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The frustrated antiferromagnet CuFeO, exhibits pressure-induced complex magnetic phase transitions from
the commensurate collinear (CM1) phase to several incommensurate noncollinear phases. To study the effect
of high pressure on magnetic interactions, we performed neutron diffraction and inelastic neutron scattering
experiments under high-pressure conditions. With increasing pressure, the CM1 ground state becomes less
stable against application of a magnetic field even below the critical pressure (P < 3 GPa), as proved by the
significant reduction in the critical magnetic field from H,; = 7.5 T to 4.5 T at 2.1 GPa. Additionally, the energy
gap in the spin-wave dispersion relation is reduced from 1.0 to 0.88 meV by the application of a pressure of
P = 2.1 GPa. Comparing the experimental results with spin-wave calculations revealed that the change in the
spin-wave excitation can be explained by the reduction in either the uniaxial anisotropy term or the degree of
separation in the nearest-neighbor exchange interactions.
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I. INTRODUCTION

In frustrated magnets, as a consequence of competing
exchange interactions caused by geometric lattice patterns
(triangular, kagome, pyrochlore lattices) and additional spe-
cial interactions [Dzyaloshinskii-Moriya (DM), biquadratic
exchange interactions], exotic magnetic ground states often
emerge, such as spiral order [1,2], spin ice [3,4], skyrmions
[5,6], and spin liquids [7,8]. Furthermore, when frustrated
spins are strongly coupled to the crystal lattice through inverse
effects, such as exchange striction [9] and the inverse DM
effect [10,11], novel physical phenomena can occur, such as
magnetoelectric multiferroic properties [12,13] and magneti-
zation plateaus [14,15]. Because the magnetic ground state
in a frustrated magnetic system is nearly degenerated by the
others, it can be renewed by a small change in the spin
Hamiltonian parameters. High pressure (hydrostatic and uni-
axial) and chemical substitution can be used to modify these
parameters, leading to significant changes in the magnetic
ground state by disturbing the delicate balance of competing
interactions in frustrated magnetic systems.

Recently, pressure-induced magnetic phase transitions
have been reported in triangular-lattice antiferromagnetic
CuFeO, (CFO) [16,17]. CFO is a delafossite-family com-
pound (ABO,, A = Cu, Ag, Pd, Pt, B = Fe, Cr) [18-20] and
has been extensively studied as a typical frustrated magnet. At
the ambient pressure, the commensurate (CM) collinear 11 |
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magnetic structure is realized [magnetic propagation vector
k= (0, %, %) in the monoclinic setting shown in Fig. 1] as
the magnetic ground state below 7 = 11 K in the CM1 phase
[21,22]. In the intermediate temperature range of 11 K <
T < 14 K, a sinusoidally modulated magnetic structure with
incommensurate ICM) k = (0, g, %) is stabilized in the ICM 1
phase [23]. As indicated by the temperature-pressure phase
diagram in Fig. 2, application of pressure above P = 2.5 GPa
drives the magnetic phase transition to the ICM noncollinear
spiral state (ICM2) with k = (0, ¢, %;q ~ 0.4) [16,17]. Spi-
ral magnetic ordering—called proper screw—in the ICM2
phase is identical to that observed in the ground state of
the magnetic-field-induced phase or chemical-substitution-
induced phase [24,25]. When the pressure is further increased
from the ICM2 phase above P = 4.0 GPa, another ICM
noncollinear phase (ICM3) with k = (g4, 9, 4¢3 ga ~ 0, gp ~
0.34, g, ~ 0.42) is induced, which is called a general spiral
[16,17]. For the intermediate temperature range between these
ground states and the paramagnetic phase, the ICM spin-
density-wave ordering (ICM1) for lower pressures changes to
another noncollinear state (ICM4) above P ~ 3 GPa [17].

