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Cobalt pyrochlore fluoride NaCaCo,F; is a disordered frustrated magnet that is composed of Co*" ions with
an effective spin—% magnetic moment and that exhibits spin freezing below 7y ~ 2.4 K. We perform ultrasound
velocity measurements on a single crystal of the cubic NaCaCo,F;. The temperature dependence of the bulk
modulus (the breathing elastic mode) exhibits Curie-type softening upon cooling below ~20 K down to Ty,
which is suppressed by the magnetic field. This Curie-type softening should be a precursor to the enhancement
of the strength of exchange disorder via the spin-lattice coupling, which causes the spin freezing. In contrast
to the magnetic-field-suppressed Curie-type softening in the bulk modulus, the trigonal shear modulus exhibits
softening with a characteristic minimum upon cooling, which is enhanced by the magnetic field at temperatures
below ~20 K. This magnetic-field-enhanced elastic anomaly in the trigonal shear modulus suggests a coupling
of the lattice to the dynamical spin-cluster state. For NaCaCo,F;, the observed elastic anomalies reveal an
occurrence of magnetic-field-induced crossover from an isostructural lattice instability toward the spin freezing

to a trigonal lattice instability arising from the emergent dynamical spin-cluster state.

DOLI: 10.1103/PhysRevB.101.214425

I. INTRODUCTION

The antiferromagnetic (AF) pyrochlore lattice of corner-
sharing tetrahedra is a canonical geometrically frustrated lat-
tice [1]. The prototypical examples for this lattice system are
the spinel oxides with the general formula AB,O4 and the
pyrochlore oxides with A>B,0O7, where, whereas only the B
site of AB,O, forms the pyrochlore lattice, both the A and
B sites of A;B,07 independently form the pyrochlore lattice.
Many spinel and pyrochlore oxides studies have, respectively,
been devoted to the 3d transition-metal and the 4 f rare-earth
oxides, where the intersite magnetic interaction in the 3d
transition-metal oxide is stronger than that in the 4 f rare-earth
oxide [2,3].

The recently discovered pyrochlore fluorides NaSrB,F;
(B = Mn, Fe, and Co) and NaCaB,F; (B = Fe, Co, and Ni)
provide a new platform for the study of 3d transition-metal
frustrated magnets, where the large single crystals are avail-
able for experimental studies [4—7]. In this family, despite the
AF Weiss temperature 6y ~ —140 K (NaCaCo,F;) to =73 K
(NaCaFe,F7), the spin freezing occurs at low temperatures
below Ty ~ 2.4 K (NaCaCo,F;) to 3.9 K (NaCaFe,F;), indi-
cating the presence of strong frustration with |6y /T¢| ~ 19 to
58 [4-T7]. For NaSrB,F; and NaCaB,F;, whereas the magnetic
B** ions uniformly occupy the pyrochlore B sites of the
A>B,F; structure, the nonmagnetic Nat and Sr**/Ca* ions
are randomly distributed on the pyrochlore A sites. Thus, the
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magnetism of NaSrB,F; and NaCaB,F; should be influenced
by the inherently present exchange disorder, which can lead
to spin freezing [8—12].

The cobalt pyrochlore fluoride NaCaCo,F; is a disordered
frustrated magnet with 6y ~ —140 K and Ty ~ 2.4 K, which
has the largest |6y /Ty| ~ 58 among the pyrochlore fluorides
NaSrB,F; and NaCaB,F; [4]. For this compound, inelastic
neutron scattering (INS) experiments revealed that the single-
ion ground state of Co®* is a Kramers doublet with an XY-like
effective spin-% magnetic moment, which is generated by
spin-orbit coupling [13]. Furthermore, the INS experiments in
NaCaCo,F; revealed the formation of static short-range AF
clusters with XY character below T, and the persistence of a
dynamical spin-cluster state above Ty [14,15]. The presence
of strong dynamic correlations above Ty in NaCaCo,F; was
also evidenced by nuclear magnetic resonance (NMR) and
electron spin resonance (ESR) studies [16,17]. Additionally,
above Ty, the ESR experiments suggested the coexistence of
a gapless excitation mode of a cooperative paramagnetic state
and a low-energy gapped excitation mode of the order of sub
meV, arising from the strong frustration [17].

