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The phonon magnetochiral effect (MChE) is the nonreciprocal acoustic and thermal transports of
phonons caused by the simultaneous breaking of the mirror and time-reversal symmetries. So far,
the phonon MChE has been observed only in a ferrimagnetic insulator CuzOSeQOgs, where the nonre-
ciprocal response disappears above the Curie temperature of 58 K. Here, we study the nonreciprocal
acoustic properties of a room-temperature ferromagnet CogZngMn2 for unveiling the phonon MChE
close to the room temperature. Surprisingly, the nonreciprocity in this metallic compound is en-
hanced at higher temperatures and observed up to 250 K. This clear contrast between insulating
Cu208Se03 and metallic CogZngMns suggests that metallic magnets have a mechanism to enhance
the nonreciprocity at higher temperatures. From the ultrasound and microwave-spectroscopy exper-
iments, we conclude that the magnitude of the phonon MChE of CogZngMns mostly depends on the
Gilbert damping, which increases at low temperatures and hinders the magnon-phonon hybridiza-
tion. Our results suggest that the phonon nonreciprocity could be further enhanced by engineering

the magnon band of materials.

When a chiral material is placed in a magnetic field,
nonreciprocal properties arise from the simultaneous
breaking of the mirror and time-reversal symmetries.
Such nonreciprocal properties are due to magnetochiral
effect (MChE) [1, 2] observed for various (quasi)particle
propagations, including photons [3-8], electrons [9-14],
magnons [15-19], and phonons [20]. For the case of
phonons, the sound velocity in a chiral material becomes
different for parallel and antiparallel propagations with
respect to the magnetic field H [20]. Because of the sym-
metry origin, the MChE is expected for any chiral mate-
rials although the microscopic mechanism and magnitude
depend on the system. Since the nonreciprocal proper-
ties are closely related to functionalities, the MChE is an
attractive mechanism for novel devices (ex. single-phase
diodes and circulators).

So far, the phonon MChE has been reported only for
the ferrimagnetic insulator CuyOSeQOj3 [20]. The phonon
MCHhE is explained by a magnon-phonon hybridization
[20, 21]. Because of the Dzyaloshinskii-Moriya (DM) in-
teraction, the magnon dispersion in CusOSeQOg3 is asym-
metric for wave vector k parallel and antiparallel to H
[15, 22]. When the magnon-phonon hybridization is al-
lowed by symmetry, the phonon dispersion is asymmet-
rically deformed by the band repulsion, leading to the
nonreciprocal sound velocity for +k [Fig. 1(a)]. In this
case, the MChE is observed only below the Curie tem-
perature T ~ 58 K [23, 24]. For realizing the MChE at
room temperature, experimental exploration on higher-
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FIG. 1. Phonon MChE caused by the magnon-phonon hy-
bridization. (a) Dispersion relations of the magnon and
acoustic-phonon bands near the I' point under magnetic fields
Hjk. (b) Effect of the magnon-dispersion broadening. Note
that only one of the circularly polarized phonon mode hy-
bridizes with magnons, since only right-handed polarization
exists for ferromagnetic-type spin waves with respect to the
magnetization. The ultrasound frequency in this study was
always much smaller than the magnon gap Ag/27.

Tc magnets is important. Moreover, the investigation of
metallic magnets allows for exploring the phonon nonre-
ciprocity in presence of conduction electrons.

Our target material CogZngMn, has a [-Mn-type
structure, which belongs to the chiral space group P4,32
(P4332) [25, 26]. The magnetic properties of the series
of (Cop.5Zn¢.5)20—Mn, alloys have been systematically
studied, and various exciting properties related to their
chiral magnetism have been reported [16, 27-39]. Among
this series, CogZngMny has a high Curie temperature
Tc ~ 400 K. CogZngMns has a helimagnetic ground
state, while other Mn-rich compounds become spin glass
at low temperature due to the geometrical frustration
[32]. The spin-glass state could complicate the analy-



sis of the magnon dispersion and its temperature depen-
dence. In addition, the magnon MChE and the magnon
dispersion of CogZngMny have already been studied [16].
Therefore, CogZngMns is a promising system to explore
the room-temperature phonon MChE.