In previous studies on the ambient pressure conditions in
CFO, magnetic interaction parameters, including exchange
constants and anisotropies, were determined via inelastic
neutron scattering (INS) and electron spin resonance (ESR)
experiments [26-28]. However, the effect of pressure on
the magnetic interactions in CFO has not been investigated.
Therefore, the origin of pressure-induced phase transitions
is not yet understood. In the present study, to investigate
the pressure-induced phase transitions in CFO, we examined
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FIG. 1. (a) Crystal structure of CuFeO,. Dotted lines denote
hexagonal and monoclinic unit cells. (b) The relationship between
the hexagonal and monoclinic basis vectors [a,, = a; — by, b, =
an + by, ¢, = (—ay, + by, + ¢;)/3, where Fe is at the origin].

the stability of the pressure-induced ICM states against an
external magnetic field and the pressure change in spin-wave
excitation spectra through elastic and INS experiments.

II. EXPERIMENTAL DETAILS

A single-crystal crystal sample was grown using the optical
floating-zone method. Neutron diffraction (ND) experiments
were performed using the cold neutron time-of-flight diffrac-
tometer WISH [29] at the ISIS Facility in the UK. To apply a
hydrostatic pressure lower than P = 2.5 GPa, we used a clamp
cell with a diameter of $20 mm and a length of 55 mm, which
was made of NiCrAl and CuBe alloys with thicknesses of
3.0 and 4.5 mm, respectively (ElectroLAB). A single crystal
with a volume of approximately 20 mm? was mounted in a
Teflon capsule with a ¢4.0-mm inner diameter, and the sample
was filled with a glycerin pressure-transmitting medium. The
pressure was calibrated by the NH4F structure phase transition
points at room temperature. The hexagonal ¢ axis (¢* axis in
the monoclinic setting) was parallel to the external magnetic
field generated by the vertical-field cryomagnet (up to 13.4 T).

For ND experiments in the upper pressure range, i.e., P =
3.0 to 4.1 GPa, we used a hybrid anvil-type high-pressure
cell [30-32]. The sample was cut into a platelike shape with
dimensions of approximately 0.6 x 0.5 x 0.2 mm?. We used
a sapphire crystal and WC alloy for the pair of anvils and
an aluminum alloy (Al2017) for the gasket. We also used
glycerin as the pressure-transmitting medium. Pressure values
were determined using the ruby fluorescence method at room
temperature. The pressure cell was inserted into a vertical-
field superconducting magnet (up to 10 T) such that the
hexagonal ¢ axis was vertical.

For the INS experiment, we used the triple-axis neutron
spectrometers HER and PONTA at the reactor source neu-
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FIG. 2. Schematic illustration of the magnetic phase diagram of
CuFeO, as a function of temperature, pressure, and magnetic field
along the hexagonal ¢ axis. The temperature versus pressure phase
diagram was taken from previous work [17]. The solid lines and
the solid circles denote the phase boundaries and the points where
the phase transitions were found in the present study. The dotted
line show the magnetic field that we have investigated in this study.
The hatched area denotes the coexistence region of ICM2 and ICM3
phases.

tron facility JRR-3 in Tokai, Japan. In these experiments,
we used the same clamp cell that was employed for the ND
experiments and a 38-mm?-volume CFO single crystal. A
deuterated glycerin pressure-transmitting medium was used
for the INS experiments. The pressure cell was set up and
calibrated using the same procedures employed in the ND
experiments. To measure the spin-wave excitation spectra in
the hexagonal (H, H, L) zone [monoclinic (0, K, L) zone],
the sample was mounted such that the hexagonal [110] axis
(monoclinic a axis) was vertical. A closed-cycle refrigerator
was used to cool the samples. We employed the constant-E¢
mode (E; represents the energy of scattered neutrons) with
the fixed Ef = 2.5 meV and Ef = 3.64 meV for the cold
neutron experiment with HER and E; = 14.7 meV for the
thermal neutron experiment with PONTA. The instrumental
E resolutions were 0.08 meV for £y = 2.5 meV (0.12 meV
for Ey = 3.64 meV) for HER and 0.94 meV for PONTA at
the elastic position.

