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Low-temperature thermal conductivity (k), as well as the magnetic properties and specific heat, are studied for the
frustrated zigzag spin-chain material SrEr,O4 by using single-crystal samples. The specific heat data indicate the long-
range antiferromagnetic transition at ~ 0.73 K and the existence of strong magnetic fluctuations. The magnetizations
at very low temperatures for magnetic field along the ¢ axis (spin chain direction) or the a axis reveal the field-induced
magnetic transitions. The k shows a strong dependence on magnetic field, applied along the ¢ axis or the a axis, which is
closely related to the magnetic transitions. Furthermore, high magnetic field induces a strong increase of k. These results
indicate that thermal conductivity along either the ¢ axis or the a axis are mainly contributed by phonons, while magnetic

excitations play a role of scattering phonons.
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1. Introduction

Quantum effects are enhanced in those antiferromag-
netic (AF) systems with small spins, low dimensionality or
spin frustration. The famous quantum spin systems in low-
dimensional cases are the S = 1/2 Heisenberg chain and the
S = 1 Haldane chain, which can exhibit gapless spin liquid or
spin gapped ground state.!'*! Geometrically frustrated mag-
nets, in which the magnetic interactions are incompatible with
the underlying lattice symmetry, have attracted much atten-
tion. In such systems, the competitive interactions prohibit
the energy-minimized local spin configuration from extending
globally, and result in a macroscopically degenerate ground
state in which many novel magnetic behaviors can emerge.
Even in rare-earth compounds where the anisotropic moments
induced by spin—orbit coupling are commonly regarded as
the classical ones in the low temperature limit, with the help
of magnetic frustration, some novel magnetic properties have
been discovered experimentally.>~7!

SrEr;O4 belongs to the family of isostructural magnet-
ically frustrated compounds AB>,O4 (A = Sr, Ba and B =
lanthanide). (8] In these materials, the B ions are located inside
two kinds of differently distorted oxygen octahedrons, result-
ing in two magnetically inequivalent B sites. In SrEr;Oy4, the
two sets of Er magnetic moments form two different zigzag
Ising spin chains along the ¢ axis, which connect with each
other to form a distorted honeycomb sublattice with the hon-
eycomb layer perpendicular to the chain direction, as shown

fCorresponding author. E-mail: xfsun@ustc.edu.cn
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in Fig. 1. Thus, this material is a special one-dimensional and
frustrated spin system. The intra-chain and inter-chain spin ex-
changes have not been determined experimentally. However,
the magnetic susceptibility data demonstrated a rather large
Curie—Weiss temperature Ocw of —13.5 K, compared to the
Néel temperature Ty of 0.75 K.°! Actually, the previous stud-
ies revealed some unusual magnetic properties in StEr,O4. At
low temperatures there is the coexistence of AF long-range
order (LRO) and incommensurate short-range order (SRO) in-

19101 1t was also

volving Erl sites and Er2 sites, respectively.
determined that the magnetic moments on Erl sites and Er2
sites point toward the c-axis and g-axis directions, respec-
tively. For B||a, a 1/3 magnetization plateau was observed and
indicated a field-induced two-spin-up one-spin-down (UUD)
phase.[!]

It has been known that the heat transport of low-
dimensional spin systems exhibit many interesting proper-
ties due to the possible transport of magnetic excitations and
the spin—phonon scattering. In particular, large magnetic
heat transport has been found in some one-dimensional and

[12-14] In some frustrated spin

two-dimensional spin systems.
systems, the peculiar spinon excitations associated with the
quantum spin liquid state have also been found to transport
heat.['>-171 However, in more spin frustrated materials the
magnetic excitation seems to scatter phonons rather than to
carry heat.['®1° In this work, we study the magnetic and

heat-transport properties of SrEr,O4 single crystals by using

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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magnetic susceptibility, specific heat and thermal conductiv-
ity measurements at very low temperatures down to 0.3 K and
in high magnetic fields up to 14 T. Thermal conductivity re-
sults indicate that phonons are the main heat carriers in this
material, while magnetic excitations play a role of scattering
phonons.