In this paper, we present ultrasound velocity measurements
of the cobalt pyrochlore fluoride NaCaCo,F;, where we deter-
mine the elastic moduli of this compound. The sound velocity
or the elastic modulus is a useful probe enabling symmetry-
resolved thermodynamic information to be extracted from a
crystal [18]. Furthermore, as the ultrasound velocity can be
measured with a high precision of ~ppm, its measurements
can sensitively probe elastic anomalies driven by phase tran-
sition, fluctuations, and excitations [18]. For the frustrated
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magnets, the ultrasound velocity measurements have proven
to be a useful tool for studying not only the ground state,
but also the excited states [19-26]. In the present study of
NaCaCo,F7, we find two different types of elastic anomalies
at low temperatures above Ty, which reveal, respectively, an
isostructural lattice instability toward the spin freezing at T
and a trigonal lattice instability arising from the emergent
dynamical spin-cluster state. Additionally, the magnetic field
dependence of the observed elastic anomalies reveals an oc-
currence of magnetic-field-induced crossover of the dominant
lattice instability from isostructural to trigonal.

II. EXPERIMENT

Single crystals of NaCaCo,F; were prepared by the optical
floating-zone method [4]. The ultrasound velocities were mea-
sured utilizing the phase-comparison technique, where the
ultrasound velocity or the elastic modulus can be measured
with a high precision of ~ppm. For the measurements, the
longitudinal and transverse ultrasounds at a frequency of
30 MHz were generated and detected by LiNbO; transduc-
ers attached on the parallel mirror surfaces of the single-
crystalline sample. We measured the ultrasound velocities in
all the symmetrically independent elastic moduli in the cu-
bic crystal, specifically, compression modulus Cj, tetragonal
shear modulus C“;C‘Z = (, and trigonal shear modulus Cyy.
From the C;; and C; data, we also obtained the bulk modulus
Cpg = @ =Cy — %C,. The respective measurements of
C11, G, and Cy4 were performed using longitudinal ultrasound
with propagation k||[100] and polarization u|/[100], trans-
verse ultrasound with k|[[110] and u|| [110], and transverse
ultrasound with Kk||[110] and u|[[001]. The sound velocities
of NaCaCo,F; measured at room temperature (300 K) are
~5640 m/s for Cy;, ~3010 m/s for C;, and ~2950 m/s
for Cyy.

III. RESULTS AND DISCUSSION

Figures 1(a)- 1(c), respectively, present the temperature
(T) dependence of the elastic moduli Cg(T), C,(T), and
Cu4(T) with zero magnetic field (H = 0) in NaCaCo,F;.
Here, Cp(T) = C((T) — %C,(T) is obtained from Ci(T)
[Fig. 5(a)] (see Appendix) and C,(T) [Fig. 1(b)]. In
Figs. 1(a)-1(c), all the elastic moduli exhibit monotonic
hardening upon cooling down to about 10-20 K, as is usu-
ally observed in solids [27]. However, at low temperatures
below about 1020 K, the elastic moduli exhibit elastic-
mode-dependent unusual softening upon cooling [the insets
in Figs. 1(a)-1(c)]. Figure 1(d) compares the softening mag-
nitudes in Cg(T'), C,(T), and Cy4(T) with H = 0. Here it is
evident that the softening magnitude in Cg(T") (AC" 4300

ppm) is much larger than that in C,(T") (AC’ ~ 800 ppm) and

Caa(T) (552 ~ 120 ppm).

Figures é(a) and 2(b), respectively, depict Cg(T ) and C;(T')
with H||[110] below 20 K in NaCaCo,F;. Here, Cp(T) =
C\(T) — —C,(T) is obtained from C;(T) [Fig. 5(b)] (see
Appendlx) and G(T) [Fig. 2(b)]. At H = 0, Cg(T) and
C;(T) exhibit softening upon cooling below ~20 K and
~15 K, respectively, but turn to hardening below ~2.4 K.
This softening-to-hardening turning temperature corresponds
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FIG. 1. (a)-(c) Elastic moduli of NaCaCo,F; as functions of T
with H = 0. (a) C3(T), (b) C,(T'), and (¢) C44(T). The insets in (a)—
(c), respectively, depict the expanded views of Cz(T), C,(T), and
Cy4(T) with H = 0 below 30 K. (d) Comparison of the relative shifts
of Cp(T), C,(T), and Cy4(T) with H = 0 below 20 K.