Single crystals of CogZngMns were grown by the
Bridgman method as described in our previous papers
[28, 29, 32]. For the ultrasound measurements, we used
a right-handed single crystal (P4,32) with the sam-
ple length of 1.9 mm along the [110] axis. We em-
ployed the ultrasound pulse-echo technique with a phase-
sensitive detection for the sound-velocity measurement
[40]. In this study, we investigated three acoustic modes
cr, = (611 + c12 + 2044)/2 (k||11||[110]7 v = 4.0 km/s),
cr = (c11 — c12)/2 (k||[110], u||[110], v = 2.1 km/s), and
caq (k[|[110], u]][001], v = 2.4 km/s), where k and u are
the propagation and displacement vectors, respectively.
We used the ultrasound frequency up to 530 MHz by
high-harmonic generation of the LiNbO3 resonance trans-
ducers. At higher frequency, the acoustic attenuation
became too strong to analyze the nonreciprocity. In this
study, the experiments were performed in the Faraday ge-
ometry with H||k||[110]. In addition, we performed the
microwave absorption spectroscopy on a crystal from the
same batch. The microwave absorption (AS7;) caused by
magnetic resonance was monitored by using a coplanar
waveguide and a vector-network analyzer. For details,
see Refs. [16, 41].

Figure 2(a) shows the magnetic-field dependence of
the relative change of the sound velocity Av/vy of the
c44 acoustic mode at 4 and 250 K. The magnetic tran-
sition from a conical to a collinear state is observed at
H.=0.21T (4K)and 0.14 T (250 K). The sound veloci-
ties for —k and +k at H. are slightly different, indicating
the nonreciprocal sound propagation. The sign of the dif-
ference becomes opposite for —H. and +H,, which is the
characteristic feature of the phonon MChE. We note that
the other acoustic modes (¢, and cr) show weaker Av/vg
and nonreciprocal responses, indicating the weaker mag-
netoelastic coupling. These results are presented in the
Supplemental Material (SM) [42].

Figure 2(b) plots the results for —k as a function of
the absolute value of the magnetic field. The magnitude
of the phonon magnetocihral effect gyen defined as [20]

Av(+H)  Av(-H) _ v(+H) — v(—H)

Vo Vo Vo
(1)

is plotted in the lower panel. The nonreciprocal response
takes maximum at H., and then rapidly decreases when
the field is further increased. The nonreciprocal mag-
nitude at the transition field gycn(He) as a function of
the ultrasound frequency is plotted in Fig. 2(c). The
nonreciprocity nonlinearly enhances at higher frequen-
cies. gmen(Hc) at 250 K is larger than that at 4 K. The
contour plot of gven at 440 MHz is mapped on the T-H
phase diagram [Fig. 3(a)].

The experimental results show that the magnetochiral
effect of CogZngMns is enhanced at H. and at higher
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FIG. 2. Phonon MChE in CogZngMn;. (a) Relative change of
the sound velocity as a function of magnetic field, Av/vo(H),
of the cas acoustic mode at the ultrasound frequency of 440
MHz. The results at 250 K (4 K) are shown by the orange and
green (light orange and light green) curves. Schematics of the
experimental configuration and the nonreciprocity are shown.
(b) Av/vo(H) and the magnitude of the magnetochiral effect
gmvch as a function of the absolute value of the magnetic field.
The data for —k, 440 MHz at 250 K from Fig. 2(a) are used.
(c) Ultrasound frequency dependence of the magnitude of the
magnetochiral effect at the transition field gmcon(Hc). The
results for the c4s mode at 4 and 250 K are fitted by Eq. (2)
(dashed lines).

