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Ferroquadrupolar lattice instability in an antiferromagnetically ordered state
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We report on the specific heat, magnetic properties, and ultrasonic measurements of a single-crystalline
DyCuGe. We reveal an antiferromagnetic ordering in the (001) plane at Ty = 7.4 K, which is higher than the
reported transition temperature of polycrystalline samples. The transverse elastic moduli show a pronounced
softening down to 7Ty due to interlevel quadrupole-mediated interactions between the ground and excited Kramers
doublets. Below Ty, we further detected a huge softening accompanied by ultrasound attenuation in the transverse
Cy44 mode, suggesting a lattice instability. Our experimental and calculated results manifest that ferroquadrupolar
interactions give rise to the lattice instability even in an antiferromagnetically ordered state.
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I. INTRODUCTION

Rare-earth-based compounds with localized f electrons
show intriguing physical phenomena due to the spin and
orbital degrees of freedom, such as multipolar ordering
and superconductivity [1-3]. Recently, group-theoretical clas-
sification of multipolar ordering including an odd-parity
multipole has also been established [4-6]. Under a crystal
electric field (CEF), compounds with higher symmetry, such
as a cubic structure, possessing an orbitally degenerate ground
state of the CEF have been mainly studied. By contrast,
compounds with lower symmetry, such as an orthorhombic
structure, have a singlet or Kramers doublet ground state with
no quadrupole degeneracy. However, an interlevel multipole-
mediated interaction between the ground state and excited
states activates even in low-symmetry compounds. This situa-
tion often originates from a small energy splitting of the CEF
states, like a quasidegenerate state.

We have reported existence of quadrupole-mediated inter-
actions in heavy-rare-earth compounds having the Kramers
doublet ground state [7-14]. 4f electronic states in these
compounds are under the trigonal or orthorhombic CEF, and
an energy splitting between the ground and excited doublets
is relatively small. It is noteworthy that DyNi;Gag shows
a ferroquadrupolar ordering accompanied by a chiral-helical
magnetic ordering [7,15], Dy;RusAl;; shows a magnetic-
field-induced reentrant multipolar ordering [10], and ErNiAl
shows a ferroquadrupolar ordering in a magnetically ordered
state [13].

In the present study, we paid attention to the Dy-based
compound DyCuGe, which has the hexagonal LiGaGe-type
structure (space group: P6smc) [16,17]. Physical properties
were reported only in polycrystalline samples [18-20]. The
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electrical resistivity exhibits a metallic behavior [20]. An an-
tiferromagnetic (AFM) ordering at 6.0 or 5.2 K, of which the
ordered structure is AFM along the b axis or canted AFM,
respectively, was reported [18-20]. No magnetic moment of
Cu and Ge ions was supposed [17].

The effective magnetic moment of the polycrystalline Dy-
CuGe estimated from the magnetic susceptibility is 10.7 up or
10.8 g, which corresponds to the theoretical value of the free
Dy3+, 10.6 up [18,20]. Because DyCuGe has the CEF effect,
the Dy>* 16-fold multiplet (total angular momentum J =
15/2) splits into eight Kramers doublets under the hexagonal
CEF. If an energy splitting between the ground and excited
doublets is relatively small, multipole-mediated interactions
are expected to activate also in this compound.

Ultrasonic measurements are a powerful tool to investigate
quadrupole-mediated interactions, because a strain induced by
ultrasound bilinearly couples to a corresponding quadrupole
moment [21-29]. In the present study, we succeeded to syn-
thesize a single-crystalline DyCuGe sample. To elucidate the
phase transition and multipole-mediated interactions in Dy-
CuGe, we conducted the specific heat, magnetic properties,
and ultrasonic measurements on a single-crystalline sample.
In consequence, we observe a lattice instability in an AFM
ordered state and discuss its origin by considering quadrupole-
mediated interactions within the CEF approach.

II. EXPERIMENTAL DETAILS

A single crystal of DyCuGe was grown by the modi-
fied Czochralski method in a tri-arc furnace on a copper
water-cooled bottom under an argon protective atmosphere.
Tungsten rod was used as a seed, pulling speed was 15 mm/h.
The single-crystalline state of the pulled cylinder was con-
firmed by the backscattering Laue method. The high structural
and compositions quality of the crystal was confirmed by
powder x-ray diffraction. The lattice parameters of the hexag-
onal crystal structure are a = 4.238 A and ¢ = 7.251 A.

