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Abstract

According to previous theoretical work, the binary oxide CuO can become a room temperature

multiferroic via tuning of the superexchange interactions by application of pressure. Thus far, how-

ever, there has been no experimental evidence for the predicted room-temperature multiferroicity.

Here, we show by neutron diffraction that the multiferroic phase in CuO reaches 295 K with the

application of 18.5 GPa pressure. We also develop a spin Hamiltonian based on density functional

theory and employing superexchange theory for the magnetic interactions, which can reproduce

the experimental results. The present study provides a stimulus to develop room-temperature

multiferroic materials by alternative methods based on existing low temperature compounds, such

as epitaxial strain, for tunable multifunctional devices and memory applications.
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Magnetoelectric (ME) multiferroic materials exhibit both magnetic and ferroelectric prop-

erties simultaneously and have garnered significant attention owing to their remarkable

physics of cross-correlated phenomena[1–4]. In particular, they can be used in the de-

velopment of multistate memory devices with ME reading/writing operations.[5] In type-I

multiferroics, ferroelectric and magnetic orderings appear at different temperatures, whereas

ME orderings occur simultaneously in type-II multiferroics in which the ferroelectric polar-

ization is induced by the loss of inversion symmetry at the magnetic ordering. Therefore, a

strong coupling is expected between the magnetic and ferroelectric orderings. However, with

rare exceptions,[7–13] the critical temperatures (TC) in type-II multiferroics are far below

room temperature, typically below ∼ 100 K.

One of the most promising solutions for resolving this limitation in type-II multifer-

roics involves increasing the TC by strengthening the magnetic exchange interactions. This

can be achieved by tuning the crystal structure using methods such as the application of

pressure,[14, 15] strain,[16] or chemical substitution.[17] For Cu–O–Cu superexchange bonds

in parent compounds of high-TC superconductors, an exchange interaction J is on the order

of 100 meV for a bond angle of ∼180◦.[18] As this J value is considerably larger than that

of most ionic antiferromagnets with smaller bond angles, the Néel temperature could be

potentially increased even above room temperature by appropriately tuning the Cu–O–Cu

bond angle in cuprates.

CuO exhibits a relatively high Néel temperature (TN2 =230 K) owing to its low-

dimensional crystal structure (monoclinic C2/c[19]) with a Cu–O–Cu bond angle of 146◦.

The cuprate exhibits multiferroic behavior, wherein the ferroelectric polarization is induced

by incommensurate (ICM) helical spin ordering (Fig. 1(a)) below TN2 = 230 K.[20] Further-

more, CuO is a unique example of a chemically stable, binary oxide multiferroic material

that is in contrast to alternative high-TC multiferroics with complex chemical representations

such as Ba0.8Sr1.2Co2Fe12−xAlxO22[12, 13] and YBaCu1−xFexO5.[17] In fact, the multiferroic

phases in these compounds can only be realized with phase coexistence in a metastable

state.[12, 13, 17]

Using density functional theory (DFT) calculations, Rocquefelte et al. have predicted

that the multiferroic phase of CuO can reach room temperature at pressure P = 8.8 GPa[14]

or 40 GPa[15, 21], depending on the assumptions. Kozlenko et al. also reported DFT re-

sults, but concluded that the room temperature multiferroicity could not be achieved in
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CuO.[22] These theoretical studies have encouraged experimentalists to investigate the evo-

lution of the multiferroic phase of CuO with pressure using X-ray diffraction[22] and di-

electric permittivity.[21, 23] However, owing to the lack of direct experimental evidence on

the magnetic order parameters at pressures that could potentially stabilize the multiferroic

phase at room temperatures, the influence of high pressure on the multiferroic state of CuO

is not yet understood. In the present study, we used single crystal neutron diffraction to

investigate the magnetic structure of CuO under high pressure and found that the multi-

ferroic phase can be stabilized at room temperature, 295 K, at a pressure of 18.5 GPa. In

addition, we have successfully reproduced the observed behavior by theoretical calculations

based on DFT and superexchange theory.

