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Manganese oxide is a prototype of an antiferromagnetic Mott-insulator. Here we investigate the
interplay of magnetic ordering and lattice distortion across the Néel temperature Ty under pressure
using neutron and x-ray diffraction. We find an increase of T with a rate of dTn/dP=+4.5(5)
K/GPa, an increase of the rhombohedral distortion o by da/dP=+0.018 deg./GPa, as well as a
volume striction which is insensitive to pressure. These results allow retrieving the dependence of the
coupling constants Ji and J2 on interatomic distances and compare it to first-principles predictions.
Antiferromagnetic diffuse scattering was observed up to ~ 1.2 Ty, and long-range magnetic order

appears at room temperature at 42 GPa.

INTRODUCTION

Manganese oxide (MnQO) is a representative of the
archetypal 3d-monoxide series which have been investi-
gated since decades being textbook examples of highly
correlated electron systems. At ambient conditions it is
a paramagnetic Mott-insulator crystallizing in an face-
centred cubic (fcc) structure. Similar to NiO, CoO, and
FeO type-II antiferromagnetic order occurs below the
Néel temperature (T = 120 K for MnO), accompanied
by a small rhombohedral distortion. Recent interest in
MnO under pressure was mostly motivated by the search
for a Mott transition in MnO under strong compression:
X-ray and resistivity measurements up to Mbar pressures
report a collapse of the magnetic moment starting at 60
GPa and followed by metallisation between 90 and 105
GPa [1-4].

Beyond the focus on Mott or high-to-low-spin tran-
sitions, surprisingly less is known about structural and
magnetic parameters in the intermediate 0-10 GPa range
where the fcc/rhombohedral phases are stable. The pres-
sure dependence of the Néel temperature is ill known
ranging from +3.0 to +6.0 K/GPa [3, 5, 6] the pressure
dependence of the rhombohedral distortion o and the
magneto-striction 6V/V have never been determined as
far as we are aware. These pressure coefficients are di-
rectly related to the distance-dependence of interatomic
exchange parameters, i.e. the microscopic interaction re-
sponsible for magnetic order. This issue is of considerable
importance because the electronic and magnetic proper-
ties of transition metal oxides are very hard to describe
by ab initio methods and various methods have been pro-
posed to overcome these difficulties, see refs. [7-9] and
refs. therein. Due to their simple crystal structure, the
3d-monoxides have traditionally been used to test these
methods and it appears hence of importance to provide

accurate experimental data to confront them with.

Here we apply high pressure powder neutron diffrac-
tion to investigate MnO accross the Néel temperature, to
8.5 GPa, in the temperature range 85-300 K. Compared
to other experimental techniques, neutron scattering has
the considerable strength of being able to record both
crystal and magnetic structure simultaneously, thus al-
lowing to study their mutual interplay with high preci-
sion. From the measured shift in Ty, o and 6V/V we
determine the pressure dependence of nearest and next
nearest neighbor exchange constants to second order us-
ing analytical relations based on mean field theory. The
results are compared to recently published numerical pre-
dictions [7, 8] with implications on MnO’s phase diagram
at much higher pressures.

EXPERIMENT

Neutron diffraction measurements were carried out at
the high-pressure beamline PLANET [10] at MLF, the
Japan Proton Accelerator Research Complex (J-PARC),
Tokai, Ibaraki, Japan, using double-toroidal sintered dia-
mond anvils [11] with sample volumes of 12 mm?, encap-
sulating TiZr gaskets and a 4:1 methanol-ethanol mix-
ture as pressure transmitting fluid. The sample was pur-
chased from Aldrich (purity 99.99 %) and ground to give
a fine powder of less than ~ 20 um particle size. All
runs applied a Mito system [12] which allows low tem-
perature measurements to &~ 85 K. The position of the
sample was maintained to within + 0.1 mm relative to
the laboratory frame. A small amount of lead was mixed
with the sample and served as a pressure gauge via its
accurately known equation of state at variable P/T con-
ditions [13]. A particular experimental difficulty arises
from the fact that the pressure dependence of magnetic
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FIG. 1. Neutron diffraction patterns of MnO at 2.1 GPa
(top) and 8.5 GPa (bottom) at various temperatures across
the Néel temperature. The lines through the data (circles)
are fits from Rietveld refinements. The insets give enlarged
views over the 2.3-2.8 A range. Note the splitting of the 111
reflection below the Néel temperature. The asterisks and ar-
rows mark respectively the strongest reflections from diamond
(anvils) and lead (pressure marker).