ultrasound frequency. Similar features are observed in
Cuy0Se03 and explained by the magnon-phonon hy-
bridization mechanism [20]. The magnon dispersion of
CogZngMns is also asymmetric for +k because of the
DM interaction [16]. When such magnon band hybridizes
with a phonon band, the anticrossing asymmetrically de-
forms the phonon band [Fig. 1(a)], leading to the non-
reciprocal acoustic properties. At the conical-collinear
transition, the magnon gap becomes small, and the hy-
bridization occurs close to the I' point (Fig. 1). How-
ever, the magnon frequency is more than one order of
magnitude higher than the ultrasound frequency in this
study, and only the effect due to the band repulsion is ob-
served in our experiments. Here, we emphasize that the
electron-phonon hybridization cannot explain the char-
acteristic enhancement of the phonon MChE at H. and
the field dependence in the collinear phase. The energy
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FIG. 3. (a) Contour plot of gmcn mapped on the T-H phase
diagram. The conical-collinear phase boundary (green curve)
is determined by the anomalies in Av/vo. Here, the results
at 440 MHz are used. (b) Temperature dependence of the
magnitude of the phonon MChE. The coefficient I' is obtained
by fitting the frequency dependence of gmen(He) [Fig. 2(c)].
The results of Cuz0SeOs3 [20] are shown for comparison.

scale of the magnetic field (0.3 T) is too small to change
the electronic band structure of metals. We, thus, con-
clude that the rapid decrease of the phonon MChE above
H_ is related to the magnon band gap which also rapidly
opens above H..

The magnon-phonon hybridization is mediated by the
DM interactions or magnetic anisotropy modulated by
shear strains [20]. Since the DM interactions in chiral
magnets are strongly modulated by shear strains [43, 44],
we treat the former as the leading term. The magnitude
of the MChE is expressed as [20],

4,}/2 <Sz>2 S2 D33
cA?

=Tf3. (2)

gMCh =

Here, 7,5, D, c, Ay are the magnetoelastic coupling con-
stant, the total spin moment, the DM-interaction coeffi-
cient, the elastic constant, and the magnon gap, respec-
tively. Since the wave vector k is proportional to the
ultrasound frequency f, the equation is rewritten as the
empirical form with the phonon-MChE coefficient T'.
Based on Eq. (2), the frequency dependence of
gumcn(He) [Fig. 2(c)] is fitted and the temperature de-
pendence of T is obtained as Fig. 3(b). The MChE is
observed up to 170 K and 250 K for the ¢t and cyy
modes, respectively. |I'| is always larger for the c44 than
that for the ¢t mode, which again indicates the stronger
magnetoelastic coupling of the c¢gy mode. |T'| of the cyy
mode increases towards higher temperatures and sud-
denly becomes undetectable at 260 K. This is because
of the sudden decrease of Av/vy(H,) and increase of the
acoustic attenuation around this temperature [42]. This
characteristic temperature might be due to the decreased
anisotropy at high temperatures [37]. Another extrinsic
origin might be the glass transition of the bond connect-
ing the transducers and the sample. Above the glass
transition temperature, the transverse sound propagation
is strongly attenuated. In this case, the thermal trans-

port experiments might be an alternative technique to
detect the phonon MChE [45]. However, the simultane-
ous decrease of the acoustic anomaly Av/vg(H.) and the
nonreciprocity gvcn(Hce) (Fig. S1 in SM [42]) indicates
that the observations come from the intrinsic effect. We
note that the bonding conditions usually only affect the
amplitude of the transmitted sound and does not affect
the obtained Av/vy.

For a quantitative comparison, the results of
Cuz08e03 [eT = (c11 — ¢12)/2 mode] [20] are plotted by
the black lines. The maximum value of " in CogZngMns
is larger than that in CupOSeOg by the factor of ~1.5. |T'|
is tending to increase with temperature in CogZngMns,
though it is decreasing in Cuz0SeOg3 [Fig. 3(b)]. In
the following, we discuss the reason of the different tem-
perature dependence by comparing the case of insulator
(Cuz08e03) and metal (CogZngMny).

The negative-T coefficient of |T'| for CusOSeO3 is due
to the temperature dependence of the ordered moment
(S%) [20]. Near the magnetic phase transition, (S*) scales
as /|T —T¢|, leading the the T-linear dependence of
gvch [Eq. (2)]. Similarly to the case of CogZngMns,
the temperature dependence of (S*) almost scales as
VIT — T¢| [33], however, it only results in the negative-T
coefficient of |T'|. Therefore, the positive-T coefficient of
IT'| (high-temperature enhancement of the nonreciproc-
ity) originates from another property, which is strongly
dependent on temperature and overcomes the contribu-
tion from (S%).