III. EXPERIMENTAL RESULTS

A. Elastic neutron scattering

As shown in the phase diagram as a function of the mag-
netic field (along the hexagonal ¢ axis) at the ambient pressure
in Fig. 2, the spin-flop phase transition occurs from CM1
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FIG. 3. Neutron diffraction intensity images measured at typical magnetic fields along the hexagonal ¢ axis (H.): (a) Hy. =0T, (b) H. =
50T, (c)H) =80T, and (d) H. = 13.4TforT = 1.5 Kand P = 2.1 GPa. H),. dependence of (¢) integrated intensity of the magnetic Bragg
reflection at Q = (1, ¢, —%) and (f) magnetic propagation wave number g at 7 = 1.5 K and P = 2.1 GPa.

to the ICM noncollinear spiral state (ICM2) at H,; = 7.5 T.
Another CM collinear state, i.e., 111J] (CM2), was in-
duced at H,, = 12.5 T [33-35]. Because the critical phase
transitions H.; and H,, are sensitive to changes in exchange
interactions and anisotropies in the CFO, we investigated the
effect of pressure on the phase transitions via ND experi-
ments. Although further high-field phases exist, such as the
T phase 20 T < H. < 34 T) and the canted 11 phase
(34 T < Hy. < 53 T) [28,36], we could not investigate the
pressure effect on these phases in the present study, because
of experimental limitations.

As shown in Fig. 3(a), the magnetic neutron Bragg peaks
were observed on Q = (1, —0.5, —0.5) in the monoclinic set-

ting [Q = (—0.25, —0.5, —0.5) in the hexagonal setting], at
T =2 K and H, =0 T. Hereafter, we use a monoclinic
setting unless specified otherwise. The reciprocal lattice maps
with the magnetic Bragg positions for the monoclinic bases
are presented in Supplemental Fig. 1 [37]. The Bragg peak
position can be expressed as the satellite reflection from the
reciprocal lattice position at T = (1, —1, —1) using the CM
kcy = (0,0.5,0.5) characteristic of the CM1 phase, i.e.,
Q = 7 + k. In addition, two low-intensity signals were ob-
served at the two ICM positions Q = (1, —0.6, —0.5) and
(1, —0.4, —0.5) even without a magnetic field, which can be
expressed as @ = (1, —1, —1) + kjcpmp and Q = (1,0,0) —
kicymz with kjepn = (0, g, 0.5) having the g ~ 0.4 character-
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istic of the ICM2 spiral phase. The crystal lattice in the CM1
and ICM2 phases is distorted from the parent rhombohedral
space group R3m to a monoclinic symmetry because of the
exchange-striction mechanism described in previous x-ray
diffraction studies [38—41].

With increasing H) at T = 1.5 K and P = 2.1 GPa, the
CM peak disappeared, and the intensities of the ICM peaks
were increased at Hj. = 4.5 T, as shown in Figs. 3(b), 3(c),
and 3(e). This result corresponds to the transition from the
CMI1 phase to the ICM2 phase at H,;. The critical field is
significantly reduced by the application of a 2.1 GPa pressure
from the ambient pressure of 7.5 T. The k vector component ¢
depends on H). in the ICM2 phase, which changes from 0.405
at 5 T to 0.390 at 12 T for P = 2.1 GPa. The ¢g value at P =
2.1 GPa is slightly different from that at ambient-pressure
values of 0.415 at 7.5 T and 0.402 at 12.5 T. With a further
increase in H)., the magnetic Bragg reflections corresponding
to the ICM2 phase disappeared at 13 T, and the intensity at the
other CM position of @ = (1, —0.6, —0.5) onsets at this field.
The CM position is consistent with that observed for the CM2
phase at the ambient pressure. H,, = 12.5 T at P = 2.1 GPa,
which is almost the same as the critical field at the ambient
pressure. Consequently, we found that the first critical field
H_; was significantly weakened by the application of pressure,
whereas the second critical field H,, was almost independent
of the pressure in the CFO.

