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Coexistence of magnetic and dielectric glassy states in alternating kagome
and triangular lattice LuBaCo,0- cobaltite
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To date, the alternating kagome and triangular lattice cobaltites, i.e., RBaCo4O7; (R = Ca, Y, and rare-earth),
have been well studied due to their large structural distortions, anisotropic exchange interactions, chiral spin
liquid states, and giant multiferroic properties. Here, we report the coexistence of magnetic and dielectric glassy
states in LuBaCo,0O; cobaltite below 50 K. AC magnetization studies show an absence of conventional spin
freezing phenomena. The cooling and heating in unequal field (CHUF), thermal cycling of magnetization, and
time-dependent magnetization studies at the low temperature (7') show the presence of the magnetic glassy state.
The dielectric constant (¢') exhibits a strong frequency-independent response at 45 K and dipolar glassy features
below 20 K. The nonequilibrium magnetic glassy dynamics and dipolar glassy state at low 7T arises from the
kinetic arrest of monoclinic (Cc) and orthorhombic (Pbn2;) phases. From the dielectric probe, we are able to
clearly distinguish the kinetically arrested phases at low 7', whereas the bulk magnetization studies are unable to

do so, as the arrested phases have low magnetic moments.

DOLI: 10.1103/PhysRevB.111.174438

I. INTRODUCTION

RBaCo407 (R =Ca, Y, In, and rare-earth) oxides, known as
the R-114 cobaltites family, act as a model system for study-
ing the interplay between structural, magnetic, thermal, and
electrical properties [1-9]. The trigonal structural framework
of R-114 consists of alternating two-dimensional kagome and
triangular layers, with cobalt ions sitting at the centers of
corner-sharing oxygen tetrahedra. In R-114 oxides, the cobalt
ions are in mixed Co*™ and Co’" states to maintain a charge
balance and distributed among the two independent sites, lo-
cated in the kagome and triangular layers. For trivalent R ions
(such as In, Y, or a rare-earth element) in R-114 oxides, the
average Co oxidation state is expected to be 2.254-, with a
Co**/Co*" ratio of 3:1 [10]. The R-114 cobaltites undergo
a first-order structural phase transition from trigonal P31c to
orthorhombic Pbn2;, where the transition temperature (7) is
denoted as Ts;. For large R ions, Ts; occurs slightly above
room 7 and decreases to about 100 K with decreasing size of
the Rion [1,3,4,11].
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At low T (T < 100 K), the R-114 cobaltites display di-
verse magnetic properties, and the magnetic ground state is
significantly influenced by the R cation [4]. For example,
CaBaCo407 (CBCO) exhibits clear ferrimagnetic order below
70 K [12-14], InBaCo40;7 (IBCO) exhibits spin-glass-like
freezing [15], spin glass along with short-range magnetic cor-
relations, and also Griffiths phase in DyBaCo,O,, [16,17]
spin-liquid-like properties along with long-range antifer-
romagnetic (AFM) ordering (7y) in YBaCosO7; (YBCO)
[18,19]. The doping of Fe at Co sites in YBCO leads to
the chiral spin liquid ground state [20]. TbBaCo4O; shows
coexisting long-range and short-range magnetic phases and
converted to long range under an applied field [21,22]. Exten-
sive doping studies have been carried out in CBCO at Ca and
Co sites, which suppress the long-range ferrimagnetic order
and induce the cluster or spin glass phases [23,24].

In previous studies, it was reported that LuBaCosO7
(LBCO) shows two successive first-order phase transitions,
ie., at T = 160 K; from the trigonal P31c phase to the
monoclinic Cc phase and at 7 ~ 110 K from the monoclinic
Cc phase to the orthorhombic Pbn2; phase [7,25]. The P31c
to Cc phase transition was clearly evident from electrical
resistivity and specific heat measurements. Conversely, the
Cc to Pbn2, phase transition features were shown in specific
heat and magnetization (M) studies, and at this transition, M
shows a large thermal hysteresis. Among R-114 cobaltites,