to the spin-freezing temperature 7y ~ 2.4 K determined from
the dc/ac magnetic susceptibility and specific-heat measure-
ments, as indicated in Figs. 2(a) and 2(b) [4]. Thus, the
softening-to-hardening turning at ~2.4 K in Cg(T) and C,(T")
with H = 0 should be a result of the spin freezing, and the
softening above ~2.4 K should be its precursor. The appli-
cation of H, as shown in Figs. 2(a) and 2(b) with the dotted
arrows, suppresses the softening as well as the softening-to-
hardening turning in Cg(T') and C,(T), which should arise
from the suppression of the spin-freezing behavior by H. At
temperatures above ~20 K, Cg(T) and C;(T') are independent
of magnetic field (not shown).

For NaCaCo,F7, taking into consideration that the mag-
nitude of the softening at H = 0 in Cp(T) is much larger
than that in G/(T) and Cyy(T) [Fig. 1(d)], the precursor
softening to the spin freezing above 7, should be char-
acterized as a softening in Cg(7). As seen in Fig. 2(a),
the softening in Cg(T) with H = 0 behaves as Cg(T) ~
—1/T. In magnets, such a Curie-type softening emerges as
a precursor to a structural transition, which is driven by the
coupling of the lattice to the electronic degrees of freedom
[18,21-23,26,28-32]. A mean-field expression of the Curie-
type softening in the temperature dependence of the elastic
modulus Cr(T") is given as

~T
Cr(T) _c§°> e
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FIG. 2. (a) C(T) and (b) C,(T) of NaCaCo,F; with H||[110]
below 20 K. The dotted arrows in (a) and (b) are guides to the eye,
indicating the variations of Cg(T) and C,(T) with increasing H. T
in (a) and (b) indicates the spin-freezing temperature determined
from the dc/ac magnetic susceptibility and specific-heat measure-
ments [4]. The solid curves in (a) and (b) are fits of the zero-field
experimental Cz(T) and C,(T) to Eq. (1) below 20 K. The values
of the fit parameters are also listed in (a) and (b). The inset pictures
in (a) and (b), respectively, illustrate the schematics of the volume
strain in Cp and the tetragonal strain in C,. The solid double arrows
at the right side of (a) and (b), respectively, indicate the softening
magnitudes in the zero-field Cz(T) and C,(T').

where Clﬁo) is the background elastic constant, 7, is the
second-order critical temperature for elastic softening Cr —
0, and 6 is the intersite strain-sensitive magnetic interaction.
In Fig. 2(a), a fit of the experimental Cp(7T) with H = 0 to
Eq. (1) for T > Ty is drawn as a solid black curve, which,
with the fit parameter values listed in this figure, excellently
reproduces the experimental data.

For NaCaCo,F7, the INS experiments confirmed that the
single-ion ground state of Co*" is a Kramers doublet with
the effective spin—% magnetic moment, which is generated
by spin-orbit coupling [13]. Thus, one possible origin for the
Curie-type softening in NaCaCo,F; is the Jahn-Teller effect,
which is driven by the coupling of the lattice to the degenerate
single-ion state (the quadrupole-lattice coupling) [18]. In this
scenario, the Curie-type softening is a precursor to the lower-
ing of the lattice symmetry, which lifts the degeneracy of the
single-ion ground state, and this precursor softening should
occur in the symmetry-lowering elastic mode such as, in the
cubic lattice, C,(T') and C44(T'). Thus, as a possible origin for
the Curie-type softening in the symmetry-conserving “breath-
ing” elastic mode Cg(T ) of NaCaCo,F7, the Jahn-Teller effect
is ruled out.

