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A long-range magnetic ordering transition in cobalt oxide �CoO� was observed around 2.2 GPa at room
temperature using neutron diffraction. The magnetic structure was type-II antiferromagnetic. High-resolution
synchrotron x-ray diffraction showed no evidence of a tetragonal lattice distortion in CoO in the magnetically
ordered phase. This result indicates that the tetragonal lattice distortion occurring with magnetic ordering in the
low-temperature structure of CoO could be associated with cooperative Jahn-Teller effects �orbital ordering�,
which, however, are decoupled from magnetic ordering under high pressure.
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I. INTRODUCTION

The crystal, electronic, and magnetic structures of FeO
and CoO, prototype narrow-band 3d transition metal monox-
ides, under high pressure have long been of interest due to
their complexities and challenges to theorists.1 This paper
discusses some of the fundamental problems in understand-
ing these structures.

FeO and CoO are paramagnetic insulators with a rock salt
structure above their Néel temperatures �TN�, 198 K and
290 K, respectively. Below TN, they transform into antiferro-
magnetic states. CoO distorts into a tetragonal symmetry ac-
companied by a small rhombohedral distortion,2 whereas
FeO distorts into a rhombohedral structure.3 Upon compres-
sion at room temperature, FeO and CoO have been observed
to distort into rhombohedral structures at �15 GPa �Ref. 4�
and 43 GPa, respectively.5 It has also been observed that TN
increases in CoO and FeO upon compression at room
temperature.6,7 Based on this linear pressure dependence of
TN �Refs. 6 and 7� and its similarity to the lattice distortion at
low temperature, Yagi et al.4 proposed in 1985 that the rhom-
bohedral lattice distortion in FeO at �15 GPa should be as-
sociated with a magnetic ordering transition due to magnetic-
elastic coupling. The conjecture of pressure-induced
magnetic-elastic-driven lattice distortion in FeO at 15 GPa
has been gradually accepted as correct.8,9

However, the conjecture faces the following problems: �1�
after the lattice distortion occurred, no long-range magnetic
ordering in FeO was observed at up to 20 GPa at room
temperature;10 �2� antiferromagnetic FeO at low temperature
and high pressure was observed to exist in cubic but not
rhombohedral symmetry,11 implying that magnetoelastic
coupling may not exist; �3� according to theoretical calcula-
tions, the observed lattice distortion in FeO is too large to be
caused entirely by magnetoelastic coupling effects.12,13

On the other hand, since CoO has a similar pressure de-
pendence of TN and rhombohedral lattice distortion under
pressure as FeO, it is natural to expect the occurrence of a
pressure-induced magnetic-ordering-driven lattice distortion

in CoO, too. But the questions are: �4� why should CoO,
with a higher TN, distort under greater pressure than FeO,
with a lower TN? and �5� if pressure just simply lifts TN, why
is no tetragonal lattice distortion observed in CoO under high
pressure, as occurs at low temperature?

The above-mentioned questions about FeO and CoO im-
ply that the pressure effects on their magnetic and crystal
structures still are not fully understood. The complexity
could arise from the interplay of spin, orbital, charge, and the
lattice in these strongly correlated systems14 under high pres-
sure, demanding the combination of multiple techniques to
reveal the change and the interaction of each individual de-
gree of freedom. Therefore, in order to further investigate
these problems, neutron diffraction and high-resolution syn-
chrotron x-ray diffraction were combined with high-pressure
techniques in this study to simultaneously investigate the ef-
fects of compression on both the magnetic and crystal struc-
tures of CoO. CoO not only has higher TN than FeO �making
it easier to magnetize under high pressure�, but also does not
have the defect-cluster problem that Fe1−xO �Ref. 15� has.
The results obtained from neutron diffraction clearly reveal a
long-range magnetic ordering transition in CoO above
2.2 GPa at room temperature. However, no tetragonal lattice
distortion is observed in the magnetically ordered phase.