©2025 American Physical Society
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the monoclinic Cc phase is unique to LBCO and is not
observed/reported in other materials of this family. At low
T, M studies observed a significant peak at 48 K, which is not
related to any long-range magnetic order but is assigned to the
representation of the metastable supercooled phase. Extensive
synchrotron and neutron powder diffraction studies at low T
reported the coexistence of Cc and Pbn2; phases and their
phase fraction is strongly dependent on the cooling rate [7].
Slow cooling rates (% < 3 K/min) resulted in coexisting
Pbn2, and Cc phases, with varying fractions dependent on
the cooling rate. Fast cooling (‘Z—f > 3.5 K/min) suppressed
the low-T', Pbn2, phase and allowed the high-7', P31c phase
to convert to a metastable Cc phase below 160 K, which is
expected to be stable down to 2 K. Further, neutron powder
diffraction studies showed absence of long-range magnetic or-
dering in Lu-114 down to 2 K, and additionally showed broad
diffuse magnetic scattering intensities at low 7, indicating
short-range magnetic correlations at low 7. However, single-
crystal neutron diffraction studies on LBCO at low 7" showed
a commensurate- and incommensurate-like modulation of the
cobalt moments on the kagome and triangular lattices [25,26].

Although neutron studies in LBCO revealed short-
range magnetic correlations and commensurate- or
incommensurate-like phases at low T, bulk M measurements
showed a significant peak at 48 K and broad thermal hysteresis
between 70 K and 110 K. This observation motivated us to
conduct detailed M studies to investigate the presence of
glasslike features in LBCO at low 7. If there are glassy
features, the nature of the glassy state, and whether the glassy
state is associated with first-order phase transitions and is
influenced by the different phases. To answer these questions,
we have examined the magnetic ground state of LBCO using
various magnetic measurement protocols. Our results show
that the first-order structural phase transitions in LBCO are
kinetically arrested at low 7 and form a nonequilibrium
magnetic state, i.e., a magnetic glass. Furthermore, due to
the noncentrosymmetric crystal structure and significant
structural distortions, the R-114 cobaltites are anticipated to
show strong correlations among their structural, magnetic,
and dielectric properties [2,4,6,9]. In this family of materials,
it is reported that CBCO cobaltite shows large structural
distortions that stabilize the polar orthorhombic Pbn2; phase
up to 4 K and these distortions stabilize the long-range
ferrimagnetic ground state (FiM) up to 70 K. The large
structural distortions, together with long-range FiM order,
further drive the giant spin-order-driven electric polarization
in CBCO below 70 K [6,9]. In this study, we demonstrate
the strong correlations among these properties, even in the
absence of the large structural distortions and long-range
magnetic ground state. Detailed dielectric measurements
demonstrate structural phase transitions strongly coupled
with dielectric properties and show a dipolar glassy state at
low T, which arises from the supercooled and kinetically
arrested metastable phase, that is, monoclinic Cc.

II. EXPERIMENTAL DETAILS

The LuBaCosO; (LBCO) sample was prepared by a
solid-state reaction method. The starting materials of Lu, 03
(99.995%, Alfa Aesar), BaCO3; (99.9%, Alfa Aesar), and

C0304(99.7%, Alfa Aesar) were mixed in the appropriate
ratio. The homogeneous powder was placed in a platinum
crucible with a lid and heated in air at 900°C for 12 h
and at 1150°C for 48 h with intermediate grindings. To
stabilize the 114 phase, the sample was directly quenched
in air from 1150°C to room temperature, which is neces-
sary, similar to the other cobalt compounds in this family
[14,23,24]. The room-temperature powder x-ray diffraction
(XRD) on LBCO samples was performed using a PANalytical
X'pert PRO diffractometer equipped with Cu-K« radiation
radiation (A = 1.54182 A). The experimental XRD data is
analyzed through the Rietveld refinement method using FULL-
PROF Suite software. All the dc and ac magnetic measurements
were performed using a Magnetic Property Measurement Sys-
tem (MPMS, SQUID VSM), Quantum Design, USA. All
the dc magnetization measurements were performed during
both cooling and heating at rates of 3 K/min, and the ac
magnetization measurements were performed under heating
rates of 1 K/min. Temperature-dependent dielectric (¢'(T))
measurements were performed using an LCR meter (Agilent
E4980A). All the dielectric and pyroelectric current measure-
ments were conducted using the Janis cryogenic and Quantum
Design MPMS systems supplemented by a homemade mul-
tifunctional probe attached to the MPMS. The pyroelectric
current (I,) was measured using a Keithley 6517A elec-
trometer under conventional electric poling and bias poling
electric field methods during warming temperature cycles
[13,27,28]. A pellet of area 48.9 mm? and thickness of
0.3 mm was used for the dielectric and pyroelectric current
measurements. The €(T') measurements are performed un-
der an ac excitation field of 1 V with silver paint applied
to both sides of the sample to act as the electrodes. The
cooling- and heating-dependent €’(7) measurements were
performed under 2 K/min and 1 K/min rates, and these tem-
perature ramping conditions are specified in the relevant main
text. Resistivity measurements were performed using standard
four-probe geometry in a Janis cryogenic PPMS system with
a Keithley 2400 source meter.

