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Abstract

CuO, known to be multiferroic (MF) from 77, = 213 K to Ty = 230 K at ambient pressure, has
been the subject of debates about its ability to exhibit multiferroicity at room temperature (RT)
under high hydrostatic pressure. Here, we address this question based on theoretical and exper-
imental investigations. The influence of hydrostatic pressure on 77 and Ty has been estimated
from ab initio calculations combined with classical Monte-Carlo simulations and a quasi-1D anti-
ferromagnetic analytical model. From the experimental side, electric permittivity anomalies related
to ferroelectric transitions have been followed with dielectric measurements on single crystals up
to 6.1 GPa. We show that the temperature Ty below which the MF state forms increases with

pressure linearly to higher pressure that hitherto supposed, and indeed based on our calculations

should exceed RT above about 20 GPa.

I. INTRODUCTION

Multiferroic (MF) materials are usually associated with compounds which simultaneously
exhibit magnetism and ferroelectricity. The coexistence of both ferroic orders has attracted
a considerable attention from industry and academic researchers for several decades [1-4].
Indeed, the development of magnetoelectric materials operating at room temperatures (RT)
constitutes the Holy Grail in this field. They could play key roles in magnetic field sensors
or memory devices, and also advance in the fundamental understanding of the coupling
between the two degrees of freedom. In such compounds, the electric polarization can be
controlled through the application of a magnetic field, and an electric field can be used to
orientate the macroscopic magnetization. Beyond the difficulty of finding systems in which
both properties are coupled at sufficiently high temperatures, some industrial constraints
must also be fulfilled: miniaturization, high power efficiency, biocompatibility, low cost, etc.

Thirteen years ago, experimental investigations demonstrated that cupric oxide CuO
exhibits magnetoelectric properties [5]. The ferroelectricity appears to emerge from the in-
commensurate non-collinear magnetic order (hereafter labelled AF3) existing between the
lock-in temperature 77, and the Néel temperature Ty located at 213 K and 230 K, respec-

tively. This incommensurate magnetic phase is characterized by a propagation vector q =
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(0.506, 0, -0.483) [6]. Below T, CuO shows a commensurate collinear antiferromagnetic
(AFM) order (hereafter labelled AF}) with all magnetic moments oriented along the crys-
tallographic b axis. The anomalously high Néel temperature for a cuprate system and the
significant electric polarization (~100 #C m™ [7]) make this compound a promising candi-
date for high temperature MF applications. However, it is limited by the small temperature
range over which MF is found (i.e., only 17 K) that is still far from RT. Experimental studies
have demonstrated that the application of a hydrostatic pressure below 2 GPa enlarges the
MF stability domain by decreasing T, and increasing Ty [8, [0]. Based on the combination
of Density Functional Theory (DFT) and effective models (analytical and Monte-Carlo sim-
ulations), multiferroicity at RT has been predicted to appear under an applied pressure of
about 20-40 GPa [I0]. In 2016, Jana et al. reported an experimental investigation which
might suggest that CuO exhibits a RT ferroelectric polarization at a pressure of only 4.4
GPa [11]. In this study, polycrystalline samples were used without pressure transmitting
medium leading to unavoidable non-hydrostatic pressure effects and inhomogeneities during
the compression of the sample. In contrast, based on neutron and XRD analyzes performed
on single crystals, Kozlenko et al. claimed that the upper limit of T would be 260 K at 38
GPa [12].

The aim of this paper is to discuss the possibility of RT multiferroicity in CuO through
a combined theoretical and experimental investigation. Briefly, we calculated effective mag-
netic interactions and estimated the transition temperatures using powder experimental
atomic structures obtained under hydrostatic pressures ranging from 0 to 38 GPa [12]. Ex-
perimentally, we present electric permittivity measurements as a function of temperature
and pressure up to 6.1 GPa. The experiments show a continuous widening of the MF stabil-
ity domain which coupled with the theoretical calculations allow to extrapolate the existence

of a MF phase at RT when the pressure approaches 20 GPa.

II. METHODS

Crystal structure CuO crystallizes within a C2/c¢ monoclinic phase defined by a = 4.695
A b=23436 A, ¢ = 5.147 A, and 8 = 99.46° at zero pressure [12]. Cu atoms are located
at the center of oxygen square planar environments. These entities, also called plaquettes,

originate from an octahedral environment which undergoes a Jahn-Teller distortion. The



three-dimensional atomic structure of CuO can be viewed as based on edge-sharing ribbons
which are linked together through corners of CuQO,. It should be noticed that the related
lattice parameters vary non-linearly and anisotropically with pressure and temperature [13l-

16].