(and probably also structural) properties of MnO appears
to be highly sensitive to non-hydrostatic pressure condi-
tions. The pressure dependence of the Néel tempera-
ture, for example, is one order of magnitude larger for
stress along [111] than under hydrostatic conditions [14].
For this reason, pressure was always changed at room
temperature where the 4:1 mixture is in a liquid state.
The subsequent cooling under constant load is approx-
imately isochoric and appears to cause no measurable
non-hydrostatic stresses. This is demonstrated in Fig. 1
which shows diffraction patterns at low (2.1 GPa) and the
highest pressure (8.5 GPa), and various temperatures.
Magnetic order is first observable by the appearance of
a strong 1/2 1/2 1/2 reflection at ~ 5 A and upon further
cooling by a rhombohedral splitting of the 111 nuclear re-
flection at d ~ 2.55 A. There is no noticeable broadening
of the Bragg reflections across the solidification temper-
ature of the pressure transmitting medium which is ap-
proximately 170 K at 2.1 GPa and 265 K at 8.5 GPa [15]:
The splitting of the 111 reflection remains sharp even at
the highest pressure and lowest temperature, see insets
of Fig. 1. From this we conclude that potential non-
hydrostatic effects are unobservable. The temperatures
were monitored by 3 thermocouples, two of them being
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FIG. 2. Magnetic moment (upper) and distortion angle (bot-
tom, defined as positive) of MnO under pressure. The hori-
zontal line in the upper panel indicates m=1.5 up (i.e. 1/3rd
of the value at 0 K). The lines are guides to the eye.

attached on the steel binding ring of the two anvils and
one glued in the hole of the back anvil using Ag-paste,
ca. 5 mm from the sample. Theses confirmed a temper-
ature difference between the two anvils of less than 2 K
and an agreement of the three readings of better than 3
K. Given the high thermal conductivity of diamond, the
temperature reading from the thermocouple in the back
hole is believed to be the most accurate and cited here
throughout the text.

Synchrotron x-ray diffraction data were collected at
295 K on the same sample as the neutron measure-
ments. We used a membrane diamond anvil cell with
anvils of 300 um culet, a rhenium gasket provided with a
130 pm hole and neon as pressure transmitting medium.
Neon maintains good hydrostatic conditions up to = 50
GPa [15], i.e. up to pressures where magnetic long-
range order has been reported to occur at room tem-
perature [1, 3]. Pressure values were determined from
the refined lattice constants of neon and its equation of
state reported by Dewaele et al. [16].

Neutron diffraction patterns were analysed by Rietveld
methods using Fullprof [17] refining a minimum of struc-
tural and magnetic parameters. The fits included refine-
ments to minority phases from the pressure marker (Pb,
space group F'm3m) and diamond (space group Fd3m)



from the anvils. For the sample, the analysis was carried
out in space group R3m (both above and below Ty)
refining lattice constants, the magnetic moment m, ther-
mal displacement, profile and absorption parameters. It
should be pointed out that high resolution diffraction re-
vealed that the distortion below Ty is not exactly rhom-
bohedral but results in a monoclinic ground state with
most likely space group C2/m [18]. The resolution of our
data (and all high pressure neutron diffraction data pub-
lished so far) is by far insufficient to resolve this deviation
from space group R3m. For this reason it was ignored in
our analysis, as it is ignored in all ab initio calculations
our data will be compared with.