Consequently, the Curie-type softening in NaCaCo,F;
is most probably explained by assuming a coupling of

ultrasound with the magnetic ions through the magnetoelas-
tic coupling acting on the exchange interactions, where the
exchange striction arises from an ultrasound modulation of
the exchange interactions [18,21,24]. That is, the softening
in NaCaCo,F; should be driven by the pseudospin-lattice
coupling. One possible origin for such a softening is the
so-called spin Jahn-Teller effect [21,33-35]. In this scenario,
the Curie-type softening is a precursor to the magnetostruc-
tural transition, where the spin-lattice coupling lowers the
crystal symmetry, resulting in the release of frustration [21].
Additionally, this precursor softening should occur in the
symmetry-lowering elastic mode but not in Cg(T), which is
similar to the quadrupolar Jahn-Teller effect mentioned in
the preceding paragraph. Thus, the Curie-type softening in
Cp(T) of NaCaCo,F7 is uniquely different from the Curie-
type softening originated from the spin Jahn-Teller effect.

For NaCaCo,F;, the observation of the Curie-type soften-
ing in Cg(T') indicates the presence of an isostructural lattice
instability, which is a precursor to the spin freezing. Taking
into consideration the inherent presence of exchange disorder
in NaCaCo,F7 due to the random occupation of Na™ and Ca?t
on the pyrochlore A sites of the A,B,F; structure, the most
natural explanation for the isostructural lattice instability is
a precursor to the enhancement of the strength of exchange
disorder via the spin-lattice coupling, which causes the spin
freezing. Such a unique magnetoelastic effect in the disordered
frustrated magnet is expected to occur in not only NaCaCo, F5,
but also other families of the disordered pyrochlore fluorides,
namely, NaSrB,F; (B = Mn, Fe, and Co) and NaCaB,F; (B =
Fe and Ni), which all exhibit spin freezing at a temperature T
much lower than the Weiss temperature |6y |, 0w /T¢| ~ 19 to
58 [4-7].

From the fit of the zero-field experimental C(7T') to Eq. (1)
[Fig. 2(a)], it is expected that an isostructural phase transition
occurs at T. ~ 0.5 K, which is lower than 7y ~ 2.4 K.
However, as seen in Fig. 2(a), the observation of the softening-
to-hardening turning at 7y ~ 2.4 K in the zero-field Cp(T)
indicates that the isostructural lattice instability is quenched
below Ty. Thus it is suggested that NaCaCo,F; avoids the
occurrence of the isostructural phase transition by entering the
spin-frozen state. Indeed, the specific-heat measurements ob-
served no phase transition at temperatures down to 0.6 K [4],
although the occurrence of a low-temperature isostructural
phase transition should be experimentally verified in the
future.

As seen in Fig. 2(b), the zero-field C; (T') exhibits the Curie-
type softening above 7y, the softening-to-hardening turning
at Ty, and their suppression by magnetic field, which are
similar to Cg(T') [Fig. 2(a)]. The Curie-type softening in C,(T')
indicates the presence of a tetragonal lattice instability, which
is a precursor to the spin freezing. However, the magnitude
of the Curie-type softening in C,(T") (~800 ppm) is much
smaller than that in Cg(T) (~4300 ppm) [Figs. 2(a) and 2(b)].
This indicates that as the precursor lattice instability to the
spin freezing, the isostructural one is dominant compared to
the tetragonal one, although these lattice instabilities coexist
above T and are both quenched below 7.

In Fig. 2(b), a fit of the experimental C;(T") with H = 0
to Eq. (1) for T > Ty is drawn as a solid black curve, which,
with the fit parameter values listed in this figure, reproduces
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FIG. 3. Cy4(T) of NaCaCo,F; with H||[110] below 20 K.
(a) H ~0-7 Tand (b) H = 0 and 1 T. The dotted arrows in (a) and
(b) are guides to the eye, indicating the variation of Cy(T) with
increasing H. The inset picture in (a) illustrates a schematic of the
trigonal strain in Cy4. Ty in (b) indicates the spin-freezing temperature
determined from the dc/ac magnetic susceptibility and specific-heat
measurements [4]. The solid double arrows at the right side of (a) and
(b), respectively, indicate the softening magnitudes in the 7 T, 1 T,
and zero-field C44(T'). The inset in (b) depicts the expanded view of
the zero-field and 1 T Cy4(T) in 2 < T < 5 K, where the solid and
open arrows, respectively, indicate the slope-change temperatures in
the zero-field and 1 T Cyy(T).

the experimental data. From this fit, it is expected that a cubic-
to-tetragonal phase transition occurs at 7, ~ 1.5 K, which is
lower than 7y ~ 2.4 K. However, taking into consideration
the quench of the Curie-type softening below T, in C(T)
[Fig. 2(b)], and no observation of phase transition in the
specific-heat measurements at temperatures down to 0.6 K [4],
it is suggested that NaCaCo,F; avoids the occurrence of
the cubic-to-tetragonal phase transition by entering the spin-
frozen state, which is dominantly driven by the isostructural
lattice instability.