Fig. 1. Schematic plot of the crystal structure of SrEr, Oy, in which Er ions
on two inequivalent sites form two zigzag chains. The other atoms are omit-
ted for clarity.

2. Experiment

High-quality SrEr,O4 single crystals were grown by us-
ing the floating-zone technique. The x-ray backscattering
Laue photographs as well as x-ray diffraction were used for
identifying the crystal quality and crystallographic directions.
Large pieces of crystals were cut into long bar-shaped sam-
ples along the crystallographic axes for the thermal conductiv-
ity measurements, which were carried out in a >He refrigera-
tor equipped with a 14-T magnet.!'®!°] The specific heat was
measured by the relaxation method in the temperature range
from 0.4 K to 30 K on a physical property measurement sys-
tem (PPMS, Quantum Design). Magnetization and magnetic
susceptibility were measured using a Quantum Design super-
conducting quantum interference device with a vibrating sam-
ple magnetometer (SQUID-VSM), equipped with a *He re-
frigerator insert. For all measurements above, the magnetic
field were applied along the a axis or ¢ axis.

3. Results and discussion
3.1. Magnetic susceptibility and magnetization

Figure 2(a) shows the temperature dependence of magne-
tization M(T') at 1.7 K to 0.45 K and in various magnetic fields
along the c axis. In 0.01-T field, a clear drop of magnetization
occurs at 0.75 K, which indicates an AF phase transition ac-
cording to the previous works.”!!l Below Ty = 0.75 K, the
M(T) curves tend to approach finite values as temperature de-
creases. The transition temperature decreases with increasing
field to 0.1 T and meanwhile the drop becomes weaker. At
B =0.4 T the drop is replaced by a slope change of M(T) at
~ 0.7 K. With further increasing field, the M(T) curves dis-
play a monotonic increase with decreasing temperature, indi-
cating that the Er1 sublattice enters a high-field polarized state.

Figure 2(b) shows the results of the zero-field cooling (ZFC)
and field cooling (FC) data of M(T') for B||a at 0.45 K and 1 K.
Spin freezing behavior in this material can be excluded since
there is no significant difference between the FC and ZFC data.
For B=0.1 T, the M(T) has a broad peak at 0.75 K, which is
also due to the AF transition.
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Fig. 2. (a) Magnetization measured at the temperature from 0.45 K to 1.7 K
with various magnetic fields along the ¢ axis. (b) Magnetization with fields
along the a axis obtained both after ZFC and FC procedures. (c) and (e)
Magnetization curves of SrEr,Oy4 single crystals at 0.45 K and 1 K with
magnetic field along the ¢ axis and a axis, respectively. (d) and (f) The dif-
ferential curves of the magnetization dM/dB corresponding to panels (c)
and (e).

Figures 2(c) and 2(e) show the magnetic field dependence
of magnetization at very low temperatures for B || ¢ and B || a,
which are highly nonlinear and exhibit strong anisotropy along
two crystallographic directions. The M(B) for B || ¢ exhibits
a sharp increase at 0.6 T, which is evidenced as a peak on the
differential curve as shown in Fig. 2(d). This indicates a field-
induced metamagnetic transition, which is sharper at lower
temperature. Neutron diffraction measurements revealed that
the magnetic moments point along the ¢ axis and only one
of the Er sites (Erl) carries a sizeable magnetic moment.[’!
That is, the contribution to magnetization for B || ¢ is mainly
from the Erl sublattice, with only a small component of Er2
moments canted along the magnetic field direction. As re-
ported previously,[”) the Erl moments form ferromagnetic
chains along the ¢ axis and the adjacent chains couple antifer-
romagnetically. At 0.55 K, the magnetic moment on the Erl

site has an average magnitude of 4.5 ug,®! while the mag-
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netic moment per Er** ion after the metamagnetic transition
is ~ 2.2 ug, which reaches the half value of the Erl moment.
Therefore, the 0.6-T transition should be a spin-flip transition
to the polarized phase of the Erl sublattice.

