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Crystal structure of NiO under high pressure
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The effect of pressure on the lattice parameters of NiO with a rhombohedral distortedB1 structure was
investigated up to 141 GPa byin situ angle-dispersive x-ray diffraction using synchrotron radiation, an imaging
plate, and a diamond anvil cell. The lattice constantsa and c, expressed in the hexagonal lattice, decrease
monotonically with increasing pressure. The axial ratioc/a also decreases monotonically with increasing
pressure, indicating that the distortion in the rhombohedral@111# direction becomes larger as pressure in-
creases. No phase transition was observed up to 141 GPa. A significant change of pressure coefficient ofc/a
above 60 GPa, as suggested by a recent theoretical calculation, was not observed.
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I. INTRODUCTION

The investigation of the behavior of transition-metal mo
oxides under high pressure is very important from two vie
points, namely, the interests in an antiferromagnetic M
type insulator in solid-state physics and in their roles in
deep part of the Earth in geophysics. NiO is an antiferrom
netic Mott-type insulator with a Ne´el temperature (TN) of
523 K. AboveTN , NiO has a cubic rocksalt (B1) structure.
Below TN , the magnetic moments are aligned ferromagn
cally on the~111! plane along one of the@112# directions of
the cubic cell, and the moments between the adjacent pl
are coupled antiferromagnetically with each other.1,2 As a
result, the cubic cell is distorted slightly in the direction
the antiferromagnetic ordering and becomes a contra
rhombohedral cell.3 No pressure-induced structural pha
transition was observed in NiO, although several grou
have conducted high-pressure experiments by static c
pression up to 28 GPa~Ref. 4! and by shock compressio
up to 147 GPa.5 This is in contrast to the results in 3d
transition-metal monoxides such as MnO,6,7 FeO,8–10 and
CoO,11 in which structural phase transitions were observed
high pressures.

Recently, the total energies of the distortedB1 andB2
~cesium-chloride! structures of NiO were calculated withi
the density-functional formalism by the local-spin-dens
approximation~LSDA! using an optimized pseudopotenti
method by Sasaki.12 This calculation predicted that the pre
sure coefficient of the axial ratioc/a, 2d(c/a)/dP, in-
creases at around 60 GPa, indicating the enhancement o
lattice distortion by pressure, and that the first-order ph
transition from the distortedB1 toB2 structure occurs at 31
GPa and is accompanied by metallization. However, det
of the pressure effect on the lattice constants above 28
PRB 610163-1829/2000/61~22!/14984~5!/$15.00
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by static compression have not been experimentally repo
yet. In this study, we measured the pressure dependenc
the lattice constants of NiO up to 141 GPa for a comparis
with theoretical results.

II. EXPERIMENT

The specimen of NiO powder purchased from CERA
was of 99.995% nominal purity. The lattice constants un
ambient conditions were determined by x-ray powder d
fraction using CoKa radiation. The obtained lattice con
stants area52.955 92(5) Å andc57.2294(1) Å for the
hexagonal description of the rhombohedral cell.13 The result-
ing axial ratio isc/a52.4457(1). This value is smaller than
the c/a ratio for theB1 structure,A652.4495, which indi-
cates that theB1 lattice contracts in the@111# direction due
to antiferromagnetic ordering, as mentioned above.

The crystal structure of NiO under high pressure w
studied byin situ angle-dispersive x-ray diffractometry usin
monochromatized synchrotron radiation and an imag
plate at the Photon Factory~Beam Line 18C! of the Institute
of Materials Structure Science~run A!, and at SPring-8
~Beam Line 10XU! of the Japan Synchrotron Radiation R
search Institute~run B!. High pressure was generated with
diamond anvil cell~DAC!. Diamonds of 400mm culet diam-
eter with a central flat region of 200mm diameter and a
bevel angle of 7° were used. The opening angle of the ba
ing plate for diffraction was limited to235°<2u<135°.
Powder NiO was filled together with a 4:1 methanol-etha
mixture in a hole of 50mm diameter of a preindented gask
of 30–35mm thickness. Helium was not used in the prese
experiment as a pressure medium because megabar ge
tion with it was technically difficult, although it is suitable t
maintain the sample under a hydrostatic condition. A sm
amount of ruby powder was also enclosed as a pres
marker in the gasket hole. Other experimental conditions
listed in Table I. In run B, x rays were irradiated on the p
14 984 ©2000 The American Physical Society
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TABLE I. Experimental conditions in the present x-ray study.

Run No.
Collimator size

in diameter~mm!
Gasket
material

Pressure
determination

Maximum
pressure~GPa!

Wavelength of
x ray ~Å!

Run A
~Photon Factory!

25, 40 Stainless steel Ruby
fluorescence

81.9 0.6196

Run B
~SPring-8!