A. Computational details

First-principles calculations DF'T simulations have been carried out using the full-potential
LAPW method as implemented within the Wien2k package [17]. The exchange-correlation
term was set using the PBEQ on-site hybrid functional [I8], which allows to treat a given
set of strongly correlated electrons, namely 3d-Cu orbitals. The Muffin-Tin radii were set to
1.94 and 1.67 ag for copper and oxygen atoms, respectively. The basis function expansion
was set by the parameter RK,,,, = 7. Calculations have been performed on the experimen-
tal structures provided in Ref[12. We investigated the electronic properties of the 8 formula
unit (f.u.) magnetic cell [I9] defined by: a,,=a-¢, b,,=b and ¢,,—a+c where a, b and ¢
are the lattice parameters of the C'2/c unit cell. Integrations in the first Brillouin zone were
performed with a 5x11x6 Monkhorst-Pack k-mesh. For magnetic interactions, we estimated
the J;; magnetic exchange couplings by fitting 13 non-equivalent magnetic configurations
with an Ising model [20125]. The following convention has been considered for .J;; couplings:
a positive sign corresponds to an antiferromagnetic (AFM) character, while a negative sign
a ferromagnetic (FM) interaction. We calculated the Magnetocrystalline Anisotropy (MCA)
by including the Spin-Orbit Coupling (SOC) as a second-order correction to the total energy.

Bloch spin states The commensurability of the magnetic ground state, dictated by magnetic
interactions, has been investigated by studying the dispersion of spin states [26]. The ex-
amination of the first ordered state depending on the wave vector k and isotropic exchange

couplings J;; was done by solving the eigenvalue problem:
§(k, Jij) o (k, Jij) = Ak, Jij) o (k. Jij) (1)

where o is the spin configuration, \ is the energy of the branch, and £ is the Fourier

transform of the exchange integral matrix expressed as:

§(k, Jij) = Z Jij (Ry,) e 27 Em (2)
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where R, is the lattice vector separating spins ¢ and j.

CMC simulations The pressure vs. temperature MF phase diagram was theoretically inves-
tigated by Classical Monte-Carlo (CMC) simulations parametrized by an effective magnetic
model expressed as:

Hipodet = Hyg + Hya + Hpyr + Hyra (3)

where Hpy is the Heisenberg term, Hp, is an uniaxial anisotropy parameter, Hpy, is
the Dzyaloshinskii-Moriya coupling and H)j;4 is a multiaxial term. Details on the physical
meaning and the construction of each term can be found in Ref [10. For each pressure,
the magnetic interactions J;; and MCA determined at 0 K within DFT were injected into
the magnetic model. CMC calculations were done on a supercell made of 123 spins. Both
thermalization and equilibration processes were performed on 10 CMC steps. MF phase
transitions were extracted by following the spin current P o (e;; x (S; x S;)),which relates
the electronic contribution of the electric polarization P to the perpendicularly oriented

magnetic moments S; and S; connected by the unit vector e;; [27].

Quasi-1D magnetic model Several experimental studies have concluded that CuO can be
described as a quasi-1D antiferromagnet [28H31] with the Néel temperature Ty based on the
random phase approximation model of a quasi-1D AFM Heisenberg cubic lattice [32]:
;) Ty
4ey/In (@ /Tx) 4+ 0.51n (In (] /Ty ))

(4)

where a = 2.6 and ¢ = 0.233 are numerical parameters, J' is an effective inter-chain
coupling and J is the intra-chain coupling.

In 2013 [10], we have already used this model to describe the evolution of T with pressure.
We showed that two solutions lead to similar results: (1) adjusting ¢ to 0.284 and keeping
a equals to 2.6, (2) adjusting « to 8.4 and keeping ¢ equals to 0.233. In 2017, Kozlenko et
al. [12], reconsider our proposition adjusting both ¢ and « values to ¢ = 0.274 and o = 1.5.
In addition, they considered empirical J;; values, based on the knowledge of superexchange
angles.

As in our previous investigation [10], our calculations are based on the J;; values obtained
from DFT, taking into account their pressure dependence. We define J = J, and J' =

(Joq — Ji)/2 to coincide with the expression of the collinear magnetic ground state energy
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defined as Fgs = J, — J, + Jou. To adjust ¢ and « values, we have considered not only the

Ty value at 0 GPa but also at 5 GPa, leading to ¢ = 0.237 and o = 3.474.