ITI. RESULTS AND DISCUSSION
A. Room-temperature x-ray diffraction studies

The room-temperature x-ray diffraction (XRD) patterns
of the LuBaCo,07 sample, along with Rietveld refinement,
are shown in Fig. 1. Rietveld analysis confirms that LBCO
belongs to the trigonal P31c space group with the lattice
parameters a = b = 6.26350 (03) A, ¢ = 10.22467 (10) A,

23
and V = 347.388 (4) A, respectively. The obtained lattice
parameters are within the range of reported values [7] and the
refinement agreement factors are given in the inset of Fig. 1.

B. dc magnetization studies

The T-dependent magnetization (M) of LBCO was mea-
sured under a magnetic field (H) of 1 T under zero-field-
cooled (ZFC), field-cooled cooling (FCC), and field-cooled
warming (FCW) protocols, as shown in Fig. 2(a). The M vs
T curves curves show several anomalies with decreasing 7.
All anomalies match well with previous polycrystalline and
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FIG. 1. Room-temperature powder x-ray diffraction data of the
LuBaCo,0O; sample along with the corresponding Rietveld refine-
ment model.
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FIG. 2. (a) shows the M vs T curves of the LuBaCo,O; sample
measured using ZFC, FCC, and FCW protocols under H = 1 T.
(b) shows the 1/x vs T data along with the extrapolated C-W fit-
ting. The inset of (a) shows the AM vs H measured at 10 K and
inset of (b) shows the p vs T in log-log scale.

single-crystal studies of LBCO [7,25]. With decreasing T, the
M vs T curves show a small kink at 160 K [yellow circle in
Figs. 2(a) and 2(b)], and this transition was not observed in
previous M studies. The p vs T measurements show a slope
change at T = 160 K [inset of Fig. 2(b)], similar to ear-
lier resistivity measurements [7]. However, specific heat and
neutron scattering studies showed changes at this 7', owing
to the structural transition from trigonal P 31c to monoclinic
Cc. Further, as T decreases, the M vs T [ZFC/FCW (heating)
and FCC (cooling) protocols] show a large thermal hysteresis
in the range of 60-110 K (~50 K). At low T, the M vs T
curves show a clear peak at 48 K and strong irreversibility
between the ZFC and FCC/FCW curves below 48 K. The
difference between the ZFC and FCC magnetization, i.e., A M
(Mgc — Mygc) at 10 K increases with H and is shown in the
inset of Fig. 2(a). The high-T magnetic susceptibility data was
fitted with the Curie-Weiss (CW) law

Cn
T —Ocw’

where C,, denotes the molar Curie constant and 6cw denotes
the C-W temperature. The fitting gives a cw = —594.27K
and fler = 9.62 ug/fu.. The fitting is shown in Fig. 2(b),
which clearly deviates below 220 K, Such behavior was
also observed in other compounds in this family [23,29,30],
where the deviation is caused by the short-range magnetic
correlations associated with the kagome and triangular lattice
arrangements of Co ions together with the structural phase
transitions at high 7. The high spin state of Co** (s = 3)
and Co** (s = 2) ions in an tetrahedral crystal field gives

an effective spin-only moment as jicy = v/ 3“%&* + /Léoﬂ =
8.30 £2, where ucp+ = 3.87 up and pepe =4.90 w, re-
spectively. The calculated moments from the C-W fitting are
higher than the spin values, suggesting that the orbital mo-
ments of Co>™ and Co®* ions may not be quenched.