For Bl||a, the M(B) curves exhibit two quick increases
with a plateau-like feature, indicated by two maxima at about
0.3 T and 1.4 T in the 0.45 K differential curve as shown in
Fig. 2(f). It is notable that the region of the plateau narrows
as the temperature decreases. This means that the UUD phase
is stabilized partially due to the thermal fluctuations, while in
such a highly frustrated magnet the quantum fluctuations can-
not be excluded.

3.2. Specific heat

Figure 3 shows the temperature dependence of specific
heat of SrEr, Oy single crystal in various magnetic fields along
two different crystallographic axes. The zero-field data shows
a sharp A-type peak at Ty ~ 0.73 K, which is attributed to
the long-range AF transition.[°! Besides, there is a large broad
peak at low temperatures, indicating significant magnetic con-
tributions from the short-range spin correlation or crystal field
effect (CEF) of Er’* ions.

In order to extract the magnetic contribution to the low-
temperature specific heat, other terms such as phonon spe-
cific heat (Cyp), nuclear Schottky specific heat (C,), and crys-
tal field Schottky specific heat (Ccgr) should be determined
and subtracted from the measured data. The nuclear Schottky
specific heat from Er’* nuclear moment is negligibly small
in the present temperature range,!”>?!1 hence it could be ig-
nored without causing considerable errors. It is known that
the Er** multiplet 4,5 /2 splits into eight Kramers doublets in
the distorted octahedral crystal field.[?2] Therefore, we take
these low-lying CEF energy levels to calculate Ccgr by using
a multi-level Schottky specific heat expression: >3]

LY gigj€i(€&i—€;)exp[—(&i+¢€;)/kpT]
Ccer = R

1
ks T ¥ giexp(—&;/ksT)]* W

where € or €; (i, j =0, 1, 2, 3, 4) is one of the five lower sub-
levels of the splitting *1;5 /2 multiplet of which the magnitudes
were determined in Ref. [14], g; or g; is the degeneracy of each
energy level, and R is the universal gas constant. Two sets of
the crystal field energy levels for the two crystallographically
inequivalent Er’" ions were substituted into Eq. (1) to calcu-
late their Ccgr, as shown in Figs. 3(a) and 3(c). After subtract-
ing the CEF contribution, the remaining terms of specific heat
are plotted in Figs. 3(b) and 3(d).

To further subtract the contribution of phonons Cpyp, a
truncated odd-order Taylor series expansion Cpn(T) = B37° +
BsT> + B;T7 was used to fit the zero-field data at high
temperatures.>* The results of fitting are shown by the black

dashed lines in Figs. 3(b) and 3(d). Based on the approxi-
mation formula B3 = (12/5)7*naR/(6p), the obtained fitting
parameter B3 = 1.52 x 10~* J/K*-mol gives a Debye temper-
ature @p = 447 K, which is comparable to that (460 K) ob-
tained from the thermal expansion experiment.[>] Here, ny is
the number of atoms in each molecule.
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Fig. 3. Low temperature specific heat of SrEr,O4 single crystals measured
with magnetic field B || ¢ (a) and B || a (¢). Ccgr is the calculated CEF
specific heat which is described in details in the main text. (b) and (d) Re-
maining specific heat after subtracting the CEF contribution for B || ¢ and
B || a, respectively. The black dashed lines show the fitted results of phonon
specific heat by using a Taylor series expansion. Inset: the zoom-in of the
low-temperature data at zero field.

