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Interaction of spin-orbital-lattice degrees of freedom: Vibronic state of the
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A powder inelastic neutron-scattering study of HoBaFe;O; (HBFO) revealed characteristic magnetic
excitations associated with geometrical spin frustration. Dispersionless excitations in energy (w) and wave-vector
(Q) space are observed at several discrete energies. Some of them can be attributed to crystal-field excitations of
Ho*" in octahedral symmetry, but the others are explained instead by the vibronic state of the Fe?* dynamical
Jahn-Teller effect with orbit-spin coupling, indicating interaction among the spin, the orbital, and the lattice
degree of freedom. The antiferromagnetic HBFO lattice has cubic symmetry, and both Fe>* and Fe*" reside on
corner-sharing tetrahedra with a number ratio of 3:1. Even though Fe*" is a Jahn-Teller active ion in tetrahedral
symmetry, the system does not exhibit any static lattice distortion to the lowest temperature studied (4 K).
The observed excitations can be understood by considering the dynamical interaction among spin-orbital-lattice
degrees of freedom, indicating that spin fluctuation due to the frustration effect induces the dynamical Jahn-Teller
effect, although in most cases a Jahn-Teller active ion Fe?" takes the static Jahn-Teller effect in a magnetic oxide

system.
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I. INTRODUCTION

Frustrated spin systems exhibit a variety of physical
phenomena, such as strong suppression of magnetic ordering
temperature 7y and nontrivial magnetic order. Up to now,
the study of frustrated spin systems has been focused mainly
on the ground state and/or a relatively small energy (w ~ 0)
region [1-3]. In neutron scattering studies, characteristic
scattering patterns have been reported for C15 Laves [4],
spinel [5,6], pyrochlore [7-9], garnet [10], etc. [11]. How-
ever, recent work using neutron-scattering measurements has
shifted to investigating spin dynamics in wide energy (w)
and wave-vector (Q) regions. Thanks to recent developments
in neutron-scattering technology, in particular facilities with
chopper-type spectrometers, we can easily access wide w and
Q regions at once with high-intensity and low-background
signals. Accordingly, a lot of neutron time-of-flight work on
frustrated systems has been carried out [12—-15]. Regardless of
quantum and classical system, spin dynamics are considered
an even more critical issue in frustrated spin systems.

To extract pure frustration effects of spin dynamics, a
three-dimensional classical spin system is ideal because spin
fluctuation is not disturbed by either the quantum effect or the
low-dimensional effect [16] as an origin of fluctuation of phys-
ical properties. Therefore, we carried out a neutron-scattering
measurement for YBaFe,O;_s (YBFO) [17] recently, and
we found streaklike magnetic scattering extending up to at

least @ ~ 80 meV [18], around Q = Q, (~1.25 Ail), which
corresponds to the hexagon correlation of Fe spins. Although
at first glance streaklike scattering resembles that of itinerant
electron systems [4,19,20], it can also be found in oxide
systems with a lattice consisting of corner-sharing tetrahedra
[17,21]. We interpret streak scattering as instantaneous anti-
ferromagnetic correlation within hexagon spin clusters, that is,
spins are fluctuating in a wide energy range maintaining this
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type of correlation. The observed behavior is attributable to a
frustrated spin nature.

In oxide insulators of RBaFe;O; (RBFO) (R =Y, Lu, In,
Sc, Dy, Ho, Yb, etc.), with a relatively small ionic radius of
R, the crystal structure tends to have cubic symmetry [23-26].
The number ratio of Fe?t and Fe** is 3:1, and both ions
reside on corner-sharing tetrahedra. Although in most cases a
Jahn-Teller active ion Fe?" takes the static Jahn-Teller effect in
amagnetic oxide system, the system does not exhibit any static
lattice distortion to the lowest temperature, and any charge
ordering such as Fe;O4 [27-29] is not reported [24], that is,
the system is an insulator in the entire temperature range.

Interestingly, for the R = Ho case, effective magnetic
moments of Fe ions are estimated to be quite a bit smaller
[22] than those of YBaFe O7_s (YBFO) [17] in a magnetic
susceptibility measurement. In the present paper, we report
a neutron inelastic-scattering study on HoBaFe,O; (HBFO),
and we present an aspect of the frustrated spin feature. In this
way, we can systematically investigate a variety of excitations
by R ion substitution, and these investigations provide other
opportunities for studying pure frustration effects, because the
ligand field of cations at Fe sites is different from that of spinel
and pyrochlore.