X = ey

C. ac magnetization studies

Figures 3(a) and 3(c) show the real (x') and imaginary (x")
components of ac magnetization, measured for the different
frequencies of LBCO in the T interval of 10-120 K. For
all frequencies, x’ shows a sharp and frequency-independent
maximum close to 48 K and x” is approximately a straight
line. The sharp peak of x’ at 48 K matches with the dc M
peak observed at this 7'. Further, a frequency-independent and
steplike peak was observed near 110 K, where the first-order
structural phase transition is observed. Further, we also mea-
sured x'(T") with (3 h) and without waiting at 7T = 22 K for
the frequency of 73 Hz and results are shown in Fig. 3(b).
The x/_,, and x,_, (ref) both were measured while heat-
ing the sample with a heating rate of 1 K/min. In these
measurements, the main difference is in the cooling of the
sample. In case x,_,,, the temperature is stopped at 22 K
for 3 h (waiting time), whereas in x,_,, (ref), the T was
not stopped at 22 K. Interestingly, the magnitude of x,_5, is
greater than x,_,, (ref), and both the curves overlap above
70 K [Fig. 3(b)]. In conventional spin glasses, the difference
in Ax' [x/_s5, — X/, (ref)] would be expected to shows
diplike features at the waiting temperature [31-33]. The Ay’
does not show any such features at 22 K, instead, it shows a
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FIG. 3. (a) and (c) show the temperature- and frequency-dependent real (x’) and imaginary (x”) components of ac magnetization of the
LuBaCo,0; sample. (b) and (d) show the x’ low-frequency susceptibility data obtained with the standard experimental approach for observing

the memory effect.

clear peak at 48 K. The absence of the A x’ dips at the waiting
temperature has also been reported in layered EuBaCo,0s.4
(6 = 0.47) cobaltite [34], where conventional spin freezing
features also absent. Such, x’, x”, and A yx’ features rule out
the conventional spin glass behavior in the title compound.

D. Kinetic arrest and metastability

The above ac magnetization results show the absence of
the conventional spin-glass behavior and the dc magnetization
studies reveal that various anomalies are strongly coupled
with structural changes, the FCC and FCW curves show a
strong thermal hysteresis. Previous studies predicted that the
peak at 48 K is associated with the metastable supercooled
phase [7]. However, a detailed understanding of this peak
and the nature of the supercooled phase is missing. Here,
we used different magnetic measurement protocols, includ-
ing cooling and heating in unequal fields (CHUF) [35,36],
time-dependent magnetization and field-cooled isothermal
magnetization studies to shed light on the low-7 magnetic
phase. CHUF measurements have been extensively used to
unravel the phase coexistence through the response of materi-
als to external perturbations [37-42].

Following the CHUF1 protocol (i.e., cooling in unequal
fields and heating in same field), the LBCO sample was cooled
from 250-10 K under various cooling magnetic fields (Hcoo1),
ie., 0, 0.05, 0.5, 1, 2, 3, and 5 T, respectively. At 10 K the
H_,, was changed to the measuring magnetic field (Hyye,s) of
1 T and the obtained results are shown in Fig. 4. For T >
70 K, the M behavior of LBCO under CHUF1 remains the
same irrespective of H.oo. For T < 70 K, the M curves show a
dispersion, which increases with decreasing T'. The peak posi-
tion at 48 K is independent of H,q,, the behavior of the M vs T

curves changes with H.o for T < 48 K. For Heool < Hieass
M increases from 1048 K, for the H.ooy = Hipeas, the M is
almost constant and for the H.oop > Hpeas, M decreases. We
also used another CHUF protocol, CHUF2 (i.e., cooling in the
same field and heating in different fields) to understand the
M at low T. In these measurements, the sample was cooled
from 200-10 K. At 10 K, the H was isothermally reduced
to the measuring field Hy,e,s and measurement is carried out
while heating. We performed these measurements under two
different cooling fields, i.e., Hoool = 1 T and Heoo =5 T,
Fig. 5 shows the Hyoo) = 5 T. For, Hypeas—0.0s7 < Heools oW
T, M decreases continuously and shows a small kink at 7 =
48 K. With increasing the Hye,s, the peak at 48 K evolves more
clearly. For, Hyeos = Heool, at low T', M is almost constant
and for Hpeas > Heools at low T, M increases monotonically
up to T = 48 K. Almost similar behavior is observed for

0.06fy ,-n

cool Hmeas Hcool=

H 1T

meas

0.05}

M (uy/f.u.)