©2024 American Physical Society
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TABLE I. v (m/s) at 2 K for each measured mode and calculated
Debye temperature 6p (K) in DyCuGe.

C 11 C3 3 C44 C66 QD

3667 3297 2429 2644 244

A commercial physical property measurement system
(PPMS) was used for the specific heat measurement with
a 3He cryostat from 0.4-300 K. Magnetic susceptibility
and magnetization were measured from 2-300 K and up
to 9 T, respectively, using PPMS with a vibrating sample
magnetometer. The magnetic field was applied using a super-
conducting magnet in all measurements.

The temperature dependence of the elastic moduli Cyi,
C33, Cy4, and Cg¢ was measured between 1.8 and 150 K
using a phase-comparison pulse-echo method and orthogo-
nal phase-detection technique [30,31]. Ultrasound attenuation
was measured simultaneously. The moduli, C;; and Cs3, are
related to the longitudinal acoustic modes with k || u || [100]
and k||u||[001], respectively, where k and u are the
propagation and displacement directions of the ultrasound,
respectively. The transverse elastic moduli, C44 and Ces, were
measured by (k|| [001], u || [100]) and (k|| [100], = || [120])
configurations, respectively. The elastic modulus, C, is related
to the sound velocity, v, by C = pv?, where p = 8.793 g/cm?
is the room-temperature mass density. The absolute value of v
was determined at 2 K for each mode using the sample lengths
and the time interval between pulse echoes (Table I).We cal-
culated the Debye temperature, 6p, using an average v value
for longitudinal and transverse waves [32]. We used LiNbO3
transducers with a fundamental resonance frequency of about
30 and 20 MHz for the longitudinal and transverse modes,
respectively.

III. RESULTS AND DISCUSSION

A. Specific heat and magnetic properties

Figure 1(a) shows the temperature dependence of the
specific heat, G, at zero magnetic field. C, exhibits a dis-
tinct peak around 7 K, indicating a phase transition. We
defined the phase transition temperature as Iy = 7.4 K,
which is the temperature of the largest slope of C, [the in-
set of Fig. 1(a)] and a peak of the magnetic susceptibility
[Fig. 2(a)]. Tn of the single-crystalline DyCuGe increases
up to 7.4 K compared with reported values of polycrys-
talline samples [18-20]. Ty decreases by applying a magnetic
field of 1 T along [100]. Below Ty, other obvious peak is
not detected down to 0.4 K within our experimental reso-
lution. At high temperatures, C, reaches 74.0 J/(K mol) at
300 K, which is almost the value of the Dulong-Petit law
[74.8 J/(K mol)].

Figure 1(b) shows the temperature dependence of C, di-
vided by the temperature, C,/T, and entropy, S. Here, it
was difficult to estimate a contribution from phonons and
electrons other than 4f electrons using this data, because
C,/T is not proportional to T? at sufficiently low tempera-
tures. The entropy released is 8.41 J/(K mol) at Ty, which is
higher than RIn2 [5.76 J/(K mol)] but quite lower than Rln4

FIG. 1. (a) Temperature dependence of the specific heat C, at
zero field in DyCuGe. The inset represents the same data on an
expanded temperature scale below 20 K. We also measured C, in
a magnetic field of 1 T applied along [100]. (b) Temperature depen-
dence of the specific heat divided by the temperature C, /T (left axis)
and entropy S (right axis).

[11.5 J/(K mol)], where R is the gas constant. This result
suggests that the phase transition at 7Ty is mainly caused by
the spin degrees of freedom of the ground Kramers doublet.

Figure 2(a) shows the temperature dependence of magnetic
susceptibility, x, in a magnetic field of 0.1 T applied along
[100] and [001]. Both x follow the Curie-Weiss law at high
temperatures. From Curie-Weiss fits, we obtained an effective
magnetic moment, (g, and a paramagnetic Curie temper-
ature, 6, (Table II).The obtained p.q is 10.8 and 10.7 pp
in a field applied along [100] and [001], respectively. These
values are almost the same value with the theoretical value
of the free Dy*". Above Ty, x in a field applied along [100]
dominates x along [001], indicating that the magnetically
easy axis is [100]. x along [100] exhibits a cusp-type anomaly
at Ty. By contrast, x along [001] displays an almost constant
value below Ty, suggesting an AFM ordering in the (001)
plane at 7y.

