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The lattice distortion under high pressure of an antiferromagnetic material NiO has been investigated within
the density-functional formalism with the local-spin-density approximation, using the optimized pseudopoten-
tial method and plane-wave basis sets. The result of the calculation shows that the magnetic distortion is
enhanced by applying hydrostatic pressure. This distortion becomes extremely large at pressures greater than
about 60 GPa. Furthermore, the first-order phase transition from the distorted rocksalt to the cesium-chloride
structure is calculated to occur at 318 GPa.
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The structural properties of the transition-metal oxideshave been done for this material. Yamashita and ASape
under high pressure have been investigated extensively mglied the local-spin-density approximatig.SDA) of the
tivated mainly by the geophysical interests. The equations oflensity functional theory and have shown that the experi-
state of some of those materials have been measured up iteental equilibrium lattice constant can be explained within a
20-30 GPa by Clendenen and Drickamén their experi- few percent. Similar results were reported by otiefs.
ment, however, noticeable change in the structure has ndtowever, these studies have focused on the zero-pressure
been observed except for MnO. Recent studies have reveal@doperties and, to my knowledge, the structural change of
several high-pressure phases of FeO such as the rhombohéiO due to pressure has not been investigated theoretically.
dral phase above near 16 GPa at room temperaame the Considering the fact that most of ti#dB-type ionic com-
NiAs phase at pressures higher than about 80 ¥iRacon-  pounds in theB1 structure show a structural phase transition
trast to FeO, the high-pressure study on NiO has been limitetb the cesium-chloridéB2) structure, the similar phase tran-
to relatively low-pressure region and any structural changsition can be expected for NiO. Theoretically, it can be easily
has not been observed up to about 30 &f34. seen that thé82 structure has a lower electrostatic energy

NiO is known to be an antiferromagnetic material with than theB1 structure, where the electrostatic energy is de-
the Nesl temperature of 523 K. Its paramagnetic phase crysfined as the static Coulomb energy of the positive ion cores
tallizes in the cubic rocksaliB1) structure. Below the N in the compensating uniform negative charge. Thus, as the
temperature, the magnetic moments are aligned ferromagpressure is applied to decrease the volume, this energy over-
netically on the plane perpendicular to the body diagonatomes the band-structure energy and B structure be-
direction of the rocksalt cell, and the moments on the adjacomes more stable than tH&l structure for this kind of
cent planes are coupled antiferromagnetically to each othecompound.

Accordingly, the rocksalt cell is distorted along the direction TheB2 structure can be obtained from tB#& structure by

of the antiferromagnetic ordering, becoming a contractedh continuous distortion along the body diagonal direction so
rhombohedral cell. The rhombohedral anglg,, which is  thata,,=90°. In the case of NiO, the lattice distortion along
60° for the undistorted cell, is measured to be 60.08° at roonthe same direction already occurs under ambient condition
temperaturé. due to the antiferromagnetic order of spins as mentioned be-

Several theoretical studies on the structural propertiefore. Thus, it can be expected that the antiferromagnetic or-
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der would somehow affect the structural properties under TABLE I. The calculated equilibrium volumeVp), lattice con-

pressure. This paper reports the results of the theoretical irstants @ andc), bulk modulus B), and pressure derivative of the

vestigation on this issue. bulk modulus By) for the distortedB1 and B2 structures. The
In this study, the total energies of NiO in the distor&t experimental values measured at 22 °C are also listed.

andB2 phases have been calculated as a function of volume

within the density-functional formalistt. Previous studies ;/0 Bo )
have shown that structural properties at normal pressure cal- (A%u) a@®) c@) ca (GPa By
culated with the LSDA are in good agreement with the ex- DistortedB1 structure

periment as mentioned before and that the gradient correggc. 17.61 293 710 242 236  4.28
tion does not affect those results significafflyThus, the Expt.? 18.22 206 7.23 2445 184
exchange-qorrelation energy was eI/4aIuated with  the B2 structure