0.04f

0.03f

0 50 100 150 200 250
T(K)

FIG. 4. M vs T curves of LBCO obtained during heating after
cooling under different H.
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the different cooling field, i.e., H.oop =1 T and in this case,
constant M, is evident for Hyeas = Heool, 1.€., 1 T.

These CHUF results suggest that the low-7 M is strongly
dependent on the cooling and measuring fields and is almost
constant for Hye,s = H.oo1. Further, from the CHUF measure-
ments for Heoo > Hpeas, the M at low T decreases almost
linearly up to 48 K. This indicates that the frozen or arrested
M (while cooling) at low T is higher and decays fast while
measuring in low He,s. However, for Heool < Hipeas, the M
at low T increases up to 48 K. This behavior is similar to the
ZFC in Fig. 2(a), indicating that the Hy,e,s 1S not sufficient
to de-arrest the frozen or arrested M (while cooling) at low
T. Alternatively, there may be a small or negligible frozen or
arrested M (while cooling) at low T. All these observations
indicate that the low-T M is metastable and is kinetically
arrested while cooling. Further, the kinetically arrested M
state reaches a stable magnetization above 70 K. Here, we
note that the de-arrest takes place at 48 K and the M, becomes
stable above the 70 K.

Further, to understand the low-7T magnetic state we, per-
formed magnetic relaxation measurements at 25 K in the
ZFC and FC conditions, and the obtained results are shown
in Fig. 6. In the ZFC measurements, the sample was cooled
from 300-5 K and at 5 K, H of 1 T was applied and the
sample was heated to 25 K. After reaching 25 K, we waited
for 5 min for thermal equilibrium and started measuring the M
with time (¢). In the FC measurements, the sample was cooled
from 300-5 K, under a H of 1 T and heated from 5-25 K.
After reaching 25 K, we waited for 5 min for thermal equi-
librium and started measuring the M with time. From Fig. 6,
it can be noted that the Myzrc(¢) of LBCO increases from
0.03843-0.03864 J’f—s and the corresponding change in M is

0.03865 25K 10.04323
0.03360 | 10.04322
- —A— Mg 3
2 0.038551 — Mg 10.04321 <
& fitting curve =
= 10.04320
0.03850 | s
=
{0.04319
0.03845 |
10.04318
0.03840 s o =00

t (sec)

FIG. 6. Relaxation of ZFC and FC magnetization measured at
T = 25 K. The solid lines represent the fit using a stretched expo-
nential function in Eq. (1).

0.54 %. However, Mgc(t) decreases from 0.04323-0.04318
ﬁ and the corresponding change in M is 0.11%. At 25 K,
the initial Mgc is 1.1 times of Mzgc indicating that the Mpc of
LBCO is closer to the equilibrium state, compared to Mzgc.
In general, magnetic glassy systems are understood by an-
alyzing their time-dependent magnetization M (¢), which can

be expressed as [43],

B
M(t) =M0:|:Mgexp|:—(£> ] 2

where, My is the intrinsic M, M, is related to a glassy com-
ponent of M, t is the characteristic relaxation time constant,
and B is the stretching exponent, which has values between 0
[M(t) is constant, i.e., no relaxation] and 1 [M(¢) relaxes with
a single time constant]. In this aspect, the value of 8 conveys
the dynamics of spins with a very strong to no relaxation
limit. Further, the magnitude of § relies on the energy barriers,
which are involved in the relaxation. Materials, that contain
multiple energy barriers, have 8 values between 0 and 1,
whereas for a uniform energy barrier, § = 1. The values of
B obtained for the LBCO from Eq. (2) to the Mzgrc(¢) and
Mgc(t) are 0.55 and 0.62, respectively. The § < 1 values
in the LBCO signify that the M relaxation evolves through
multiple intermediate metastable states.