II. SAMPLE PREPARATION AND EXPERIMENTAL
METHOD

A powder sample of HBFO with cubic symmetry (space
group F43m) was prepared by a two-step solid-state reaction.
First, a mixture of BaCO3; and Fe,O3; with a molar ratio
of 1:1 was ground and pressed into pellets, which were
heated at 1200 °C for 12 h in air to obtain BaFe,O,4. Next, a
stoichiometric mixture of Ho, O3, BaFe, 4, Fe, and Fe, O3 was
ground and pressed into pellets, which were heated at 1100 °C
for 24 h in argon gas. A magnetic susceptibility measurement
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FIG. 1. (a) Magnetic susceptibility () -temperature (7") curves
measured under zero-field-cooling [ZFC (closed symbols)] and
field-cooling [FC (open symbols)] conditions with the magnetic field
H = 5k Oe. The inverse magnetic susceptibility 1/ is also shown.
(b) M-H curves at T = 5 and 300 K.

was performed with a SQUID system. We confirmed that no
impurities have been found in x-ray diffraction and neutron-
scattering measurements. The neutron-scattering measure-
ment was carried out with the spectrometer AMATERAS (BL-
14) [30] located at Materials and Life Science Experimental
Facility (MLF) of Japan Proton Accelerator Research Complex
(J-PARC). We used multi-incident neutron energies with E; of
27.59, 11.66, and 6.389 meV. The sample was loaded into a
sample can made of aluminum. All neutron-scattering data
were analyzed with the software suite UTSUSEMI [31].

III. RESULTS AND DISCUSSION

A. Magnetic susceptibility

Figure 1(a) shows the magnetic susceptibility and inverse
magnetic susceptibility versus temperature (7') curves of
HBFO under a magnetic field (H) of 5k Oe. The field-cooling
(FC) and zero-field-cooling (ZFC) curves trace almost the
same path over the whole temperature range. Any apparent
sign of antiferromagnetic correlation cannot be seen in the
curves, but it does not always suggest that correlations of Fe
spins are absent. Figure 1(b) shows the M-H curves of HBFO
at T =5 and 300 K, indicating HFBO is a paramagnetic at
room temperature. From the inverse magnetic susceptibility
in Fig. 1(a), the Curie-Weiss temperature ® is estimated to
be —18 K, and the Curie constant is 23.98 emu/K/mol.
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Then the effective magnetic moment of HBFO is estimated
to be 2.77 5 /magnetic ion. It is significantly smaller than the
simple sum of the spin moments of Ho’>" and the high spin
state of Fe2T and Fe>*, even thou gh there is not the interaction
between Ho and Fe ions. Compared to the distance between
Fe ions, ~3/°\, since the distance between Ho ions is ~6A and
is too far to be effective, the interaction between Fe and Ho
sublattices is negligible. We have summarized the discussion
as a separated work, and it is given in another report [22].

B. Neutron scattering

The neutron-scattering intensity (/) maps at 4 K in w-Q
space of HBFO are shown in Fig. 2 for various incident
energies E;. In Fig. 3, the data with a Bose factor correction
are shown for a fixed E; of 27 meV at several temperatures.

The streaklike scattering at Q ~ 1.25 A™" s not clear in
HBFO as compared with the YBFO case [17]. We can
see discrete dispersionless excitations at, e.g., 0.8, 2.3, 5-7,
10.5, and 16 meV in Figs. 2 and 3. At low temperatures,
the 10.5 and 16 meV excitations are clearly observed,
but the 5 meV excitation is rather obscure. With increasing
T, the 5-7 meV excitation becomes clearer, but the 10.5 and
16 meV excitations have opposite behavior, suggesting that
the 5—7 meV excitation has a phonon origin, and the 10.5 and
16 meV excitations have a magnetic origin. The details will be
discussed in Sec. III B 2.