B. Experimental details

Dielectric measurements were carried out in a diamond anvil cell (DAC). The technique
is described in detail elsewhere [33]. A single crystal of CuO was cleaved perpendicular to
the b axis and polished to a thickness of about 40 um. Pieces of size approximately 200x200
pm suitable for the DAC were then cleaved from this piece. A 10 pm gold wire was attached
to each side of the sample with silver epoxy, which was spread to almost cover the whole
surface. The sample wires were connected to 2 co-ax wires. The cell was loaded with liquid
argon as the hydrostatic pressure medium, and the pressure was measured in-situ using the
ruby fluorescence technique. The capacitance of the sample, proportional to its dielectric
constant, was measured with a capacitance bridge at 1 kHz (Andeen-Hagerling AH 2550A).
The DAC was placed in a Gifford-McMahon cryocooler where the temperature could be
swept from 300 K to about 20 K.

IIT. RESULTS AND DISCUSSIONS

Jij couplings In the last few years, many investigations have reported theoretical and exper-
imental evaluations of the effective exchange interactions J;; (see Ref[34] for a summary). It
should be noted that estimates for J;; vary strongly depending on the effective Hamiltonian
used for the experimental fit or the theoretical mapping.

The first step of all our calculations was to estimate the J;; exchange couplings and the
Magnetocrytalline Anisotropy (MCA). For this purpose, we used a similar procedure than
the one considered in Ref 10l The difference is that instead of using theoretical atomic
structures relaxed under a hydrostatic pressure varying from 0 to 200 GPa [10], we used the
experimental structures extracted from Ref 12| for pressure values going from 0 to 38 GPa.
Here, five magnetic exchange interactions have been considered, depicted in As
shown in [Figure 2] their pressure dependence is very similar to the evolution under pressure
predicted for the theoretically calculated structures [10].

In short, five J;; exchange interactions (where ¢ # j) are sufficient to describe the magnetic
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Figure 1. Magnetic exchange couplings considered in this study. The different interactions are
highlighted by green arrows. Blue and red spheres indicate copper and oxygen atoms, respectively.

Square planar environments are represented in blue.

properties of CuO [10} 35, B6]. Among them, two are significantly larger, i.e., corner sharing
J. and next nearest neighbor intra-ribbon J5, with values of about 80 and 20 meV at 0 GPa,
respectively. The three others (J,, J, and J) are smaller. Under pressure, J, rises from 78.1
meV (0 GPa) to 124.6 meV (38 GPa). The second most important interaction corresponds
to Jo,, which remains roughly unchanged with the pressure varying slightly from 19.7 (0
GPa) to 22.7 meV (38 GPa). Regarding the nearest neighbor intra-ribbon coupling J,, the
increase of the hydrostatic pressure changes its character from AFM to FM above ~3 GPa.
The value of this coupling ranges from 2.6 meV (0 GPa) to -10.6 meV (38 GPa). The other
two inter-ribbon interactions J, and .J, become more and more FM with pressure, reaching
-13.6 and -6.8 meV at 38 GPa, respectively.

To our knowledge, the experimental pressure dependence of the J;; exchange interactions
has not been reported, so far. We will thus compare our calculations with the ambient
pressure neutron scattering experimental data [34], as summarized in . The authors
applied constraints to simplify their Hamiltonian, leading to differences with our Hamilto-

nian. In our case, we consider not only the Cu-Cu interatomic distances to define a magnetic
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Figure 2. Magnetic exchange interactions wvs. hydrostatic pressure. Positive and negative signs

correspond to antiferromagnetic and ferromagnetic interactions, respectively.

exchange path, but also the overlap of the magnetic orbitals (bond or dihedral angles). As
a consequence, a correction of a factor of 2 must be applied to J5, and J, deduced from
neutron scattering to compare with our results, leading to 6.34 and +5.0 meV, respectively.
The agreement with DFT is good except for Jo, for which DFT gives a higher value (19.7
meV). Jy, corresponds to a super-superexchange interaction between two coplanar CuO,
plaquettes. As a consequence, the overlap between the magnetic orbitals, through the 2p-O
states, is optimal, and thus a large value is not counter-intuitive. Interpreting this deviation
is not straightforward. From the point of view of the neutron scattering experiments, no
clear evidence of a coupling of about 20 meV has been identified. Only one path in the
reported magnetic dispersion probes the effect of Jy,, leading the authors to conclude that
Jo, is necessary to reproduce the minimum in the dispersion at the X point, corresponding
to ¢ = (1,1/2,0). However, the effect of J,, is strongest in the direction from (1/2,0,-1/2)
to (1,1/2,-1/2), and the last point is not given in the reported data.