RESULTS AND DISCUSSION

Figures 2 and 3 give the temperature and pressure de-
pendence of the refined magnetic moment and the rhom-
bohedral distortion defined as the deviation from 90 de-
gree from the equivalent cubic unit cell. With the limited
number of data points it is not possible to derive Néel
temperatures with high precision. For this reason and
the fact that we are only interested in shifts, we define
TN somewhat arbitrarily as the temperature where the
refined magnetic moment reaches 1.5 upg, i.e 1/3rd of the
saturation moment (= 4.5 up). This gives Ty=120 K at
0.21 GPa, in good agreement with the accepted literature
value, and a pressure shift of dTy/dP=+4.5(5) K/GPa.
Whatever the exact definition of the Néel temperature,
it is clear that diffuse magnetic scattering is visible well
above Ty, typically 10-15 K above. This is shown in
Fig. 3 which includes the onset temperatures where first
signs of intensity around the 1/2 1/2 1/2 reflection can be
detected. This finding is very similar to the behaviour
observed in NiO where diffuse scattering could be ob-
served up to 1.5 T [19]. When this onset temperature
is compared with the onset temperature of the lattice
distortion we find that they are virtually identical (Fig.
3, upper).

As for the pressure dependence of the lattice distortion
(Fig. 2, lower) we determine this quantity at an isotherm
of 90 K, though a measurement at 0 K would have
been more significant. We find an increase under pres-
sure with a coefficient of dor/dP=+0.0180(5) deg./GPa.
There are no other experimental data to be compared
with but spin-polarized density functional calculations
including generalized-gradient corrections with on-site
Coulomb repulsion U (“GGA+U”) by Schrén et al. [8]
predict da/dP=40.0199(5) (at 0 K). This is in rather
good agreement considering the measurements were car-
ried out at significantly higher temperatures.

Finally, in order to determine the volume striction, i.e.
the change in volume caused by magnetic order at T=0
K, we determine the unit cell volume as a function of tem-
perature, at various pressures. For this purpose we added
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FIG. 3. Pressure dependence of T (upper), a (middle), and
0V/V (lower). The data are compared to experimental find-
ings using a strain gauge technique to 1.7 GPa (Tn defined
as midpoint) [6], x-ray spectroscopy [3], and ab inito results
by Schron et al. [8].

data sets from three other runs (at 0.2 GPa, 3.6 GPa and
6.9 GPa) which were carried out with ceramic anvils but
where the temperature reading was less accurate, a fact
which is less critical in this context. Cooling over such a
large temperature range leads to a small drop in pressure
(typically less than 0.2 GPa) which was corrected by us-
ing the known bulk modulus of MnO (By=150 GPa [20]),
i.e. the data in Fig. 4 are strictly isobaric. Arrows indi-
cate the respective Néel temperatures (according to the
definition given above) and the onset temperature for
magnetic diffraction signal. It is obvious that a visible
volume change sets in at temperatures well below the
point where diffuse scattering appears. In fact a devia-
tion from the V' (T') behaviour in the paramagnetic region
can only be seen at temperatures where the moment m
reaches a sizable value, typically 1.5 up.

The determination of the pressure dependence of the
volume striction is less straight forward than that of Ty
and « and considerably less precise. For this purpose we
follow the same strategy as Morosin [21] for the ambient
pressure data. We use a Griineisen approach to describe
the thermal expansion above T y:
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FIG. 4. Temperature dependence of the unit cell volume of
MnO at various pressures. The dotted lines below the Néel
temperatures are guides to the eye. The dashed lines describes
the behaviour in the absence of magnetic order derived from a
Griineisen model as explained in the text. The right and left
arrows in each panel indicate temperatures where magnetic
signal is first visible and where the refined moment reaches
1.5 uB, respectively.