In addition to the Curie-type softening in Cy(T), for
NaCaCo,F7, we also find another kind of intriguing elastic
anomaly in Cys(T). At zero magnetic field, as already men-
tioned in conjunction with Fig. 1(d), the magnitude of the soft-
ening in Cy4(T) is much smaller than that in Cg(T ). However,
the application of H enormously enhances the softening in
Cy(T). Figure 3 depicts Ca4(T) with H||[110] below 20 K.
As shown in Fig. 3(a), the softening in C44(T') is enhanced by
H below ~20 K, which is opposite to the suppression of the
softening by H in Cp(T') and C,(T) [Figs. 2(a) and 2(b)]. The
softening magnitude in the 7 T C44(T) (~1600 ppm) is about
13 times larger than that in the zero-field C44(7) (~120 ppm)
[Figs. 3(a) and 3(b)]. This H-enhanced softening in Cyy(T)
should have an origin different from the precursor to the spin
freezing that is the origin of the H-suppressed softening in

Cp(T). At temperatures above ~20 K, C44(T') is independent
of magnetic field (not shown).

Here, we look more closely at the observed H variation
of the softening in Cy4(T'). Figure 3(b) presents the expanded
view of Cy44(T) with H = 0 and 1 T below 20 K. In Fig. 3(b),
whereas Cy4(T) with H = 0 and that with 1 T identically
harden upon cooling down to ~12 K, the starting temperature
of the softening in the 1 T Cy(T) is lowered compared to
that in the zero-field C44(T'), which indicates the suppression
of the softening by H [the dotted arrow in Fig. 3(b)]. This
H-suppressed softening component should correspond to a
precursor to the spin freezing, namely, the Curie-type soft-
ening, which is much smaller in magnitude than that in Cg(T')
and G,(T') [Figs. 2(a) and 2(b)]. However, in Fig. 3(b), the
softening in the 1 T C44(T ) below ~7 K is steeper than that in
the zero-field Cy4(T'), and the softening magnitude in the 1 T
Cu4(T) (~140 ppm) is larger than that in the zero-field Cy4(T)
(~120 ppm), which indicates the presence of the H-enhanced
softening component. Thus, the comparison of the zero-field
and 1 T Cy(T) in Fig. 3(b) indicates the presence of not only
H-enhanced, but also H-suppressed softening components
in Cy(T), and the H-enhanced component should become
dominant at higher H, as is seen in the 3, 5, and 7 T C44(T) in
Fig. 3(a).

As seen in Fig. 3(b), C44(T) with H = 0 and 1 T exhibits
its minimum at ~3 K. The inset in Fig. 3(b) presents the
expanded view of the zero-field and 1 T Cyy(T) in2 < T <
5 K. The minimum point temperature in Cg4(7) with H = 0
and that with 1 T are ~2.9 K and ~3.3 K, respectively, which
are a little higher than the spin-freezing temperature Ty ~
2.4 K [Fig. 3(b)]. Thus, the minimum in Cy(T) should be
caused by an origin other than the spin freezing. At ~2.4 K,
Cyy(T) with H = 0 and 1 T exhibits a small slope change [the
solid and open arrows in the inset in Fig. 3(b)], which should
arise from the spin freezing. Consequently, the H-enhanced
softening component in Cy(7T) with H =0 and 1 T should
be characterized as a nonmonotonic softening, which exhibits
the elasticity minimum at around ~3 K. Additionally, we can
see in Fig. 3(a) that this H-enhanced component becomes
dominant in the 3, 5, and 7 T Cy4(T), where the minimum
point temperature is lowered with increasing H.

