Section 4, we summarize the results.

2 Method of calculation

The total energy, band structure and density of states for
CrOg are calculated in nonmagnetic (NM) and ferromag-
netic (FM) states, similar to our previous work [28] using
TB-LMTO method [29,30] within the local-density ap-
proximation (LDA) [31]. von-Barth and Hedin [32] param-
eterization scheme had been used for exchange correlation
potential. a-CrO4 crystallizes in the rutile-type structure
(space group, P4s/mnm) and magnetically stable in FM
state. The rutile structure has a simple tetragonal Bra-
vais lattice with two formula units per unit cell [5]. In FM
ground state, chromium and oxygen atoms are located at
positions: Cr : (0, 0, 0) and O : (u,u,0) with u = 0.305.
The structure of the high-pressure phase is 5-CrOs with
positions at Cr : (0, 0, 0) and O : (u,v,0) (v = 0.299 and
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v = 0.272) while in fluorite structure these atoms are po-
sitioned at Cr : (0, 0, 0) and O : (0.25, 0.25, 0.25). Total
energy (per formula unit) was calculated for CrOs in these
three structures. The Wigner-Seitz sphere was chosen in
such a way that the sphere boundary potential is minimum
and the charge flow between the atoms is in accordance
with the electro-negativity criteria. The E and k conver-
gence were also checked. The tetrahedron method [33] of
Brillouin zone integration had been used to calculate the
total density of states. The total energy was computed by
reducing the volume from 1.05 V to 0.70 Vg, where Vj
is the equilibrium cell volume. The calculated total en-
ergy was fitted to Birch equation of state [34] to obtain
the pressure volume relation. The pressure is obtained by
taking volume derivative of the total energy. The bulk
modulus B = —VydP/dV is also calculated from P —V
relation. It is well known that the LMTO method gives
accurate results for closely packed structures. Since the
structures under consideration are loosely packed, empty
spheres are introduced to make them densely packed with
out breaking the crystal symmetry.

3 Result and discussion
3.1 Structural properties

The structural properties of half-metallic ferromagnetic
(HMF) CrO will be discussed at ambient and high pres-
sures in this section. We have calculated total energies
of CrO; in rutile-, CaCly- and CaFs-type structures by
using first principles TB-LMTO method. A picture con-
taining the three structures, is shown in Figure 1. The
Cr atoms form a body-centred tetragonal lattice and are
surrounded by a slightly distorted octahedron of oxygen
atoms (Fig. 1a). An orthorhombic CaCla-type structure is
shown in Figure 1b, while Figure 1c shows a cubic fluorite
type structure of CrOs. Figure 2 shows the variation of
total energies (per formula unit) with relative volume in
NM and FM states for rutile structure. From our calcula-
tion we find that CrOs is more stable in the FM state than
in NM state. The equilibrium cell volume in FM state is
estimated to be 55.53 A3 and the corresponding lattice
parameter a = 4.384 A and ¢ = 2.889 A with ¢/a = 0.659,
which can be compared well to the experimentally [8] ob-
tained value of a is 4.421 A and cis 2.916 A. The calculated
error in the lattice parameter is 0.8%. The Muffin Tin radii
(Rasr) used in the present calculation for Cr, O, E and
E1 (empty spheres) as 2.308, 1.878, 1.807 and 1.649 a.u.,
respectively. From Figure 2 we infer a magnetic to non-
magnetic transition in a-CrOs at a pressure of 65 GPa
without any volume collapse, which can be seen from Fig-
ure 3, which depicts a P —V relationship. For want of ex-
perimental results we are unable to compare the present
prediction. However, most of the oxides of Fe, Mn, Co and
Ni show magnetic collapsing at very high pressure [26].
From the present study we find that the contributions to
the magnetic moment come entirely from Cr atom rather
than O atom. At ambient pressure the calculated mag-
netic moment is 2.0 pup/Cr, which is in good agreement
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Fig. 1. Hlustration of crystal structures of CrOz in (a) rutile-
type (b) CaClz-type (d) CaFa-type.
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Fig. 2. Variation of total energy with relative volume in fer-
romagnetic and non-magnetic states of rutile-type CrOx.
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Fig. 4. Magnetic moment (in Bohr magnetons (up)) of ferro-
magnetic CrOz in rutile structure as function of pressure.

with the others theoretical and experimental value [5,9].
The variation of magnetic moment under pressure is given
in Figure 4. It is clear from the figure that magnetic mo-
ment of Cr atom decreases as pressure increases and at a
pressure of 65 GPa the magnetic moment becomes zero,
which results into a magnetic to a nonmagnetic transition.