II. EXPERIMENTAL PROCEDURE

CoO powder was purchased from Sigma-Aldrich with a
purity of 99.99+% �based on trace metal analysis�. The high-
pressure neutron experiments were performed at the HIPPO
beamline of LANSCE, Los Alamos National Laboratory.16

The sintered CoO powder sample was loaded into an amor-
phous Zr2P2O7 gasket and was then compressed at 300 K
using a 500-ton toroidal anvil press TAP98 �a detailed de-
scription of TAP98 has been reported elsewhere17�. Neither a
pressure standard nor a pressure medium was used in the
sample chamber in order to obtain clean diffraction patterns,
and the pressure was determined from the isothermal equa-
tion of the state of CoO �K0=180 GPa and K0�=3.82�.5 The
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neutron diffraction data were refined using the general struc-
ture analysis system �GSAS� program.18 As the angular reso-
lution of neutron diffraction at HIPPO is insufficient to dis-
cern the possible subtle lattice distortion of CoO, high-
resolution synchrotron x-ray experiments were performed on
CoO, which was hydrostatically compressed in a diamond
anvil cell at sector 11 IDC, Advanced Photon Source, Ar-
gonne National Laboratory. With monochromatic x-ray pho-
tons of 115.125 KeV, a Si �220� analyzer, and a germanium
solid-state point detector, the diffraction angular resolution
��� /2�� was determined to be �0.05%. The sintered CoO
powdered chip was loaded into a symmetric diamond anvil
cell, together with a ruby pressure marker and pressure me-
dium, a mixture of methanol �80%� and ethanol �20%�. The
pressure was determined from the fluorescence peak shift of
a ruby single crystal.19

III. RESULTS

Figure 1 shows high-pressure neutron diffraction patterns
collected at ambient pressure, 4.1 GPa, and on the sample
recovered after the pressure was released. Figure 2 empha-
sizes the relative intensity changes of magnetic peak M2 and
nuclear peak 200, as a function of pressure. Above 2.6 GPa,
the magnetic peaks M1, M2, M3, and M4 are first observed,
indicating the occurrence of a long-range magnetic ordering
transition at room temperature. Such a transition was cor-
roborated by a continuous increase in the relative intensity
ratio of the magnetic peaks to the nuclear peak 200 with
increasing pressure. After the pressure was released to ambi-
ent conditions, all magnetic peaks disappeared, indicating
that the magnetic ordering transition is reversible. By fitting
the intensity ratio of magnetic peak M2 and peak 200 as a
function of pressure, the paramagnetic-antiferromagnetic or-

dering transition pressure was determined to be 2.2 GPa at
room temperature, as shown in Fig. 2�g�. As a result, the TN
rate of increase with pressure was determined to be
4.5 K/GPa, which is comparable with previous results.20 The
structure refinement performed with GSAS, shown in Fig. 1,
includes phases of CoO �Fm-3m�with AF-II magnetic struc-
ture, diamond �Fd-3m�, and amorphous ZrP2O7. The results
indicate that CoO has cubic symmetry within the investi-
gated pressure range, and the d spacing, as well as intensity
of magnetic peaks, match well with those derived from the
AF-II-type model using a spin propagation vector �=�1/2,
1/2, 1/2�.2,3 Consequently, the magnetic peaks M1, M2, M3,
and M4 can be indexed as 3/2 1/2 1/2, 3/2 3/2 1/2, 5/2 1/2
1/2, 5/2 3/2 1/2, respectively. No lattice distortion could be
discerned within the neutron diffraction angular resolution of
�d /d�0.1% �determined as full width at half-maximum
�FWHM�peak/dpeak�.

Figure 3�a� displays the results from the high-resolution
x-ray diffraction experiments on CoO. The data were col-
lected from synchrotron radiation at ambient pressure,
1.3 GPa, 3.5 GPa, 6.7 GPa, and 10.3 GPa. The diffraction
data at ambient pressure were collected from loose powder,
and the FWHM of 111 and 200 are 0.0027° and 0.0047°,

FIG. 1. �Color online� Neutron diffraction patterns of CoO col-
lected at �a� ambient pressure �lattice parameter a=4.261 Å�, �b�
4.1 GPa �lattice parameter a=4.230 Å�, and �c� ambient pressure
�released from 9.0 GPa�. The horizontal axis of the plot is d spacing
in Å and the vertical axis is the normalized counts per second. M:
magnetic peak; D: diamond peak.