Similar to the H-suppressed Curie-type softening in Cz(7T'),
the H-enhanced softening with minimum elastic anomaly in
C44(T) should also arise via the exchange striction mecha-
nism, but it should have an origin other than the precursor
to the spin freezing. The most probable origin for the soft-
ening with minimum in Cy(T) is the coupling between the
correlated paramagnetic state and the acoustic phonons. For
NaCaCo,F;, the INS [14], NMR [16], and ESR [17] studies
revealed the presence of short-range dynamical magnetic cor-
relations above Ty ~ 2.4 K. Additionally, the INS study also
revealed that this correlated paramagnetic state consists of AF
XY spin clusters, which become static below 7 [13,14]. Thus,
the softening with minimum in Cy44(7T ) should originate from
the coupling of the lattice to the dynamical short-range XY
clusters.

It is noted that similar to NaCaCo,F7, the softening with
minimum in Cr(T") is also observed in the frustrated spinel
oxides, the origin of which is considered to be the coupling
of the lattice to the spin-cluster excitations via the exchange
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striction mechanism [20,21,23-25]. This spin-cluster-driven
elastic softening is generally explained as the presence of a
finite gap for the excitations, which is sensitive to strain [21].
In the mean-field approximation, Cr(T) in the spin-cluster
system is written as [21]

xr(T)
[1 — Krxr (D)l

where Cl(,o) is the background elastic constant, N is the density
of spin clusters, Gr = [0 A/der| is the coupling constant for a
single spin cluster measuring the strain (er) dependence of the
excitation gap A, Kr is the inter-spin-cluster interaction, and
xr(T) is the strain susceptibility of a single spin cluster. From
Eq. (2), when Cr(T') strongly couples to the excited state at
A, this elastic mode exhibits softening upon cooling roughly
down to T ~ A, but recovery of the elasticity (hardening)
roughly below T ~ A; Cr(T) exhibits a minimum roughly
atT ~ A.

We now analyze the softening with minimum in Cy(T)
in NaCaCo,F; using Eq. (2). In the frustrated spinel oxides,
the observation of the spin-cluster excitations by the INS
experiments revealed that the number of magnetic ions, shape,
and symmetry of spin clusters vary from compound to com-
pound depending on the dominant exchange path [36—42]. For
NaCaCo,F7, the neutron-scattering studies revealed that the
correlation length of the dynamical short-range XY clusters in
the paramagnetic phase (~10—15 A) is larger than the length
scale of the single Co*" tetrahedron (~3.5 A) [13-15]. Addi-
tionally, the Q-space INS pattern in the paramagnetic phase of
NaCaCo,F7 looks like that of the AF seven-spin clusters (spin
heptamers) proposed in the chromite spinel MgCr,O4 with the
isomorphic magnetic pyrochlore lattice as the Co®* sites in
NaCaCo,F7 [13,14,37,38]. Thus, although the exact shape of
the spin cluster in NaCaCo,F; has not yet been identified, we
assume the AF spin heptamer for the analysis, which consists
of two corner-sharing Co*" tetrahedra [the inset picture in
Fig. 4(a)]. We note here that from the symmetry point of view,
the spin-heptamer excitations should couple more sensitively
to the trigonal lattice deformations, which is compatible with
the selective observation of the softening with minimum in
Cy44(T) in the present study.

Figure 4(a) depicts the experimental data of Cyy(T) with
H||[110] in 2 < T < 5 K [circles, from Fig. 3(a)] and their
fits to Eq. (2) assuming spin heptamer excitations with a
singlet-triplet excitation gap A (solid curves). The parameter
values for the fit curves in Fig. 4(a) are shown in Fig. 4(b). For
NaCaCo,F7, the density of the spin heptamers is assumed to
be N = 2.03 x 10?7 m~3 [Fig. 4(b)(i)], which is one-seventh
of the density of Co®" ions in NaCaCo,F;. The fittings
are performed at temperatures below 5 K because, among
the experimental data of Cy(7) with H||[110] [Figs. 3(a)
and 3(b)], the lowest starting temperature of the softening
is ~7 K for the 1 T Cua(T) [Fig. 3(b)]. Whereas the lower
limit of the temperature range of the fitting is 2 K for the 3,
5,and 7 T Cy(T), that for the zero-field and 1 T Cys(T) is
the slope-change temperature of 7y ~ 2.4 K [the solid and
open arrows in the inset figure in Fig. 4(a)]. As clearly seen in
Fig. 4(a), the fits of Eq. (2) are in excellent agreement with the
experimental data, reproducing the softening with minimum
in C44(T).