JZ J(E Ja Jb J2CL

d%GPe, 13757 3186 2909  3.095  5.819
This work| 781  -4.0 2.6 29 197
Exp. [34] [91.4(5) -3.73(3) £2.50(18) £3.10(18) 3.17(3)

Table I. Magnetic exchange interactions (in meV) computed for the 0 GPa structure. The inter-

atomic distances are given in A, and the inelastic neutron values from Ref [34] are also reported.

MCA We estimated the MCA by including the SOC. We found that the intensity of MCA is
weakly affected even under relatively high pressures (see Supplemental Materials [37]). Also,
we shown that the easy magnetization axis is unchanged under pressure up to 38 GPa, the
magnetic moments being still preferentially oriented along the [010] direction, in the lines
of experimental observations at 0 GPa [6]. These results closely agree with our previous
predictions [I0]. One may notice that the intermediate magnetization axis, computed at
ambient pressure, is found within the ac plane with an angle of 60° with respect to the ¢
crystallographic axis. This prediction significantly differs from the experimental value of
28.8(8)° revealed by neutron measurements [38]. The understanding of this difference is the
subject of ongoing collaborative works combining Torque magnetometry analysis and DFT

calculations.

Incommensurate magnetic structure Neutron scattering has shown that the low-temperature
ground state magnetic structure AFy, with a propagation vector g = (0.5, 0, -0.5), is com-
mensurate with the crystallographic cell, while the AF, magnetic structure is incommen-
surate at ambient pressure with ¢ = (0.526, 0, -0.483) [6]. Based on the Freiser method
[26], the knowledge of the magnetic exchange couplings allows us to estimate the total spin
exchange energy for a given propagation vector q. depicts the Bloch spin states
of minimal energy within the (gs,q.) plane for 0 GPa. As can be seen, the maxima are
found close to the middle of the edges of the Birillouin zone(+ 0.5, 0) and (0, & 0.5) and the
minima close to the corners (£ 0.5, = 0.5). Such a situation implies the magnetic cell can

only be described by a crystal supercell, which follows nicely the experimental observations
[6]-

We obtained g = (0.53, 0, -0.45) at 0 GPa, in good agreement with the AF;, experimental
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(b) |

Figure 3. (a) Diagonal and (b) top view of the dispersion of the magnetic ground state within the
(gz,q=) plane at 0 GPa. Red color highlights highest energies, while dark blue regions evidence

energy minima.

propagation vector [6, B8, B9]. We have then used the Freiser approach to predict the
evolution of the magnetic structure under pressure. At 38 GPa, we found g = (0.50, 0, -

0.47), suggesting that the magnetic structure of CuO remains incommensurate up to roughly

40 GPa.

Finally, let us note that based on a similar analysis, Dai et al. [40] concluded that the
incommensurability of the magnetic structure originates from the.J, interaction. By decom-
posing our Ising hamiltonian and estimating the impact of each contribution, we found that

not only J, but also J, take part in this spin spiral behavior.

MF phase diagram The theoretical estimation of the variation of the Néel temperature Ty
with pressure has been obtained using two different approaches, i.e., by performing CMC
simulations and by using an analytical model. Let’s first discuss our results deduced from
CMC calculations, which were performed using the effective magnetic model expressed in
with similar settings to Ref [10L. More specifically, the Heisenberg term Hpy
aims to describe the long-range magnetic ordering through exchange interactions. The Hy 4
uniaxial contribution was used to stabilize the AF; phase at low temperature, while the

H py; non-collinear term allows incorporation of the Dzyaloshinskii-Moriya coupling to favor
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Figure 4. CMC results. (a) Electric polarization vs. temperature for different pressure values.
The electric polarization was estimated by P o (e;; x (S; x S;)). The gray dashed line is the
reference arbitrarily chosen to estimate the MF phase transitions. (b) MF phase diagram. 77, and
T variations are represented by red and blue lines, respectively, and normalized at the estimated

CMC Ty value at 0 GPa.

the AF; phase. Finally, the Hj;4 multiaxial part constrains the magnetic moments within
the (b,c) plane. By following the evolution of the electric polarization for each pressure
step (see |[Figure 4a), the magnetic phase diagram has been evaluated and is presented in
Figure 4p.