1. Elastic-scattering data

Figure 4(a) shows the elastic-scattering profiles along the Q
direction of the 1(Q,w) maps (Figs. 2 and 3 of E; = 27 meV),
which were obtained by integrating over the sliced region of
—1 < |w] <1 meV at T =4 and 200 K. Here, to see the T
difference easily, the baseline (background) of each profile is
shifted slightly. It is noted that the d-resolution on the elastic
profile of sliced 1(Q, w) observed by chopper spectrometers
is coarser than that of diffractometers, because the design
concepts of chopper spectrometers and diffractometers are
different. Chopper spectrometers are optimized for taking
inelastic-scattering (INS) data, while diffractometers focus
on taking only elastic-scattering data. Therefore, we have
evaluated the structural distortion of HBFO by the minimum
instrumental d-resolution Ad/d ~ 2.9% (E; =6 meV at
Q ~ 3 A) from the full width at half-maximum of Bragg
reflections in the high-Q position. Although in most cases
a Jahn-Teller active ion Fe>T in tetrahedral symmetry causes a
few percent order of lattice distortion [32], no peak broadening
or splitting was detected in HBFO down to the lowest T we
studied. Considering that the HBFO system maintains cubic
symmetry, we can ensure octahedral (Oj,) coordination without
deformation. Only the thermal contraction of bond lengths
is obtained, as shown in the inset of Fig. 4(a). Figure 4(b)
show the temperature dependences of the elastic profiles taken
with E; =27 (top) and 6 meV (bottom) to emphasize the
magnetic diffuse scattering. The scattering intensity gradually
increases with decreasing temperature. The peak top position

o1, .

of 0, = 1.25A  isthe same as the characteristic wave-vector
position of isostructural YBFO, and it suggests that the antifer-
romagnetic correlation within an Fe hexagon cluster develops
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FIG. 2. Map of 1(Q,w) at4 K with E; of (a) 27, (b) 11, and (c) 6 meV. The data have not been corrected using the Bose factor.

with decreasing T'. In corner-sharing tetrahedra, all the spins
participate in forming one of four different hexagons [see
Fig. 4(a), inset], where a network of corner-sharing tetrahedra
is shown, for example. The elastic-scattering intensities with
E; = 6 and 27 meV as a function of temperature are shown
in Fig. 4(c). The difference can be seen, and this is due to the
broad range of fluctuations in energy spectra [33].

2. Inelastic-scattering data

For the dispersionless excitations at several discrete ener-
gies, which can be seen in Figs. 2 and 3, it is easy to associate
them with crystal-field excitations of Ho’* in O}, symmetry,
since HBFO involves rare-earth Ho ions. The Hamiltonian of
the crystal field of HoOg >~ in O, symmetry is written as

i, = Bs(04 + 505) +Bo(0f — 2107),

where the O]} are angular momentum operators, and B,, are
the crystal-field parameters [34,35]. A simplified prediction
by Lea, Leak, and Wolf (LLW) [36] is available in cubic
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FIG. 3. Map of x"(Q, w) at T of (a) 40, (b) 100, (c) 200, and
(d) 300 K for E; = 27 meV. The data have been corrected using the
Bose factor. The data of T = 4 K are displayed in Fig. 2(a).

symmetry to obtain the crystal-field parameter for the f%ﬂHOéEF
Hamiltonian. To obtain the overall possible value of the ratio
between B4 and Bg, we used the reduced form of LLW.
Here, by = B4F(4) = Wx, bg = BcF(6) = W(1 — |x|), and
x/(1 — |x]) = F(4)B4/F(6)Bg = bs/bs, where —1 < |x| < 1,
W is a scale factor determining the total splitting of the
ground-state J multiplet, and F(4) and F(6) are multiplicative
factors. Then, we obtain the Ho>t crystal-field excitations in
Oy, symmetry at 0.9, 2, and 40 meV (and beyond), as shown in
Fig. 6 (right), which is almost the same as Ref. [37]. Therefore,
the 0.8 and 2.3 meV excitations of HBFO can be ascribed to
the CF excitations of Ho>* in octahedral symmetry.
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FIG. 4. (a) Elastic scattering profiles (E; =27 meV )at T =4
and 200 K. The baseline for each profile is displaced. The inset
shows the crystal structure of cubic 114 ferrite HoBaFe,O5. The bold
sticks indicate one of the hexagons of Fe spins. The number ratio
of Fe’* to Fe** sites is 3:1. They form corner-sharing tetrahedra.
The lattice constants and the bond lengths at 4 and 200 K are
shown. (b) Temperature dependences of the elastic diffuse scattering
profiles obtained at E; =27 meV (top) and 6 meV (bottom).
(c) Incident energy dependence of the elastic-scattering intensities
onQ=1.1 A vs temperature. The Q position is not influenced by
Bragg peaks and easily observable temperature change. Throughout
this paper, error bars represent standard deviation.
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the buried peak (solid line), which was obtained from the data by subtraction of elastic and two CF of Ho>* components (dotted lines). (c) Q
profiles at T = 4 K for w = 0.8, 2.3 (E; = 11 meV), and 10.5 meV (E; = 27 meV). The data are obtained from the sliced data (integrated
with Aw = 0.2 meV width for E; = 11 meV and Aw = 0.4 meV width for E; =27 meV ) of Fig. 2. The curve of the hexagon model is

superimposed on the w = 10.5 meV data.

