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We measured the temperature dependences of the static magnetization and the spin excitation in the square-
lattice multiferroic Ba,MnGe,O;. An anisotropy gap of the observed low-energy mode is scaled by electric
polarization rather than a power of the sublattice moment. Spin-nematic interaction in the effective spin

Hamiltonian, which is equivalent to interaction of the electric polarization, is responsible for the easy-axis
anisotropy. The nontrivial behavior of the anisotropy gap can be rationalized as change in the hybridized d-p
orbital with temperature, leading to the temperature dependence of the spin-nematic interaction.
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Spin-driven multiferroics [1-3] have been extensively stud-
ied since the discovery of an enhanced magnetoelectric (ME)
effect in TbMnQOj; [4]. Through spin-orbit coupling (SOC), a
spin order induces a change in charge distribution, leading
to the emergence of electric polarization. The microscopic
mechanisms of the multiferroics are categorized into three
types [1]: the spin current [S], the exchange striction [6],
and the spin-dependent d-p hybridization [7,8]. A notable
feature of the latter is that hybridized d and p orbitals of
magnetic ion and ligand are modulated by spin states via
SOC, and this induces an electric polarization. The relation
between the electric polarization P and the spin moment S
is locally described as P = A ) (S - e)%e;, where e; is the
bonding vector between the magnetic ion and the ith ligand.
Coefficient A is determined by SOC and transfer integrals
between the magnetic ion and ligands. The mechanism has
been identified in CuFeO, [7], akermanite compounds [9-11],
Cu,08e05 [12,13] and rare-earth ferroborates [14,15]. Since
the direction of the local spin moment determines the direc-
tion of the electric polarization, magnetic anisotropy plays a
key role in forming multiferroic structure, i.e., the simulta-
neous structures of the spin and polarization [10,11,16]. The
magnitude of the anisotropy gives the energy scale for the
control of the magnetism by the electric field as well as the
magnetic field, which was tested in Cu,OSeO3 [13] and an
akermanite Ba,CoGe,0O; [17]. Although the temperature 7'
dependence of the anisotropy gap in the magnon spectrum
in a conventional magnet scales as a power of the sublattice
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magnetic moment [18,19], this may not be the case for mul-
tiferroics. The change in the polarization with T affects the
spin-interaction parameters through d-p hybridization, which
might lead to a nontrivial behavior in the 7" dependence of the
anisotropy and a low-energy spin dynamics near the magnetic
I" point.

We focus on the multiferroic Ba,MnGe,O7 [20], which is
isostructural to Ba,CoGe,O7 but is distinct in that the effect
of the crystal electric field on the isotropic charge distribution
of the half-filled shell of Mn*" ion is small. Hence weak
spin-nematic interaction originating from the d-p hybridiza-
tion with the ligand, which can be sensitive to a small change
in the orbitals with the temperature, is the main source of
magnetic anisotropy. The crystal structure is tetragonal, and
the space group is P42;m [21], as shown in Fig. 1(a). Mn>*
ions carrying spin S = 5/2 form a square lattice in the ab
plane. The magnetic susceptibility exhibits a typical behavior
of a classical square-lattice Heisenberg antiferromagnet with
an interaction of 26 ueV. At the Néel temperature Ty of 4 K,
a magnetic long-range order with a propagation vector of
(1,0, 1/2) sets in, and a collinear spin structure in which the
spins lie in the ab plane is realized as shown in Fig. 1(b). The
magnitude of the magnetic moment at 1.7 K is 4.66 pp and
is close to the saturation moment. The electric polarization
appears below Ty when the magnetic field is applied along
the crystallographic [110] direction [9], and the origin of
the multiferroicity is explained by the spin-dependent d-p
hybridization mechanism, which is also the main source of
Mn?* spin anisotropy. An inelastic neutron scattering (INS)
experiment at 1.7 K using a conventional triple-axis spec-
trometer with an energy resolution of 0.1 meV determined the
main parameters in the presumed isotropic spin Hamiltonian;
the nearest-neighbor interaction in the ab plane J; is 27.8
ueV, and the interplane interaction J, is 1.0 ueV. To reveal
the magnetic anisotropy in the low-energy dynamics and its
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FIG. 1. (a) Crystal structure of Ba,MnGe,0;. MnO, tetrahedra
are alternatively tilted by the characteristic angle of k. (b) Magnetic
structure of Ba,MnGe, 07 and the exchange pathways.

possible nontrivial behavior in the T dependence, we study the
detailed field-temperature (H-T') phase diagram and inelastic
neutron scattering spectra using a state-of-art spectrometer
with ultrahigh resolution.

