Thermodynamics and heat transport of a disordered antiferromagnet 3R-Na;MnTeOg
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We study the low-temperature thermal conductivity, specific heat and magnetic susceptibility of
3R-Nap;MnTeOs single crystal, which is a layered antiferromagnet. Magnetic susceptibility shows
no magnetic transition at low temperatures down to 2 K, while the antiferromagnetic interaction
was confirmed by the negative Curie-Weiss temperatures for both interlayer and intralayer sus-
ceptibility. Ultralow-temperature specific heat down to 80 mK also displays the absence of mag-
netic ordering. Whereas, the low-temperature ac susceptibility indicates spin freezing around 1
K. Ultralow-temperature thermal conductivity shows a T2-dependence with very small magnitude,
which seems to be compatible with the spin glass state. However, both the in-plane and out-of-plane
magnetic fields suppress the thermal conductivity rather strongly, which is quite different from the
known behavior of that in the spin glass systems. These results suggest a ground state with spin

freezing rather than the canonical spin glass.
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I. INTRODUCTION

Low-dimensional magnetic systems are of great inter-
est for the discoveries of exotic quantum phenomena, in-
cluding the quantum spin liquids (QSLs) and magnet-
ic transitions associated with the magnetization plateau
etc. [1-10] For either Heisenberg-type or Ising-type spin
systems, the ground state can be prevented from attain-
ing long-range order at finite temperatures through the
Mermin-Wagner theorem [11] or geometric frustration
[1, 4]. Typical quantum fluctuations become significant
in low-dimensional magnets with small spin number [5].
For example, in S = 1/2 antiferromagnets the geomet-
ric frustration can induce a QSL state [3] while systems
with S = 3/2 or 5/2 usually exhibit the long-range or-
dered ground states [12, 13]. Besides geometric frustra-
tion, non-negligible interlayer interactions and inheren-
t structural/chemical disorder can also play vital roles
in determine the low-dimensional quantum magnetisms
[14-16]. Disorder is particularly consequential for QSL
candidates: random site occupancy and stacking faults
introduce a distribution of local exchange fields, which
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can localize possible itinerant spin excitations and even-
tually drive an inhomogeneous, glassy freezing of spins
rather than a collective liquid state, as has been argued
for the site-disordered triangular compounds YbMgGaQO,4
and YbZnGaO, [17-20]. This motivates an open ques-
tion: what ground state is realized in S = 3/2 magnets
with coexisting geometric frustration and intrinsic struc-
tural disorder, among long-range magnetic order, QSL,
and disorder-induced spin freezing?

A material family for examining this question is the
trigonal layered quaternary tellurates trigonal layered
quaternary tellurates AsMTeOg (A = Li, Na and M =
Ti, Mn, Sn, Ge), which contains stacked two-dimensional
(2D) honeycomb layers [21, 22]. The tetravalent magnet-
ic ions Mn** form a diluted triangular net within the
layers, which were separated by the Te®*" ions. The over-
all arrangement of both Mn** and Te®*, centered in the
edge-sharing octahedra, form the honeycomb layers. The
interlayer space in these compounds is filled by the dense
package of the alkali ions centered in the face-sharing
trigonal prisms. Some previous work suggested a hidden
magnetic order in AoMnTeOg [23]. The dc susceptibility
does not show obvious development of long-range mag-
netic order in weak magnetic field, while a clear maxi-
mum on x(7') was observed in sufficiently high external
magnetic field, which corresponds to the onset of long-
range antiferromagnetic order at low temperatures. Neu-
tron power diffraction has revealed a 120° noncollinear
spin arrangement for Li;MnTeOg with the propagation
vector k = (1/3, 1/3, 0) [23] and a commensurate 120°
spin helix for 2H-NaysMnTeOg with propagation vector
k= (1/3,1/3,1/3) [24], respectively. Recently, Xu et al.
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FIG. 1. X-ray diffraction pattern of (00l) plane and the rock-
ing curve of the (003) peak. The full width at the half maxi-
mum (FWHM) of the rocking curve is shown in panel (b). The
inset shows the photograph of 3R-NaxMnTeOg single crystal
grown in this work.

reported the synthesis of single crystals of ABC-stacking
honeycomb layered magnet 3R-NasMnTeOg [25], which
has an R3 lattice and exhibits distinct magnetism from
the hexagonal AB stacking compound 2H-NasMnTeOg
[24]. Their results demonstrated that 3R-Nay;MnTeOg
could be a good platform for studying the magnetic ex-
citation continuum in low-dimensional systems and the
interplay between intersite disorder and spin-disordered
states. However, the nature of the ground state is still
not identified for 3R-NasMnTeOg.