Cr(T)=CY — GEN )
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FIG. 4. (a) C44(T) of NaCaCo,F; with H||[110] in 2 < T <
5 K [circles, from Fig. 3(a)]. The solid curves are fits to Eq. (2)
with the assumption of singlet-triplet gapped excitations of AF spin
heptamers. The inset picture illustrates the single XY heptamer. The
inset figure depicts the expanded view of the zero-field and 1 T
C4(T), where the solid and open arrows, respectively, indicate the
slope-change temperatures in the zero-field and 1 T Cy(T). (b) Fit
parameter values for the fit curves in (a). (i) Cﬂ) and N, (i) G, (iii)
K, and (iv) A in Eq. (2). The values of G, K, and A are, respectively,
plotted in (ii), (iii), and (iv) as functions of H. The dotted lines in
(i1)—(iv) indicate linear extrapolations of the plots above uoH = 1T
toH =0.

Figures 4(b)(i1)—4(b)(iv), respectively, display plots of the
fit values of G, K, and A in Eq. (2) for the fit curves in Fig. 4(a)
as functions of H. These plots in Figs. 4(b)(ii))—4(b)(iv),
respectively, exhibit monotonic H variations at uoH ~ 1-7 T,
but the values at H = 0 deviate from the respective monotonic
H variations. These deviations at H = 0 are probably due
to the presence of the Curie-type softening in the zero-field
Cy4(T) in addition to the softening with minimum, as was
mentioned in conjunction with Fig. 3(b). The “correct” values
of G, K, and A at H = 0 are expected to follow the mono-
tonic H variations at uoH ~ 1-7 T, which are indicated in
Figs. 4(b)(ii))—4(b)(iv) as dotted lines between H =0 and 1 T.

As seen in Fig. 4(b)(ii), the intraheptamer coupling G
is enhanced with increasing H, which corresponds to the
enhancement of the softening magnitude in Cyy(T) by H
[Fig. 3(a)]. Additionally, as seen in Fig. 4(b)(iii), the applica-
tion of H also enhances the interheptamer antiferrodistortive
interaction K (<0). These H variations of G and K indicate
that the application of H enhances the trigonal lattice insta-
bility, which is driven by the coupling of the lattice to the dy-
namical spin-cluster state. Here we note again that in contrast
to the H-enhanced trigonal lattice instability [Fig. 3(a)], the
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application of H suppresses the spin freezing and its precursor
of the isostructural lattice instability, namely, the Curie-type
softening in Cp(T) [Fig. 2(a)]. For NaCaCo,F7, the present
study reveals an occurrence of H-induced crossover from an
isostructural lattice instability toward the spin freezing to a
trigonal lattice instability arising from the emergent dynamical
spin-cluster state.

As seen in Fig. 4(b)(iv), the excitation gap of the single
heptamer A decreases with increasing H. From this H varia-
tion, assuming the H-linear decrease of A, it is expected that
a continuous transition from the gapped ground state to the
gapless state occurs at ~19 T. On the other hand, assuming the
isolated spin heptamers with the absence of the interheptamer
interaction (K = 0), it is expected from the gap value of A ~
7 K at H = 0 [the dotted extrapolation line in Fig. 4(b)(iv)]
that the transition from the gapped ground state to the gapless
state occurs at ~5 T, where the Zeeman shift of the triplet
state is estimated using the ESR g factor of ~2 [17]. Thus,
the H dependence of A shown in Fig. 4(b)(iv) indicates the
presence of the interheptamer interaction, which is compatible
with the enhancement of the magnitude of K with increasing
H [Fig. 4(b)(iii)].

Taking into consideration that the high-field magnetization
measurements in NaCaCo,F; revealed the presence of strong
frustration up to 58 T at 2 K [17], the lattice instabilities
revealed in the present study are expected to persist up to
high magnetic field. Here we note that the high-field ESR
study in NaCaCo,F7 revealed the coexistence of two distinct
magnetic states in the paramagnetic phase below ~20 K: a
cooperative paramagnetic state with gapless excitations and
a spin-glass-like frozen state with low-energy gapped excita-
tions [17]. These gapless and gapped excitation modes are,
respectively, expected to give rise to the Curie-type softening
in Cp(T) and the softening with minimum in Cs (7). Thus,
the gapless state revealed in the ESR study is expected to be
the spin-lattice fluctuated state, from which the spin-frozen
state emerges below Ty in low magnetic field (below ~1 T)
(Fig. 2). As revealed in the present study, the application of
magnetic field suppresses this spin-frozen state as a result
of the suppression of the spin-lattice fluctuations (Fig. 2).
On the other hand, in high magnetic field, another type of
spin-frozen state might emerge from the spin-cluster state
as a result of the enhancement of the intra- and inter-spin-
cluster interactions [Figs. 4(b)(ii) and 4(b)(iii)]. Further ex-
perimental and theoretical studies are indispensable for un-
derstanding the magnetic field effect on the correlated state in
NaCaCo,F;.

