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Ultralow-energy magnon anomaly in yttrium iron garnet
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Ultralow-lying magnon energy spectrum in yttrium iron garnet (YIG) has been studied by inelastic neutron
scattering in an energy range from 10 to 45 μeV. When a magnetic field of approximately 0.1 T was applied
along [111] direction, ultralow-energy magnon anomaly was found at 10 K, suggesting the closure of the Zeeman
energy gap. The anomaly was also observed in the temperature dependence of magnetization under a magnetic
field along the [111] direction below 30 K. The specific heat capacity confirms the closure of the Zeeman energy
gap at the magnetic field direction. All these anomalies strongly support the magnetic crossover below 30 K
under the magnetic field along [111], in addition to a precursor anomaly below 150 K.
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I. INTRODUCTION

Yttrium iron garnet (YIG) with a composition of Y3Fe5O12

is a well-known ferrimagnet used for various industrial appli-
cations. It is also commonly used for spintronics [1–4] and
magnonics [5,6] due to the long magnon lifetime observed
as a narrow linewidth of ferrimagnetic resonance [7]. The
magnons in this insulating oxide carry the spin current without
charge current flows and resulting Joule heating loss. Hence,
YIG with a weak magnetic anisotropy and long lifetime is
indispensable for spintronic devices [8]. Especially, the weak
magnetic anisotropy becomes important for the spin current,
because in addition to the thermally excited magnons, the
subthermal low-lying magnons prominently contribute to the
spin current generation [9]. Any gap in the magnon dispersion
reduces those magnons, decreasing the spin current. There-
fore, understanding the ultralow-energy magnons is important
to study the intrinsic mechanisms of the spintronic effects
such as the spin Seebeck effect [2–4].

So far, the spin Seebeck effect is well explained by a
magnon density of state (MDOS) model below 30 K [8,9].
The deviation from the model above 30 K is attributed to a
high-energy optical magnon mode mixing with low-energy
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acoustic magnon mode and magnon-magnon scattering [10].
It is reported that the energy of the optical mode is lowered by
increasing the temperature [11]. The low-lying acoustic mode
has the chirality in the magnetic susceptibility χ ′′

xy, whereas
the optical mode shows the opposite chirality χ ′′

yx [12]. The
difference between the two modes with the alternating chi-
ralities produces the spin current. Therefore, the mixture
of two chirality modes facilitated by lowering the optical
mode and magnon-magnon scattering strongly suppresses the
spin current generation [10]. This is the degradation mech-
anism of the spin Seebeck effect at high temperatures. On
the other hand, it should be noted that a strong magnetic
field dependence between 0.18 and 8 T in the spin Seebeck
effect appears only below 30 K [8]. In addition, the large
magnetocapacitance effect in YIG is observed below 90 K
[13]. Although YIG is one of the most popular ferrimagnets,
the ultralow-energy magnetic excitations have been measured
only near room temperature [14–16]. Therefore, the MDOS,
DM , at low temperatures measured by inelastic neutron scat-
tering (INS) may provide us new insight into the origins of
these ultralow-energy anomalies. The magnon dispersions of
YIG have been measured by INS [11,17–19] because INS
is one of the best tools to study the magnon dispersion
over a broad rang of a momentum-energy (Q, E ) space. Fur-
thermore, owing to the recent high-intensity pulsed neutron
sources, it becomes possible to study the energy dependence
of the magnon dispersions up to 200 meV and also measure
them down to the low energies such as 10 μeV by using
high energy-resolution backscattering spectrometers. In our
recent study [18], a universal relation between the MDOS
and the Q-integrated dynamical spin susceptibility χ ′′(E ) was
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obtained based on the isotropic quadratic dispersion model.
Thus, combining this model with the high-energy resolution
of DNA, the magnon dispersion at the ultralow energy can be
estimated with high accuracy that is sensitive to the energy
gap in the magnon dispersion. Here we report an anomalous
behavior that the Zeeman gap is closing even under a magnetic
field only along [111] at low temperatures revealed by the
ultralow-energy measurement of the high-energy-resolution
backscattering spectrometer DNA at J-PARC. The tendency
is supported by specific heat capacity measurement under the
magnetic field. We also observed the peak structure below
30 K in the temperature dependence of magnetization only
under the magnetic field along [111].