Single crystals were grown in an O, atmosphere by the
floating zone method. The magnetization was measured by
a commercial superconducting quantum interference device
(SQUID) magnetometer. The INS experiment was carried out
using the near-backscattering spectrometer DNA in the Japan
Proton Accelerator Research Complex (J-PARC) Materials
and Life Science Experimental Facility (MLF) [22]. The hor-
izontal scattering plane was the ac plane, and the final energy
of neutrons E; was set to 2.084 meV by using a Si(111)
analyzer. The energy resolution was estimated to be 5.5 ueV
in FWHM at an elastic condition of incoherent scattering near
0=(1,0,1/2). A dilution refrigerator was used to cool the
sample to 0.05 K.

In the field derivative of the magnetization dM/dH,
the fourfold rotational symmetry in the ab plane which is
a characteristic feature of the spin-nematic interaction as
demonstrated in Ba,CoGe,O; [11] is observed [Fig. 2(a)].
Enhancements of dM/dH at H = 600 Oe for H | [110] and
[110] are due to a spin-flop (SF) transition. The existence of
the biaxial SF transitions suggests that the easy axes are [100]
and [010]. The corresponding electric polarization structure is
antiferroelectric where P is along the ¢ axis [9]. The SF field
drastically decreases with increasing 7' as shown in the H-T
phase diagram in Fig. 2(c), which contrasts with conventional
antiferromagnets exhibiting approximately 7 -independent be-
havior at T < Ty.

Figure 3(a) shows the INS spectrum measured at 0.05 K.
Two dispersive modes with a boundary energy of 0.55 meV
and with gaps of ~0.05 m and ~0.1 meV are clearly observed.
The overall energy scale is consistent with a previous study
[20]. It is remarkable that the two dispersive modes with
finite gaps are clearly resolved, which was not the case in
the previous study because of the relaxed energy resolution.
Anisotropy gaps (E,) of the low- and high-energy modes, T
and T, respectively, at the magnetic I" point, Q = (1,0, 1/2),
are identified at 36 and 113 peV. The latter is consistent with
the value reported in a previous electron spin resonance (ESR)
study [23]. E, of the T mode (Eg) is drastically suppressed
with the increase in T' as shown in Figs. 3(b)-3(e), while E, of
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FIG. 2. Field derivative of magnetization (dM/dH). (a) False
color plot of dM/dH measured in the field applied in the ab plane
at 1.8 K. The horizontal axis is the angle between [100] and the
field directions. (b) False color plot of calculated dM/dH in the ab
plane. (c) Measured H-T map of dM/dH for H || [110]. dM/dH
curves measured at typical temperatures are shown in Supplemental
Fig. S3. Black circles indicate Hsp determined by the peak tops
of dM/dH. A circle at 0.5 K indicates Hsg reported in a previous
study [20]. Triangles indicate Néel temperatures evaluated from the
T dependence of the magnetization. The representative descriptions
of the magnetic structures below and above Hg are inserted.

the T, mode (E,,) is moderately suppressed. The intensity of
the modes at the I" point increases with increasing 7' accord-
ing to the thermal balance factor, as shown in Fig. 3(f).

The T dependences of E, and the sublattice moment
gus(S) are shown in Fig. 4(a). The change in Eg in the
measurement range is small, and it scales as gug(S). The be-
havior is consistent with conventional antiferromagnets where
single-ion anisotropy is dominated by quadratic forms of spin
operators [18,19]. In contrast, E, in Fig. 4(b) increases con-
tinuously with the decrease in 7, and it cannot be scaled
either by the sublattice moment or by any power of it. This
indicates that the T mode is not purely magnetic dynamics of
electronic spin, but is hybridized with some other degrees of
freedom.

We calculate the dM/dH curves and the dynamical struc-
ture factor of neutron scattering using the leading-order 1/S
expansion of the following Hamiltonian:

H = ZJlS,- -Sj + Zfzsk Y
i k.l
+ Y {D(S?)” + gusSi - H} + Ha, 1)

Hy =Y _ NOF OV, )

ij
where OXY = cos(2k;)(S7SY + §7S7) — sin(2k;){(SF)* —
(87)*}. The x, y, and z axes in the Hamiltonian (1) are along

the crystallographic a, b, and ¢ axes, respectively, as shown
in Fig. 1(b). «; is a tilt angle of the MnO, tetrahedron from
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FIG. 3. Inelastic neutron scattering (INS) spectra. (a) False color plot of the INS spectrum measured at 0.05 K projected onto the
hw-(1, k, 1/2) plane. The spectrum is integrated in the range of 0.9 < 2 < 1.1 and 0.45 <[/ < 0.55. (b)—(e) The INS spectra focused on
the low-energy range measured at (b) 0.05 K, () 0.9 K, (d) 1.8 K, and (e) 2.5 K. White solid curves are calculated dispersions. (f) Temperature
evolution of constant-g cuts at Q = (1, 0, 1/2); data at different temperature are vertically offset. Coherent elastic scattering is subtracted for
each temperature. The spectra are integrated in the range of —0.035 < k < 0.035. The asymmetric peak shape results from the wave vector

resolution. Black solid curves are the calculated magnon cross section.