To investigate the AFM ordering at Ty, we measured x
at elevated magnetic fields applied along [100] and [001]
[Figs. 2(b) and 2(c)]. Ty decreases monotonically as the field
increases up to 2 T in a field applied along [100], confirming
the AFM ordering. No cusp anomaly is detected down to 2 K
at 3 T. In a field applied along [001], a kink at 7y is observed
up until 3 T and Ty decreases with increasing fields [Fig. 2(c)].
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FIG. 2. Temperature dependence of the magnetic susceptibility
measured (a) at 0.1 T below 300 K and at elevated magnetic fields
applied along (b) [100] and (c) [001] below 15 K in DyCuGe. The
inset represents the same data on an expanded temperature scale
below 15 K. (d) Magnetization curves in fields applied along [100]
and [001Jupto 9 T at 2 and 15 K.

Here, x along [001] at 0.1 and 1 T slightly increases below
4 K, whereas the data at 2 and 3 T decreases monotonically
below Ty.

Figure 2(d) shows magnetization, M, curves at 2 and 15 K
in fields applied along [100] and [001]. M curve at 2 K in a
field applied along [100] displays a slight upturn around 2.6 T
and reaches 7.3 ug at 9 T. This value is somewhat smaller
than the saturated value of the Dy3Jr (10.0 ug). In a field
applied along [001], M curve at 2 K shows a kink below 4 T.
The field derivative of the magnetization, dM/dH, exhibits a
broad maximum around 2.6 and 3.3 T in fields applied along
[100] and [001], respectively (not shown). At 15 K, both M
curves increase monotonically with increasing fields. These
results indicate that a critical magnetic field of the AFM phase
boundary is between 2 and 3 T and between 3 and 4 T for
fields applied along [100] and [001], respectively.

B. Elastic modulus and ultrasound attenuation

Figures 3(a) and 3(b) show the longitudinal and
transverse elastic moduli, respectively, in DyCuGe. At
high temperatures, all moduli increase monotonically as

TABLE II. Effective magnetic moment p.r (1) and paramag-
netic Curie temperature 6, (K) along [100] and [001] of DyCuGe
obtained in the indicated temperatures range (K).

et Op Temperature range
[100] 10.8 0.96 60-300
[001] 10.7 -30.5 100-300

q0)

0 50 100 150 0 50 100 150

FIG. 3. Temperature dependence of (a) the longitudinal elastic
moduli Cy; and Cs3, and (b) the transverse moduli Cs4 and Ce in Dy-
CuGe. The insets represent the same data (left axis) on an expanded
temperature scale below 15 K and its ultrasound attenuation o
(right axis).

the temperature decreases. An elastic softening is detected
below 60 and 80 K in the longitudinal and transverse moduli,
respectively. The magnitude of the softening down to 7y is
about 1% for the longitudinal moduli and 3% for Cg. In
particular, the transverse modulus Cy4 exhibits a significant
elastic softening with 11% reduction in the stiffness. The
softening down to 7y is a characteristic behavior due to a
quadrupole-mediated interaction in the CEF [7,9,12].

The insets of Figs. 3(a) and 3(b) show ultrasound attenua-
tion, &, of each mode in the vicinity of 7Ty. The elastic modulus
is also shown. C};, Cu4, and Cgg change the slope at Ty, and
then further soften down to 2 K. « of these modes increases
below Ty and exhibits a peak around 4 K. In addition, o of Cyy4
shows a bend around 6 K, just below 7y. Although the bend
is reproducible suggesting an intrinsic behavior, its origin is
unclear at present. Here, a broad peak is detected at below Ty
in the specific heat [Fig. 1(a)]. The origin of the bend in « of
C44 may cause some kind of contribution to the specific heat,
resulting a possible broad peak. The longitudinal modulus Cs3
displays kinks around Ty, and its & has two peaks at Ty and
around 4 K. A kink of Cs33 and a minimum of « around 6 K
may be related to the bend in « of Cyy.

