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High-pressure-induced spin-liquid phase of multiferroic YMnO;
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We investigated the magnetic structure and short-range spin correlations of multiferroic hexagonal manga-
nite YMnOj3 by powder neutron diffraction at high pressures up to 6.7 GPa. High pressure induces a spin-liquid
phase in multiferroic YMnO3;, coexisting with the suppressed long-range antiferromagnetic order. This spin-
liquid phase exhibits a temperature dependence distinctively different from short-range spin correlations seen
at ambient pressure. Its formation occurs through an in-plane Mn-O bond symmetrization and results in

reduced magnetoelastic coupling at high pressures.
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I. INTRODUCTION

Materials that show the coexistence of ferroelectric and
magnetic phases are unusual but not totally rare. For a long
time, the so-called multiferroic materials have remained a
mystery as well as a huge challenge to material science
communities." However, recent extensive investigations have
been continuously bringing a list of materials with such a
phenomenon.? This rediscovery has already shown quite in-
teresting physics such as switching electric polarization by
magnetic field and a possible composite excitation of elec-
tromagnon, and promises many more surprises awaiting to
be unearthed.> Despite this, coupling mechanisms between
magnetic ordering and ferroelectricity and their nature re-
main unclear and are under extensive studies at the moment.

The hexagonal manganites RMnO; (R=Ho, Er, Tm,
Yb, Lu, Y, Sc, and In) are a unique class of materials,
exhibiting multiferroic phenomenon in combination with
frustrated low dimensional magnetism on triangular
lattice.Z8 In these compounds, the ferroelectric transition
temperature 7~ 600-900 K is much higher in comparison
with the antiferromagnetic (AFM) ordering temperature, Ty
~70-130 K.® However, we note that magnetic Curie-Weiss
temperatures are in the range of 500-700 K for most of hex-
agonal RMnO;, more than seven times that of Ty, which
indicates that the Mn moments are strongly frustrated.”!°

In the hexagonal RMnOj structure of P6scm symmetry,
Mn ions are located at the centers of MnOs bipyramids and
they form a natural two-dimensional edge-sharing triangular
network separated along the ¢ axis by a noncoplanar layer of
R atoms. The distance between the nearest Mn atoms is
~3.5 A in the ab plane and ~6 A along the ¢ axis, respec-
tively. This then leads naturally to geometrically frustrated
magnetism with strong in-plane Mn-O-Mn antiferromagnetic
superexchange interactions while the Mn-O-O-Mn superex-
change between adjacent triangular planes is about two or-
ders of magnitude weaker.!!2

The hexagonal manganites form an important class of
model magnetic systems with a delicate balance between the
competing long-range AFM and the short-range spin-liquid
states on the triangular lattice. For instance, YMnO; exhibits
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a triangular AFM structure of I'; (or I';) irreducible repre-
sentation symmetry below Ty=75 K and, simultaneously,
strong spin fluctuations above Ty.>!"13-15 These spin fluctua-
tions are understood to arise from the formation of an inter-
mediate spin-liquid state.'*

Recent high-pressure studies found that the ordered Mn
magnetic moments of YMnO; and LuMnO; are strongly
suppressed at low temperatures, implying significantly en-
hanced spin fluctuations in both compounds at high
pressures.'~!8 However, latest muon spin-relaxation (uSR)
experiments observed Ty of YMnOj; to increase with pres-
sures up to 1.4 GPa while no evidence of the spin-liquid state
was found below T.!” These somewhat contrasting observa-
tions clearly show that the nature of the magnetic state of
YMnO; at high pressures, especially the relationship be-
tween the pressure-enhanced T and the spin fluctuations,
still remains unanswered. Our high-pressure neutron-
diffraction experiments reveal how exactly the missing spin-
liquid phase evolves with pressure. Furthermore, our analysis
shows that the high-pressure-induced spin-liquid phase oc-
curs through increased frustration due to an in-plane Mn-O
bond symmetrization.