Ultralow-temperature thermal conductivity (k) has
been widely used for studying the elementary excitation-
s in quantum magnets since it can effectively detect the
itinerant excitations. The most famous example is that a
finite residual linear term ko /T can be taken as a smok-
ing gun for the existence of itinerant gapless spinons in
QSLs [17, 26-28]. The magnetic field dependence of &
was also found to be sensitive to field-induced quantum
magnetic transitions [9, 10, 28]. The advantage of ther-
mal conductivity measurement is that it avoids the effects
of localized excitations caused by the inevitable impuri-
ties in these materials [29)].

In this work, we study the thermal conductivity, mag-
netic susceptibility and specific heat of 3R-NasMnTeOgq
single crystals at very low temperatures. The magnetic
susceptibility and specific heat results verified the ab-
sence of long-range order down to 80 mK, while a spin
freezing occurs at about 1 K. The ultralow-temperature
thermal conductivity has very small magnitude and 72
dependence, which is compatible with the spin glass s-
tate. However, the external magnetic field gradually sup-
presses the k. These results point to a ground state with
spin freezing rather than the canonical spin glass.

II. EXPERIMENTS

High-quality single crystals of 3R-NayMnTeOg were
grown by a flux method [25]. The as-grown crystals are

black hexagonal flakes with typical size of ~ 3 x 3 x 0.1
mm?, as shown in the inset to Fig. 1(a), and are easily
cleaved along the ab plane. The orientation of crystals
was confirmed by X-ray Laue back diffraction. Figures
1(a) and 1(b) show the (00!) diffraction and the rocking
curve of (003) peak, which indicate the good crystallinity
of these crystals. Moreover, the energy dispersive X-ray
elemental analysis indicates that the element content in
our samples is in good agreement with the chemical for-
mula. The dc magnetic susceptibility between 2 and 300
K were measured using the SQUID-VSM (Quantum De-
sign Magnetic Property Measurement System, MPMS)
in magnetic field up to 7 T. The high-field magnetiza-
tion was measured in the Wuhan National High Magnetic
Field Center (WHMFC). The ac susceptibility and specif-
ic heat were measured using the Physical Property Mea-
surement System (PPMS) (DynaCool, Quantum Design)
with a dilution insert. Thermal conductivity was mea-
sured by using a “one heater, two thermometers” tech-
nique in a *He/4He dilution refrigerator at 70 mK — 1.2 K
and in a 3He refrigerator at 0.3 K — 30 K, equipped with
a 14 T superconducting magnet [10, 17, 28]. The thermal
Hall effect was measured by using the standard steady-
state technique with “one heater, three thermometers”
[30].

