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In this paper we report the synthesis, magnetization and heat capacity of the frustrated magnets
AErSez(A=Na,K) which contain perfect triangular lattices of Er>". The magnetization data sug-
gests no long-range magnetic order exists in AErSes(A=Na,K), which is consistent with the heat

capacity measurements.

Large anisotropy is observed between the magnetization within the ab

plane and along the c axis of both compounds. When the magnetic field is applied along ab plane,
anomalies are observed at 1.8 up in NaFErSe; at 0.2 T and 2.1 up in KErSes at 0.18 T. Unlike
NaErSes, a plateau-like field-induced metamagnetic transition is observed for Hl[¢ below 1 K in
KErSez. Two broad peaks are observed in the heat capacity below 10 K indicating possible crystal
electric field(CEF) effects and magnetic entropy released under different magnetic fields. All results
indicate that AErSes are strongly anisotropic, frustrated magnets with field-induced transition at
low temperature. The lack of signatures for long-range magnetic order implies that these materials
are candidates for hosting a quantum spin liquid ground state.

I. INTRODUCTION

Geometrically frustrated magnets with many novel
properties in the low temperature region have been stud-
ied for many years!. One intriguing phenomenon is
the magnetization plateau. An ordered ground state of
120° between each spin was proposed in two-dimensional
spin 1/2 triangular lattice Heisenberg antiferromagnet
(TLHAF)2. Due to the degeneration of the energy in the
quantum system, the magnetization under the magnetic
field is predicted with a plateau at 1/3 of the satura-
tion magnetization in TLHAF2 2. On the experimental
side, the 1/3 plateau is found in triangular lattices ma-
terials with varied spin number from 1/2 to 3/2, such as
CsyCuBry, CuFeOy, RbFe(MoO,)2 and BazCoShyOg¢ 2.
Furthermore, besides the TLHAF, strong spin-lattices
coupling could induce a 1/2 magnetization plateau in the
geometrical frustrated systemi®-Ll,

Another important topic relevant to geometrically
frustrated magnets is the quantum spin liquid(QSL). The
QSL state is a highly entangled quantum state lead-
ing to the fractionization of spin degrees of freedom?2.
Recently, Majorana fermions were also proposed in the
quantum spin liquid system!2. Until now several com-
pounds with S=1/2 are proposed as the QSL candidates ,
such as honeycomb iridates A5IrO3 (A=Na,Li,H3Li,Cu),
:‘<L-(B]‘:‘)DT—TTF)2Cuz(CN)37 EtMeng[Pd(dmi‘c)g]g, and
RuClz14 28,

Recently, both theoretical and experimental results in-
dicate the magnetic rare earth ions located in the ge-
ometrically frustrated lattices (e.g., triangular lattice)
may also form QSL states??3%. Rare earth ions in con-
figurations with an odd number of 4f electrons support
Kramer doublets which can be treated as an effective

spin Jepp=1/2. Compared to transition metals, the
spin-orbital coupling in the rare earth system is much
stronger and highly anisotropic exchange couplings are
expected®!. YbMgGaQ, with the YbFe,Oy4 structure is
studied as rare earth QSL candidate. The Yb?* ions
construct a triangular layer and are octahedrally coor-
dinated by O?~ ions. The heat capacity, thermal con-
ductivity, neutron scattering and muon spin relaxation
reveal a possible gapless QSL ground state32 32, How-
ever, the existence of Ga/Mg disorders may drive the
system to another state32:26:37:40°43 = Replacing Yb by
Er also reveals possible QSL behavior?442.  This en-
courages research on rare earth materials with the ideal
frustrated triangular structures. Very recently a classic
system ARE Cho(A=Alkali metal, RE=Rare earth ele-
ments, Ch= chalcogens) with perfect triangular lattices
of rare earth ions were proposed as QSL candidates? 23,
Comparing to the other frustrated lattice structures,
this family with less ions and simple triangular struc-
ture suggests less possibilities of impurities or disorders.
No structural or magnetic transition was found in the
NaYbCha(Ch=0,S,Se¢) down to 50 mK from heat ca-
pacity and magnetization??. Single crystal studies out-
line the strongly anisotropic, quasi 2D magnetism and
Jerr=1/2 state in NaYbS22%. Specific heat data con-
sistent with a gapless QSL state was found in NaYbOs
and magnetic field promotes a quantum phase transi-
tion above 2 T21°33, Besides these possible QSL state
studies, an anisotropic spin of the rare earth ions in a
crystal electric field has been proposed by theoretical
calculations?9 48, This system is a large family with di-
versity originating from rare earth, alkali or transition
metal and chalcogen, which could support more novel
properties of multiple exchange couplings and crystal



TABLE I. The crystal structure of the NaErSes and KErSez phase at 300K. Both samples are belong to the same space group

R3m.
component  instrument a(A) c(A) z(Se) R
NaErSes single crystal XRD  4.0784(4 20.746(3) 0.25694(1) 0.03
NaErSes powder XRD 4.0876( 20.7980(6) 0.2562(1) 0.08
KErSes single crystal XRD  4.1466( 22.743(5) 0.2647(1) 0.02
KErSes powder XRD 4.1470(1 22.7662(8) 0.2649(1) 0.07

field effects. From this aspect, this system is a good plat-
form to study frustrated magnetism of rare earth ions on
a triangular lattice.