0 5

The magnetic contribution to specific heat Cy, is obtained
using Cy = C — Ccgr — Cpn and is plotted in Fig. 4. At zero
field, besides the small and sharp A-type peak at Ty ~ 0.73 K,
there is a broad peak at ~ 1.3 K, which should be related to
the development of the incommensurate short-range magnetic
order.” For B || ¢, the A-type peak is completely smeared
out by a magnetic field as low as 0.2 T. The broad peak
shifts slightly to lower temperature with applying weak fields
(<1 T), which rules out the possibility of the Schottky ori-
gin. For B || a, as the magnetic field increases the A peak
shifts to lower temperatures, which is a typical result for an
AF system. At the same time, the peak becomes lower and
broader but is still discernible with increasing field up to 1 T.
It is worth noting that the broad peak does not change with
applying weak magnetic fields (< 1 T) but is strongly affected
by higher fields. Nevertheless, the magnetic specific heat data
indicate strong magnetic fluctuations in this low-dimensional
spin system.

SrEr,O4 belongs to a family of geometrically frustrated
magnets with the chemical formula AB,O4, most of which can
be described by the one-dimensional (1D) axial next-nearest
neighbor Ising (ANNNI) model.[?%?7! Indeed, SrEr,O4 shows
some characteristics of 1D ANNNI model, such as a dou-
ble Néel ground state and a 1/3 magnetization plateau in
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the intermediate field.[?3-3% However, the rigorous ANNNI
model may not be fully applicable to SrEr,O4. Theoretical
calculation and experimental results verified the existence of
a specific heat peak whose position changes with magnetic
field.3'=331 This is a bit different from what we observed in
SI‘EI‘204.
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Fig. 4. Magnetic specific heat of SrEr,O4 in various magnetic fields for

B/ ¢ (a)and B || a (c). (b) and (d) Zoom in of data for T < 3 K.

3.3. Thermal conductivity

Figure 5 shows the temperature dependence of thermal
conductivity x of SrEr,O4 single crystals in various magnetic
fields with heat current along the a axis or ¢ axis and at tem-
peratures from 0.3 K to 30 K. The inset shows the comparison
of x, and k. in zero field. They show a nearly isotropic be-
havior except for slight difference at low temperatures. Since
StrEr,O4 has a low-dimensional spin system, in which the ex-
change coupling along the ¢ axis is much stronger than that
along the a axis, the isotropic heat transport indicates that the
spin excitations mainly play a role of scattering phonons rather
than carrying heat. This is further confirmed by the strong in-
crease of x in high magnetic fields, which can be attributed
to the suppression of magnetic excitations by high fields. At
very low temperatures, the phonon thermal conductivity tends
to follow a T3 temperature dependence known as the boundary
scattering limit.[**! Hence, the change of the zero-field 7'
power law dependence of k. to 72 in 14-T field, as shown
in Fig. 5(c), demonstrates that the magnetic excitations scat-
tering of phonon is significantly suppressed by such a large
magnetic field, and the T3 behavior tends to be established.
Another feature of the zero-field x(7') data is the kink around
1.2 K, which has some correspondence to the broad peak of
magnetic specific heat. Apparently, the magnetic fluctuations
evidenced by the specific heat can induce strong scattering of

phonons, [35-381

Figures 6 and 7 show the low-temperature magnetic field
dependences of k,; and K, respectively, for fieldsupto 14 T. A
notable result is that the field dependence of k is mainly deter-
mined by the field direction rather than heat current direction,
which can be attributed to the anisotropic magnetic proper-
ties. This also indicates that there is no sizeable magnetic heat

transport in this low-dimensional spin system.
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Fig. 5. Temperature dependences of thermal conductivity along the a axis
(x,) and that along the ¢ axis (k) of SrEr,O4 single crystals for magnetic
field applied along either the a axis or the ¢ axis. The inset shows the zero-
field k, and k. for comparison.
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Fig. 6. Magnetic field dependences of k, at low temperatures with field
applied along either the a axis or ¢ axis.
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Fig. 7. Magnetic field dependences of k. at low temperatures with field
applied along either the a axis or ¢ axis.