ITII. RESULTS AND DISCUSSION
A. Magnetic properties

Figures 2(a-c) present the temperature dependence of
magnetic susceptibility x measured with B = 0.01 T a-
long the ¢, a and ax (the in-plane direction perpendicular
to the a axis) axis, respectively. The x(7') increases up-
on lowering temperature and there is no visible anomaly
down to 2 K, indicating the absence of long-range mag-
netic order. It should be pointed out that there is also
no clear maximum or sharp peak in x(7T') curves with
7 T magnetic field along any crystallographic axis (not
shown in the figures), which precludes the hidden long-
range magnetic order [23]. The Curie-Weiss fit to the
low-temperature data (2 — 50 K) gives effective moment
teff = 3.94 pp, Curie-Weiss temperature 0oy = —5.503
K for B || ¢ and pieff = 3.24 up, dcw = —5.066 K for
B | a, pregs = 3.26 pp, 0cw = —5.113 K for B || ax,
respectively. The negative 6oy indicates the dominant
interlayer and intralayer antiferromagnetic interactions.
The field-cooling (FC) and zero-field-cooling (ZFC) sus-
ceptibility data does not show detectable difference, rul-
ing out the possibilities of ferromagnetic moments or spin
freezing down to 2 K. Figures 2(d-f) show the isothermal
magnetization curves at 2, 5 and 10 K with the external
magnetic fields along the ¢, a, and ax axis, respectively.
The M (B) curves exhibit weak anisotropy and no field-
induced transitions under the external fields up to 7 T
for all three directions. These results are in good agree-
ment with the previous report [25]. Figure 3 shows the
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FIG. 2. (a-c) Temperature dependence of magnetic susceptibility x and inverse magnetic susceptibility 1/x of NasMnTeOsg
single crystal with B || ¢, B || a and B || a*. The solid red lines indicate the linear fit of the inverse magnetic susceptibility
1/x(T) curves. (d-f) Isothermal magnetization at selected temperatures with B || ¢, B || a and B || ax*.
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FIG. 3. High-field magnetization curves of 3R-NaxMnTeOg
single crystals at 2 K with the external magnetic fields along
the ¢ axis or the ab plane.

high-field magnetization curves for magnetic field along
the ¢ axis or the ab plane, which do not exhibit any clear
anomaly. The c-axis magnetization was saturated around
20 T with the saturation moment of 2.4y 5/Mn**, while
the in-plane magnetization was not at fields up to 56 T.

The previous work reported that the ac susceptibil-
ity of 3R-NayMnTeOg single crystal shows no anoma-
ly or frequency dependence down to 1.8 K [25]. To
further characterize the magnetic ground state of 3R-
NayMnTeOg, we measured the ac susceptibility at very
low temperatures down to 100 mK. Figure 4(a) shows the
temperature dependence of the real part x’ measured in

the absence of dc field. Clearly, there is a frequency-
dependent peak around 1.3-1.6 K, which indicates spin
freezing. One can analyze this frequency dependence to
clarify whether it is a spin glass state. A phenomeno-
logical classification can be done by estimating the My-
dosh parameter 6 = ATy /(T Alogf) [31, 32], where T is
the freezing temperature defined as the peak position in
X'(T). This is a quantitative measure of the relative peak
shift of x’ with frequency and usually used as a criterion
to distinguish the conventional spin glass, cluster glass,
and superparamagnetic systems. For 3R-NasMnTeOg, §
is calculated to be 0.094, as shown in Fig. 4(b). This
value is rather different to that of the canonical spin-
glass systems (J ~ 0.005) [31, 32]. We note a similar case
for the famous quantum spin-ice material ThsTisO7, in
which the frequency dependence of the ac susceptibility
does not correspond to a canonical spin-glass transition
but rather to a spin freezing [33]. The § of ThyTi2O7
was found to be 0.06-0.08, which is comparable to that
of 3R-NasMnTeOg. Well-established literature bench-
marks are: the Mydosh parameter 6 = 0.005 — 0.01 for
canonical spin glasses, § = 0.01 — 0.08 for cluster glasses,
and § > 0.1 for non-interacting superparamagnets. In
our work, the Mydosh parameter 6 ~ 0.094 lies at the
upper end of the cluster-glass range, close to the super-
paramagnetic limit, and is substantially larger than the
benchmark value for canonical spin glasses. Moreover,
the weak frequency dependence indicates that the freez-
ing may originate from short-range correlated magnetic
clusters, i.e., cluster-glass-type inhomogeneous moment
freezing induced by structural disorder, rather than from
the thermodynamic spin-glass transition of a canonical
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FIG. 4. (a) Temperature dependencies of the ac magnetic sus-
ceptibility measured in zero dc field with different frequencies.
The ac field is applied along the ¢ axis. The dashed arrow is
the guide to eyes for the peak position. (b) Frequency depen-
dence of the freezing temperature plotted as ATy /Ty versus
Alogf. The slope of the fitted straight line is the Mydosh
parameter §.

spin glass.