It is noteworthy that a huge softening with 12% reduc-
tion is detected in Cs4 in contrast to other modes, which
soften less than 3%. Such huge softening accompanied by
ultrasound attenuation below 7y would be not attributed
to a magnetic interaction, suggesting existence of a lat-
tice instability in an AFM ordered state. Indeed, the Cu4
mode would be important to consider the ordered state in
DyCuGe.

For further investigating the lattice instability below Ty,
we measured the temperature dependence of Cyy at elevated
magnetic fields applied along [100] (Fig. 4). Ty, which is the
temperature of the slope change in Cy4, decreases by applying
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FIG. 4. Temperature dependences of the transverse modulus Cyy
at elevated magnetic fields applied along [100] in DyCuGe. We
plotted Cy4 as relative change AC/C. The data are shifted along the
vertical axis for clarity.

fields, and then it becomes unclear around 1 T. Beyond Ty
the magnitude of the softening is hardly changed. By contrast,
the softening below 7y is drastically suppressed at elevated
magnetic fields. o of Cyy is also reduced as the field increases
(not shown). These results manifest that the lattice instability
in the AFM ordered state is lifted by the magnetic field.

C. Crystal-electric-field effects

To clarify the origin of the lattice instability in the AFM
ordered state, we first conducted the CEF fits using the data
of the transverse moduli, 1/, and M curves above Ty, i.e., in
the nonordered state. We adopted the hexagonal CEF of the
Cey point symmetry to simplify the analysis. We consider the
following effective Hamiltonian:

Heff = HCEF + HQ + HZeeman
Hegr = BY0S + BSOS + B2O? + BSOS
Ho=—Y 20— Y _ &(0)0; (i=4,6)

Hzeeman = _gJ/’LBJ -H,

where Hcgr, Hg, and Hzeeman are Hamiltonians of the CEF, the
quadrupole-mediated interaction, and the Zeeman interaction,
respectively. Here, ¢; is the strain, g; is the strain-quadrupole
coupling constant, g’ is the quadrupole-quadrupole coupling
constant, O; is the electric-quadrupole operator, B}, is the CEF
parameter, and O}, is the Stevens equivalent operators, respec-
tively [33]. (O;) represents a thermal average of the operator.
The subscripts i = 4 and 6 are equal to yz and xy, respectively.
Cy4 and Cgg are the linear responses to the g, (&) and &,
(exx — &yy) strains, which couple to the electric quadrupoles
O, (0,,) and O,, (03), respectively, in the hexagonal sym-
metry. The quadrupole-mediated interaction term Hg is used
only for the elastic moduli. The temperature dependence of
the elastic modulus, C;;, in the nonordered state was calculated
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FIG. 5. (a) 4f level scheme for DyCuGe obtained from the CEF
parameters listed in Table III, where I'; denotes the irreducible rep-
resentation for the point symmetry Cg,. (b) Temperature dependence
of the transverse elastic moduli. The red solid and blue dashed lines
represent the fit result and the background stiffness, respectively.
(c) Temperature dependence of the inverse magnetic susceptibility
measured at 0.1 T. (d) Magnetization curves at 15 K. Solid lines
demonstrate the calculated results.

using the following equation:

1 — (Nog?/Co + &) xs(T)
s

exp(6p/T) — 1’

where Ny (= 1.77 x 10*® m~3) is the number of Dy>* per unit
volume and y; is the so-called strain susceptibility [34,35].
For the background stiffness, Co(T'), we used the Varshni
equation, where Cpk is the elastic modulus at 0 K, 6p is the
Debye temperature, and s is a fit parameter [36,37].

We repeated the CEF fits using different initial CEF pa-
rameter values to reproduce the data. The obtained CEF-level
scheme is the ground doublet I'g, the first excited doublet I'g
at 11 K, the second excited doublet I'g at 128 K, and many
others [Fig. 5(a)]. The red solid curves in Fig. 5(b) are the
best fits for C44 and Cge in the nonordered state. The calculated
results well reproduce the data above Ty by the fit parameters
listed in Tables III and IV. Here, we adopted the value of 6p =
244 K obtained from the sound velocity (Table I). It is noted

Ci(T) = C0|:

Co(T) = Cox —

TABLE III. CEF parameters of DyCuGe in Kelvin.