The energy spectra at various temperatures with E; = 6 and
27 meV are shown in Fig. 5(a). Here, Q is integrated over 0.6 <

| O |1<25 A_l. Since magnetic scattering signals come only
from the dispersionless excitations and the diffuse scattering,
we can recognize that the quasielastic scattering originating
from the diffuse scattering is less than ~5 meV by the energy
spectral data with E; = 6 meV . Figure 5(b) shows the dynam-
ical susceptibility x"(w) = I[(Q,w,T)[1 — exp(—hw/kpT)],
and the data are connected on w = 5 meV with the different
incident energies E; = 6 and 27 meV. The peak widths of 0.8
and 2.3 meV excitations are considered to be almost the same.
Therefore, we can extract one more peak at 3 meV around
the 1.8-5 meV region [see the inset of Fig. 5(b)]. Then, the
observed energy levels of the dispersionless excitations are
summarized in Fig. 6 (middle). The w = 10.5 meV excitation

shows two peaks at QO = 1.25 and 2.7 A [dashed line
positions in Fig. 5(c)], which are characterized by a hexagonal
spin cluster [see the inset of Fig. 4(a)]. There is a clear
difference between the w = 10.5 meV excitation and the
w = 0.8 and 2.3 meV excitations, which are attributable to
the CF excitation of Ho** in O, symmetry. The dispersionless
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FIG. 6. From left to right: schematic energy levels of estimated
Fe>™ and actually observed excitation energy levels, and schematic
energy scheme of estimated Ho®* CF levels. In the vibronic mode of
Fe”" splitting, the transitions are displayed and the selection rule is
labeled. The m, e, and m + e labels denote magnetic, electronic, and
magnetic+electronic origin, respectively.
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excitations at 3, 10.5, 5-7, and 16 meV are not simply
attributed to the CF origin of Ho*" in 0, symmetry.

As mentioned in Figs. 2 and 3, the dispersionless excitations
can be confirmed clearly at 0.8, 2.3, 10.5, and 16 meV, although
that of 5-7 meV looks obscure. With increasing T, all inelastic
peak intensities decrease, indicating their magnetic origin. In
addition, the static Jahn-Teller distortion is not observed in
HBFO, although Fe*" in tetrahedral (7,;) symmetry is a Jahn-
Teller active ion, and it normally brings lattice distortion to the
system. In this case, we can expect the dynamical Jahn-Teller
effect to result in multiplet splitting of the Fe?" magnetic ion
state (vibronic mode) [38,39]. Here, Fe’* in T} symmetry
brings only the S5 /2 state, and no contribution is expected to
the lattice distortion. The spin Hamiltonian J#.+ including
orbit-spin coupling is described as

e = 0+ V(Ty) + ALS + s + Hr,
My = —p[(LS)* 4+ (1/2)LS — (1/3)L(L 4+ 1)S(S + 1)],

where .77 is a free-ion Hamiltonian, V.(T}) is the tetrahedral
potential, X is the strength of the spin-orbit interaction, J&
is the spin-orbit interaction Hamiltonian, p is the spin-spin
interaction, L is the orbital angular momentum, S is the
spin angular momentum, and %%t is the Hamiltonian of the
dynamical Jahn-Teller interaction, that is, the electron-phonon
coupling.