B. Specific heat

Figure 5(a) shows the zero-field specific heat of 3R-
NayMnTeOg single crystal. Clearly, there is no phase
transition at low temperatures down to 80 mK, which
indicates the disordered ground state of this material. In
the previous report, the specific heat data also indicated
the absence of magnetic order at low temperatures down
to 0.5 K [25]. Tt is notable that there is a broad hump at
temperatures around 8 K and the broad hump shifts to-
ward higher temperatures with increasing magnetic field
and develops into a kink at 9 T, as shown in Fig. 5(c),
which might suggest the short-range spin correlations. At
very low temperatures, the upturn feature is likely due
to the nuclear Schottky contribution of Mn** ions. With
applying magnetic field along the ¢ axis, both the nuclear
Schottky anomaly and the short-range hump are obvious-
ly affected, which is easily to understand. Nevertheless,
our ultralow-temperature specific heat data confirm the

absence of long-range order in 3R-NasMnTeOg, which
is distinct from the analog compounds 2H-NasMnTeOg
[24] and Li;MnTeOg [23], in which the zero-field specific
heat displays a distinct A\-type anomaly.

The phonon specific heat is dominant at high-
temperature regime. We found that the high-
temperature specific heat data can be fitted by the for-
mula considering both the Debye and Einstein models
[10, 34-36], that is,

T 3 Op/T 4 @
Con = 3NDR () / (de
0

Op er —1)?
2 exp(Op1/T)
+ Ng1R(Op1/T) [exp(©p1/T) — 1]? (1)
2 exp(Og2/T)
+ NgaR (©p2/T) [exp(O©p2/T) — 1]2
+ Np3R (Op3/T)* pOey D)

[exp(Ops/T) — 1]2’

with = hiw/kpT, w the phonon frequency, kp the Boltz-
mann constant, and R the universal gas constant. In the
above formula, the first term is the contribution of 3 a-
coustic phonon branches described by the Debye model
(Np = 3), while the other terms are the contribution-
s from the optical branches described by the Einstein
model (Ng; = 6, Ngo = 9 and Ngs = 12). Other pa-
rameters are the Debye temperature, ©p = 197 K, and
three Einstein temperatures, O g1 = 309 K, Oy = 657
K and Ogs = 1489 K.

At very low temperatures, the phonon specific heat
calculated from the above formula is negligibly small, as
shown by the red line in Fig. 5(b). Moreover, the nucle-
ar hyperfine contribution Cp,, can be adequately repre-
sented by a/T? at lowest temperature and we fitted the
data with this expression demonstrates that the nucle-
ar hyperfine contribution is negligible between 0.5 and
1 K. Therefore, the very-low-temperature specific heat
is dominated by the magnetic and nuclear contribution-
s. In zero field, the magnetic specific heat displays a
T-linear behavior at T < 1 K, which is a typical result
for spin glass [37, 38]. With increasing magnetic field,
the magnetic specific heat is gradually decreased. This is
compatible with the suppression of magnetic excitations
in spin glass by the external magnetic field [39, 40].

C. Thermal conductivity

Figure 6(a) shows the thermal conductivity of
NasMnTeOg single crystal in zero field and 14 T field
along the ¢ or ax axis, respectively. There are several
notable features of the zero-field data. First, the (T
curve does not display any anomaly at 70 mK - 30 K,
which is consistent with the specific heat data regarding
to the absence of magnetic phase transition. Second, the
magnitudes of k are very small in the whole temperature
range, compared to other single crystal samples of insu-
lator. Even the common phonon peak, usually appearing
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FIG. 5. (a) Specific heat of 3R-NaxMnTeOg single crystal in zero field and at 80 mK — 300 K. The inset shows the log-log
plot of the data. (b) Ultralow-temperature specific heat in zero field and various magnetic fields applied along the ¢ axis. The
red line is the fitting result of high-temperature phononic specific heat. The purple line represents the contribution from the
nuclear hyperfine. The black line indicates the linear behavior of specific heat at T' < 1 K. (c¢) The temperature dependencies
of Cp(T') taken at various magnetic fields applied along the ¢ axis.
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FIG. 6. (a) Zero-field thermal conductivity of 3R-
NasMnTeOsg single crystal in temperature range of 70 mK
— 30 K. The heat current is along the a* axis (perpendicular
to a axis). Also shown are the thermal conductivity in 14 T
magnetic field along the ¢ or the ax axis. The inset shows
the temperature dependence of the phonon mean free path [
divided by the averaged sample width W. (b) Data in zero
field plotted in x/T vs T. The solid line is a linear fit of the
data.

at 10 — 20 K, does not show up in these data. This also
points to the extremely weak phonon thermal conductiv-
ity. Third, the low temperature x exhibits a T2 behavior,
which strongly deviates from the standard T2 behavior
of phonon thermal conductivity [41].