AE

V) =%+ ) (1)
where Vj is the volume at 0 K in the absence of mag-
netic order, F is the internal energy related to the De-
bye function D(T,6) by E(T) = 3 RT D(T,0) with
the Debye temperature, and A and C are parameters
proportional to v/V B (B the bulk modulus and ~ the
Griineisen parameter). Starting from the published am-
bient pressure value #=425 K [21], we determine the De-
bye temperatures at 2.1, 3.6, 4.9, 6.9 and 8.5 GPa from
the known pressure dependence of the elastic constants
Cy1, Ch2 and Cyy [20] using Launey’s tables [22]. We
obtain 434 K (2.1 GPa), 441 K (3.6 GPa), 447 K (4.9
GPa), 458 K (6.9 GPa), 466 K (8.5 GPa). With the am-
bient pressure values A=3.42x107° J~1, C=30.6x107°
J~1 [21] and the pressure dependence of v/V B derived
from the known bulk modulus By and its pressure deriva-
tive Bj), and taking v o V~! we obtain the dashed lines
through the data with 1} as a fitting parameter. The vol-
ume striction is then the difference between this line and
the measured data below T . If we take the dotted lines

in Fig. 4 through the data (below Ty ), we obtain the
volume striction at 90 K as shown in Fig. 3, lower panel.
The error bars are obviously large but it is clear that
the pressure change over 8.5 GPa is rather small, prob-
ably close to zero. Since (§V/V)'/3 is proportional to
the pressure coefficient of Ty (see eq. 4 further below),
we conclude that there cannot be much change in the
pressure slope of the Néel temperature. The large pres-
sure dependence of dTn/dP=+6 K/GPa reported from
x-rays measurements up to 30 GPa [3] can therefore not
be explained by a potential strong increase in dTy /dP
under pressure.

Our high-pressure neutron data finally allow conclu-
sions on the pressure (distance) dependence of the inter-
atomic exchange parameters. We recall that numerous
investigations have shown that the magnetic properties
of MnO can be expressed using a spin Hamiltonian of the
form [14, 21, 23]

H=-2%7185;-2> J2S5:S; (2)
(

,5) (4,4)

where the first sum runs over the 12 nearest neighbors
(6 of them in the same (111) plane, 6 of them in adjacent
planes), the second over the 6 next-nearest neighbours,
and where S;(S2) are spin operators and J; (Jz2) coupling
constants. More sophisticated expressions using bilinear
or anisotropy terms were shown to be either unnecessary
or only relevant for describing details of the spin wave
dispersion [23, 24]. Below Ty there are strictly speaking
two Jp due to the distortion of the high temperature fcc
lattice. We will ignore this detail and assume a single
average Ji, as it is done in all first principle calculations
our data will be compared with. The derivatives of Jy
and J, with respect to interatomic distances r are related
to the distortion angle o and the magnetostriction da/a
by the relations [14, 21, 23, 25]

2(N/V)S® 9y

a= 044 alnT (3)

2AN/V)S? 8.

Sala = —
a/a (Cll + 2012) Olnr

(4)

where C}; are the cubic elastic constants, S=5/2 and r
the interatomic distances. These relations hold only for
T=0 K and temperatures well below T . In addition, in
the mean field approximation, Jo is related to the Néel
temperature via

Ty = 4kpS(S +1)J5 (5)

A measurement of the pressure dependence of «, da/a
and Ty allows therefore to derive the dependence of



J1 and Jo as a function of r to second order. Start-
ing with the ambient pressure values (N/V)=4.6x10%2
em™3, Cyy = 78 GPa, S=5/2, a=1.1x10"2 at T=0 K
gives dJi /dlnr = -9.3 meV using eq. 3, i.e. with J;=5
K (0.43 meV) dinJ,/dinr = -22, as previously reported
in Refs. [14, 21, 23, 25]. From the measured pressure
dependence da/dP=+0.018 deg./GPa and taking the
derivative of eq. 3 with dCys/dp ~ 0, By=150 GPa,
and Bj = 5 [20], we obtain for the second derivatives
d?Jy/d(Inr)? = 492 meV and d?J;/dP? = -2.3x10~*
meV/GPa?. With these derivatives known we plot in
Fig. 5 the normalized [25] pressure dependence of J; ob-
tained from our experiment to 8.5 GPa and compare it
to first principles calculations by Fischer et al. [7]. The
agreement is remarkable.