FIG. 2. �Color online� The enlarged diffraction patterns consist-
ing of magnetic peak M2 �3/2, 3/2, 1/2� and nuclei peak 200 at �a�
ambient pressure, �b� 2.6 GPa, �c� 4.1 GPa, �d� 6.7 GPa, �e�
9.0 GPa, and �f� ambient pressure �released from 9.0 GPa�. M:
magnetic peak; D: diamond peak. �g� The variation of the intensity
ratio, IM2 / I200, with pressure. The magnetic transition pressure �
�2.2 GPa� is obtained from fitting the data of IM2 / I200 up to
9.0 GPa.

FIG. 3. �Color online� �a� The 111 and 200 diffraction peaks of
CoO collected with synchrotron x rays of energy 115.125 KeV un-
der high pressure. The numbers on the right side of the diffraction
peaks are the corresponding FWHMs. �b� The variation of normal-
ized FWHM as a function of pressure for the 111 and 200 peaks. P0

refers to ambient pressure.
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respectively, corresponding to 2� values of 2.509° and
2.897°. Once the sample was sintered into a dense plate,
loaded into the diamond anvil cell, and compressed to
1.3 GPa, the FWHM of the 111, 200, 220 peaks broaden to
three to four times larger than those at ambient pressure,
indicating that strain broadening was introduced by sintering.
However, the FWHM for the 200 peak stayed unchanged
from 1.3 GPa to 10.3 GPa, as shown in Fig. 3�b�. Based on a
TN increasing rate of 4.5 K/GPa and a TN /T ratio as 1.12,
the diffraction pattern at 10.3 GPa and room temperature is
equivalent to that at 258 K �or perhaps even lower, since TN
increases faster under hydrostatic compression than under
nonhydrostatic compression21� and ambient pressure. Ac-
cording to high-resolution x-ray diffraction results at low
temperature,2 the tetragonal lattice distortion �a-c� /c of CoO
at 258 K is about 0.45%, corresponding to a 0.003° increase
in FWHM of peak 200 at an x-ray energy of 115.125 KeV.
However, neither splitting nor broadening of the 200 peak is
seen in Figs. 3. In conjunction with previous high-pressure
experiments of CoO up to 104 GPa, during which a tetrago-
nal lattice distortion was not observed,2 it is safe to conclude
that under static compression at room temperature there is no
tetragonal lattice distortion associated with the magnetic or-
dering transition. However, compared with the 200 peak, the
larger broadening of the 111 peak after sintering and the
more rapid increase of its FWHM with pressure immediately
after magnetic transition could indicate softening of the elas-
tic shear constant C44, and hence a rhombohedral lattice dis-
tortion. Though the rhombohedral lattice distortion is so
small �at 93 K,the shear strain for the rhombohedral is only
about 10−5 �Ref. 2�� that the splitting of the 111 is not resolv-
able within the low-pressure range, the compression of CoO
up to 104 GPa confirmed the rhombohedral lattice distortion
around 43 GPa.5 An overestimated structural transition pres-
sure in CoO is likely resulted from the low diffraction reso-
lution of the energy dispersive diffraction method.22

IV. DISCUSSION

Pressure-induced long-range magnetic ordering observed
in CoO at �2 GPa, but not in Fe1−xO up to 20 GPa, suggests
that pressure indeed can increase TN of CoO �or FeO�, but
the relationship between TN and pressure is not linear as
previous understanding.6,7 Hence, the absence of long-range
magnetic ordering to up 20 GPa at room temperature in
Fe1−xO was likely because the pressure was still not high
enough. The reason for the magnetic transition in CoO �or
Fe1−xO� is because the pressure-induced volume reduction
increases TN.23,24 Once TN reaches room temperature, i.e.,
TN /T�1, magnetic ordering occurs. However, the pressure-
induced increase in TN may be sustained in only a relatively
low-pressure regime, since magnetic moments tend to de-
crease and eventually disappear as pressure is increased. This
can be understood in the Stoner model,25 in the sense that
increasing pressure generally leads to an increase in band-
widths and a decrease of effective density of states, whereas
the effective Stoner parameter is insensitive to pressure
variation. This also happens in the Hubbard model, since the
parameters of the two models are closely related. The mag-

netism collapse in CoO GPa �Ref. 26� indicates the pressure
effect on magnetism is not monotonic and hence the TN rate
of change with pressure cannot be linear at relatively high
pressure. It can be inferred that TN increases with pressure to
a certain value and then starts to decrease. Due to this, the
pressure required to magnetize materials with a lower TN
�i.e., FeO with TN=198 K� may be higher than that expected
from the rate obtained at low pressure. This could be the
reason why the magnetic structure was not observed in FeO
up to 20 GPa at room temperature.10