To investigate the stabilities of the pressure-induced phases
of ICM2 and ICM3 against the application of Hj., we per-
formed ND experiments with a hybrid anvil cell for P =
3.1 GPa and 4.0 GPa. At P = 3.1 GPa, a magnetic Bragg
reflection at Q = (—1, 0.6, 0.5) corresponding to ICM2 or-
dering was observed, as shown in Fig. 4(a). Another satellite
peak for the ICM2 phase was observed at Q = (—1, 0.4, 0.5)
(not shown). In addition, two Bragg spots were observed at
0 =(-1,0.66,0.41) and Q = (—1, 0.66, 0.59), which origi-
nated from the ICM3 ordering with k;cy3 = (94, gb, qc) With
qa~ 0, g» ~0.34, and g, ~ 0.41. The coexistence of the
ICM2 and ICM3 phases around P ~ 3 GPa was also observed
in previous ND experiments [16,17]. When H);. of up to 10 T
is applied, the magnetic Bragg intensities are not changed
within the experimental accuracy, as shown in Figs. 4(b) and
4(e).

The temperature dependencies of the magnetic reflections
corresponding to the ICM2 and ICM3 phases are shown in
Figs. 4(f) and 4(g), respectively. The intensity of the Bragg
reflection for the ICM2 phase is constant below T = 8 K and
is increased in the intermediate temperature range of §-12 K
[Fig. 4(f)]. This intensity enhancement is attributed to the
additional contribution of either the ICM1 phase (sinusoidal
spin state) or the ICM4 phase (canted proper screw), owing
to the same propagation vector of k = (0, ¢, %;q ~0.4) in
both the ICM2 and ICM1 (or ICM4) phases. In contrast, the
intensity of the ICM3 phase decreases monotonically as the
temperature increases from 1.5 K, and the peak disappears at
T = 8 K [Fig. 4(g)]. This indicates a phase transition from
ICM3 to ICMA4.

At 4.0 GPa, only the reflection of the ICM3 phase was
observed [Fig. 4(c)]. The intensity of the ICM3 reflection was
constant up to 10 T, within the experimental accuracy. The
peak position of the ICM3 phase, corresponding to the ICM3

k vector components, did not change with an increase in H);c
to 10 T. Consequently, the pressure-induced ICM3 phase is
robust against H . up to 10 T.

The ND experimental results are presented as functions of
H). and the pressure at the lowest temperature in the phase
diagram of Fig. 1. The H.-induced phase transition from
CMI1 to ICM2 at H, was significantly suppressed by the
application of pressure, whereas that from ICM2 to CM2 at
H_, was robust against the application of pressure, at least up
to P = 2.1 GPa. We also observed that the magnetic ordering
of the ICM3 phase was not affected by H. up to 10 T.

B. Inelastic neutron scattering

To directly study the changes in the magnetic interactions
in CFO caused by the application of pressure, we investigated
the spin-wave dispersion relation at 2.1 GPa via INS exper-
iments. At the ambient pressure, CFO exhibits a spin-wave
dispersion relation with double minima at Q = (0, ¢, 0.5) and
0=(0,1—4¢4,0.5) in the CM1 phase. The energy gap is
1.0 meV at the ambient pressure [26,27]. The INS intensity in
the present high-pressure experiment with a clamp cell having
a 15-mm-thickness (CuBe and NiCrAl alloys) window was
approximately 20 times lower than that without the pressure
cell, which was normalized to the sample mass. Thus, we
focused on measuring the spin-wave spectra at typical Q po-
sitions in the (0, K, L) scattering plane.

A comparison of the INS spectra measured by the HER
between the ambient pressure and P = 2.1 GPaatT =2.5K
is presented in Fig. 5(a). The energy gap for the energy mini-
mum at the ICM position Q = (0, 0.42, 0.5) is reduced from
1.0 meV at the ambient pressure to 0.88 meV at P = 2.1 GPa.
The excitation signals above 1.0 meV (double arrows) origi-
nate from another magnetic domain contribution that depends
on the domain population. Furthermore, the energy around
the zone boundary at Q = (0, 0, 0.5) is slightly reduced from
2.51 meV at the ambient pressure to 2.45 meV at P = 2.1 GPa
[Fig. 5(b)]. We also performed a constant-Q scan at Q =
(0,0,2.4) at the ambient pressure and P = 2.1 GPa using
the PONTA spectrometer. No clear differences were observed
between the spectra (Supplemental Fig. 2 [37]).