A similar analysis can be made for J5, based on eq. 4,
though the large errors in the measured da/a(P) limits
the precision. First, with the ambient pressure values
da/a=1.1x1073 (at 0 K), C1;=230 GPa and C12=117.5
GPa [20, 21] we find dJy/dlnr = -5.6 meV and hence
dJy/dP = +0.0124 meV/GPa. We note that this is very
close to the value expected from eq. 5 using our measured
value for dTy /dP=4.5 K/GPa, i.e. 0.011 meV/GPa, de-
spite the well-known fact that this mean field formula
strongly overestimates the Néel temperature (J=0.474
meV would give Ty=192.5 K). For the measured pressure
dependence of the volume striction (Fig. 3, lower panel)
the most unbiased assumption is d(6V/V)/dP =~ 0. If we
admit this value and using again the published pressure
dependence of the elastic constants [20] we obtain from
eq. 4 the second derivatives d2.J,/d(Inr)? = +58 meV
and d2Jy/dP? = -1.3x10~* meV/GPa2. This is plotted
in Fig. 5 (lower panel) and compared to theory. The
agreement is reasonable.

Insight in the behaviour of J, over a large pres-
sure range might be gained from x-ray diffraction data
recorded at 295 K to 60 GPa as shown in Fig. 6. The
rhomohedral distortion is clearly absent up to at least
38.2 GPa and appears first at 42.7 GPa. We conclude
that at room temperature and under hydrostatic condi-
tions, long-range order sets it at 42 GPa. This means
an average increase of Ty with a rate of dTn/dP=4.2
K/GPa which is in excellent agreement with the neutron
result of dTn/dP=4.5(5) K/GPa based on data to 8.5
GPa. For this reason dTy/dP must be approximately
constant over 40 GPa, and because of eqgs. 5 and 4 also
dJs/dP and §V/V(P). We hence find again that the

volume striction is pressure insensitive.

CONCLUSION

The data presented here highlight the complexity of
the magneto-elastic transition in MnO under pressure,
and presumably in other 3d-monoxides: Diffuse magnetic
scattering appears well above Ty, approximately 10-20 K
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FIG. 6. X-ray diffraction patterns of MnO recorded at 295
K and increasing pressure. Note the progressive splitting (ar-
rows) of the cubic 111 and 220 reflections above 42.7 GPa
which signals magnetic ordering. Reflections of solid neon
(pressure transmitting medium) are marked. A=0.486 A.

above, and simultaneously with the onset of a rhombo-
hedral lattice distortion, but with no sign in the V/(T')
dependence. Volume striction is seen to set in only when
the magnetic moment attains a sizable magnitude, typ-
ically 1.5 pp. In how far these observations are due to
microstructure effects (polycrystalline nature of the sam-
ple) remains to be shown. We find a pressure coefficient
dTn/dP=+4.5(5) K/GPa, in remarkable agreement be-
tween the neutron data and hydrostatic x-ray diffraction
measurements to 60 GPa. This value is considerably
larger than derived from previous strain-gauge measure-
ments to 0.2 GPa [5] (+3.0(2) K/GPa) and to 1.6 GPa [6]



(4+3.7(2) K/GPa), but significantly smaller than reported
x-ray spectroscopy data [3] (+6.0 K/GPa). Although we
cannot detect any indication of non-hydrostatic effects,
it is impossible to entirely exclude them. If they exist
they would owverestimate the true hydrostatic pressure
coefficient due to the extremely strong pressure coeffi-
cient along [111] [14], i.e. the value we cite should be
regarded as the upper limit. We find the rhombohedral
distortion « to increase with pressure with a rate which
is very well reproduced by first-principles calculations.
In contrast, the volume striction §V/V is found to be
insensitive to pressure. X-ray diffraction measurements
show that at 295 K, MnO attains long-range magnetic
order at 42 GPa, i.e. considerably higher than the pre-
viously reported value of 30 GPa [3], but consistent with
an extrapolation of our neutron data and predictions of
theory [7].
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