40 Rhenium~Re! EOS of Re 141.7 0.6199
R
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of the sample slightly closer to the edge of the rhenium~Re!
gasket in order to determine the lattice constants of the
gasket at the same time; the pressure was obtained from
equation of state~EOS! of Re established by Vohraet al.,14

because the ruby fluorescence disappeared above 80 G
the present experiment.

III. RESULTS

Figure 1~a! shows x-ray diffraction patterns for variou
pressures in run A, in which the pressure was determined
the ruby fluorescent technique. In the figure, the diffract
peaks are indexed as a hexagonal system. Under am
conditions, the deviation from theB1 structure is relatively
small: the rhombohedral angle, which is 60° for an und
torted cell, is 60.08° under ambient conditions.15 As a result,
a few peaks overlapped into a single profile, as shown in
1~a!. With increasing pressure, the positions of diffracti
peaks shift to higher angles, and the peak widths beco
broader. The absolute values of the widths are assume
increase with pressure due to the increase of nonhydrost
ity of the pressure medium. This nonhydrostaticity effect
expected to be removed by dividing the widths with that
the 012 peak. The widths of the overlapping peaks 1
1003, 1101104, and 02111131015 become broader with

FIG. 1. ~a! X-ray diffraction patterns of NiO at various pressur
at room temperature~run A!. The observed patterns are indicated
the solid lines.~b! WPPD analysis result for NiO at 81.9 GPa. Th
observed pattern is indicated by the dots, and the fitting func
and their difference~bottom! are indicated by solid curves.
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increasing pressure, even when compared with the 012 p
width. With increasing lattice distortion, the gap betwe
diffraction peaks in a overlapping peak becomes wider, a
the overlapped peak becomes broad. Therefore, the broa
ing of the overlapped peaks indicates the enhancemen
lattice distortion by pressure. Figure 2~a! shows several x-ray
diffraction patterns for various pressures obtained in run
The crosses and asterisks show diffraction peaks from a
limator and Re gasket, respectively. A few peaks diffrac
from the collimator were not eliminated due to a trivial mi
take in the setup in run B: they originated probably from t
Pt tip of the collimator. Figure 2~b! shows the pattern in
which the peaks of the Re gasket are dominant. The p
sures determined by the EOS of Re~Ref. 14! in the case that
x rays were irradiated on the edge of a Re gasket@Fig. 2~b!#
were 3–5 GPa lower at around 100 GPa than those in
case that x rays were irradiated on the part of the sam
slightly closer to the gasket@Fig. 2~a!#. The pressures deter
mined from the weak diffraction lines of Re in the latter ca
were adopted as the pressures of the sample in run B. H
ever, they are not the exact pressures of the sample a
center of the gasket. In the diffraction patterns of Fig. 2~b!,
no significant change was observed even at the highest p
sure, 141 GPa.

n

FIG. 2. ~a! X-ray diffraction patterns of NiO at various pressur
at room temperature~run B!. The crosses and asterisks denote
diffraction peaks from a collimator and a Re gasket, respectiv
~b! A pattern obtained by irradiating x ray on the edge of a
gasket hole at 141.7 GPa.
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The data for run A were analyzed by the whole-powd
pattern decomposition~WPPD! method.16 Figure 1~b! shows
an example of the fitting results; the dots indicate the
served pattern, the solid curve the fitting function, and th
difference is shown at the bottom by the solid curve. Th
fittings seem adequate even at the highest pressures of ru
For the data analysis of run B, the Gaussian function w
fitted to the observed diffraction peaks of NiO, 101, 01
1101104, and the lattice constants were determined by
least-squares method. For the overlapping peak of
1104, two Gaussian curves were adopted to decompo
into two peaks. Figure 3 shows the pressure dependenc
the d spacing. The overlapping peak 1101104 splits into 2
with pressure, which suggests that the distortion in the@111#
direction of the rhombohedral cell becomes large with
creasing pressure. There is, however, no remarkable ch
in Figs. 1, 2, and 3, which clearly indicates that no structu
phase transition occurred up to 141 GPa, the maximum p
sure used in this experiment.

The pressure dependences of the lattice parametersa and
c are shown in Figs. 4~a! and 4~b!, together with the calcu-
lated curves by Sasaki.12 The experimental behaviors ar
similar to the calculated results up to 50 GPa, but beco
markedly different above 50 GPa, especially for the latt
constanta. In the experiment, the lattice constanta decreases
monotonically with increasing pressure, while in the calc
lation, it exhibits nonmonotonic behavior with increasin
pressure: it decreases below 120 GPa and increases a
120 GPa. Figure 4~c! shows the axial ratio ofc/a as a func-
tion of pressure, together with the calculated result.12 The
axial ratioc/a decreases with pressure, which indicates t
the deviation from thec/a value of theB1 structure become
larger. The pressure coefficient ofc/a, d(c/a)/dp, is almost
constant over the entire pressure region in the experime
while 2d(c/a)/dp becomes larger above 60 GPa in the c
culation. The difference in thec/a behavior between the ex
periment and the calculation reflects, of course, the dif
ence in the pressure dependences of lattice constantsa andc.