the crystallographic [110] direction as shown in Fig. 1(a).
The first and the second terms are the nearest-neighbor intra-
and interplane interactions of the square lattice, respectively.
The third term is a single-ion anisotropy of an easy-plane
type, with D > 0, and the fourth is a Zeeman term. Hy
is the spin-nematic interaction, which produces the biaxial
anisotropy in the ab plane [10,11]. Note that a single-ion
anisotropy with the second order of spin operators is not
allowed in the ab plane due to the fourfold rotational
symmetry. The lowest order in-plane single-ion anisotropy
is of the fourth order, and the reason it is not included is
explained at the end of Sec. I of the Supplemental Material
[24]. Figure 2(b) shows the calculated angle dependence
of dM/dH using Jy = 0.12 neV and gug(S) = 4.66 usg,
which reasonably reproduces the experimental data at 1.8 K
in Fig. 2(a). By using Hsg and gug(S) measured at each
temperature we can estimate an effective JN(7'). We find that
Jn as well as Hg is strongly dependent on 7' [Supplemental
Fig. S5] and it cannot be explained solely by the change in
gug(S). The details of the calculation are described in Secs. I
and II of the Supplemental Material [24].

Based on the spin-wave calculation, the gap energies
of the magnetic anisotropy at the magnetic I" point are
ASWT ~ 16(S(T))?/IN(T)(2Jy + J» + D/2) for the Ty mode
and ASWT = 4(S(T))/D2J; + 1) for the T, mode. AWT
can be calculated by using the values of Jx(7') from the
dM/dH curve and (S(T)) from the neutron scattering ex-
periment in the present study and those of J;, J,, and g in a
previous study [20]. The obtained T dependence of ASWT in
Fig. 4(b), however, is not consistent with Eg, particularly in

the low-T region. Here, we note that a Mn atom has a nuclear
spin / = 5/2 and that the hyperfine coupling between nuclear
and electron spins induces a low-energy gap [25] in addition to
the magnetic anisotropy gap. The energy gap induced by the
hyperfine coupling has no ¢ dependence. Then the magnon
dispersion relation is modified; [fiw;(q)]* = [hwSVT(g)]1* +
(AHF)2 where liw?VT(g) is the pure magnon dispersion for
the T; mode (i = 1,2) and AHF is the hyperfine gap [26].
The two gaps Eg and Ep at Q = (1,0, 1/2) are described
as Eg21 — (A?WT)Z + (AHF)Z and Eg22 — (A;WT)Z + (AHF)Z’
where AHF = /G, (T)/x)Agus(S(T)). Here, x,(T) is the
paramagnetic nuclear spin susceptibility following the Curie
law, x. is the electron spin susceptibility along the crystallo-
graphic c direction, and A is the hyperfine coupling. In order
to estimate AHF and D, we fit the constant-g cut in Fig. 3(f)
to the calculated magnon cross section. The fit to the data is
good as shown by black solid curves. The T; and T, modes in
Figs. 3(b)-3(e) are reasonably reproduced by the calculated
magnon dispersions shown by the white curves. The obtained
hyperfine coupling constant is A = 240 kOe as described in
Sec. IV of the Supplemental Material [24], and it is consistent
with Ref. [26] and the value reported in 35Mn?* ions in Mn-
diluted ZnF, [27]. The T; mode is, thus, hybridized with the
nuclear spin. The 7' dependence of AHF is shown in Figs. 4(a)
and 4(b), and that of ASWT is shown in Fig. 4(a).

T dependences of A}WT, a scaled electric polariza-
tion P [9], and the second power of the scaled sublattice
moment (gup(S ))> are shown in Fig. 4(c). We find that
AWYT does not scale as (gug(S))?, but is rather consis-
tent with the temperature dependence of electric polarization
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FIG. 4. The temperature dependences of gap energies observed
in INS spectra, anisotropy energies, sublattice moment, and electric
polarization. (a) T dependences of E,, (red circles), AS™T (black cir-
cles), AHF (blue circles), and sublattice moment (light green triangles
from a previous [20] study and dark green ones from the present
study). Ep, ASVT, and the sublattice moment are superimposed.
The light green curve is a guide to the eye. (b) T dependences
of E, (red circles), AW (black circles), and AHF (blue circles).
(c) T dependences of ASWT (black circles), electric polarization P
(orange curve from Ref. [9]), and the second power of the sublattice
moment (green triangles). The sublattice moment in this panel is a
combination of measurements from the present and previous [20]
studies in (a). Vertical error bars for E,, Ep, and A™ in (a) and
(b) indicate the experimental resolution of the spectrometer estimated
at an elastic condition.