Figure 7 shows the thermal cycling of, Mzpc vs T curves
of LBCO measured under 1 T along with the normal ZFC,
FCC, and FCW curves. In the thermal cycling of Mzrc mea-
surements, the sample was cooled from 300-10 K and at 10 K,
the H of 1 T was applied. M was measured while increasing
and then decreasing the T in steps of 10 K from 10-110 K.
For better understanding, the M obtained from the initial ther-
mal cycling is shown in the Fig. 7 with guided arrow marks
between the T intervals of 10-30 K, and similarly the M was
measured up to 110 K. In these measurements, the M value
at low T increases continuously up to 60 K, and the thermal
cycling between 60 K and 100 K causes the M value at low
T to decrease slightly. More interestingly, the magnitude of
the peak at 48 K decreases when thermal cycling is performed
between 60—100 K, whereas the magnitude of the peak at 48 K
increases when the thermal cycling is performed between
100 and 110 K. However, the M at low T from the thermal
cycling of the Mz (T') curves does not match with the normal
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FIG. 7. Thermal cycling of Mzgc vs T curves of LBCO are
shown along with the normal ZFC, FCC and FCW curves measured
under 1 T. The arrow marks guided the initial thermal cycling pro-
cess, and the complete thermal cycling was carried out following the
same procedure.

Mgcc(T) curves at the highest thermal cycling T of 110 K.
The overall thermal cycling of Mzgc follows the normal Mzgc
path and reveals that the thermal hysteresis T region plays a
major role in the low-T arrested magnetic phase. These T cy-
cling results are similar to the other magnetic glassy materials,
i.e., Gd;Ge4 and EuBaCo,05.5 (6 = 0.47) cobaltite [34,39].
These results suggest that, at low T, even at a fixed H, thermal
cycling can convert some of the supercooled metastable low-
M phase (Mzrc) to higher-M phase (Mpc) at equilibrium.

The phase coexistence at low T is further understood from
the significant horizontal shift in the M (H) loops measured
under +H as shown in Fig. 8. Such a shift in the M (H ) loop
under £H is known as exchange bias. From the shift of the
M (H) loops, the exchange bias field (Hg = —[H; + H»/2])
is obtained using the H; (left coercive field) and H, (right
coercive field). The Hg at 7 T in LBCO is found to be 0.46 T,
which is smaller compared to the YbBaCosO; (YbBCO).
Here, we note that YbBCO shows AFM ordering, whereas
LBCO does not [30].

@5kK 47
0.2 ;“/
—— 0T cooling
+7T cooling
— 0.1F .
E) ——— -7TT cooling
=
)]
=00
=
-0.1+
-0.2f
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FIG. 8. Isothermal ZFC and FC, M (H ) loops of LBCO measured
at S K.

IV. DIELECTRIC STUDIES

Figures 9(a) and 9(b) show the T variation of the real
part of the dielectric constant (¢”) and the corresponding loss
tangent (tan §) of the LBCO measured at different frequencies
(f) with a heating rate of 2 K/min. Above 100 K the €’
shows a steplike increase and this behavior has also been
reported in YBaCo,sO7 (YBCO) and DyBaCo,0O; (DBCO)
cobaltites of the same family [17], thus not shown here. For
T < 100 K, € decreases to T = 50 K and starts to rise
below 50 K, as shown in Fig. 9(a). At T = 45 K, €’ shows a
frequency-independent peak, which is close to the magnetic
peak T shown in Fig. 2(a). With a further decrease in T,
€’ shows a broad hump centered at 20 K, where the hump
is slightly dispersive with frequency; tan§ shows frequency-
independent and -dependent features below 50 K, which are
shown in Fig. 9(b). The frequency-independent features at
T = 45 K are clearly shown in the inset of Figs. 9(a) and 9(b)
through the first derivative T of €’ and tan §. The frequency-
dependent dielectric features of LBCO are discussed later. At
low T (T < 60 K), the magnitude of € in LBCO is in good
agreement with the previously reported values of well-studied
multiferroic materials in this family, such as CBCO [12,13].
The insulating nature of LBCO at low T [inset of Fig. 2(b)]
and low tan § values below 60 K, excludes the possibility of
Maxwell-Wagner-like relaxation features.