At ambient pressure, below TN2 =230 K, helical spin order with the ICM magnetic

propagation vector kICM = (0.506, 0,−0.483) appears in CuO (Fig. 1(a))[24–27] concomi-

tant with and coupled to a ferroelectric polarization along the b-axis.[28] In addition, the

ICM ordering in the AF2 phase becomes the commensurate (CM) collinear spin ordering

(kICM = (0.5, 0,−0.5)) at TN1 =213 K (Fig. 1(b)), and the ferroelectricity is not detected

below TN1. The pressure and temperature dependence of the dielectric permittivity was ini-

tially investigated in the low-pressure region up to 2.5 GPa. (Fig. 1(c)) The present results

are consistent with the previous reports for the ambient and low pressure region.[21, 29] As

the pressure increases, TN1 is diminished at the rate dTN1/dP = −2.5 K GPa−1, whereas

TN2 is increased by dTN2/dP ' 3.4 ± 0.2 K GPa−1, corresponding to the expansion of the

multiferroic AF2 phase.(Fig. 1(d)) Several studies have demonstrated the existence of an

additional phase (AF3) in an extremely narrow temperature range in the vicinity of the

Néel temperature (T ∼ 230 K),[30–32], which is a nonpolar/nonferroelectric ICM phase.[33]

As the dielectric permittivity reflects the fluctuation of the electric dipole moments around

the ferroelectric phase transition, the observed dielectic anomaly is considered to correspond

to the ferroelectric phase transition at TN2. To extend the study to higher pressures, neu-

tron diffraction measurements were performed on single crystals in a Paris–Edinburgh (PE)

cell with toroidal-profiled sintered diamond anvils on the WISH beamline at the ISIS Neu-

tron and Muon Source facility in the UK. The experimental details are described in the

Supplemental Material.[34]

Some typical neutron intensity maps for the ambient pressure P = 0.5 GPa are presented

in Figs. 2(a) and 2(b), wherein a prominent peak at the CM position, (1/2, 0,−1/2), was
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observed at T = 205 K below TN1, whereas the peak position was observed at the ICM

position, (0.509, 0,−0.480), at T = 214 K, which is between TN1 and TN2. The split inten-

sity distribution in the peaks is caused by crystal twinning in the sample used for the first

experiment below 8.0 GPa. As displayed in Fig. 2(g), the CM peak intensity disappeared

above T ' 210 K. Moreover, the intensity at the ICM position only existed within the

temperature range of 210 K ≤ T ≤ 232 K, and these results were consistent with those

of previous neutron diffraction experiments conducted at ambient pressure.[24–27] The CM

magnetic reflection at (0.5, 0,−0.5) was observed up to 8.0 GPa, and TN1 decreases mono-

tonically with increasing pressure(Figs. 2(c) and 2(g)-(j)). For example, the TN1 (= 185 K)

at P = 8.0 GPa is reduced by 25 K from the ambient temperature value of 213 K. Above 8

GPa, the TN1 drops below the lowest attainable temperature of the experimental setup.

For the ICM AF2 phase, the ordering temperature TN2 increases almost linearly with

the pressure and reaches room temperature (TN2 =295 K) at 18.5 GPa. This follows from

the temperature dependence of the integrated intensity of the magnetic peak. (Fig. 2(n)).

Thus, this is the first direct experimental evidence that the polar AF2 phase is stabilized

at room temperature at pressure above 18.5 GPa, which implies that CuO can be a room-

temperature type-II multiferroic under high pressure. The temperature versus pressure

phase diagram of CuO was determined by plotting the phase transition temperatures at each

measured pressure, as shown in Fig. 1(d). The pressure coefficient of TN2 was estimated as

dTN2/dP ' 3.4 ± 0.2 K GPa−1 by fitting the pressure variation of TN2, which is consistent

with an earlier reported theoretical value dTN2/dP ' 3.5± 0.3 K GPa−1.[15]

For each pressure, the ICM k-vector in the AF2 phase slightly depends on temperature as

generally seen in intermediate temperature phases of frustrated magnetic systems.[35, 36] On

the other hand, the k-vector components substantially varied with the increasing pressure.

