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Motion of the guest ion as precursor to the first-order phase transition in the cage system GdBg
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The motion of guest Gd ions in oversized boron cages in GdB¢ was investigated from phonon spectra
measurements obtained by inelastic x-ray scattering. The measured phonon modes soften by about 10% from
300 K down to Ty = 16 K, in particular, the longitudinal phonon for the propagation vector ¢, = (1/2,0,0) that
characterizes the distorted structure below Ty. Besides, the dispersion relation curves show kinklike anomalies
at gx = (0.38,0.38,0). The observed results imply that the motion of the guest Gd ion interplays with the f
electrons magnetoelastically and with carriers via Fermi surface nesting. The anomalous properties previously
reported for this material far above Ty originate from the strong electron-phonon coupling, which causes the
motion of guest ions as precursors to the first-order phase transition.
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I. INTRODUCTION

The renormalization of phonons by coupling with other
degrees of freedom has been a long-standing subject of
interest in condensed matter physics.! Conduction electrons,
electric dipoles, spin degrees of freedom, etc., contribute
to phonon behaviors that are precursors to structural phase
transitions. First-order phase transitions without complete
freezing phonon modes have been one of the common
attractive features,”> in contrast to the complete soft mode
concept. In addition, the motion of atoms filled inside
oversized cage lattices and their influence on the physical
properties have recently become topics of discussion. The
anharmonic or off-center motion of the filled atoms has
been proposed for reducing the thermal conductivity of high-
performance thermoelectricity in clathrate compounds,*” for
example. The motion of alkali ions filled in the cage lattice
of B-pyrochlore has been proposed to play a role in the
superconductivity.®-1°

We focus on a first-order phase transition system in which
the large-amplitude motion of the filled ions may enhance the
coupling effects. Rare-earth borides (RB,,, n = 6,12, etc.) are
ideal for studying such phonon properties because boron atoms
form a hard cage and the R ions are interstitially filled inside.
Several RBg (space group Pm3m) show flat phonon dispersion
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relations at around 10 meV, which correspond to R motion in
the B cages.!'~!5 In GdBg, the thermal vibration amplitude of
the Gd ions is much larger than that of their neighboring boron
atoms and those of atoms in other RBg¢.'® GdB4 undergoes
two successive phase transitions with simultaneous struc-
tural distortion and antiferromagnetic ordering.!” At Ty =
16 K, a magnetic structure characterized by the wave vector
qgm = (1/2,1/4,1/4) (Ref. 18) and a structural modulation
by g1 = (1/2,0,0) are set with first-order phase transition
characters. Amara et al. proposed the magnetoelastic coupling
mechanism by taking into account the Gd ion displacements. !
This modulated structure is slightly suppressed at T* =
9 K, and other modulated structures with g, = (1/2,1/2,0)
(Refs. 17 and 19) and gy (Ref. 20) are superimposed. The
phonon anomalies’ precursors to the complex phase transition
in GdBg are key for investigating the strong coupling between
the large charge fluctuation by the motion of the Gd ions
and the electronic degrees of freedom in the cage structure.
Such phonon properties would explain the unsolved anomalies
in this material. Below 100 K, far above Ty, the spectral
width of the electron spin resonance (ESR) increases?! and the
magnetic susceptibility x(7') deviates from the Curie law,??
which is interpreted simply as the formation of short-range
magnetic correlation. In heavier R systems, including GdBg,
the lattice-specific heat is in excess at low temperatures.'*
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The excess lattice-specific heat is ascribed to the phonon
modes with an energy lower than that expected from the mass
difference of R ions.

In this article, we focus on the flat phonon dispersion modes
dominated by the Gd ion displacements to gain further insight
into the phase transition followed by the high-temperature
anomalous behaviors. We present the inelastic x-ray scattering
results that reveal the softening and kink features of the
phonon modes. These indicate multichannel electron-phonon
interactions for the large-amplitude motion of the Gd ions. We
present a phenomenological interpretation of the precursor
softening based on the Landau-type free-energy function.