The total energies (per formula unit) in rutile-, CaCls-
and CaFs-type structures are calculated and shown in
Figure 5. The difference in energy between rutile- and
CaCly-type structures is very close. So we have plotted
the total energies for the above two phases only and given
in Figure 6 separately. From the figure one can easily ob-
serve that CrOy undergoes a structural phase transition
from rutile- to CaCla-type structure at 9.6 GPa with 1.6%
volume collapse, which is in good agreement with the ex-
perimentally [8] observed value of 12.8 GPa without vol-
ume discontinuity. The total energies are fitted to Birch
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Fig. 5. Total (per formula unit) energy variation of CrOs in
different structures.
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Fig. 6. A close look of total (per formula unit) energy variation
of CrOz2 in rutile and CaCls-type structures.

equation of state to obtain the pressure volume relation
and it is given in Figure 7. The bulk modulus at ambient
pressure (By) is 143.3 GPa with the value of B, as 4.47. In
the high-pressure phase (i.e. CaCly) the bulk modulus is
found to be 193 GPa. From the present study we predict
that CrO; also undergoes yet another structural phase
transition from CaCl; to CaFs-type structure at 89.6 GPa
with a volume collapse of 7.3%. We predict the bulk mod-
ulus to be 338.2 GPa with 4.334 A as lattice parameter in
CaF5 phase, which is yet to be confirmed experimentally.
Other rutile-structured dioxides [28] like RuOg, SnO4 and
PbO; also transform to fluorite-type phase via CaCls-type
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Fig. 7. Equation of states for CrO2. Experimental points (H)
are taken from reference [8].

phase. Therefore, high-pressure experimental studies are
needed to verify our present results.

3.2 Electronic properties

We have performed spin polarized electronic structure cal-
culations of CrOs in the rutile-type and CaCls-type struc-
tures only. The band structures (BS) and density of states
(DOS) at ambient conditions are calculated and shown in
Figures 8-10. Figure 8 depicts the band structure of mi-
nority spins, while band structure for majority spins in ru-
tile phase, is shown in Figure 9. In Figure 8 the lowest lying
bands are due to s-like states of oxygen and the Fermi level
(shown by dotted line), lies between the oxygen p-like and
chromium d-like states showing its semiconducting nature.
In Figure 9 mixing of Cr-d states and O-p states near Ey
can be seen showing its metallic nature. Figure 10 shows
the DOS for both spins, which confirms the half metallic
character of CrOy, which is in excellent agreement with
the others reported [5-7,15] work. Due to the ferromag-
netic decoupling, one of the spin subbands (generally the
majority-spin or up-spin subband) is metallic, whereas the
Fermi level falls into a gap of the other (down-spin) sub-
band. One can understand the reason of half-metallicity
in CrOs as, in majority-band case the interaction of Cr-d
states and O-p states leads to a mutual repulsion so that
the O-p states are pushed to energies above the Fermi
level. These O-p states connect with lower states and are
responsible for metallic character of the majority-band
structure. Since the Cr-d levels are polarized above the
Fermi level in the minority-spin direction, the same inter-
action of O-p and Cr-d states presses the O-p levels below
the Fermi level opens a gap, and produces semiconducting
behaviour. Half metals are the extreme case of strong fer-
romagnets (or saturated Hubbard ferromagnets), where
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Fig. 9. Band structure for majority spins in ferromagnetic CrO2 at ambient pressure in rutile structure.
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not only 3d electrons are fully polarized, but also other
(sp) down-spin bands do not cross the Fermi level. These
conditions can be met in manganese compounds particu-
larly, as the large intra-atomic exchange results in the full
alignment of local spins and thus in the exclusion of down-
spin electrons from the 3d shell [35]. Very recently, half-
metallic and FM to NM transition in manganese pnictides
have been reported [36]. From the present calculations, for
half-metallic state the magnetic moment is found to be
2.0 up/Cr, which is in good agreement with the values re-
ported by Schwarz [14] and Lewis [5]. The calculated den-
sity of majority states at Fermi level is 2.30 states/eV /f.u.,
which is in good agreement with the others results [4].