IV. DISCUSSION

Considering the ND and INS experimental results, we dis-
cuss the effect of pressure on the magnetic interactions in
CFO. The spin Hamiltonian for CFO can be expressed as

H = —% ;J”S,- .8 — Z[:D(Sf)z, 1)

where J, and D denote the exchange interaction and uniax-
ial anisotropy constant, respectively. The crystal structure of
CFO is distorted from an equilateral triangular lattice to a
scalene triangular lattice in the CM1 phase because of ex-
change restriction [38—42]. In previous INS and ESR studies
at the ambient pressure, inequivalent exchange interactions
due to lattice distortion were essential for explaining the
spin-wave dispersion relation of CFO [27,28]. Additionally,
in other theoretical studies, researchers considered the separa-
tion of exchange interactions due to lattice distortion in CFO
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FIG. 4. Neutron diffraction intensity images measured at typical magnetic fields along the hexagonal ¢ axis (H,) and pressures at T =
1.5K: (a) Hc =0T and (b) H. =10T at P = 3.1 GPa, and (¢) H;. =0T and (d) H. = 10T at P = 4.0 GPa. (e) H. dependence of
the integrated intensities corresponding to ICM2 and ICM3 phases at 3.1 GPa and 4.0 GPa at T = 1.5 K. Temperature dependence of the
integrated intensities corresponding to (f) ICM2 and (g) ICM3 phases at H, =4 T and 8 T and P = 3.1 GPa.
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FIG. 5. Energy dependence of neutron intensity for the constant-
Q scans at (a) Q position where the spin-wave dispersion shows the
minimum [Q = (0, 0.42, 0.5)], and (b) the magnetic zone boundary
[Q = (0,0, 0.5)]. These data were measured with HER spectrometer.
The data at ambient pressure were measured without the pressure
cell, which were taken from Ref. [27].

[43,44]. The exchange paths considered in the present study
for the scalene triangular lattice are illustrated in Fig. 6(a). The
nearest-neighbor interaction J; in the equilateral-triangular
lattice is separated into one weak (J;;) and two strong (J, and
Ji3) exchange interactions. However, for the second neigh-
bor J,, third neighbor J3, and interplane bond J,, the lattice
distortion effect is negligible. In this study, we considered
the exchange separation due to lattice distortion only for the
nearest-neighbor interaction J;. Thus, we considered seven
magnetic interaction parameters: Ji1, J12, J13, J2, J3, J;, and the
uniaxial anisotropy parameter D. (Weak in-plane anisotropy
interactions were ignored.)

Owing to the limited number of experimental results for
the present INS under high-pressure conditions, it was not
possible to determine all magnetic interactions under high-
pressure conditions simultaneously. Therefore, we discuss the

influence of pressure on the magnetic interactions by com-
paring the calculated spin-wave dispersion relations based on
the modified individual magnetic interaction parameters with
the experimental results. Spin-wave calculations were con-
ducted using the Holstein-Primakoff transformation method
described in a previous report [27].

We calculated the spin-wave dispersion relation using the
spin Hamiltonian parameters at the ambient pressure based
on a previous study [27]. These parameters are presented in
Table I. As mentioned previously, the dispersion relation has
two minima with an energy gap of 1 meV, as indicated by
the solid lines in Fig. 6(b). In the experiment, the energy gap
(Eg) at O = (0,0.42,0.5) was reduced to 0.88 meV. There
are many possibilities for reproducing the reduction in the
energy gap, as summarized in Table 1. For case (a) in Table I,
when we change the anisotropy parameter D from —0.20
to —0.16 meV, the calculated energy gap is reduced to the
experimental value at P = 2.1 GPa. In addition, by changing
the ratio between the nearest-neighbor antiferromagnetic ex-
change interactions for case (b), i.e., the weak J; and strong
Ji2 (J13) interactions, we can reproduce the energy gap at
P = 2.1 GPa. In both cases (a) and (b), the energy at the
zone boundary (E,;) Q = (0, 0, 0.5) is slightly lower, which
is consistent with the experimental results. However, when the
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TABLE I. Spin Hamiltonian parameters (in meV).

The exchange parameters at 0 GPa were taken from Ref. [27].