II. EXPERIMENT DETAILS

Polycrystalline YMnO; sample was synthesized by using
the standard solid-state reaction method.'* X-ray diffraction
measurements at room temperature showed that our sample
forms in the single phase of the hexagonal P6;cm structure.
Neutron powder-diffraction measurements were performed
with the G6.1 diffractometer using a setup for high-pressure
experiments® at the Orphée reactor (Laboratoire Leon Bril-
louin). An incident neutron wavelength was 4.74 A. Sample
with a volume of ~1 mm? was loaded into a sapphire anvil
high-pressure cell.?! As a pressure transmitting medium,
NaCl was admixed to the sample in a 1:2 volume ratio and
pressure was measured by the ruby fluorescence technique.
All our experiments were carried out in the pressure range of
0-6.7 GPa and the temperature range of 1.5-300 K. In order
to study the crystal structure of YMnOs;, additional high-
pressure experiments were performed with the DN-12 spec-
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FIG. 1. (Color online) Neutron-diffraction patterns of YMnO;
measured at ambient pressure (top) and 6.7 GPa (bottom) at se-
lected temperatures. Symbols and solid lines represent experimental
points and Rietveld refinement results. The insets are enlarged pic-
tures of the diffuse scattering for the same data. The indexes of
nuclear and magnetic Bragg peaks are also given. A spurious peak
from pressure cell is marked by “b” in the bottom figure.

trometer at the IBR-2 pulsed reactor (Frank Laboratory of
Neutron Physics, Joint Institute for Nuclear Research) using
sapphire pressure cell. The diffraction data were analyzed by
the Rietveld method using the FULLPROF and MRIA
programs.?>?3

III. RESULTS AND DISCUSSION

Neutron-diffraction patterns of YMnO; measured at the
G6.1 diffractometer at different pressures and temperatures
are shown in Fig. 1. At ambient pressure a broad diffuse
scattering appears at 40<26<<80° for temperatures well
above Ty=75 K. Upon cooling the diffuse scattering gets
stronger and reaches a maximum at T, (Fig. 1). Using a
Selyakov-Scherrer formula é=~X\/A(26)cos 6, we have esti-
mated the correlation length of £~ 11 A characterizing spin
fluctuations, in good agreement with previous estimates for
ambient pressure.14 Below Ty, however, the magnetic diffuse
scattering is rapidly suppressed, and, at the same time, new
magnetic peaks (100) and (101) appear at d=5.31 and
4.82 A, respectively, indicating an onset of the triangular
120° AFM state of I'; symmetry.>!'>"1% The value of the or-
dered Mn magnetic moment is determined to be 3.20(5) up at
T=1.5 K, similar to the previous studies of YMnOj; at am-
bient pressure.>!"1314 We note that the ordered moment is
considerably smaller than the full ionic value of 4.0up for
Mn**, which was then interpreted as another piece of experi-
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FIG. 2. (Color online) (a) The pressure dependence of the angle
¢ between Mn magnetic moments (at 10 K) and hexagonal axes in
YMnO;. The line is a guide to eyes. The inset in (a) shows how the
magnetic structure changes from initial T'; (¢=90°) toward T’
+I'; (0°<@<90°). (b) The temperature dependences of the or-
dered Mn magnetic moments for YMnO5; at P=0 and 6.7 GPa.

mental evidence in support of strong spin fluctuations at low
temperatures. '