II. EXPERIMENTAL PROCEDURES

A single crystal of YIG was grown by a traveling solvent
floating zone furnace [20] with four halogen lamps (FZ-
T-4000-H-II-S-TS, Crystal Systems Co., Ltd.) at a rate of
0.6 mm/h under an air flow of 2 L/min. The crystal was
grown along the magnetic easy axis [111] at an accuracy
within 3◦ from a seed YIG crystal. The crystal was 5.5 mm
in diameter and 38 mm in length with a weight of 5.1 g.
YIG has a crystallographic cubic symmetry [21] of Ia3̄d (no.
230) with a lattice parameter a = 12.38 Å at 300 K. The
chemical composition is Y2.84±0.09Fe5O11.57±0.21, determined
by a single-crystal neutron diffraction analysis [18].

A magnetic field of about 0.1 T was applied along the
[111] direction, which is the rod crystal growth direction
to remove magnetic domain walls by a pair of permanent
magnets, Magfine NR0010 (Aichi Steel Co., Ltd.) with a
residual magnetic flux density Br ∼ 1.2 T.

Ultralow-energy magnon excitation of YIG has been mea-
sured below 45 μeV by an inverted-geometry spectrometer
DNA (BL02) [22] at J-PARC. A high-energy resolution of
3.44 ± 0.02 μeV at E = 0 meV was obtained by using pulse-
shaping chopper with a 3 cm slit at a rotating speed of 225 Hz.
The vertical Q resolution was about 0.02 Å−1. UTSUSEMI

software is used for the analysis of the data sets obtained at
DNA [23]. By normalizing the observed magnon intensity to a
standard vanadium tube with a similar size to our YIG crystal,
the Q-integrated dynamical spin susceptibility χ ′′(E ) was ob-
tained [18]. The magnetic Bragg peak tail was subtracted from
the inelastic scattering intensity by a fitted Gaussian peak.
Because of the ambiguity of the ultralow-energy magnetic
Bragg tail, intensities below 10 μeV (12 μeV at 10 K) were
excluded. The Bragg tail subtraction was checked by the en-
ergy dependence of the obtained dynamical spin susceptibility
χ ′′(E ), which is expected to have a square root of energy
dependence. The errors are estimated as standard deviations.

At the magnetic Bragg point of Q = (0, 2, −2) in Fig. 1,
the magnetic field direction is normal to the scattering vec-
tor Q. On the other hand, the outer magnetic field 30 cm
away from the sample position was suppressed down to
about 0.1 mT by making a magnetic circuit with an iron
or permalloy frame through the crystal to prevent possible
neutron detector errors at DNA. Here we define the scat-
tering wave vector Q as Q = Qa(1, 1, 1) + Qb(0,−1, 1) +
Qc(2,−1,−1). Qa, Qb, and Qc are in reciprocal lattice units
(r.l.u.). The final energy E f of DNA with Si(111) analyzer

FIG. 1. Crystal setting diagram in (Qa, Qb, Qc) at DNA spec-
trometer. (a) Qa-Qb scattering plane. Q is the scattering vector of
(0, 2, −2). Magnetic field μ0H is applied normal to Q. (b) Qa-Qc

reciprocal plane. The intensity in the yellow rectangular region is
integrated.