LSDA,* using the Ceperley-Alder forr: Calc. 16.22 325 354

The Kohn-Sham equations were solved self-consistently
in terms of the pseudopotential method. The pseudopoteriReference 7.
tials were generated with the optimized pseudopotential
scheme proposed by Rapeeal!® with cutoff radii of 0.846

i . . tice constants andc, which are expressed in the hexagonal
A and 0'635 A for Ni and O, respecuvely. The partial- |aice 1t can be seen that bathandc decrease linearly and
core-correction scherﬁ%was _used to mclud_e a part of the their compressibilities are close to each other up to about 60
core charge of the Ni atom in the calculation of exchangeip, |y the higher-pressure region, the compressibilities be-
correlation energy since the valence charge density of Ni has, .« ditferent: The pressure derivative @becomes posi-

a large overlap with the core charge. In this scheme the COr&e. while that ofc does not show any remarkable change.

charge density v’gas replaced by a smooth function inside a 14 jnyestigate the pressure change of the lattice distortion
radius of 0.318 A, which introduces an error of less than L, jetail, we plot thec/a ratio at each pressure in Fig. 2. It

mRy/atom in the spin-flip energy of an isolated Ni atom. .5, he expected that the lattice distortion from the cubic

The pseudo-wave-functions were expanded with the plang, ., ety decreases by applying pressure, since the itineracy
wave basis set of which kinetic energy is less than 70 Ryt \glence electrons increases at smaller volumes and the
The 3 pseudo-wave-function behaves smoothly in the corg,agnetic moment, which is the origin of the lattice distor-
region deviating significantly from the all-electron wave yjg is reduced. In contrast to this expectation, Fig. 2 shows
function. However, recently, it has been shdthat the ¢ thec/a ratio departs from the value of the undistorted
pseudopotential scheme of the present study can reproduggse meaning that the lattice distortion enhances by pres-
accurately the all-electron results for ferromagnetic Fe and o Moreover, corresponding to the stiffness of dhaxis
Ni. In fact, the obtained eigenvalues of the Kohn-Sham equay, the high-pressure regior/a shows a significant change
tions for NiO agree with those of the previous calculation at pressures higher than about 60 GPa. The pressure deriva-
with the augmented-spherical-wat&SW) method within 5 e of c/a in the low- and high-pressure regions are
mRy. _ _ _ _ 0.85% 103 and 2.8<10°% GPa !, respectively.

The number ok points used in th&space integration are A similar calculation for FeO has been performed by
60 and 35 for the distorte®1 and B2 structures, respec- |saaket al2’ Based on the results for FeO, they suggested

tively, in the irreducible part of the Brillouin zone. The total {4t the lattice distortion of NiO decreases under hydrostatic
energy is converged within a few mRy per cell with respect

to the cutoff energy and the numberlopoints. The error in
the structural parameters is less than a few percent. The T T T T T T
stable structure of the distort&1 structure is determined by
calculating the total energies for various distortions and fit- 1.0L° i
ting them to the polynomials.
The results calculated for the ground-state properties, I .
equilibrium lattice constants, bulk modulus, and pressure de- i
rivative of the bulk modulus, for the distorteBil structure
are summarized and compared with experiment in Table I.
These values were obtained by fitting the total energies cal-
culated in a volume range of 14.82-18.53/fu. to the Mur- [ , .
naghan equation of stat®.The equilibrium volume is in i
good agreement with the measured value within 3.4%. Ac-

a/ao, c/co

cordingly, error in the calculated lattice constants is less than
2%. Experimentally, the distortion of thBl structure con-
tracts the cubic lattice along the body-diagonal direction. The
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measured rhombohedral angle,, is 60.08° at room

temperaturé, and extrapolated to 60.27° at zero [, 1. Pressure dependence of normalized lattice constants

temperaturé? The calculateda,, at normal pressure is andc, expressed in the hexagonal system, of the distdfestruc-

60.53°, indicating that the correct direction of the distortionture. Some experimental values taken from Ref. 6, in which the

is obtained. anisotropic compression is not distinguished, are also plotted by the
Figure 1 shows the calculated pressure change of the latrosses.
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FIG. 2. Pressure dependence of tfia ratio. The broken lines
indicatec/a’s of the undistortedd1 (c/a=6?) and B2 [(3/2)?]

structures.
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E(e;V)=Eq(V)+a(V)e+b(V)e?+c(V)ed
+d(V)er+--- . (1)

In the present study, the coefficients up to the fourth-order
term were determined by fitting the calculated total energies
to Eq.(1). The result shows thdi(V) changes in its sign at
the volume of 13.5 Aif.u. as depicted in Fig. 3 while the
volume dependencies af(V) and d(V) are rather small.
The absolute value of(V) is so small that the third-order
term can be neglected in this equation. Thus, the rhombohe-
dral distortion under pressure is governed mainly by the
second-order term of.