The peak at T =45 K in €’ closely correlates with the
magnetic ordering 7. The structural and magnetic properties
of LBCO exhibit strong sensitivity to the heating and cooling
rates. Thus, we also measured the heating and cooling depen-
dence of ¢ and the corresponding ‘;—;/ curves are shown in
Fig. 9(c). Furthermore, ¢’ vs T was also measured at differ-
ent heating rates, 2 K/min and 1 K/min, respectively, and
the corresponding Z—; curves are shown in Fig. 9(d). From,
Figs. 9(c) and 9(d), it is clear that the Ty and Tpg tempera-
tures change significantly with the heating and cooling cycles
for the same temperature sweep rate and also for the different
heating rates.

The Fig. 10(a) shows the frequency variation of tané
at low 7. The broad hump at low T in tand is shifted
to higher temperatures, with increasing frequency, and the
corresponding maximum 7 of the hump (7,) is shown in
the ‘% curves [Fig. 10(b)]. Figure 10(b) also shows the
frequency-independent peak at 42 K. Here, we note that the
tan$ curves shown in Fig. 10(a) are measured using the
homemade sample probe in a Quantum Design MPMS sys-
tem and the data in Fig. 9 and Fig. 10(d) were measured
using the Janis cryogenic system. Thus, there is a slight
temperature difference in the Ty and Tpg, but the overall
behavior is the same. The frequency-dependent dielectric be-
havior at low T is analyzed using the thermally activated
Arrhenius law

Lo )
T =T1pex
0 €Xp kT,
and also Vogel-Fulcher (V-F) relation [44,45],
Fu @
T=1exp| — ).
*P k(T — )
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dT

different heating rates.

Here, E, is the energy barrier to dipole reorientation, 7Ty is
the critical temperature at which all relaxation times diverge,
79 is the reciprocal of the attempt frequency (wo) and T,
is maximum peak temperature of €’. The €’ vs T curves at
20 K do not follow the thermally activated Arrhenius law [the
nonlinear behavior is shown in Fig. 10(c)] and also the fitting
leads to a large error in ty. The values of the parameters E,,
79, and T obtained by a best-fit analysis of the data to the V-F
equation are 2.78 (0.02) meV, 2.47 (£0.61) x 10735, and
10.31 (£0.33) K, respectively.

The V-F relation is generally used to describe a glassy state
in dielectrics and applies to both relaxor ferroelectric (FE) and
also dipolar glass (DG) [44,45]. The relaxor FE and DG show
similar broad frequency-dependent €’ vs T curves. However,
the former can transform into normal FEs under a strong elec-
tric field (E), whereas the latter cannot. This is because relaxor
FEs contain clustered polar nanoregions (PNRs), randomly
interacting with individual electric dipoles of fixed length in
DG [46-49]. Therefore, to distinguish the LBCO from relaxor
FE and DG states, we measured (in cooling) the € vs T
curves under a dc bias field (Epi,s) of 10 kV/m. The results are
shown in Fig. 10(d) along with the €’ vs T curves measured
in the absence of Ey;s. From, Fig. 10(d), there no obvious
change in the €’ vs T curves under a dc bias field. Further, we
have also measured the pyroelectric current at low 7 under
an external electric field, which shows a broad pyroelectric
current peak centered at 55 K. The peak position shifts along

transitions are highlighted with different colors and discussed in detail in the main text.

de'

o curves measured under

the T axis with changing heating rates. These pyroelectric
results are similar to those of YBCO and DBCO cobaltites
of the same family [17]; hence, they are not shown here. The
pyroelectric current measurements also show the absence of
permanent electric dipoles in LBCO. From these observations,
we ruled out the ferroelectric (FE) and relaxor FE features
in LBCO, and the low-T dielectric state is assigned to a
dipolar glass.