At high pressure of P=6.7 GPa, we observed a substan-
tial decrease and, more importantly, a visible relative change
in the intensities of the magnetic peaks at low temperatures,
compared with the ambient pressure data (Fig. 1). Our sub-
sequent analysis using Rietveld refinement duly found that at
6.7 GPa the ordered Mn magnetic moments get further re-
duced from 3.2up to 1.6up and, simultaneously, undergo a
pressured-induced reorientation in the ab plane, as reported
in the previous studies for a smaller pressure range.'®!8 The
angle ¢ between the Mn magnetic moments and the hexago-
nal a, b, and u=—(a+b) axes decreases continuously from
90° to 38° with increasing external pressure from 0 to 6.7
GPa [Fig. 2(a)]. It implies that the symmetry of the triangular
AFM state of YMnO; changes from a pure I'; (¢=90°) to a
mixed I';+I", irreducible representation [Fig. 2(a)]. During
our refinements of the data using the latter model, the angle
¢ value was allowed to vary freely between 90° and 0° as a
fitting parameter.

From the measured temperature dependence of the or-
dered Mn magnetic moment [Fig. 2(b)], we obtained Ty
=83 K at P=6.7 GPa. If we assume a linear pressure de-
pendence of T, it corresponds roughly to the average pres-
sure coefficient of dTy/dP=1.2 K/GPa, somewhat smaller
than the value of 3 K/GPa that was estimated from the muon
spin relxation data taken at a moderate pressure range up to
1.4 GPa."

Of particular notice is that, at high pressures, the tempera-
ture evolution of the diffuse scattering is drastically modified
(Figs. 1 and 3). For example, it is almost negligible above Ty
at P=6.7 GPa whereas it becomes stronger and reaching a
maximum near Ty at ambient pressure [Fig. 3(a)]. However,
under high pressure it increases gradually on cooling below
Ty and reaches a maximum intensity at the lowest measured
temperature of our study, 7=1.5 K. At the same time the
diffuse scattering peak becomes much narrower with pres-
sure [see Fig. 3(c)]. The corresponding correlation length
estimated from the Selyakov-Scherrer formula increases to
E=22 A, twice the value estimated at ambient pressure and
T~ TN'
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FIG. 3. (Color online) (a) Temperature dependences of the inte-
grated intensity of diffuse scattering peak in YMnO; at P=0 and
6.7 GPa, normalized by the intensity of nuclear peak (002), which is
weakly dependent on pressure. The integration was performed over
the Q range of 0.7-1.9 A~'. (b) Temperature dependences of
Mn-O3 and Mn-O4 bond distances below and in vicinity of Ty in
YMnO; at P=0 and 5 GPa. (c) Characteristic difference patterns of
YMnO; at P=0 GPa and 7=80 K (obtained by subtracting the
data measured at 7=250 K), and P=6.7 GPa and T=1.5 K (ob-
tained by subtracting the data measured at 7=130 K and the cal-
culated magnetic long-range AFM contribution), representing the
magnetic diffuse scattering. Solid lines represent fitting results of
the diffraction data using a function I(Q) with two (six) terms for
the ambient (high) pressure, as described in the text. Dashed line
corresponds to fitting results of ambient pressure data using corre-
lations between the nearest-neighbor spins only. Indexes of nuclear
(N) and magnetic (AF) Bragg peaks are also given.

In order to further clarify the nature of the short-range
spin correlations in YMnO;, we obtained the characteristic
magnetic diffuse scattering data [Fig. 3(c)] by subtracting off
the nuclear contributions (P=0 and 6.7 GPa, and 7=80 and
1.5 K) and contributions from the AFM long-range order
(P=6.7 GPa and T=1.5 K). For the analysis we then used
the following formula:**

1(Q) > - sin Qr;;
~ S.§y——4
FX(Q) ,E,< o tij

where I(Q) is the measured intensity of diffuse scattering,
F(Q) the magnetic form factor” of Mn** ion, Q
=4 sin 6/ \ the momentum transfer, and r; ! the distance be-