Another T-dependent parameter in Eq. (2) is the
magnon gap Ag. Figures 4(a) and 4(b) show the
microwave-absorption spectra as a function of the mag-
netic field at 10 K and 200 K, respectively. With this
technique, the obtained spectra reflect the magnon gap
at k = 0. The overall features at 10 K and 200 K are
similar. In the conical phase, two branches of spin waves
soften towards H¢. In the collinear phase, single absorp-
tion peak linearly increases as a function of the mag-
netic field (dashed line). Slight temperature dependence
is observed in the magnon gap and width of the absorp-
tion peak. Figure 4(c) plots the temperature dependence
of the magnon gap at the transition field Ag(H,.) deter-
mined from the crossing point of the dashed line and the
dotted line (the conical-collinear boundary). For com-
parison, the results of CupyOSeOgs are also shown [46].
The gap of CogZngMns increases towards lower tem-
peratures by the factor of ~ 1.2, which would lead to
the decrease of gnen(H) by the factor of 1.4 [Eq. (2)].
This parameter cannot account for the observed factor of
I'(200 K)/I'(10 K) ~ 10 [Fig. 3(b)].

Next, the temperature dependence of the full width at
half maximum (FWHM) of the magnetic resonance at H,
is plotted in Fig. 4(d) right axis with orange triangles.
The broadening of the absorption peak is observed be-
low 100 K. The width of the magnon absorption (Af) is
related to the Gilbert damping parameter « as [46, 47]

Af =2afi + Afo, 3)



TABLE I. Summary of the magnetic and elastic parameters. The unit cells of CogZngMn2 and Cuz2OSeOs3 are taken per Co ion
and per 4Cu cluster, respectively. The last column presents the calculated coefficient of the phonon MChE based on Eq. (2).

S ao D/a} Ao(He)/2m  FWHM(H,) c gnon /Y E?
A)  (m?) (GHz) (GHz) (GPa) (m?)
CogZngMn; (200 K) [16, 29] 0.75 3.1 1.2x1077 8.9 2.4 cas = 45 43x10~%
COangan (10 K) 10.9 4.6 Cq4 = 47
Cu208e03 (30 K) [15) 0.44 4.5 3.4x107* 3.7 0.4 cr =27 11x1073%°
(@  conical collinear ®  conica collinear magnons and phonons), leading to the smaller . There-
aiz — . fore, the opposite temperature dependence of « is a clear
%7 =5 7] —— oz contrast between magnetic insulators and metals, which
©) il <) ; .. is a key to understand the temperature dependence of
g - g = oo the phonon MChE of CogZngMns.
q_%m = g - "™ A hybridized state of a magnon and a phonon is called
. ol ook | o2 a magnon polaron [50-52]. When the magnon scat-
o . . tering time 7 is too short to well form the hybridized
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FIG. 4. Magnetic-field dependence of the microwave-
absorption spectra (AS11) at (a) 10 K and (b) 200 K. The fer-
romagnetic resonance lines are shown by the dashed lines for
guide. The conical-collinear phase boundary is shown by the
dotted line. (¢) Temperature dependence of the magnon-gap
frequency at the transition field. (d) Temperature dependence
of the Gilbert damping coefficient « (left) and the FWHM at
the transition field (right). The results for CuzOSeOs are
taken from Ref. [46] and shown for comparison. Square (cir-
cle) symbols represent the result for H||[111] (H]|[100]). « of
CogZngMny is taken from Ref. [37].