It is known that, with AF-II ordering, MnO, FeO, and NiO
are distorted trigonally along the �111� direction, whereas
CoO has a large tetragonal distortion below its TN.3 It was
recently realized that the low-temperature structure has
monoclinic symmetry, consisting of a small trigonal distor-
tion accompanying the much larger tetragonal distortion.2 A
single-crystal neutron diffraction study revealed a weak
type-I AF ordering, which is related to the tetragonal
distortion.27 Though much effort has been made, both experi-
mentally and theoretically, to understand the origin of the
tetragonal lattice distortion below TN=290 K in CoO, the
situation remains unclear. However, the lack of a tetragonal
lattice distortion under high pressure in CoO after magnetic
ordering found in this study indicates that a tetragonal lattice
distortion in the low-temperature structure accompanying
magnetic ordering should be associated with a cooperative
Jahn-Teller distortion �orbital ordering�, but it is decoupled
with magnetic ordering under high pressure.

According to Kanamori,12,13 the observed tetragonal dis-
tortion at low temperature is two orders of magnitude larger
than his calculations based on the normal magnetostriction.
Thus, the giant tetragonal distortion in the low-temperature
structure of CoO has to be induced predominantly by a co-
operative Jahn-Teller effect �orbital ordering�,10,11,28 while
the small trigonal lattice distortion is caused by magneto-
striction. CoO has Co2+ ions with the 3d7 configuration sur-
rounded by six oxygen atoms. In the cubic crystal field, the
low-energy t2g levels occupied by five electrons have a three-
fold orbital degeneracy, thus making Co2+ ions Jahn-Teller
active. Following the theories of Kugel and Khomskii,28 the
orbital degeneracy can be lifted by either spin-orbital cou-
pling or orbital ordering, which give different types and mag-
nitudes of lattice distortion and magnetic anisotropy. Kugel
and Khomskii �Ref. 28� explained the lattice property and
magnetic structure in terms of orbital ordering, which is
clearly evidenced by the anisotropic electron densities of
Co2+ ions at low temperature obtained by a �-ray
diffraction.29 Both the type of tetragonal lattice distortion and
magnetic anisotropy in CoO support the orbital-ordering pic-
ture. Jauch et al.,29 however, raised doubts about the Jahn-
Teller effect, with a particular concern about the simulta-
neous occurrence of the tetragonal distortion and the
magnetic ordering. While orbital ordering and magnetic or-
dering often occur at different temperatures in eg systems,1 it
is not uncommon for t2g systems to undergo orbital ordering
in the vicinity of �such as in LaVO3 and other
compounds29,30� or precisely at �such as in LaTiO3 �Ref. 31�
and YVO3 �Ref. 32�� the magnetic transition temperature.
The nature of the exchange interaction in a magnetic material
containing Jahn-Teller ions depends strongly on the spin cor-
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relation function, which varies with the temperature and is
dependent on details of orbital ordering. Therefore, it is pos-
sible that, above a certain temperature, the cooperative Jahn-
Teller effect �or orbital ordering� does not occur. As in CoO,
where the larger Jahn-Teller tetragonal lattice distortion is
decoupled with magnetic ordering at high-pressure room
temperature, this kind of decoupling could also occur in
other similar materials, i.e., FeO. Indeed, the giant rhombo-
hedral lattice distortion was observed to be decoupled with
magnetic ordering,11 indicating that the rhombohedral lattice
distortion observed in FeO at 15–18 GPa and room tempera-
ture is not necessarily driven by magnetic ordering, but is
likely caused by other mechanisms.

V. CONCLUSIONS

In summary, we have observed a reversible long-range
magnetic ordering transition in CoO using neutron diffrac-
tion at around 2.2 GPa and room temperature. The magnetic
structure is type-II antiferromagnetic with spin wave vector
�=�1/2, 1/2, 1/2�. No tetragonal lattice distortion is discerned
with high-resolution synchrotron x-ray diffraction on hydro-
statically compressed CoO. The lack of a tetragonal lattice
distortion under high pressure in CoO indicates that the or-
bital ordering is decoupled from magnetic ordering under
high pressure, though they occur simultaneously at low tem-
perature. The results also these shed light on problems in
FeO
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