tween neighboring spins §; and §;. We note that this formula
was successfully applied to describe diffuse scatterings in
various magnetic materials such as short-range ordered
magnets, spin glasses, and other frustrated magnetic
systems.?426:27
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As we can see in Fig. 3(c), the magnetic diffuse scattering
that was observed at ambient pressure and 7=80 K~ Ty can
be well described by taking into account both nearest neigh-
boring spins at r;=3.54 A, and next-nearest-neighboring
spins at r;;=6.13 A, as in the previous study.'* One should
note that the 2 Xr;; value with r;;=6.13 A is very close to
the correlation length é=11 A estimated from the
Selyakov-Scherrer formula aforementioned. If only nearest
neighboring spins are considered, the fitting quality becomes
apparently worse [dashed line in Fig. 3(c)]. We also note that

the prefactor of (S;5;) in the formula has a negative sign for
the nearest neighboring spins while it has a positive sign for
the next-nearest-neighboring spins with the ratio of —0.4, in
agreement with the ideal value of —0.5 for the long-range
120° AFM structure.

As we commented above, the correlation length & of the
diffuse scattering increases with pressures. This implies
strongly that one needs to take into account correlations be-
tween spins much farther apart in order to explain the experi-
mental observations at high pressure than those done for the
ambient pressure data. In fact, we found from the fitting of
the diffuse scattering data obtained at P=6.7 GPa and T
=1.5 K that it is necessary for us to consider at least six
coordination shells with interatomic distances between spins
up to r;=12.1 A to describe the diffuse scattering satisfac-
torily. We note that the 2 X r;; value witoh ry=12.1 A'is very
close to the correlation length £€=22 A estimated from the
Selyakov-Scherrer formula. However, due to strong correla-

tions between different (S,S' j> coefficients, it was difficult to
estimate all their values reliably. As we discussed for the
ambient pressure data, the short-range magnetic order ap-
pears to share similar features of the long-range AFM order.
In first approximation it is also reasonable for us to assume
that the symmetry of the short-range magnetic order at high
pressures remains also similar to the long-range AFM one.

Under this assumption, we obtained a satisfactory descrip-

tion of the experimental data [Fig. 3(c)] using values (S;S;)
=1 for i=j and i=3n+m, j=m (n=1,2, ...;m
=0,1,2, ...), and (S;S;))=-1/2 for all the other pairs of
(i,/), which correspond exactly to the ideal case of the AFM
120° long-range order.

In marked contrast to the ambient pressure data, our high-
pressure data show that both magnetic peaks of the long-
range AFM order and the diffuse scattering due to spin fluc-
tuations exhibit similar temperature dependence to one
another below T'y: their intensity grows stronger as it cools to
lower temperatures. All this happens at the same time when
the ordered magnetic moment is significantly reduced from
its ambient pressure value. This then implies that the ground
state at high pressures is antiferromagnetic with strong short-
range spin fluctuations. The striking difference in the tem-
perature dependence of the diffuse scattering between ambi-
ent pressure and 6.7 GPa [Fig. 3(a)] is a very strong piece of
evidence supporting the idea of the coexistence of the sup-
pressed long-range order and the pressure-induced spin-
liquid ground state in YMnO; at high pressures. We should
note that the presence of a spin-liquid ground state was not
identified for YMnOs in the latest uSR experiments'® at
moderate pressures up to 1.4 GPa, implying its stabilization
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for higher pressure range only. At the same time, Ty gets
increased with pressure at a rate of d7y/dP=1.2 K/GPa.