was 2.08 meV. The intensity around (0, 2, −2) was integrated
in the range of ±0.05 r.l.u. in Qa, ±0.04 r.l.u. in Qb, and
±0.075 r.l.u. in Qc, as indicated by the rectangular region in
Fig. 1. The (0, 2, −2) is the strongest magnetic Bragg peak,
which includes the nuclear Bragg reflection with 2.2% of the
total intensity. The INS measurements were carried out at 10,
50, 100, 150, 200, and 300 K. It typically takes about 10 h
for one measurement under a proton beam power of about
300 kW at J-PARC. The neutron absorption coefficient A∗
of our single-crystal YIG was estimated to be 0.54 based on
our numerical calculation. The Q-integrated magnon intensity
at each energy was obtained by the full integration in 3D
reciprocal space at around the � point. Magnetic susceptibility
and specific heat capacity measurements were carried out un-
der magnetic field cooling using single crystals with ∼20 mg
by Physical Property Measurement System with 9 T magnet
(Quantum Design Co., Ltd.). The applied magnetic fields may
be reduced to less than two thirds of the applied values due
to the demagnetization effect of our small block crystals. On
the other hand, a large single crystal for neutron scattering
has a cylindrical shape along the magnetic field, leading to
the negligible demagnetization effect. This is proved by the
Zeeman energy gap value as described below.

III. RESULTS AND DISCUSSION

To estimate the magnon dispersion from the energy de-
pendence of the dynamical spin susceptibility χ ′′(E ) on an
absolute scale, we use the following equation:

(
d2σ

d�dE

)
M

= (γ re)2

πg2μ2
B

k f

ki
f 2(Q)t2(Q){1 + (τ̂ · η̂)2}av

×{1 + n(E )}χ ′′(Q, E ), (1)

where the constant value (γ re)2 = 0.2905 barn sr−1, g is the
Landé g-factor, μB is the Bohr magneton, ki and k f are the
incident and final wave vectors, and the isotropic magnetic
form factor f 2(Q) of Fe3+ at the (220) plane is 0.8059
(Q = 1.44 Å−1). The dynamic structure factor t2(Q) [24] is
approximated to be a squared static magnetic structure factor
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FIG. 2. Energy dependence of Q-integrated dynamical spin sus-
ceptibilities χ ′′(E ). (a) χ ′′(E ) and DM at 300 K with (open circles)
and without (closed circles) a magnetic field. Solid lines are fitted by
Eq. (2). (b) χ ′′(E ) in the temperature range from 10 to 300 K with
a magnetic field of 0.1 T along [111]. The highest values with large
error bars are measured at 10 K. (c) Temperature dependence of fitted
parameters, χ ′′

0 (open circles) and Eg (closed circles) in Eq. (2). The
solid lines are guides to the eye.

relative to full moments, i.e., t2(Q) ≈ F 2
M (G)/F 2

M0 = 13/25
at G = (0, 2,−2), where G is a magnetic reciprocal lattice
vector, τ̂ is a unit vector in the direction of Q, η̂ is a unit
vector in the mean direction of the spins, the angle-dependent
term {1 + (τ̂ · η̂)2}av is 1 and 4/3, with and without magnetic
fields, respectively, and n(E ) is the Bose factor.

The obtained imaginary part of Q-integrated dynamical
spin susceptibility χ ′′(E ) in the Brillouin zone is shown as a
function of energy in Figs. 2(a) and 2(b). The E dependence of
χ ′′(E ) for a quadratic dispersion case becomes a square-root
function of energy [8]. Based on our previous study [18], the
MDOS in the quadratic dispersion model is proportional to
χ ′′(E ). The dynamical spin susceptibility χ ′′(E ) is described

as follows:

χ ′′(E ) = χ ′′
0

√
E − Eg, (2)

where the coefficient is given by χ ′′
0 = {g2μ2

BS(S +
1)D−3/2}/{(2π )240} with a stiffness constant D, 40 the
number of Fe sites in the crystal unit cell, and the spin
S = 5/2. The value g2μ2

BS(S + 1) is about 35 μB
2Fe−1 for

Fe3+. The energy gap Eg in YIG is approximated as the
summation of Zeeman energy by an applied magnetic field
μ0H and anisotropy field KS2

z as follows:

Eg = gμBμ0H + KS2
z , (3)

where the latter anisotropy term is estimated as 0.9 ± 0.5 μeV
from a zero-field measurement. The total gap value becomes
11.0 ± 0.5 μeV from a magnetic field measurement. The
Zeeman energy gap becomes 10.1 ± 0.7 μeV, suggesting the
applied magnetic field μ0H of 0.088 ± 0.006 T. The obtained
value is consistent with 0.1 ± 0.01 T measured by a Gauss
meter 5180 (F. W. Bell Co., Ltd.). The magnetic intensity
is expected to decrease under a magnetic field normal to
the Q vector by a factor of 3/4. The solid lines with the
fixed ratio reproduce the intensities very well as shown in
Fig. 2(a). Based on this result, we can conclude that the
magnetic domains are randomly oriented under no magnetic
field, whereas the magnetic domain walls are fully removed
from the crystal under the magnetic field of 0.1 T. Figure 2(b)
shows the temperature dependence of the MDOS. It abruptly
increases at T = 10 K. The fitted parameters are shown in
Fig. 2(c). The Zeeman energy gap appreciably closed at 10 K.
The observed intensity at 10 K was weak due to the small Bose
factor, resulting in the scattering of χ ′′(E ) in Fig. 2(b). In the
fitting, ambiguity remains due to the large errors. However,
the closed gap at 10 K is confirmed by the specific heat
capacity measurement under the magnetic field along [111]
as discussed later. Based on the energy dependence of χ ′′(E ),
the magnon stiffness constant D is estimated by

D =
{

g2μ2
BS(S + 1)

(2π )240χ ′′
0

}2/3

. (4)

Then, by using the stiffness constant D, the magnon dis-
persion becomes

E = Da2q2 + Eg. (5)

In Fig. 2(c) χ ′′
0 increases from 151.6 ± 3.7 μB

2 eV−3/2

Fe−1 at T = 300 K to 177 ± 25 μB
2 eV−3/2Fe−1 at 10 K.

The temperature dependence of χ ′′
0 suggests the slight soft-

ening of magnon with decreasing temperature, contrary to our
expectations. The stiffness constant Da2 estimated from χ ′′

0
decreases from 425 ± 7 meV Å2 at 300 K to 383 ± 76 meV Å2

at 10 K. The value at 10 K is smaller than our previous result
of 633 ± 17 meV Å2 at ∼20 K obtained from the magnon
dispersion in an energy range from 2 to 14 meV [18]. These
results suggest the suppression of Zeeman energy gap and
magnon softening at 10 K under the magnetic field along
[111].

To confirm the magnetic anomaly below 50 K, the magneti-
zation and specific heat capacity of YIG have been measured.
They also give us important information about the low-energy
magnons [25]. Figures 3(a) and 3(b) show the temperature
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FIG. 3. Magnetizations as a function of temperature. Observed
magnetization under a magnetic field of 0.5 T along [001] (a) and
[111] (b) (solid lines) with Bloch-type magnetizations (broken lines)
fitted in the temperature range from 150 to 350 K. Enlarged tem-
perature dependences of magnetizations at μ0H = 0.5 T along [001]
(c) and [111] (d). The insets show the magnetic field dependence of
the magnetizations. The horizontal thin line in (d) is a guide to the
eye.