For instance, the k-vector is (0.509,0,-0.480) at ambient pressure, whereas it became k =

(0.495, 0,−0.486) at 18.5 GPa. (see Fig. S1 in Supplemental Material[34]). The observed

variation in the ICM k-vector components is related to the pressure dependence of the

magnetic exchange interactions, as we explain below.

Let us discuss what causes the large pressure dependence of the phase transition temper-

atures observed in the present neutron diffraction experiments, by means of DFT, which is
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used for the construction of a realistic spin model

HS = −
∑
i>j

JijSi · Sj, (1)

with Si denoting spin 1/2 at the Cu site i. Subsequently, an effective Hubbard-type model

was constructed for the magnetic Cu 3d states, and all model parameters were rigorously

derived using DFT.[37, 38] All possible Jij values were then evaluated in the framework of

superexchange (SE) theory, to leading order in t̂ij/U (t̂ij and U are the effective intersite

hopping and on-site Coulomb repulsion, respectively), which is the key theory for magnetic

Mott insulators, such as CuO.[39] The basic difference from previous studies[14, 15, 22,

40] is that no assumptions were made regarding the form of Jij, and all interactions were

treated equally, with their strength determined by t̂ij in the bonds. Furthermore, additional

simplifications were eliminated while estimating TN2, and a nonempirical random phase

approximation (RPA) technique was used for the given set of parameters Jij for each P .[44]

To illustrate the robustness of the proposed model, two different implementations, Quantum

ESPRESSO (QE) method with ultrasoft pseudopotentials [41], and the linear muffin-tin

orbital (LMTO) method [42] were employed. The present theoretical approach has been

successfully applied to other multiferroic systems.[43–47] More details of the calculation

procedure are described in Supplemental Material.[34]

As illustrated in Figs. 3(a)-(e), we considered all the possible exchange interactions (with

notation following Ref.[48]) for the bond distances up to 6.5 Å. Some of the interactions, Jbc,

Jabc, and J2c, were not considered in Ref. [15]. (see Table S1 in Supplemental Material[34])

Moreover, the exchange interactions with the same distances but different exchange paths in

the ab-plane are not necessarily equivalent. Particularly, we take into account that Jab 6= J ′ab

and J2ab 6= J ′2ab. (Figs. 3(c)-(d)) As shown in Fig. 3(f), the AF interaction J ′ac along the

[101̄]-direction is clearly the strongest. Then, Jac operating in the “perpendicular” [101]-bond

is substantially weaker than J ′ac, while Jab, J2a, Jb and J2ab are negligibly small. Furthermore,

we identify other sizable interactions J ′ab, Jbc, Jabc, J2c, and J ′2ab, which contribute to the

properties of CuO. The theoretical magnetic ground state could then be determined by

minimizing the classical Heisenberg energy of Eq. (1) with respect to k and individual phases

of spins in two Cu sublattices, which yields k = (0.516, 0,−0.493) (in QE). This is close to

the experimental finding. A comparison of the present theoretical exchange parameters with

previous inelastic neutron scattering results[48] confirmed that they are in good agreement
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with each other, apart from the sign of Jac (see Table S1 in Supplemental Material[34]). One

of the other exchange parameters, J2c, which was only introduced in the present study, could

explain this experimental result. In the previous model, the FM Jac, connecting the AFM

chains running along the [101̄]-direction, is believed to be responsible for the FM coupling

between the chains. (Fig. 3(a))[48] However, in the present work, Jac is antiferromagnetic,

and the FM coupling between the chains is stabilized by the AFM interaction J2c, operating

between the second neighbors in the ac-plane, which is substantially stronger than Jac.