How can we understand these experimental observations?
In the hexagonal crystal structure of YMnOs, there are two
types of in-plane bonds:>® Mn-O3 and Mn-O4 [see the inset
of Fig. 2(a)], whose values control the delicate balance of the
dominant Mn-O3-Mn and Mn-O4-Mn superexchange AFM
interactions within the Mn triangular network. In order to
study the pressure dependence and, in particular, the tem-
perature dependences of the in-plane Mn-O bonds, we mea-
sured neutron-diffraction data for 7<<80 K and P=0 and 5
GPa with the DN-12 spectrometer. Interestingly enough, we
observed in these new data that the Mn-O3 and Mn-O4
bonds became very close to one another at ambient pressure
and 7=80 K, where the diffuse scattering reaches a maxi-
mum, with the difference being just about 0.005 A above T}y
[Fig. 3(b)]. As one can see in the figure, upon cooling below
Ty, the onset of the AFM triangular state is accompanied by
a noticeable splitting of these two bonds. The difference be-
tween their lengths reaches a value of 0.09 A at T=10 K.
This splitting in the Mn-O bonds then lifts up the geometri-
cal frustration effects in the ordered phase at ambient pres-
sure. Moreover, such a drastic splitting in the in-plane Mn-O
bond distances at ambient pressure has been recently inter-
preted as evidence of large magnetoelastic coupling, which
directly couple the order parameters of different origins: one
is the ferroelectric phase and another the antiferromagnetic
phase.?®

In marked contrast to the ambient pressure data, the split-
ting of Mn-O3 and Mn-O4 bonds is less pronounced below
Ty at high pressure of 5 GPa: the difference of 0.04 A at
T=10 K is smaller than half of the corresponding value at
ambient pressure. The reduced distortion in Mn-O3 and
Mn-O4 bonds leads to a further symmetric and ideal trian-
gular network of the Mn spins, and so enhanced frustration.
The enhanced geometrical frustration effects can then ex-
plain the observed appearance of the strong spin fluctuations
at low temperatures and a sharp decrease in the ordered mag-
netic moment. One should note that a direct consequence of
the formation of spin-liquid state in YMnOs; at high pressure
is the substantially reduced magnetoelastic coupling that fa-
cilitates the multiferroic properties, in which linking the
physics of multiferroic and geometrical frustrations in a
single compound is a unique feature. At ambient pressure,
the long-range AFM order onset correlates with an enhance-
ment of the ferroelectric polarization and distortion of
Mn-03 and Mn-O4 bonds, both increased by about 10% well
below Ty.** A reduced distortion in Mn-O3 and Mn-O4
bonds by about a factor of two at high pressures should lead
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to subsequent smaller change in the polarization below Ty
via a weaker magnetoelastic coupling.

Further insight into high-pressure effects on 7y can be
made from the following estimations. Using ambient pres-
sure values of the volume and entropy changes®* at the
magnetic ordering temperature, AV~0.02 cm?/mole and
AS=1.25 J/(mol K), the pressure coefficient of Néel tem-
perature for a moderate pressure range can be estimated from
the Clausius-Clapeyron equation as dTy/dP=AV/AS
=1.6 K/GPa, quite comparable to the experimentally deter-
mined value of 1.2 K/GPa. Some difference between the ex-
perimental and calculated values of dTy/dP can be related to
the aforementioned geometrical frustration effects. Alterna-
tive estimate comes from an empirical Bloch’s rule
dInTy/d1InV=(10/3), developed to describe general
trends in behavior of Ty of antiferromagnets with localized
electrons due to volume change.?' Using a bulk modulus
value B=120 GPa for YMnOs (Ref. 16), we get the value of
dTy/dP=2.1 K/GPa, close to the estimate from the
Clausius-Clapeyron equation. All this means that the
pressure-induced Ty increase can be interpreted as a natural
consequence of the enhanced superexchange magnetic inter-
actions for the long-range ordered AFM phase, which is not
yet fully suppressed at the experimental pressure range.

IV. CONCLUSIONS

In conclusion, our results show that YMnOj; at high pres-
sure evolves toward short-range ordered spin-liquid ground
state coexisting with a suppressed triangular AFM state. A
distinctively different temperature dependence of the new
spin-liquid phase observed at high pressures from those of
the short-range spin correlation at ambient pressure is a clear
experimental evidence of their rather different nature. The
formation of the spin-liquid phase in YMnO; occurs through
the symmetrization of in-plane Mn-O bond distances at high
pressures and implies a substantial reduction in the magne-
toelastic coupling, a weaker multiferroic feature.
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