II. EXPERIMENTAL DETAILS

We studied two different types of materials: the metallic an-
tiferromagnet GdB¢ and the nonmetallic nonmagnetic system
YbBg with a Yb** state.>® Both samples were synthesized
as single crystals by a floating-zone method.”* The phase
transitions in our GdBg sample were confirmed by x-ray
diffraction and magnetization measurements. We obtained the
phonon spectra of GdB¢ by using the inelastic x-ray scattering
(IXS) spectrometer installed at BL35XU, SPring-8.2> The
x-ray energy was 21.747 keV generated by a Si (11 11 11)
monochromator with backscattering geometry, and a set of
12 analyzers was used to select energy transfers. The energy
resolution was about 1.5 meV, and the typical resolution in the
reciprocal space was A Q = (0.06, 0.04, 0.05) for the scattering
vector Q = (5.5, 0, 0). The phonons of YbBg were measured
by inelastic neutron scattering (INS). We used the triple-axis
spectrometer TOPAN installed at the beam hole 6G of the
research reactor JRR-3 in JAEA (Tokai, Japan). The scattered
neutron energy was fixed at 30.5 meV. A pyrolytic graphite
filter was installed for eliminating higher-order contamination.
Three horizontal collimators for beam-divergence angle 30’
were used on the path after the monochromator to the detector.
The energy resolution at the elastic position was 2.0 meV, as
evaluated from the incoherent scattering profile. The resolution
widths in the reciprocal space were estimated as 0.065 r.l.u.
and 0.15 r.L.u. within the horizontal scattering plane and along
the vertical direction, respectively. In both experiments, the
sample temperatures were controlled by helium closed-cycle
refrigerators.

III. RESULTS AND ANALYSIS

Figure 1 shows spectra measured at Q = (5 + ¢,0,0) for
GdBg. Pronounced excitation peaks appearing in the range of
5-10 meV are assigned to a longitudinal (L) phonon branch
with a propagation vector q || [100]. Figure 2 shows dispersion
relation curves of the L mode measured at 20 K and 300 K as
well as that of YbBg at 300 K.

The dispersion relation of GdB¢ near the zone center is
consistent with that previously deduced from the ultrasonic
measurement, indicated by a dashed line?’ and similar to that
of YbBg. The L-mode energy of GdB¢ reaches a maximum
around ¢ ~ 0.2, and the dispersion curve bends down to
the Brillouin zone boundary ¢;. This is in marked contrast
to the monotonous variation against |q| for YbBg.2° The
lower-energy branch due to the apparent bending down
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FIG. 1. (Color online) IXS spectra of GdBs measured at Q =
(5 + ¢,0,0). Each set is shown with a relative shift of the ordinate by
0.003.

can be attributed to the mode dominated by the Gd ion
motion, as noted previously. The bending lower-energy branch
originates the excess lattice-specific heat'* and the diffuse
X-ray scattering intensities centered at ¢, as a result of
the integration of the energy spectrum by the laboratory
diffractometer.’® Amara et al. proposed that the modulated
structure with g is composed of the longitudinal displacement
of the Gd ion coupled magnetoelastically with the localized
magnetic moments of Gd.!° Thus, the present phonon anomaly
addresses the instability of the ¢; L mode mediated by the
strong interplay with the f electrons. It is consistent with no
anomaly of the phonon branch in nonmagnetic YbBg. Figure 3
shows the temperature dependence of the spectra measured at
0 = (5.5,0,0) in GdBe.
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FIG. 2. (Color online) Phonon dispersion relation curves of the
L modes propagating along the [100] axis for GdBs and YbBs,?°
which were taken at the different Brillouin zones centered at (5,
0, 0) and (4, 0, 0), respectively. The dashed line represents the
dispersion slope determined by ultrasonic measurements for GdBg.?’
The experimental error bars are smaller than the symbol sizes.
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FIG. 3. (Color online) Temperature variation of the IXS spectra
at Q = (5.5, 0, 0) of GdBg. Each set is shown with a relative shift of
the ordinate by 0.003.

The elastic peak appearing below Ty is caused by the
structural transition.!”!” It is also remarkable that the L
mode shows significant softening down to 7Ty. A procedure
of least-squares fitting of a Lorentzian profile to the observed
phonon peak was carried out, and the temperature dependence
of the phonon energy squared for ¢ = (0.47,0,0) close to g
is shown in Fig. 4.

The softening indicates anharmonic potentials for the Gd
ion sites and is viewed as a precursor to the magnetic and
structural transitions at Ty. The L-mode energy near ¢
exhibits softening by 13.1% from 300 K down to Ty, and
it increases slightly below Ty. In contrast, no softening of
the ¢; L mode was observed for YbBg in a previous INS
experiment.?®