JuS JinS Ji3S 5SS J3S J.S DS E, E,,

0 GPa —0.150 —0.455 —0.422 —0.10 -0.33 —0.19 0.20 1.01 2.40
(a) —0.150 —0.455 —0.422 —0.10 —0.33 —0.19 0.16 0.89 2.34
(b) —0.150 —0.420 —0.401 —0.10 —-0.33 —0.19 0.20 0.89 2.34
(c) —0.150 —0.455 —-0.422 —0.12 —-0.33 —0.19 0.20 0.90 241
(d) —0.150 —0.455 —0.422 —0.10 —0.39 —0.19 0.20 0.90 2.49
(e) —0.150 —0.455 —0.422 —0.10 -0.33 -0.17 0.20 1.04 2.31
®) —0.200 —0.455 —0.422 —0.10 -0.33 —0.19 0.20 1.01 2.40

other parameters are changed, the second-nearest neighbor J;,
the third neighbor J3, E, is reduced, but E, is not reduced, as
shown in Table I and Supplemental Fig. 3(a) [37]. Changing
the interplane interaction J, and J;; does not reproduce the
reduction in E, as in cases (e) and (f), respectively (Supple-
mental Fig. 3(b) [37]). Therefore, we found that the most
probable magnetic interaction parameters to be changed by
the application of pressure were either the anisotropy param-
eter D or the nearest-neighbor exchange interactions Jj, and
J 13-

Let us discuss the effect of pressure on the phase stability
against M. and magnetic-field-induced phase transitions in
CFO. In the ND experiment, we observed a significant change
in the critical field H,, between the collinear CM1 phase and
the proper screw ICM2 phase, as illustrated in Figs. 7(a) and
7(b). The energy values per spin for the collinear state for
the CM1 and ICM2 phases at zero temperature are given as
follows:

Ecvi = —S*[J11 — (Ji2 + J13) + Al — DS2,
—S2[aJiy + B2 + J13) + B — 1DS?,

Eicv2

(a) CM1 collinear (b) ICM2 proper screw

——©
J13
b, —~0 | @ | O
4] J12
11 4 ’ & ®

am X ©
down spin

up spin

FIG. 7. Schematic illustrations of magnetic structures for
(a) collinear structure of CM1 and (b) proper screw structure of
ICM2 phase.

where A and B are the exchange energy terms associated with
J, J3, and J;, o is close to 1 because of the phase shift §
in Fig. 7(b) nearly equal to wq [24,25], and B is cos(2mq)
with g ~ 0.42. When either the anisotropy parameter D or
(J12 + J13) is reduced, as expected from the INS experiment,
the degree of energy increase in Ecyy exceeds that in Eycpp.
This implies that the CM1 magnetic state becomes more un-
stable than the ICM2 state with a reduction in D or (J12 + J13),
which is consistent with the significant decrease in the critical
field of the phase transition from CM1 to ICM2 observed in
the present ND experiment. Similar findings for the stability
of the ICM2 phase have been reported in the case of chemical
substitution in Ga-doped CuFe;_,Ga, O, [45]. We did not
understand the stability of the higher-pressure phase ICM3,
owing to the lack of INS data for P < 4 GPa. Further INS
experiments under high pressures are required.

V. CONCLUSIONS

We investigated the magnetic interactions under high-
pressure conditions for the frustrated triangular-lattice antifer-
romagnet CFO through ND and INS experiments. In the ND
experiments, we found that the H)-induced phase transition
from CM1 to ICM2 at H,; was significantly suppressed by the
application of pressure. In contrast, the phase transition from
ICM2 to CM2 at H., did not change with the application of
pressure. We also observed that the magnetic ordering of the
ICM3 phase was not affected by H,. up to 10 T. In the INS
experiment, we observed a change in the excitation energy at
the energy minimum and the zone boundary in the spin-wave
dispersion relation. Comparing the experimental results with
the spin-wave calculations revealed that the change in spin-
wave excitation can be explained by the reduction in either
the uniaxial anisotropy term or the degree of separation in the
nearest-neighbor exchange interactions.

The raw data for the ND experiments are available [46].
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