P. To discuss the behavior, we rewrite the formula of
Hn in Eq. (2) in terms of P. From the local relation
between S and P, one has P = AzOX" [10,11]. This rela-
tion leads to Hn =), ; JNOlXYO;(Y =2 JpPiZPjZ, where
Jp is an effective interaction between the electric polar-
izations; Jp = Jn/ A%. By considering the structures of the
spin and electric polarization at T < Ty, we obtain ASVT =
16(P(T))s/Jp(2J1 + J» + 1/2D)/ sin(2x). The fact that the
magnetic anisotropy gap AWT(T) is scaled by the electric
polarization P(T ) means that P induces an emergent magnetic
field. In addition, we notice that Jp is T independent. Drastic

T dependence of Jy thus results from the change in Az with
T; the modification of the hybridized orbitals of Mn** and
O~ ions with T leads to a small change in the energy, which is
negligible in a highly anisotropic system but is enhanced in a
nearly isotropic system such as the symmetric half-filled shell
of a Mn?* ion, and it is probed as the change in Jy through
SOC. Since the change in the hybridized d-p orbital with T
explicitly affects the anisotropy gap of the acoustic magnon,
we call it a hybridized magnon with a d-p orbital. This is
a characteristic quasiparticle of the multiferroics originating
from the hybridization of spin and orbital momenta.

In contrast to A?WT, the T dependence of ASVT is almost
flat at 7 < 2.5 K, and the scaled ASWT is proportional to
gn(S) as shown in Fig. 4(a). This is because the single-ion
anisotropy D is robust to the change in the orbitals with 7'
and it is essentially temperature independent. This is con-
sistent with the dependence ASVT = 4(S(T))/D(2J; + J2)
describing conventional antiferromagnets in which a single-
ion anisotropy is represented by the quadratic form of the spin
operator [18,19].

Now we compare the electric dipole energy of
Ba,MnGe,0; as a dielectric with that as a multiferroic.
The former energy is estimated by the formula of the classical
electromagnetism, Uqay = 1/(dreger)[Py - Py — 3(Py -
7)(P, - 7#)]. The reported electric polarization is (0,0, p.)
with p. ~0.8 uC/m? at 2.0 K in a magnetic field of
1 T applied along the [110] direction [9]. The dielectric
permittivity is € ~ 14 [23]. We assume that the polarization
is localized at each Mn** ion. By summing up the pairs of the
nearest-neighbor Mn?* ions in the ab plane and those along
the c¢ axis, U1 2, per Mn>* ion is estimated to be —0.54 peV.
Next we estimate the electric dipole energy as a multiferroic
system, where both dielectric and magnetic energies are
renormalized. In Ba;MnGe,O; the spin-nematic operator is
equivalent to the electric polarization, and only the component
P? = AzOYY is active in the ordered state. Then the
renormalized dipole energy is E(j 2y = JpP{P? = JNOTY OFY
at 1.8 K by using Jy and gug(S) obtained in the present study.
Note that the spin moment points along the a or b direction
in the ordered state and E; 2y per Mn?t jon is estimated to be
—7.95 neV. The renormalized dipole energy in Ba,;MnGe, O
is gigantic compared with the classical dipole energy. For
the control of the electric polarization, the required electric
field is much stronger than that estimated from classical
electromagnetism. The electric polarization in spin-driven
multiferroics is, thus, robust to the external electric field.

In conclusion, we found that the temperature dependence
of the biaxial magnetic anisotropy energy in the multifer-
roic Ba,MnGe,07 is scaled by the electric polarization. The
change in the hybridized orbitals of the metal and the ligands
with the temperature determines the spin-nematic interac-
tion, leading to nontrivial temperature dependence of the
anisotropy energy in the neutron spectrum as well as that
of the spin-flop field. In contrast, conventional single-ion
anisotropy energy of easy-plane type is independent of tem-
perature. The effect of hyperfine coupling between nuclear
and electron spins is also observed in the low-temperature
region. A thorough accounting for this effect is important for
accurate understanding of the temperature evolution of the
electronic spin gap.
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