Next, we consider the phonon branch propagating along
the [110] axis. Figure 5(a) shows excitation peaks at around
8 meV for the ¢ ~ (0.35,0.35,0) L mode for GdB¢ measured
at 20 K and 300 K.
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FIG. 4. (Color online) Temperature dependence of the squared
energy for the L mode with ¢ = (0.47,0,0) (symbols). A fitted linear
function for the data above Ty is shown by the solid line.
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This mode softens by 9% from 300 K down to 20 K. The
transverse (7)) mode with ¢ || [110] exhibits less softening.
Similar softening behaviors were reported for g, of YbBg
measured by INS (Ref. 28) and SmB¢ measured by nuclear
resonant scattering.”’ The softening magnitudes are 2%—3%
from 300 K down to 40 K for YbBg and down to 150 K for
SmBg, which are smaller than the softening magnitudes of
GdBg. Because this softening is common for these various
compounds, we believe that it arises from the anharmonic
potentials at the R sites in the oversized cages. However, the
larger softening magnitudes for the various modes in GdBg,
as compared to those of other materials, are indicative of the
enhancement in the lattice instability in GdBe.

We move on to investigate the dispersion relations for the
[110] L mode. The INS spectra for YbBg measured at 300 K
are shown in Fig. 5(b), and the dispersion relation curve for
the L-mode branch is represented by green squares in Fig. 6.

It follows a smooth curve within the measured Brillouin
zone. On the other hand, the dispersion relation of GdB¢ by
IXS exhibits a kink anomaly around ¢y = (0.38,0.38,0). A
similar kink is also observed in the flat dispersion curve of the
T mode with ¢ || [110].

IV. DISCUSSION

Hereafter, we discuss the softening ¢; L mode, which is
considered as the largest precursor anomaly to the first-order
phase transition in GdBg. We use the model for first-order
structural phase transitions with slight phonon softening
above the transition temperature, discussed by Krumhansl
and Gooding taking into account the Landau-type free
energy.>® According to their theory, the free-energy function
should be expanded with respect to the amplitude of the
Gd ion displacement in the relevant mode. The amplitude
is defined as W = Aexp(i¢) for the displacement written
as u(r) = énoo Asin(q, - r + ¢), where &j100; represents the
polarization unit vector. We take into account a simple invariant
form of free energy as F = %l\IJ|2— f’Tl\IJ|4+ %|\If|6. The
coefficients a, b, and c¢ are represented as combinations of
magnitudes of magnetic moments, free-energy parameters for
the magnetic sector, and magnetoelastic coupling constants, as
introduced for the premartensitic transition in a magnetoelastic
system Ni;MnGa (space group Fm3m).>! Within the linear
response approximation |W| = xoB, where xo and B are the
susceptibility and external field, respectively, the free-energy
term for the | |? order is |¥V|B = Xo_l [W|2. We can assume
that the Curie-Weiss law '« (T + Tp), and it should be
proportional to the coefficient a. In addition, a is ascribed
to a force constant for the atomic motion in the harmonic
approximation. It is proportional to the squared frequency of
the motion (E2). Therefore, a/c is assumed to be proportional
to the squared energy of the renormalized softening phonon,
which is expressed as E 2= C(T + Tp). The experimental data
of the phonon energy of the L mode near ¢ are reproduced by

C =0.037 meV?/K and Ty = 846 K, as indicated by the solid

. . . . . 2
line in Fig. 4. Next, considering agf \I{‘C) = 0and aaﬁg{f) =0, we

define the characteristic temperatures for the stable states seen
in the free-energy curve. For a/c > b?/4c?* corresponding to
the high-temperature region, F/c has only one minimum at
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FIG. 5. (Color online) (a) IXS spectra of GdB¢ measured at Q = (4.36,4.34,—0.06). Each set is shown with a relative shift of the ordinate
by 0.003. (b) INS spectra of YbBg at Q@ = (3 — ¢,3 — ¢,0). Each set is shown with a relative shift of the ordinate by 100.

|W| = 0 as the atomic position. The condition a/c = b?/4c?
is approached with a decrease in temperature. We define
the temperature Ty as a/c = C(Tins + To) = b*/4c?, below
which a metastable state with finite magnitude of |W| appears
in the free-energy curve. When a/c reaches C(Ty + Tp) =
3b?/16¢* upon a further decrease in temperature, a new stable
state at || # O appears at Ty. From these conditions, together
with Ty = 16 K and T, = 846 K, we obtain T;;s = 303.3 K
and b/c = 13.0, and the calculated decrease of phonon energy
from Tjys to Ty is 13.4%. It is almost equal to the experimental
result of 13.1% from 300 K to 7. Figure 7 shows F/c at Ty
and Tiyr calculated from the determined a/c and b/c.