B B B BS

0.44 7.50 x1073 —1.00 x 10~ —3.20 x 107*
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TABLE IV. Fit parameters for the transverse moduli: |g;| (K),
g: (K), Cok (GPa), and s (GPa).

|gil g Cox s
Cus (Oy;, Oy,) 41.6 5.00 x1073 68.4 5.50
Ces (OXy, O%) 41.8 2.00 x1072 66.5 3.73

that the only ground Kramers doublet does not produce elastic
softening because it has no quadruple degeneracy. Our fit
results reveal that interlevel quadrupole-mediated interactions
between the ground and excited doublets cause the softening
of both moduli above Ty, and corresponding quadrupoles
affect physical properties in DyCuGe. The interactions of
these quadrupoles are of ferroquadrupolar-type because of the
positive sign of ¢ (Table IV).

On the other hand, the longitudinal moduli C;; and C33 also
show the softening from 60 K to 7y. C;; and Cs3 are mixed
modes of [(Cy1-C12)/2, Cg, Cy] and [Cg, C,], respectively,
where Cg and C, are responses to the eg = &y, + €,y + &,
and g, = (3¢, — €B)/ /3 strains, respectively [38]. Here, Ceg
and (Cy;-C2)/2 are degenerate in the hexagonal symmetry.
(C11-C12)/2 and C, are elastic modes corresponding to the
electric quadrupoles O3 and 09, respectively. The softening of
the longitudinal moduli above Ty would be due to quadrupole-
mediated interactions of O% and Og, or a softening of the bulk
modulus, Cg.

We calculated 1/x and M using the aforementioned CEF
model: Hcgr + Hzeeman [39,40]. Figures 5(c) and 5(d) illus-
trate the fit results for 1/x in 0.1 T and M curves at 15 K,
respectively. The experimental 1/x data and theoretical cal-
culations are consistent above Ty in both 1/ x [Fig. 5(c)]. The
M data at 15 K are almost reproduced including magnetic
anisotropy [Fig. 5(d)]. From these results, we revealed the
4f electronic state in DyCuGe reproducing the transverse
moduli, 1/x, and M curves in the nonordered state.

The first excited doublet exists at 11 K, which is relatively
higher than the energy scale of Ty [Fig. 5(a)]. The ground
Kramers doublet I's possesses spin interactions of J, and J,
at zero field, where J; is an angular-momentum operator and
subscripts / = x, y, and z correspond to [100], [120], and
[001], respectively. At Ty an AFM ordering in the (001) plane
has been proposed (Sec. III A). The phase transition at Ty is
caused by the spin degrees of freedom of the ground Kramers
doublet I's.

D. Lattice instability in an antiferromagnetically ordered state

Further, we discuss the origin of the lattice instability in the
AFM ordered state. In our experimental results, C44 shows a
huge softening accompanied by ultrasound attenuation below
Tx, which is lifted by the magnetic field. To examine an influ-
ence of the electric quadrupoles O, and O, corresponding to
Cy4 for the lattice instability, we calculated the specific heat,
entropy, and spontaneous expectation values of J,, Jy, J;, O,.,
and O, using the equation consisting of Hcgr + Hex. Here,
H, is the Hamiltonian of the spin and quadrupole exchange
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FIG. 6. (a) Temperature dependence of C, (left axis) and entropy
(right axis). Open circles and solid line are the same data with
Fig. 1. The dashed lines demonstrate the calculated results of 4 f
contribution. (b) Temperature dependence of spontaneous expecta-
tion values of J, J, J;, O,., and O, at zero magnetic field within our
calculations.

interactions in the mean-field approximation:

Hoo=— ) [Jéxﬁ () + IS5 () Dy
j=A.B

S A ALI AT g‘éf(o,-)(-”o,-],

where J4% and g4? are the coupling constants of intersublattice

spin and quadrupole exchange interactions, respectively. The
symbols A and B denote two sublattices [41].

Figure 6(a) shows the calculated specific heat and entropy
of 4f contribution at zero magnetic field. The transition tem-
perature of Ty and entropy are qualitatively reproduced using
JAB — J;j{; = —05K, /48 = -03K, g% =5.00 x107* K,
and the obtained CEF parameters (Table III). Here, negative
values for J, and J, reflect the proposed magnetic structure,
which is the AFM ordering in the (001) plane. The negative
6y value along [001] is considered for J; (Table II), which is
assumed to be smaller than the values of J, and J,. We used
the obtained g for g28 of both electric quadrupoles O,, and
O, (Table IV).