dependence of magnetization under the magnetic field cooling
of 0.5 T along [001] and [111], respectively. Because there
is ambiguity of the demagnetization effect of the measured
small crystals, the magnetic field of 0.5 T was applied in
Fig. 3. The insets in Figs. 3(c) and 3(d) show the magnetic
field dependence from 0.1 to 0.5 T. They show that 0.1 T
is not large enough to have the full magnetization of YIG
due to the demagnetization effect of the small crystals. At
low temperatures, the magnetization is usually decreased by
the magnon excitation, where the temperature dependence is
expressed by the Bloch T 3/2 rule [8]. However, the Bloch
rule can be applied to the magnetization only above 150 K as
shown in Figs. 3(a) and 3(b). The fittings lead to similar values
of ζ = 5.96 to 5.97 × 10−5 K−3/2 in M = M0 (1 − ζT 3/2).
They are slightly larger than the reported values, 5.20 to
5.83 × 10−5 K−3/2, in the previous study [8]. Below 50 K,
the magnetization under a magnetic field along [001] shows
a continuous increase with decreasing temperature [Fig. 3(c)].
On the other hand, a peak appears at approximately 25 K in the
magnetic field along [111] [Fig. 3(d)]. A plausible explanation
for the peak is that the onset of a canted ferrimagnet in a
magnetic field along [111].

Specific heat capacity measurement has also been carried
out to observe the anomalous behavior at around 25 K as
shown in Figs. 4(a) and 4(b). A three-dimensional ferromag-
net or ferrimagnet magnon without a gap is expected to show
a specific heat capacity proportional to T 3/2, in addition to the
phonon term of T 3 at low temperature [26] as follows:

C

T 3/2
= A + BT 3/2, (6)

where A = 0.113kB(Da2/kB)−3/2, B = 12π4NAkB/(5θ3
D)

with kB the Boltzmann constant, NA the Avogadro number
for the formula weight (Y3Fe5O12), and θD the Debye
temperature. In Figs. 4(a) and 4(b), C/T 3/2 is plotted as a
function of T 3/2. Figure 4(a) shows the specific heat capacity
in a wide temperature range. The difference between two
magnetic field directions is apparent below around 150 K.
It suggests that the magnon anomaly starts from 150 K, as
observed in the non-Bloch-type temperature dependence of
magnetization below 150 K. In a ferromagnetic resonance
study of YIG, the first-order anisotropy constant shows an
anomalous increase below 150 K [27]. They may have a
common origin, although the anomaly was not detected by
the present neutron scattering study. Figure 4(b) shows the
same data at low temperatures below 14 K. Extrapolation to
the y axis gives the stiffness constant Da2, whereas the slope
is related to the Debye temperature θD, which is expected
to be common for all the plots in Fig. 4(b). However, both
parameters below 9 K (∼25 K3/2) are very different between
the two plots. In the case of μ0H along [001], A becomes
−2.8 ± 0.2 × 10−4 J/mole/K5/2, whereas A is 8.17±
0.02 × 10−3 J/mole/K5/2 at μ0H along [111]. This finite
magnon contribution to the specific heat capacity suggests the
disappearance of the energy gap in the magnon dispersion.
The stiffness constant Da2 from the A value at the magnetic
field along [111] was estimated as 312 meV Å2. This value is
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FIG. 4. Specific heat capacity C/T 3/2 is plotted as a function of
T 3/2. (a) The magnetic field directions are parallel to [001] (red dots)
and [111] (black dots) under 1 T. Both heat capacities are plotted
in a wide temperature range up to 250 K. The upper values (red
dots) around a peak at T = 96 K (∼920 K3/2) are measured at μ0H
= 1 T along [001], which become lower at low temperatures than
those (black dots) measured at μ0H = 1 T along [111]. (b) Enlarged
temperature dependence of the heat capacities for [001] (red open
circles) and [111] (black closed circles) magnetic fields at low
temperature below 14 K. The difference becomes large below T =
9 K (∼25 K3/2). The linear solid lines are fitted results within the
range, extrapolated to the ends.

consistent with 383 ± 76 meV Å2 obtained from an ultralow-
energy magnon at 10 K. These values are smaller than our
previous result of 633 ± 17 meV Å2 estimated from the high-
energy magnon at ∼20 K. The consistency of two stiffness
constants obtained from two methods at low temperature
suggests low-energy dispersion flattening from the simple
quadratic dispersion in addition to the disappearance of the
Zeeman energy gap. As for the Debye temperature, it changed
the value depending on the magnetic field direction. In the
case of a magnetic field along [100], the Debye temperature
was 195.8 K, whereas it became 277.0 K at the magnetic field
along [111]. This lattice hardening is observed below 9 K as
shown in Fig. 4(b). In the whole range of temperature, there
were no peaks in the temperature dependence of specific
heat capacity, suggesting no appreciable phase transition.
Therefore, this anomaly can be categorized into a crossover
from a ferrimagnet to a canted ferrimagnet.