In the measurement-temperature range below Ti,¢, with a
decrease in the metastable-state energy, the relevant potential
for the Gd ion along the [100] axis around |¥| = 0 gradually
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FIG. 6. (Color online) Phonon dispersion relation curves of the L
modes propagating along the [110] axis. The dashed line represents
the dispersion slope determined by ultrasonic measurements for
GdBg.?” The inset depicts the Fermi surface shape in the [100]-[010]
plane.®® The experimental error bars are smaller than the symbol
sizes.

deviates from the harmonic potential with only the quadratic
term at Tj,¢, as indicated by the green dotted line. Considering
the Gd ion displacement magnitude of 0.015 A for the ¢, L
mode evaluated from the x-ray diffraction data,'® the height
of the free-energy barrier between the two minima at Ty is
22 meV. On the other hand, the first excited level for the
quantized oscillation at 8 meV is located inside a potential
well centered at the stable atomic positions. The second level
stays in the energy region of the deformed potential, and the
energies of the higher levels are beyond the barrier energy. We
propose that the emergence of the metastable state owing to the
latter anharmonic softening motion of the guest Gd ions causes
the magnetic correlation observed as the anomalies in the ESR
linewidth and x (T') far above Ty.2"*? The softening behavior
common for RBg indicates that the R ion is located in an
anharmonic shallow potential within the boron cage. Among
them, the bending down of the [100] L-mode dispersion
relation curve in GdBg is the most pronounced feature. The
strong anharmonicity and softening in GdBg originate from
the dynamical effect of the magnetoelastic coupling of the
large magnetic moments of Gd ions (the angular moment of
J =7) with the motion of guest Gd ions in the oversized
cage lattice, as proposed in the structural-distortion study.'’
Pairing of the neighboring Gd ions by the atomic displacement
with ¢; = (1/2,0,0) might give rise to the gain in magnetic
exchange interaction energy. This mechanism is not expected
for the nonmagnetic YbBg and the less magnetic system
SmBg. A further study on other RBg is required to clarify the
general effect of the magnetoelastic coupling on their structural
dynamics.

We observed clearly the kink anomalies in the phonon
branches along the g || [110]. This feature can be assigned to a
Kohn anomaly via the Fermi surface nesting instability because
GdBg and YbBg are metallic and nonmetallic, respectively.
This idea is supported by the electronic band calculation
studies, which suggest similar shapes of the Fermi surfaces
in the metallic RBg.*> As depicted in the inset of Fig. 6, four
ellipsoidal Fermi surfaces connect with each other through a
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FIG. 7. (Color online) Calculated free-energy functions,
Fjc= LW — 21w|* + 1|W|° at Ty (red solid line) and Ty (blue
broken line). That with only the quadratic term at Tj,¢ is shown by
a green dotted line. Here, Ty is defined by C(Tiys + Tp) = b?/4c?,
below which the metastable state appears at || # 0.

necklike shape surrounding a hole pocket centered at the I'
point within the [100]-[010] plane.30 The neck is expected
to have a nesting condition by the translation vector close
to the kink wave vector gy, indicated by the arrow in the
inset. Because the observed flat phonon modes around 8 meV
are dominated by the Gd motion, the kink is attributed to
the coupling between the Gd ion motion and the conduction
electrons.

The L- and T-phonon modes for ¢,, corresponding to the
lattice distortion below the lower transition temperature 7* ~
9 K, do not show any singularity, which is in contrast to the
q1 L- mode. The transition at 7* accompanies no anomaly in
the specific heat,'* implying that the free-energy change at 7*
is much less than that at Ty. Thus, the anomaly of structural
dynamics for ¢, can be small. Another noticeable point is that
the two wave vectors, ¢, for the lattice distortion below 7*
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and ¢y for the Kohn anomaly, are close to each other. The
instabilities caused by these wave vectors may compete with
each other; this results in a less effective instability than that
caused by ¢;. Thus, the transition characterized by g occurs
at the higher temperature Ty, and the tiny modification of the
distortion characterized by ¢q, is superimposed at lower 7*.

V. SUMMARY

‘We conclude that the f-electron-phonon interaction consid-
erably deforms the potential and causes significant softening of
the Gd motion as a precursor to the first-order phase transition
characterized by ¢,. Besides, the kink behavior at gy suggests
that there exists an effect of carriers on the Gd motion via Fermi
surface nesting. The large-amplitude motion of the guest Gd
ions in their oversized cages enhances the electron-phonon
coupling through these multichannel interactions with the
electronic states. The present results provide a method of
study of the role of coexisting or competing electron-phonon
interactions in the emergence of ordered states from nearly
degenerated ground states to low-symmetry lattice structures.
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