b(V) can be divided into two parts: One is the contribu-
tion from the electrostatic energy which is defined as the
static Coulomb energy of the uniformly distributed valence
electrons and the compensating positive point chatgd®
for Ni and +6 for O). The other is the band-structure-energy
contribution. Figure 3 also shows the volume dependence of
each part. From this figure, it can be seen that the

pressure. However, the present result contradicts their suglectrostatic-energy contribution has large volume depen-

gestion.

dence in comparison with the contribution from the band-

To analyze the rhombohedral distortion of the lattice un-structure energy. Therefore, it is concluded that the lattice
der pressure, the total energy will be expanded with respedhstability of the distortedB1 phase under high pressure is
to the shear strair. From the group-theoretical consider- driven by the electrostatic energy.
ation, it can be shown that this expansion contains the first- From these analyses, the large change in the lattice dis-
order term ofe which couples with the antiferromagnetic tortion can be understood as follows: Near normal pressure
order. The coefficient of this term becomes zero when therghe magnitude of the lattice distortion is determined by bal-
is no antiferromagnetic order. Thus the total energy can bancing the magnetic distortion tera(V)e with the elastic

written as
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FIG. 3. Volume dependence of the coefficiéatb(V), and(b)
the electrostatic-energy[b.{V)]
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term b(V)e2. With decrease of the volume, the latter term
becomes small in comparison with the former. After the
change of the sign di(V), the elastic term no longer works
as the restoring force to the distortion, and finally the large
lattice distortion occurs.

The equation of state of tHB2 phase was determined as
in the case of the distorteBl phase. The obtained param-
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FIG. 4. Total energy of the distorteB1l andB2 structures of
NiO. The points indicate calculated energies and the solid line for

and band-structure-energy the B2 structure is a fit to the Murnaghan equation of state. The

[bp( V)] contributions. In(b), both contributions are indicated by solid line for the distorted1 structure is the interpolation of the
close and open squares, respectively.

calculated points.
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eters are listed in Table I. The total energy of B# phase change is 1.5% of the volume of the lower-pressure phase,
was calculated by assuming the paramagnetic state. The fer0.97 2/f.u.
romagnetic configuration and some of the antiferromagnetic |n this paper, the LSDA of the density-functional theory
ones were examined at 11.11%Au. by starting the self- has been applied to an antiferromagnetic material NiO to
consistent calculation with the superposition of the atomicgy,qy its structural properties under high pressure. The cal-
spin density which was arranged corresponding to each magy,|ation has been performed with the optimized pseudopo-
netic state as Fhe'|r'1|t|al spin density: In. the antiferromagneti ential method. The result of the total-energy calculation has
state, the periodicity with a dou_ble—S|ze cell was assUMeRn,wn that the lattice constants and the magnetic distortion
along the [100] or [111] direction. The obtained self- .
consistent spin distributions did not have any finite value®t nqrmal pressure are successfully exp_lamed. From the cal-
within the accuracy of the calculation. The calculated eigenculation at smaller volumes, the following have been pre-
values of the Kohn-Sham equations are found to have finitéicted: With increasing pressure, the lattice distortion from
density of states at the Fermi level, indicating that this phaséhe cubic symmetry increases in spite of the reduction of the
is metallic. magnetic moment. Furthermore, the pressure dependence of
Figure 4 shows the crystal total energies calculated for théhe distortion becomes extremely large above 60 GPa. It was
distortedB1 andB2 structures of NiO. It can be seen that the shown that this pressure change of the lattice distortion is
distorted B1 structure is a more stable form than tB2  driven by the electrostatic energy. Finally tB& phase will
structure at normal pressure, which is consistent with experiappear at 318 GPa.
ment. As pressure increases, the distoB&dtructure under-
goes a phase transition into tf&2 phase. Combining the | would like to thank Professor T. Oguchi and Dr. Ohno
equation of state of thB2 phase with that of the distort&®&l. ~ for fruitful discussions. The present calculations were per-
phase determined at 10.37-13.3%fAi., the transition pres- formed with the JRCAT Supercomputing System and the
sure is calculated to be 31810 GPa. The calculated volume Numerical Materials Simulator of NRIM.
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