Figure 5 shows the volume of a hexagonal unit cell a
function of pressure, together with the data of static comp
sion without a gasket by Huang4 and of shock compressio
by Noguchiet al.5 The present results are in good agreem
with previous data, although a slight difference from t

FIG. 3. Pressure dependence ofd spacings of NiO.
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shock data can be observed at high pressure above 110
The following three factors are considered to be respons
for the discrepancy:~i! the exact pressure of the sample m
be slightly different from the value determined from the EO
of the Re gasket in the present experiment as mentio
above,~ii ! the nonhydrostaticity due to using an alcohol mi
ture may be a part of the reason as described later, and~iii ! a
magnetic transition such as that predicted by the fi
principles computation using the generalized-gradi
approximation17 ~GGA! might occur at around 110 GPa a

FIG. 5. Pressure dependence of the unit cell volume of NiO. T
error bars are within the symbols. The fitting function of Birc
Murnaghan EOS to the experimental result is indicated by the s
line. The values by static@Huang ~Ref. 4!# and shock@Noguchi
et al. ~Ref. 5!# compression are indicated by a solid circle and
cross, respectively. The dotted curve indicates the calculated re
by Sasaki~Ref. 12!.

FIG. 4. Pressure dependence of the lattice parameters
NiO: ~a! the lattice constanta, ~b! the lattice constantc, and ~c!
the axial ratioc/a. The error bars are within the symbols. Th
dotted curves indicate the calculated results by Sasaki~Ref. 12!.
The dashed line in~c! indicates thec/a ratio for theB1 structure.
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TABLE II. Bulk modulusB0 and its pressure derivativeB08 of NiO.

Researchers B0 ~GPa! B08
Pressure range

~GPa! Method

Clendenen and Drickamera 199 4.1 0–27.5 Drickamer cell
Wakabayashiet al.b 186 4.0 0–8.0 Drickamer cell
Noguchiet al.c 191 3.9d 0–147.6 Shock wave
Manghnaniet al.e 208 5.0 0–24.0 DAC~alcohol mixture!f

Huangg 187~7! 4.0 0–6.6 DAC~alcohol mixture!f

Present work 192~4! 4.0 0–9.3 DAC~alcohol mixture!f

203~2! 4.0 0–60.1
210~2! 4.0 0–141.7

Sasakih 236 4.28 0–60 LSDA calculation

aReference 21.
bReference 22.
cReference 5.
dThe third-order Birch-Murnaghan EOS withB09520.03 GPa21.
eReference 23.
fA diamond anvil cell using an alcohol mixture as a pressure medium.
gReference 4.
hReference 12.
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room temperature in the present experiment. There is a r
tively good consistency between the calculatedp-V curve
and the experimental ones at higher pressures, but it is
sidered to be an accidental result when the large discrep
of the lattice constant at this pressure region shown in Fi
is taken into account. The lattice constants determined by
calculation are different from the experimental values ev
under ambient pressure. This comes from the difficulty in
band calculation of the transition-metal oxides, as discus
later.

The bulk modulusB0 is determined by fitting theP-V
data to the second-order Birch-Murnaghan~Ref. 18! EOS
assumingB0854, whereB08 is the pressure derivative ofB0 at
zero pressure. Since the experimental value ofB0 is known
to depend on the pressure range to be fitted,19,20 B0 is deter-
mined in three pressure regions: a low-pressure region f
0 to 9.3 GPa, the pressure region from 0 to 60.1 GPa, and
entire pressure region up to 141.7 GPa. The values ofB0 and
B08 are listed in Table II together with previously reporte
ones. Huang’s value in the table was determined under
drostatic conditions with a gasket.4 The present value ofB0
5192(4) GPa, determined in the low-pressure region, ag
with those by Wakabayashiet al.22 and Huang which were
obtained in a relatively low-pressure region. TheB0 value
becomes larger when data obtained at higher pressure
fitted. The present value ofB05216(3) GPa determined in
the entire pressure region is about 20% larger than that in
low-pressure region. Huang pointed out that the value of
bulk modulus obtained under nonhydrostatic conditio
tends to be higher than that under hydrostatic conditio
because of the shear stress.4 Therefore, the shear stress i
duced by nonhydrostaticity is one of the reasons whyB0
determined in the low-pressure region is smaller than tha
the entire pressure region. This consideration may also
plain why the volume in the present study in Fig. 5 is sligh
larger than the corresponding shock compression value
Noguchiet al.6 at high pressures.
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IV. DISCUSSION