As the temperature decreases, spontaneous expectation val-
ues of J, and J, occur at Ty [Fig. 6(b)], being in line with
the AFM ordering in the (001) plane. Within our calculations,
spontaneous expectation values of J;, Oy., and O,, simulta-
neously emerge far below 7Ty. Actually, quadrupolar ordering
may not occur in DyCuGe, because C, displays no clear
anomaly below Ty (Fig. 1). However, it is noteworthy that
ferroquadrupolar interactions of Oy, and O.,, of which a phase
transition can occur, survive below Ty.

In almost all compounds, quadrupole-mediated interac-
tions are lifted by a magnetic ordering because the CEF
states are split by a local internal magnetic field, resulting
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disappearance of the softening. By contrast, we recently dis-
covered that the heavy-rare-earth compound ErNiAl displays
a large softening in a magnetically ordered state and under-
goes a ferroquadrupolar ordering [13]. This is because the
wave functions of the CEF states are mixed by an energy of the
emerged internal field. ErNiAl contains a strong quadrupole-
mediated interaction showing a substantial softening. As a
result, separated two states of the ground Kramers doublet
have the quadrupole-mediated interaction below the magnetic
transition temperature, then an elastic softening appears.

DyCuGe also possesses strong quadrupole-mediated inter-
actions of O, and O, giving rise to the significant softening
with 11% reduction above Ty [Fig. 3(b)]. Since the first ex-
cited doublet exists at 11 K, quadrupole-mediated interactions
of Oy, and O, would occur between the ground two states
split by an internal magnetic field of the magnetic ordering. g
for Oy, and O, is positive (Table IV). Thereby, the huge soft-
ening of Cy4 below Ty would arise from a ferroquadrupolar
lattice instability.

By applying magnetic fields, quadrupole-mediated interac-
tions are often weakened by further splitting of the ground
two states by the Zeeman energy. In fact, the ferroquadrupolar
lattice instability in DyCuGe is lifted by the magnetic field
(Fig. 4). On the other hand, the ferroquadrupolar lattice insta-
bility may result in a slight increase below 4 K in x at 0.1 and
1 T along [001] [Fig. 2(c)]. x at 2 and 3 T decreases below Ty
due to disappearance of the instability by the magnetic field.

In DyCuGe, the magnitude of an energy splitting of the
ground Kramers doublet due to the magnetic ordering is cal-
culated to be 8 K within our CEF model with the mean-field
approximation. This value corresponds to an energy splitting
by an external magnetic field of 3 T in the (001) plane.
Because the internal magnetic field emerged is small and
quadrupole-mediated interactions are strong, a quadrupolar
instability occurs in a magnetically ordered state. This sce-
nario would be applied to rare-earth compounds in a similar

situation, and those have a possibility of multipolar ordering
even in a magnetically ordered state, such as ErNiAl.

Consequently, we succeeded to synthesize a single-
crystalline DyCuGe with an antiferromagnetic ordering in
the (001) plane at 7.4 K. We reveal a O, (O,,)-type fer-
roquadrupolar lattice instability in the antiferromagnetically
ordered state in DyCuGe.

IV. CONCLUSION

We synthesized a single-crystalline DyCuGe with localized
4f electrons. We measured the specific heat and magnetic
properties of DyCuGe and determined an antiferromagnetic
ordering in the (001) plane at Ty. A prominent elastic soften-
ing above Ty was found in all moduli. From the theoretical
analysis using the CEF model, we clarified the 4f elec-
tronic state in DyCuGe, indicating that the softening is due
to interlevel quadrupole-mediated interactions between the
CEF states. Furthermore, a huge softening accompanied by
ultrasound attenuation was detected below Ty in Cy4, sug-
gesting a lattice instability. The huge softening is not caused
by a magnetic interaction, however, it is lifted by the mag-
netic field. The plausible scenario is that a O,; (O.)-type
ferroquadrupolar lattice instability appears due to quadrupole-
mediated interactions between the ground two states separated
by an internal magnetic field of the magnetic ordering.
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