In order to further demonstrate the accuracy of our ab initio exchange parameters, we

have calculated spin-wave dispersion relations with the exchange parameters obtained in the

present work and those reported in the previous work.[21] As clearly seen in Fig. 2(a) in

Supplemental Material[34], our ab initio exchange parameters reproduce the experimental

spin-wave dispersion relation well, apart from the slightly overestimated interchain spectrum.

On the other hand, the dispersion relation calculated with the exchange parameters given

in Ref. [21] strongly overestimates the interchain spectrum. (Fig. 2(b) in Supplemental

Material[34])

The strongest intra-chain interaction J ′ac was substantially changed by the application of

pressure, from ∼ −80 meV at ambient to ∼ −128 meV at P =30 GPa (i.e., by a factor of 1.5;

Fig. 4(a)). J ′ac was found to be almost linearly dependent on the angle Cu-O-Cu in the [101̄]-

bond (inset of Figs. 4(a)), in contrast to the phenomenological rule (Ref. [49]) and one of the

main assumptions made by Kozlenko et al.[22] The changes in the other parameters (Figs.

4(b)) appeared small on the scale of J ′ac. However, they were not negligible. For example,

the ferromagnetic interaction Jabc increased by a factor of nearly four, the interactions Jac

and Jbc changed their signs, the AF interactions J2c decreased by a factor of 2, and so

on. Notably, by using the obtained parameters, the theoretical pressure dependence of k

effectively reproduces the experimental trend, and at 20.5 GPa, k = (0.492, 0,−0.483) is

obtained.

In the present theoretical analysis, with the parameters derived from the superexchange

theory, the deviation of the spin-helix propagation vector was successfully reproduced at

k =(1/2, 0, −1/2), which is in good agreement with the experimental results. Thus, although

the anisotropic interactions may be responsible for the stability of the AF1 phase, the

AF2 phase can be stabilized by isotropic exchange interactions alone, where the infinite

degeneracy of the ground state proposed in Ref. [50] is lifted owing to the deviation from
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k =(1/2, 0, −1/2). Moreover, TN2 increases linearly with pressure with the coefficient

dTN2/dP ∼ 3.5 K GPa−1 for both LMTO and QE calculations. This value is consistent with

the experimental value of dTN2/dP ' 3.4± 0.2 K GPa−1, as well as dTN2/dP ' 3.5± 0.3 K

GPa−1 reported in Ref. [15]. Although the calculated value of TN2 at ambient pressure is

somewhat larger than the experimental value, the present theoretical calculation successfully

reproduced the tendency of pressure to stabilize the ICM AF2 phase. The 20 % difference

in TN2 between the LMTO and QE results is caused by similar difference in the values of

small exchange interaction operating between AF [101̄] chains under high pressure, which

are crucially important for establishing a non-zero TN2. [51]

Epitaxial strain modification of the lattice might be one of most promising alternative

methods to realize room-temperature multiferroicity at ambient pressure in CuO. Our results

show that the dominant exchange interaction in CuO, J
′
ac, along the [101̄] chain direction is

significantly strengthened from -80 meV to -128 meV by tuning the Cu–O–Cu bond angle

from 146◦ to 165◦.(Fig. 4a) The Cu–Cu distance along the [101̄] chain direction elongates

by ∼ 3% and the b-axis diminishes by ∼ 10% with application of hydrostatic pressure

of 18.5 GPa, which leads to the increase in the Cu–O–Cu bond angle. (see Table S2 in

Supplemental Material[34]) However, Goswami et. al. recently reported a lower TN2 =175

K in the thin film on (001)MgO.[52] Nevertheless, there is a significant shift in TN2 from

that of the bulk value at ambient pressure (|∆TN2| = 55 K); this shift is comparable to that

at hydrostatic pressure P = 18.5 GPa in the bulk system of |∆TN2| = 65 K. Therefore, the

quest to increase TN2 above room temperature via epitaxial thin film growth should focus

on finding an appropriate substrate to enlarge the Cu–O–Cu bond angle. The application

of chemical pressure (substitution) has also been attempted to stabilize the high-pressure

phase at room temperature. However, these chemical substitutions reduce both TN1 and TN2

in CuO.[53–55]