V. DISCUSSION

The CHUF, thermal cycling of Mzpc, and time-dependent
M studies clearly show glasslike dynamics at low 7', where the
glassy phase arises from the kinetic arrest of the supercooled
magnetic phase. The bulk M measurements are sufficiently
sensitive to detect the phase fractions if the kinetic arrest is
related to long-range magnetic order, involving the ferromag-
netic and antiferromagnetic ordered phases [50]. For, LBCO,
neutron studies show short-range magnetic correlations and
the absence of long-range magnetic order. Thus, it is challeng-
ing to identify the phase fractions at low 7 in LBCO from the
M studies. However, in previous x-ray, and neutron studies,
along with cooling rate-dependent M studies, the M, peak at
48 K was assigned to the Cc phase [7]. Atlow T, in the R-114
compounds, the Pbn2; phase is more stable and exhibits AFM
(or FiM) ordering, whereas the Cc phase is observed only
in LBCO and is paramagnetic (PM) in nature at high 7. At
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110 K, the Cc phase is converted to Pbn2,, and at low T the
phase fractions strongly depend on the cooling rates [7]. In the
present experiments, we used the 3 K/min in the M studies,
and 2 K/min in the €’ studies, which indicates LBCO contains
both Pbn2;, Cc phases qualitatively. However, as indicated
above, the exact phase fractions cannot be predicted. If the
high-T' PM Cc phase is kinetically arrested at low T, with-
out showing any long-range magnetic order, then one would
expect the M associated with this phase to decrease linearly
without showing any peak, i.e., pure PM behavior. On the
other hand, the M investigations clearly display an AFM-like
peak at 48 K suggesting that the Pbn2, phase fraction con-
tributes significantly to the kinetic arrest and might be produce
a peak at 48 K, during heating. This can be further understood
from the thermal cycling of Mzgc (Fig. 7), where the peak at
48 K, becomes weak when we perform the 7 cycling in 60—
100 K and also at the low T, M shows linear decrease. We note
that in the thermal cycling of Myzgc, a heating and cooling rate
of 3 K/min was used and it was observed that the Mzrc peak
at 48 K becomes weaker. A similar behavior is also reported
in Ref. [7], where the M was measured using slower cooling
rates (<1 K/min).

We now present additional evidence suggesting that the
peak near 48 K might be associated with the Pbn2; phase

by comparing the € properties of LBCO with the re-
ported €' studies of other R-114 cobaltites. The crystal
structure of CBCO is orthorhombic Pbn2; (300—4 K; noncen-
trosymmetric) and exhibits long-range FiM ordering at low
T (T, ~ 60 K). The €’ studies on CBCO at low T show
a frequency-independent peak at magnetic ordering 7. For
T < T., € of CBCO decreases with decreasing T, without
showing any relaxation features [9,12—14]. However, the di-
electric studies on the YBCO and DBCO cobaltites show
the absence of the ¢’ peak at low T and is also constant for
T < 30K [17]. Here, we note that the magnetic ground states
of these YBCO and DBCO cobaltites are different, DBCO
shows spin glasslike behavior along with short-range mag-
netic correlations, whereas YBCO shows both long-range and
short-range magnetic features below 100 K [17-19]. Based on
these €’ comparisons, we attribute the frequency-independent
peak of LBCO at T = 45 K to the Pbn2, phase. Further, as
discussed above, the kinetically arrested PM Cc phase at low
T in LBCO would likely show dipolar glassy features in the
dielectric studies.

VI. CONCLUSION

In conclusion, we report experimental evidence of mag-
netic and dielectric glassy states in alternating kagome and
triangular lattice LuBaCo40; cobaltite. ac magnetization
studies show an absence of the conventional spin glass state,
whereas various detailed dc M studies show the magnetic
glassy state at low 7', arising from the kinetic arrest of the first-
order structural phases. Thermal cycling measurements show
that broad thermal hysteresis plays a significant role on the
arrested low-T magnetic phases. The dielectric features of the
LBCO are strongly coupled with the magnetic phase transition
and also show strong signatures of kinetically arrested phases.
Recent studies have established that phase fractions at low
temperature in LBCO vary significantly with Y doping at Lu
sites [51]. Thus, studying Lu;_,Y,BaCo40O, systematically
may shed more light on the origin of the kinetic arrest-driven
magnetic and dielectric glassy features and the role of phase
coexistence in these systems.
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