Such small thermal conductivity seems to suggest that
there is no other kind of heat carriers than phonons. As-
suming that the thermal conductivity is purely phononic
at low temperatures, the phonon mean free path can be
calculated [42]. The phononic thermal conductivity can
be expressed by the kinetic formula rp, = 1Cuv,l [41],
where C' = T3 is the phonon specific heat at low tem-
peratures, v, is the average velocity and [ is the mean
free path of phonon. The S and v, can be obtained

from Debye temperature using the relations § = %5—%
and Op = %(6”2%)% [43], where N is the number of

molecules per mole and each molecule comprises s atoms,
V' is the volume of crystal and R is the universal gas con-
stant. With the above Debye temperature from the spe-
cific heat data, we obtained 3 = 2.54 x 1073 J/K*mol and
vp = 1510 m/s. The inset to Fig. 6(a) shows the ratio of
calculated [ to the averaged sample width W = 2,/A/x
= 0.367 mm [41, 44], where A is the area of cross section.
It can be seen that although the [/W increases with low-
ering temperature, it is still smaller than 0.02 (< 1) at
the lowest temperature, which means that the boundary
scattering limit is far from being established at such low
temperatures. It should be noted that the phonon mean
free path would be over-estimated if there were sizeable
contribution to k from other heat carriers. Neverthe-
less, the very small x demonstrates that the phonon heat
transport in 3R-NagMnTeOg single crystal is actually a
very special case.

Figure 6(a) also show that when applying 14 T mag-
netic field along either the ¢ or a* axis, the k are clearly
decreased, with nearly 72 dependence at very low tem-
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FIG. 7. Magnetic field dependence of thermal conductivity
at different temperatures with magnetic field along the c (a)
and the ax (b) directions.

peratures. This may indicate the enhanced magnetic s-
cattering of phonons induced by magnetic field. Another
possible reason for the suppression of  in such high field
is that there might be some magnetic excitations trans-
porting heat in zero field, which is suppressed by mag-
netic field. Many previous studies on QSL candidates
revealed that at very low temperatures the thermal con-
ductivity usually can be fitted to /T = ko + bT71,
in which the two terms represent contributions from the
itinerant fermionic magnetic excitations and phonons, re-
spectively [17, 26-28]. To check this possibility, Fig. 6(b)
shows the ultralow-temperature data at zero field plotted
with x/T vs T. Tt is clear that the linear fitting actually
gives ko/T = 0, which excludes the possibility of the ex-
istence of itinerant fermionic magnetic excitations at zero
field. It should be pointed out that the zero ko/T does
not necessarily suggest the absence of spinons or QSL, s-
ince in some QSL candidates like PrMgAl;; 019, NaYbS,
and NaYbSes, the strong spinon-phonon scattering could
yield zero ko/T [49, 51]. However, in these materials the
ultralow-temperature « is enhanced in strong magnetic
fields that can polarize the spins.

Figure 7 shows the field dependence of the thermal con-
ductivity with magnetic field along the ¢ axis or a* axis,