Detailed theoretical treatments can be found elsewhere, and
we took some parameters from previous works [40—43] and ob-
tained parameters of the Hamiltonian to reproduce the discrete
energy levels: A = 11.5 meV, p = 0.12 meV, and effective
orbit-spin splitting energy & = 6(A%/A + p) =2.34 meV.
Here, A is the energy separation between > 75 and > E, taking an
approximate value with 620 meV. We also obtained the E(I"3)
state from the transverse branch by the Jahn-Teller coupling
energy iw = 1.0 meV. The results for the energy levels of
Fe?* in T; symmetry are summarized in Fig. 6 (left-middle).
The labels m, e, and e + m denote the selection rule of
magnetic (m) and electric (e) transitions [38,40-43], and the
e + m mode indicates coupling of spin-orbit-lattice degrees of
freedom. In fact, the T dependences of the peak intensities at
w =3 meV (m) and 10.5 meV (m) are different from those
of 5-7 meV (e +m) and 16 meV (e), which are in accor-
dance with the selection rules. With regard to the existence
of the hexagonal clusters mentioned above, we tried to explain
the energy level scheme using an isolated hexagonal spin ring
model of Fe’* as in Refs. [44,45] because some discrete
dispersionless excitations have been successfully described
by the isolated spin ring model [12]. However, the isolated
spin ring model could not reproduce the energy scheme of
the present system. Although there are some explanations for
the similar discrete energy levels by electromagnetic splitting
[46,47], local resonance inelastic scattering [48], etc., we
think that the treatment of a vibronic state by the dynamical
Jahn-Teller effect has something to do with the isolated spin
ring model treatment, but it has not been solved yet.

C. Scaling rule

The scaling rule of HBFO has been studied to compare that
of YBFO [17]. By profiling from previous works [49-51], the
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x"(w)T* versus w/T scaling plot is generated in Fig. 7(a).
Here, x”a(w) is used from Fig. 5(b) and the integration does
not affect x”(w), as mentioned in Figs. 5(a) and 5(b). We
found o = 1 in the T range between about 20 and 150 K.
This scaling rule indicates that the spin dynamics of HBFO
can be treated by a model of typical spin glass, whereas
the spin dynamics of YBFO suggested a quantum critical
phenomenon with o« = 1/3 [17]. However, no spin-glass-like
behavior is observed, at least in the magnetic susceptibility
of HFBO. Figure 7(b) shows the temperature dependences of
the scattering intensities at w = 1.6 and 9 meV on several
Q positions. To avoid any disturbance of dispersionless
excitations, we selected the @ = 1.6 and 9 meV positions.

The QO ~ 1.25 and 2.7 AT points were chosen as positions
of the dominating diffuse scattering, while the other Q points
were chosen as positions that are free from diffuse scattering.
The tail of the diffuse scattering, namely quasielastic scatter-
ing, is decreasing as the temperature increases. On the other
hand, the intensity at = 9 meV as a representative position
of 5-10 meV becomes maximum around 40 K. Since all
intensities are decreasing as temperature and Q increase, these
physical features are attributable to the magnetic origin. At
first glance, it appears that there are two components, but this
can be understood simply as one-component behavior with a
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gradually change from quasielastic scattering (of the magnetic
diffuse scattering) to inelastic scattering around 40 K. As the
temperature increases, thermal fluctuation becomes dominant
and magnetic correlations become obscure. The behavior is a
typical feature of spin glass, and we can see similar behavior
in another frustrated magnet [52].

In R = Ho, the spin fluctuation of Fe ions seems to
be weaker than that of R =Y, and it is considered to be
suppressed by the existence of the Ho ion. This may be
due to an effect of Ho ions on Fe spins, although we have
not considered the interaction of energy modes between
Ho** CF and Fe*" of the dynamical Jahn-Teller effect. We
suppose that the time scale of the Fe-ion dynamics becomes
close to that of the lattice dynamics. Then the interaction
among them emerges, and the vibronic modes appear. The
dynamic Jahn-Teller effect is achieved via the synergistic
effect of the dynamics brought about by the frustration effect,
so the appearance of a vibronic mode would be a feature
of the frustration effect. It would be necessary to investigate the
influence of the moment size of R by using different R ions.

IV. CONCLUSION

The inelastic neutron-scattering experiment has been car-
ried out on HoBaFe4O; with a 3D network of corner-sharing
tetrahedra of Fe atoms. In contrast to YBaFe;,O;_s, the HFBO

PHYSICAL REVIEW B 95, 104413 (2017)

has dispersionless excitations at several discrete energies.
Some energy levels cannot be attributed to the crystal field
excitations of Ho’" in octahedral symmetry. Instead, some
levels can be explained by considering vibronic state of
the Fe*™ dynamical Jahn-Teller effect with orbit-spin cou-
pling, indicating that spin-orbital-lattice degrees of freedom
are coupled to each other. The difference of the R ion
affects the dynamics of this frustrated system, RBaFe O,
resulting in rich varieties of characteristic excitation such
as the strong spin fluctuations over a wide energy range
at a characteristic wave vector, or the dynamical interaction
among spin-orbital-lattice degrees of freedom of isolated spin
clusters.
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