The entire family of the disordered pyrochlore fluorides
NaSrB,F; (B = Mn, Fe, and Co) and NaCaB,F; (B =
Fe, Co, and Ni) exhibits spin freezing, which should be a
result of the inherent presence of exchange disorder [4-7].
However, as the single-ion state of the pyrochlore B>* site
varies from compound to compound, the correlated magnetic
state of NaSrB,F; and NaCaB,F; should vary from compound
to compound. For instance, unlike the spin-% XY magnet
NaCaCo,F7, the nickel pyrochlore fluoride NaCaNi,F; is con-
sidered to be a spin-1 Heisenberg magnet and is suggested to
be a three-dimensional quantum spin liquid candidate [43,44].
Thus, for NaSrB,F; and NaCaB,F;, Cg(T) of the entire
family is expected to exhibit the Curie-type of precursor

softening to spin freezing, but the elastic anomaly driven
by the correlated magnetic state is expected to vary from
compound to compound, which in the case of NaCaCo,F; is
the softening with minimum in Cg4(T).

IV. SUMMARY

Ultrasound velocity measurements of NaCaCo, F; revealed
elastic anomalies in the bulk modulus Cg(T) and the trig-
onal shear modulus Cy4(T), which are, respectively, sup-
pressed and enhanced by the magnetic field at temperatures
below ~20 K. These anomalies indicated the occurrence of
the magnetic-field-induced crossover from the isostructural
to the trigonal lattice instability. The isostructural lattice
instability indicated that the spin freezing in NaCaCo,F;
is driven by the enhancement of the strength of exchange
disorder via the spin-lattice coupling, which is unique to
the disordered frustrated magnet. The trigonal lattice insta-
bility suggested the coupling of the lattice to the dynami-
cal spin-cluster state. It is inferred from the present study
that the isostructural lattice instability emerges in the entire
family of disordered pyrochlore fluorides NaSrB,F; (B =
Mn, Fe, and Co) and NaCaB,F; (B = Fe, Co, and Ni),
which gives rise to the spin freezing. Furthermore, taking
into consideration that the single-ion state of the pyrochlore
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FIG. 5. C;{(T) of NaCaCo,F; with (a) H = 0 below 200 K and
(b) H||[110] below 20 K. The inset in (a) depicts the expanded view
of Cy1(T) with H = 0 below 30 K. The dotted arrow in (b) is a guide
to the eye, indicating the variation of C,;(7) with increasing H. T
in (b) indicates the spin-freezing temperature determined from the
dc/ac magnetic susceptibility and specific-heat measurements [4].
The solid double arrow at the right side of (b) indicates the softening
magnitude in the zero-field Cy;(T).
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B”* site in NaSrB,F; and NaCaB,F; varies from compound
to compound, the correlated magnetic state of NaSrB,F;
and NaCaB,F; should vary from compound to compound,
which is expected to give rise to compound-dependent lattice
instabilities.
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APPENDIX: RESULTS OF Cy(T)

Figures 5(a) and 5(b), respectively, depict the compression
modulus C;{(T) of NaCaCo,F; with H = 0 below 200 K
and that with H||[110] below 20 K. As seen in Fig. 5(a),
C11(T) exhibits monotonic hardening upon cooling down
to ~20 K, as is usually observed in solids [27]. However,
at low temperatures below ~20 K, C;;(T) exhibits unusual
softening upon cooling [the inset in Fig. 5(a)]. As seen in
Fig. 5(b), this softening is suppressed by the application of
H. At temperatures above ~20 K, C{(T) is independent of
magnetic field (not shown).
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