Recently, J. S. Zhang et. al. have reported that TC can be largely increased from

73.5 K to 162 K by application of pressure 4.5 GPa in the dielectric measurements on the

type-II multiferroic CuBr2.[56] Since dTC/dP ' 19.7 K GPa−1 in CuBr2, which is much

larger than that in CuO (3.4 K GPa−1), the multiferroic CuBr2 is another candidate for

room-temperature type-II multiferroicity induced by application of pressure. Theoretical

investigations of other copper based compounds, CuX2 and Cu2OX2 (X =halogen), have

also predicted large pressure effects on the multiferroic phase stability.[57, 58]
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In conclusion, magnetoelectric multiferroic research has been extensively carried out in

the past 15 years from the perspectives of both basic physics and practical applications,

wherein the latter is limited owing to the extremely low transition temperature of most

type-II multiferroics. Here, it has been demonstrated by neutron diffraction that the multi-

ferroic AF2 phase in CuO is stabilized at 295 K under high pressure (18.5 GPa). Moreover,

we reconsidered the theoretical spin model of CuO using the DFT and nonempirical RPA

techniques to appropriately model the impact of pressure on the transition temperature. The

present theoretical calculations accurately reproduce the experimental results and improve

the spin model by introducing the appropriate exchange interaction parameters. Ultimately,

the multiferroic phase in CuO could be extended to room temperature under high pressure,

and the pressure dependence could be successfully modeled. This study provides a path

toward the development of multiferroic materials functioning under normal operating con-

ditions for application in memory and other types of multifunctional devices.
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[17] M. Morin, E. Canévet, A. Raynaud, M. Bartkowiak, D. Sheptyakov, V. Ban, M. Kenzelmann,

E. Pomjakushina, K. Conder, and M. Medarde Nat. Commun. 7, 13758 (2016).

[18] T. Shimizu, T. Matsumoto, T. Goto, K. Yoshimura, K. Kosuge. J. Phys. Soc. Japan 72,

2165–2168 (2003).
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FIGURES

FIG. 1. Schematics of (a)spin-helix structure with incommensurate kICM = (ka, 0, kc) in the AF2

phase (the angle between kICM and the spiral plane is ∼ 107◦), and (b)collinear structure with

commensurate k = (0.5, 0,−0.5) in the AF1 phase. (c) Pressure dependence of the real part of

the relative dielectric permittivity of CuO. Inset shows an expansion around lower phase transition

temperature TN1 at 0.2 GPa and 2.5 GPa. (d) Temperature versus pressure phase diagram of

multiferroic CuO. Square (circle) and pentagon (star) symbols denote phase transition tempera-

ture points of TN1(TN2) determined by neutron diffraction and dielectric permittivity experiments,

respectively.
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FIG. 2. (a-f) Neutron diffraction intensity maps near reciprocal lattice position, Q = (0.5, 0,−0.5)

in the (H, 0, L) plane, measured at typical pressures and temperatures. (g-n) Plots depict inte-

grated intensities of magnetic Bragg reflections associated with commensurate k = (0.5, 0,−0.5)

(open symbol) and incommensurate k = (ka, 0, kc) magnetic phases for typical pressures and tem-

peratures.
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FIG. 3. Superexchange interaction paths (a) in the ac plane, (b) the bc plane, and (c,d) in the ab

plane around Cu sites 1 and 2. (e) Long-range interactions Jabc between the ac planes. (f)Distance

dependence of isotropic superexchange interactions, as obtained in the QE and LMTO methods at

ambient pressure.
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FIG. 4. Pressure dependence of (a) J ′ac, (b) J ′ab, Jbc, Jac, Jabc, J2c, and J ′2ab, and (c) TN2. Closed

and open symbols show the results of the LMTO and QE calculations, respectively. The notations

for the parameters are shown in Fig. 3. The inset in (a) shows the dependence of J ′ac on the angle

Cu-O-Cu.
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