Let us discuss the new crossover observed at around 25 K
below the precursor anomaly at around 150 K. As for the pre-
cursor anomaly, the deviation from Bloch rule below 150 K in
Fig. 3(a) reaches at 3.6%(H ‖ [100]) and 4.0%(H ‖ [111]) at
the lowest temperature of 2.5 K. The amount of suppressions
corresponds to about 15.4◦ and 16.3◦ in the canting angles
of magnetic moments, respectively. On the other hand, the
observed magnetization suppression by the peak indicated in
Fig. 3(d) is the order of 0.1%. Although it is small, this magne-
tization anomaly accompanies the Zeeman-gap closure. The
origin of this anomaly is expected to be the same as the dielec-
tric relaxation anomaly identified in the same temperature and
the same magnetic field direction dependences [13]. For the
appearance of dielectric constants in this temperature range,
the lattice distortion should couple to the spin via a spin-orbit
coupling. As for the crystal structure of YIG, it is trigonally
distorted at room temperature [18]. Therefore, the symmetry
axis [111] coincides with the present magnetic field direction
along the [111] axis, which is also the magnetic easy axis.
However, it is puzzling why the dielectric property appears
at the low temperatures without any phase transition. One
possible scenario is that thermally activated itinerant Fe2+

impurities are frozen out at the low temperature [13]. Impurity
Fe2+ centers are expected to provide large spin-orbit coupling
effects [28]. Therefore, the observed magnetic anomaly may
appear through the spin-orbit coupling effect due to the local-
ization of Fe2+ centers. Since this perspective is worth further
investigating we will pursue this subject in a future study.

Low-temperature spin Seebeck effect strongly depends on
the ultralow-energy MDOS. The present anomaly appears un-
der a magnetic field along [111]. So far, there is no experiment
under this condition. It is necessary to check how the spin
Seebeck effect changes depending on the magnetic field direc-
tions relative to the crystal axis. Closing the Zeeman energy
gap must increase the spin current at low temperatures. On the
other hand, the χ ′′

xy chirality mode may change the character
with the spin canting in the low-lying acoustic magnon mode,
which might effectively reduce the spin current. These types
of experiments may provide further information about the spin
Seebeck effect.

IV. CONCLUSIONS

The dynamical spin susceptibility χ ′′(E ) is measured on
an absolute scale at the high-energy resolution backscattering
spectrometer DNA of J-PARC MLF as a function of energy
in the ultralow-energy range below 45 μeV. By using the
relation between the magnon dispersion and the dynamical
spin susceptibility χ ′′(E ), it is possible to investigate ultralow-
energy magnons. This method is effective especially for the
study of ultralow-energy magnons. By this method, the Zee-
man energy gap anomaly is found under a magnetic field of
about 0.1 T along [111] below 50 K in YIG. The similar
anomaly is also observed by the magnetization measurement
under the magnetic field along the same direction. In addition,
the specific heat capacity measurement also reveals that the
Zeeman energy gap closes at low temperatures. The present
results suggest that the ultralow-energy magnon dispersion
is flattened from the simple quadratic function under the
magnetic field. All these anomalies correspond to our find-
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ing of a magnetic crossover in YIG below 30 K under the
magnetic field along [111]. This anomaly can be used to reveal
spintronic phenomena, such as spin Seebeck and ultrasound
spin pumping effects.
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