For B || ¢, the x,(B) and x.(B) isotherms display two
dips at low fields, followed by a quick increase at high fields.
The first dip becomes sharper with the position unchanged
upon lowering temperature. It corresponds to the field-induced
phase transition of the Er1 sublattice. Similar phenomena have
been observed in many other materials.3-38! The second dip
should be also related to the Erl sublattice. However, its posi-
tion slightly moves to higher field with increasing temperature,
accompanied with the weakening of the dip at 0.36 K-1.4 K.
With further increasing temperature, these two dips disappears
and another broad dip appears. The position of this new dip
moves to higher field associated with deeper value, which sug-
gests that it may be caused by the resonant phonon scattering
by Er** CEF energy levels or magnetic fluctuations.3%#?!

For B || a, the x,(B) and k.(B) isotherms display a bit
more complicated behavior. At the lowest temperature of
0.36 K, the k,(B) and k.(B) curves have two dips at 0.2,
1.2 T and 0.2, 1.6 T, respectively, which can be related to the
low- and high-field boundaries of the UUD phase. Theoreti-
cally, the UUD phase has a magnetic excitation gap, which ap-
proaches zero at both ends of the UUD phase and maximizes
in the middle.*3! Thus, at the phase boundaries phonons are
strongly scattered by the enhanced magnetic excitations, lead-
ing to two dips on the k,(B) curve. At 0.5 K-0.97 K, there
is another unexpected dip appearing at 0.6 T, whose origin
is not clear now. Similar phenomenon has been observed in

a triangular-lattice magnetic system Ba3CoSbyQy. 1344 The
authors interpreted it as an unknown magnetic state change in-
side the UUD state. At these temperatures, there is a much
deeper minimum at about 1.6 T, which can be attributed to the
transition to the spin polarized state. At higher temperatures
(T > 1.4 K), these dips disappear and another broad dip asso-
ciated with phonon resonant scattering appears.

It should be pointed out for either B || ¢ or B || a, the low-
temperature k'(B) curves reach much larger values at high field
than that at zero field. This indicates that at zero field there are
rather strong magnetic scattering of phonons, which can be
suppressed by high magnetic fields. Furthermore, the k(B)
curves are not simply saturated at high fields and display some
broad valley-like behavior. This indicates that the magnetic
fluctuations are so strong in this system that 14-T field may not
be strong enough to completely suppress them. Another pos-
sibility is related to the phonon resonant scattering of higher
CEF energy levels. 39401

All the above temperature dependence and magnetic field
dependence of k demonstrate that in SrEr,O4 the magnetic
excitations play a role of scattering phonons rather than carry
heat. It is different from many other low-dimensional spin

s.[12714] In particular, both the experimental and theo-

system
retical studies revealed ballistic spin transport in some spin-
chain and spin-ladder materials.['>"'4l To our knowledge,
there is no theoretical studies on the magnetic heat transport
of zigzag spin-chain compounds. The results in this work pro-
vide new experimental information on the heat transport of this
one-dimensional and frustrated spin system and the theoretical

investigation is called for.

4. Summary

In summary, the thermal conductivity, magnetic suscep-
tibility, and specific heat at very low temperatures are stud-
ied for SrEr,O4 single crystals, which is known as a frus-
trated zigzag spin chain system. The magnetic field induced
magnetic transitions for either B||c or B||a are characterized
by magnetization results, while the specific heat data indi-
cates strong spin fluctuations at low temperature. The ther-
mal conductivity shows strong magnetic field dependence, in-
dicating the strong coupling between phonons and magnetic
excitations. At very low temperatures, the magnetic transi-
tions induce minima at the x(B) isotherms and high magnetic
field induces a strong increase of k. These results indicate
that the low-temperature thermal conductivity of this material
are mainly contributed by phonons, while magnetic excitations
play a role of scattering phonons.
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