Firstly, we found that the electric polarization induced by the non-collinear orientation
of magnetic moments increases with pressure. Secondly, the MF stability domain expands,
i.e., Tp, decreases while Ty increases, with pressure. These results still agree with our pre-
vious predictions, which were based on theoretical structures. Here, we showed that using
the experimental refined structures, CMC simulations predict a continuous increase of Ty

without reaching a plateau as suggested by Kozlenko et al. [12].
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Ezxperimental dielectric measurements In parallel, we measured the electric permittivity as
function of temperature up to 6.1 GPa. In[Figure 5| we show the dielectric constant curves
for different pressures. A smooth but significant decrease of €’ below 100 K is present at all
pressure steps. Such behavior has also been reported by Zheng et al. [41], attributed to a
coupling between the magnetic and vibrational degrees of freedom. At RT, ¢’ is found to
increase monotonically with pressure, similar to the initial increase reported by Jana et al.
[11]. However, we do not retrieve the sharp decrease of the dielectric constant that they
observed at 4.4 GPa and assigned to the ferroelectric transition. Also, it is not clear why the
transition would induce such a large drop of €’ as this is not the case at ambient pressure.
From our data, the Ty transition is clearly observed at all pressures as a sharp step, which
is reproducible between the cooling and warming cycles. For temperatures ranging between
Tn and T, the measurement shows hysteretic and non-reproducible behaviour as shown
in the inset. T} can however be reliably detected as a small anomaly better seen in the
warming curves. To reveal the two transitions, we show in previous curves after
subtraction of a polynomial background and with an offset for the different pressures.

From our measurements, the experimental lower and upper limits of spin-spiral stability
domain, i.e., Ty, and Ty, are represented by red circles in [Figure 71 In addition, this figure
shows the experimental data of Chatterji et al. (open red diamond) and our theoretical
predictions. Two types of calculations are represented: (1) the CMC data which have
been shifted to fit the experimental Ty value at 0 GPa; (2) an analytical model suited for
S=1/2 quasi-1D Heisenberg antiferromagnets. First of all, the CMC data are not expected
to provide quantitative results, but general trends. In contrast, the analytical model, if
properly defined, should lead to quantitative results. [Figure 7h shows a relatively good
agreement between experiments and theory, confirming the increase (decrease) of T (717)
with pressure, and thus the stabilization of the spin-spiral magnetic phase, which exhibits
multiferroicity. Our simulations suggest that Ty may reach RT at a pressure value of about
20 GPa, in agreement with our previous prediction.

A closer look at the data (Figure 7p) evidences some deviations in the CMC theoretical
data compared to the experimental points, in particular for the evolution of T} in the
pressure range [0,2] GPa. It is probably due to the approximations made in the CMC

model to describe the non-collinearity in AF5, with the effective Hpy; and Hys4 terms. This
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Figure 5. Dielectric constant curves of single crystal CuO for E//b from high pressure capacitance
measurements with increasing temperature. The inset shows the region of the two magnetic phase
transitions for 1.4 GPa, indicated by the arrows. The upper transition (7) appears as a sharp
step reproducible on warming and cooling. The lower transition (77) appears as a much smaller
anomaly. The region between T, and T shows marked hysteresis between the cooling and warming

cycles, with irreproducible behaviour on cooling.

trend would be improved by estimating such couplings with further non-collinear ab initio
calculations, which is beyond the scope of this paper.

As shown in [Figure 7] this experimental study is consistent with previous experimental
results obtained up to ~2 GPa [§], and confirms our predictions of a continuous widening
of the MF phase with pressure. In details, we find quasi-linear variations of Ty, and T over
the studied pressure range, with (d77)/dP = -3.7 K GPa™! and (dTy)/dP = 3.0 K GPa™!.
This strengthens our theoretical predictions on a significant increase of Ty for CuO under

hydrostatic pressure without expected saturation as suggested by Kozlenko et al. [12]. Thus,
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these results support the hypothesis MF properties can be observed at RT.

IV. CONCLUSION

We combined theoretical and experimental methods to follow the stability domain of
the MF phase of CuO under hydrostatic pressure. From the theoretical side, we confirm
our previous predictions using the refined atomic structures up to about 38 GPa in Ref [12L
More specifically, T7, decreases while T increases under pressure. Experimental dielectric
anomalies have been measured up to 6.1 GPa. We observed T, (Ty) linearly decreases
(increases) with pressure, without detecting any saturation phenomenon. Together these
results strongly support the possibility of RT multiferroicity in CuO under a pressure of

about 20 GPa.
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