where f; is the resonance frequency and Afj is the ex-
trinsic broadening. The Gilbert damping parameters
of CogZngMny [37] and CuzOSeOs5 [46] are plotted in
Fig. 4(d) left axis. The temperature dependence of «
and the width of the magnon absorption is in a pro-
portional relation as suggested by Eq.(3). The magnon
damping of CogZngMn, increases towards lower temper-
atures. This is a typical behavior for magnetic alloys,
where magnons are scattered by conduction electrons
[47-49]. At lower temperature, the elecrton scattering
time increases and the larger momentum transfer at the
intraband relaxation results in the enhanced damping.
For the case of CogZngMns,, disorder of Mn spins at low
temperatures might also be the reason of the increased
a [37]. On the other hand, in the case of magnetic insu-
lators, the magnon-phonon and magnon-magnon scatter-
ings are suppressed at lower temperatures (less populated

state (namely « is too large), the anticrossing gap Aw
is effectively reduced. For instance, when 1/7 > Aw,
the magnon-polaron bands become more smeared and
short-lived in this weak-coupling case [50]. Substituting
T = 1/aw, this condition reads o > Aw/w. In other
words, the magnon polaron cannot be formed when the
magnon line width is too large compared to the anticross-
ing gap [Fig. 1(b)]. The anticrossing gap is estimated as
(see SM for details [42]),

Ay = YIS VSD s
WE TR per Y
ag+/PSY;

where ag, p, s = h/Vp, and w* are the lattice constant,
the mass density, the reduced Planck constant normal-
ized by the unit-cell volume, and the angular frequency
at the hybridization point. Substituting the parameters
of CogZngMns, Aw/27 is estimated to be of the order of
10 MHz, using v ~ 10. The estimated Aw/w is of the
order of 1073, which is consistent with Av /vy ~ 10~* be-
cause one can roughly use w = vk for small k. Therefore,
the damping factor a ~ 0.1 is much larger than Aw/w,
indicating that the magnon-phonon hybridization occurs
in a weak coupling regime. In this case, the magnon
linewidth (and the magnon scattering time) can consid-
erably affect the hybridization. Indeed, the anomaly at
the phase transition Av(H.)/vy decreases below 100 K
where « also increases (Fig. S1(b) [42]), indicating the
weaker magnon-phonon hybridization. Such an effec-
tively weaker magnon-phonon coupling accordingly leads
to smaller anticrossing gap and also reduces nonreciproc-
ity gmcn. Quantitative relation of how a affects gyien ex-
ceeds the present theory based on sharp magnon-polaron
bands and is left for future investigation.

The above discussion suggests that the phonon MChE
can be further enhanced by reducing the magnon
linewidth, which is related to the impurity or defect in the
crystal. Particularly, for the case of (Cog 5Zng.5)20—2Mn,
alloys, the end material Co1¢Zn;g has relatively small «
[37] which might be advantageous to realize a larger non-
reciprocity. In this respect, magnetic insulators typically

(4)



have smaller o than metals where the magnon-electron
scattering is inevitable. In fact, even for the case of
Cuy0Se03, which shows rather small o comparable to
yttrium gallium garnet [46], the strong-coupling condi-
tion @ < Aw/w is not satisfied. This indicates that the
magnon linewidth is an important factor even for dis-
cussing the phonon MChE in magnetic insulators.

Nevertheless, the phonon-MChE coefficient T' of
CogZngMns is 1.5 times larger than that of CuyOSeOs.
This is because of the strong DM interaction in
CogZngMns. By using the parameters summarized in
Table I and Eq. (2), in fact, the expected gycng for
CogZngMns is four times larger than Cuy;OSeOg, assum-
ing similar . Therefore, this system has a great potential
to realize larger phonon MChE at room temperature, if
the magnon linewidth could be controlled.

In conclusion, we demonstrate the phonon MChE,
the nonreciprocal sound propagation in the chiral-lattice
magnetic metal CogZngMns up to 250 K. In contrast to
the case in Cuy0SeO3, the phonon MChE of CogZngMnsy
is enhanced at higher temperatures. This temperature
dependence is due to the magnon linewidth. The magnon
linewidth of CogZngMnsy rapidly increases below 100 K

and results in the weak coupling of the magnon-phonon
hybridization, leading to the decreased gap and nonre-
ciprocity. Controlling the magnon dispersion could fur-
ther enhance the nonreciprocal properties of these chiral
crystals.
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