As discussed above, CrO5 undergoes a structural phase
transition from rutile to a CaCls-type structure at a pres-
sure of 9.6 GPa. The band structure and the density of
states are obtained and given in Figures 11 and 12, re-
spectively. The overall profile is found to be similar to

CrOz at P = 9.6 GPa in CaCla-type structure.

that of the rutile structure. But we noticed a small differ-
ence in the DOS for the minority spin channel where the
d-like band of Cr is slightly moved into E¢, which is due
to broadening of the d-like band under pressure. Never-
theless, CrO2 shows semiconducting in all directions (Z,
T,Y, X, R, Uin Fig. 11) except a few (G, S in Fig. 11).
At this pressure, the computed magnetic moment is found
to be 1.833up/Cr.

As pressure increases half metallicity of the compound
decreases, which can be understood as minority spins
also show metallic character (semi conductivity deceases),
while majority spins remain metallic. The minority band
gap deceases with decrease in volume, which is due to
the exchange interaction between the majority and mi-
nority spins [37]. The decrease in volume results in strong
bonding, which will delocalize the d-electrons, thereby re-
duction in spin splitting. More details about the nature
of the chemical bonding can be found elsewhere [38,39].
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In Figure 13 we have plotted total DOS at pressure of
25.5 GPa (V/Vy = 0.85), where CrOy is still HM. The
complete loss of HM occurs at a pressure of 41.6 GPa
(V/Vh = 0.80). At this pressure the DOS is plotted and
given in Figure 14. Further increase in pressure kills mag-
netism and CrO; becomes non-magnetic at a pressure of
65 GPa.

As mentioned previously CrOs undergoes yet another
transition to CaFs-type from CaCls-type at 89.6 GPa. In
Figures 15 and 16 we have plotted the BS and total DOS
(for non-magnetic case), respectively for CaFs-type struc-
ture. The lowest energy band near —20 eV corresponds
to oxygen 2s states. Slight splitting in oxygen 2p states
in broad band from —1 to —11 eV with small mixing of
chromium 3d states can be seen in figures near Fermi level.
The ground state properties of the present calculation are
summarized in Table 1 along with the available results in
literature.

4 Conclusion

From the present study we conclude that CrOs, which
crystallizes in rutile-type structure at ambient condition,
undergoes two structural phase transitions namely tetrag-
onal rutile-type to orthorhombic CaCls-type and CaCls-
type to cubic CaFs-type at 9.6 and 89.6 GPa, respectively.
At ambient pressure CrOs is found to be stable in mag-
netic phase (ferromagnetic) and it also shows half metal-
licity with a saturated magnetic moment of 25 /Cr. After
it undergoes the first structural transition CrOs still re-
mains as half metallic with a saturation magnetic moment
of 1.833up/Cr. Further increase in pressure quench half
metallicity in CrO, at a pressure of 41.6 GPa. We pre-
dict another transition from CaCls- to CaFs-type at pres-
sure of 89.6 GPa, which can be experimentally verified.
Apart from this, we also predicted that CrOs undergoes
a second order magnetic to non magnetic transition at
65 GPa. The ground state properties are calculated and
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Table 1. Ground state properties of CrOz.
Properties Rutile CaCla CaFs
P-1 P-11 P-111
Lattice Pre. a =4.384 a = 4.354 a=4.334
parameter c = 2.889 b =4.249
(A) c=2.858
Expt. a = 4.421¢ - -
c=2.916"
Bulk Pre. 143.3 193 338.2
modulus
(GPa)
u(ps/CrOz)  Pre. 2.0 1.833 0.0
Expt. 2.0 - -
DOS (States/ Pre. 2.30 2.93 5.07
eV. cell) Others  0.69-2.35%° - -
Structural Pre. 9.6 (P-I — P-1I)89.6 (P-I1 — P-III)
transition Expt. 12.8¢ -
pressure
(GPa)
Magnetic Pre. 65 (FM—NM)
transition
(GPa)
Pre.—Present; Expt. — Experimental
@ Reference [8]; ° Reference [5]; ¢ Reference [4].
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Fig. 15. Band structure for metallic non-magnetic CrOs at
P = 89.6 GPa in CaFs-type structure

presented in Table 1. The deviation between the calcu-
lated and experimental values may be due to the usage
of LDA, which under estimate the lattice parameters and
overestimate the bulk modulus. In addition, we have plot-
ted the band structure and density of states. The bonding
between Cr- and O- atoms is covalent in nature at am-
bient conditions. Under the application of pressure the
compound starts losing the covalent bonding when half
metallicity is quenched. When it becomes non magnetic
CrO2 becomes a metal. High-pressure experimental stud-
ies are indeed needed to verify our structural and magnetic
properties of CrOs.
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Fig. 16. Total (per formula unit) DOS for metallic non-
magnetic CrOz at P = 89.6 GPa in CaFs-type structure
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