which display nearly isotropic magneto-thermal effect for
these two field directions. It can be seen that at the low-
est temperature of 151 mK, the field-suppression effect is
the most significant and it becomes weaker with increas-
ing temperature. Moreover, there is no sharp anomaly in
the x(B) curves, which indicates that there is no field-
induced magnetic transitions [10, 52-54]. This is con-
sistent with the above magnetization results. Here, the
almost monotonic decrease of the x with field is very dif-
ficult to understand. First, it should be pointed out the
magnetic field dependence of k can sometimes result from
the resonant scattering by the free spins [55-57]. The
paramagnetic resonant phonon scattering is most effec-
tive in suppressing the phonon transport when the energy
splitting with Zeeman effect is equal to ~ 3.8kpT', where
the phonon conductivity spectrum peaks [41]. There-
fore, the spin-phonon scattering generates a dip-like fea-
ture in x(B) and the dip position shifts to higher field
with increasing temperature. In the high-field limit, the
spin energy splitting is too large for spins to exchange
energy with phonons and the spin-phonon scattering is
quenched; as a result, the high-field £ will recover the
zero-field value. However, for 3R-Na;MnTeOg at least
the 14 T field along the ¢ axis still strongly suppress-
es the k, while this field nearly polarizes the spins (see
the high-field magnetization curve in Fig. 3). In addi-
tion, the specific heat data do not show the existence of
free spins, which would give Schottky contribution with
a broad-peak feature shifting upon increasing magnetic
field. Apparently, the x(B) behavior of 3R-NasMnTeOg
cannot be ascribed to the resonant phonon scattering by
the free spins. Second, if there were spinon excitation-
s that strongly scatter with phonons, applying magnetic
field would suppress the magnetic excitations and weaken
the scattering; thus one would expect the enhancemen-
t of k in strong magnetic fields [17, 48, 49, 51], which
however is opposite to the experimental results. More-
over, Our x(B) data show a monotonic reduction up-
on increasing magnetic field without any signature of a
field-induced transition. This behavior differs remark-
ably from the x(B) behaviors reported for those QSL
candidates, a-RuCls, NasBaCo(POy4)2, YbMgGaO,, and
NaYbSes [17, 28, 51, 58]. These materials have several
different x(B) features: (i) there is non-monotonic mag-
netic field dependence of thermal conductivity; (ii) there
are clear anomalies in k(B) that are related to some field-
induced magnetic transition; (iii) the x(B) are enhanced
and saturated in enough high fields. For this reason, the
present k(B) behaviors are not compatible with those of
QSL candidates. Third, the phonon thermal conductivi-
ty in the spin-glass materials was found to be enhanced
in magnetic fields [59, 60]. It is known that the low-
temperature behavior of spin glasses can be described
in terms of magnetic two-level systems [59, 60], which
are associated with regions of complex spin arrangements
(spin clusters) whose spin rotations are blocked by the
anisotropy energy barriers. The magnetic two-level sys-
tems can be activated over their energy barriers by in-



elastic scattering of phonons, coupled via the spin-orbital
interaction. Thus, the low-temperature phonon thermal
conductivity of spin glasses usually has weak temper-
ature dependence (72) and small magnitude. Apply-
ing magnetic field would block the spin clusters and the
magnetic excitations are prohibited. This natively ex-
plained the common field-induced enhancement of ther-
mal conductivity. This magnetic field dependence of k is
quite different from the present result of 3R-NasMnTeOg.
Therefore, the low-temperature thermal conductivity of
3R-NayMnTeOg exhibits rather unusual properties and
is incompatible with that of canonical spin glass.

In passing, we measured the thermal Hall effect of 3R-
NayMnTeOg single crystals at low temperatures. It was
found that at 0.7 — 5 K there is no sizable thermal Hal-
1 signal, which also rules out the possible transport of
magnetic excitations.

To summarize the present experimental results, 3R-
NasMnTeOg has a spin disordered ground state. Further-
more, the ac susceptibility suggest a spin-freezing rather
than spin-glass state, which is somewhat similar to the
well-known pyrochlore TbaTizO7 [33]. The temperature
dependence of k (~ T?) is compatible with that of spin-
glass materials, while the magnetic field dependence of
k is distinctly different from that of spin glass. Further
theoretical investigations are called for to understand the
nature of ground state and unusual heat transport prop-
erties of this interesting material.

IV. CONCLUSION

We study the low-temperature thermal conductiv-
ity, specific heat and magnetic susceptibility of lay-
ered antiferromagnet 3R-NasMnTeOg. No magnetic
order was probed by the magnetic susceptibility and
specific heat data at low temperatures down to 80
mK, while a spin freezing was detected at about 1 K.
Ultralow-temperature thermal conductivity shows a T2-
dependence with very small magnitude, which is com-
patible with the spin glass state. However, the magnetic
field dependence of thermal conductivity is quite differ-
ent from the usual behavior of that in spin glass systems.
Based on the ac susceptibility and thermal conductivi-
ty results, this material has a spin-freezing rather than
spin-glass ground state.
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