In the present study, no structural phase transition from
distortedB1 structure was observed up to 141 GPa. This
consistent with the results of the shock compression exp
ment up to 147 GPa.5 Many materials withB1 structure,
such as CaO,24 SrO,25 and BaO,26 undergo a pressure
induced phase transition to theB2 structure. For this reason
the transition pressure for theB1 to B2 transition was also
discussed for NiO. Noguchiet al.5 considered that theB1
phase was very stable for theB1 to B2 transition on the
basis of three facts:~i! the transition pressure increases w
decreasing cationic ion radius in alkaline-earth metal m
oxides,~ii ! MgO, which has the smallest cationic radius, s
remains in theB1 phase up to 227 GPa,27 and ~iii ! the cat-
ionic radius of the Mg21 ion is larger than that of the Ni21

ion. The LSDA calculation result predicted a transition pre
sure of 318 GPa for the distortedB1 to B2 transition in
NiO.12 This value is much higher than the highest pressure
the present experiments, 141 GPa. In 3d transition-metal
monoxides such as MnO,6,7 FeO,8–10 and CoO,11 pressure-
induced phase transitions were observed in the meg
range. In MnO, the high-pressure phase over 120 GPa h
normal NiAs-type (B8) structure.7 In FeO, theB8 structure
was reported to appear at pressures above 70 GPa by he
above approximately 900 K.10 Fang et al.28 performed a
first-principles calculation for FeO and MnO under hig
pressure and indicated that the high-pressure phase of M
is the normalB8 structure, while that of FeO is the invers
B8 structure (iB8). Their analysis of x-ray diffraction ex
periments provided further support for the theoretical pred
tion for both FeO and MnO. However, the phase transition
B8-related structures in NiO has not yet been theoretic
discussed.

The effect of pressure on the structure of NiO obtained
the present study is different from that calculated above
GPa, as shown in Figs. 4 and 5. In the calculation, the v
ume dependence of rhombohedral distortion was analyze
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expanding the total energy with respect to the shear stra«
up to the fourth-order term and determining the coefficien
each term.12 The analysis reveals that a coefficients of t
second-order term of«, b(V), shows significant volume de
pendence and that the rhombohedral distortion is gover
mainly by the behavior of the second-order term. T
second-order termb(V)«2 functions as the restoring forc
for the distortion whenb(V) has a positive value. Her
b(V), which has a positive value near 0 GPa, decreases
pressure and has negative values above 120 GPa. The
elasticity termb(V)«2 no longer functions as the restorin
force for the distortion, and finally, large lattice distortio
occurs. As a result,2d(c/a)/dp becomes larger above 6
GPa. Thus a negative value ofb(V) is the reason whyc/a
decreases steeply with pressure above 60 GPa. This beh
of the c/a ratio is not seen in the experimental results,
shown in Fig. 4~c!. Hereb(V) is contributed by the electro
static energy (bes) and the band-structure energy (bbs); bes
has a negative value andbbs a positive one over the entir
pressure range considered in the calculation. Therefor
negative value ofb(V) at a small volume indicates an ove
estimation of2bes or an underestimation ofbbs in the cal-
culation. Sincebes can be more strictly defined thanbbs, the
LSDA probably underestimatesbbs.

Regarding the value ofB0 , 236 GPa, in the LSDA calcu
lation determined from the pressure range of 0–60 GPa~Ref.
12! is about 16% larger than 203~2! GPa in the present stud
from the range of 0–60.1 GPa listed in Table II. Recently
calculation with the GGA for NiO was performed,29 which
gives a value ofB0 close to the experimental one. But
gives almost the same result with respect to the behavio
c/a as the LSDA calculation.12 It is likely that the band
los
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f
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e
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the
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s
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of

calculation of the transition-metal oxides is difficult, consi
ering the fact that the stable structure of FeO at zero pres
cannot be obtained even by the GGA.28 The discrepancy
between the experiment and calculation mainly results fr
the difficulty in describing the 3d-electron correlation of a
Mott-type insulator precisely. This is the reason for the lar
discrepancy between the lattice constants of the presen
periment and the theory12 in NiO.

V. CONCLUSION

The pressure dependences of the lattice constants of
were determined up to 141 GPa byin situ x-ray diffraction.
The lattice constantsa and c ~expressed in the hexagon
lattice! decrease monotonically as pressure increases.
value of c/a also decreases monotonically, which indicat
that the rhombohedral distortion is enhanced by pressure
the c/a behavior is different from that of previous calcula
tions. This difference may be attributed to the underestim
tion of the band-structure energy in the calculation.
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