Until now all the measurements in this AREChs sys-
tem focused on the A=Na and RE=Yb3T4233  The
fruitful results prompted us to undertake an investigation
of the physical properties in AErSes (A=Na, K) systems.
In this paper, we report the synthesis of Na/KErSes sin-
gle crystals and survey the magnetization and heat ca-
pacity in this system. Besides the prior reported NakrSes
and NaLuSez, we synthesize both powder and single crys-
tal of new KEr(Lu)Ses. Good crystallinity is confirmed
by the powder X-ray diffraction (XRD) and single crys-
tallines XRD. No site vacancies or impurities are found in
the crystal. No magnetic transition is found down to 0.42
K in the magnetization and heat capacity characteriza-
tion for small applied magnetic fields. Large anisotropy
is exposed between H||ab and Hl|c. A tiny slope change
in the isothermal magnetization is found only for H| ab
at low temperature. The moment where this occurs is
1.8 up and 2.1 up in NaErSe; and KErSes. KErSes,
shows a clear plateau-like metamagnetic transition with
m=2.3 up at H| ¢ below 1 K. The heat capacity shows
two broad features without any A anomaly above 0.4 K
at 0 T. All these physical properties indicate the absence
of long range order and existence of short-range order in
these materials.

II. MATERIALS AND METHODS

Transparent millimeter-scale AErSe,; and ALuSes sin-
gle crystals were synthesized by the two-step method.
Pictures of the crystals are shown in Fig.1(a-b). At first
Na chunks (Alfa Aesar 99.9%), K chunks (Alfa Aesar
99.9%), Er chunks (Alfa Aesar 99.99%) and Se chunks
(Alfa Aesar 99.99%) were mixed by the stoichiometric ra-
tio A:Er(Lu):Se=1.1:1:2. The alkali element excess 10%
due to the slight reaction with the inner wall of the sil-
ica tube. The whole mixture was loaded into a carbon
crucible and sealed in the silica tube under vacuum. The
ampules were slowly heated to 220°C and held for 24
h. Then we heated them up to 900°C and held for 3
days. After the first reaction, the samples cooled down
to room temperature over 24 h. The reacted compounds
were ground and rinsed with deionized water and ace-
tone. This process gets rid of the multiple binary phases
and excess alkali metal. The pure AErSe; powders are

confirmed by powder XRD, as shown in Fig. 1(c). The
second step is the flux synthesis. We used NaCl and KC1
as the flux for the NaEr(Lu)Ses; and KEr(Lu)Ses, respec-
tively. The mass ratio between the flux and the powder
is 10:1. The mixture was sealed in the silica tube under
vacuum. The ampoules were heated up to 850°C and
held for 2 weeks. The compounds were taken out after
the fast furnace cooling and leached out in the deion-
ized water and acetone. The sizable, plate-shape single
crystals were found and the thickness is related to the
dwell time at the second step. No impurities peaks and
sharp (001) manifest good quality for both compounds,
as shown in the Fig. 1(c). The slow cooling rate do not
exhibit obvious relation with the size of the crystals.

Magnetic properties were measured in Quantum De-
sign (QD) Magnetic Properties Measurement System
(MPMS3) with iHe3 option. Due to the shape of these
crystals, we stacked several crystals along ¢ with mass
3 mg and used them in the regular magnetic measure-
ment above 2 K. Single crystals of AErSes(A= Na and
K) around 0.5-1 mg with as-grown (001) surfaces were
used in the 3He option of the MPMS3. Demagnetization
factors are considered as N=1 in the isothermal mag-
netization at Hljc. Temperature dependent heat capac-
ity was measured in the QD Physical Properties Mea-
surement System (PPMS) with *He option using the re-
laxation technique at different applied fields along the
c-axis. Single crystal X-ray diffraction(XRD) measure-
ment was performed by Bruker Apex single-crystal X-ray
diffractometer. Powder XRD was done by a PANalyti-
cal X’pert Pro diffractometer equipped with an incident
beam monochrometer (Cu Kay radiation) at room tem-
perature.

III. RESULTS AND DISCUSSION

Fig.1(d) shows the schematic structure of AErSes
(A=Na, K with space group R3m). The perfect triangu-
lar layers of magnetic Er®>* ions are isolated by the non-
magnetic Na/K layers suggesting anisotropic and frus-
trated magnetism in this system. The crystal structure
parameters of AErSes (A=Na, K) obtained from single
crystal XRD and powder XRD are shown in Table 1.
Both methods yield similar results from the refinements.
In this paper we use the powder parameters for discus-
sion, avoiding the possible effect of the stress in the sin-
gle crystals. Due to the large radius of KT, the dis-
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FIG. 1. (a-b) The crystal picture of AErSes (A= Na and K) against 1 mm scale. (¢) XRD pattern of AErSe; (A = Na and
K) powder and crystals on (001) direction. The red lines show the refinement result of the two compounds. (d) The schematic
structure of R3m AErSes (A = Na and K). The red edge-sharing distorted ErSes octahedra construct the triangular layer
between the Alkali ions. (e) The Se-Er-Se angle of distorted ErSes octahedra. (f) The ideal triangular Er®T layer in the ab
plane. The nearest neighbour Er*" ions are connected by two Se ions.

tances between each layer are 6.932 A in NaErSe, and
7.588 A in KErSe;. The distance between the near-
est neighbor Ert ions also extended from 4.087 A to
4.147 A by replacing KT from Nat. Although the frus-
trated interactions exist in the triangular lattice, the in-
terlayer interaction may induce the magnetic transition
at the low-temperature region?. Therefore, KErSe; could
show more two-dimensional charactor corresponding to
the larger ¢/a ratio in the structure. In addition, due to
the 8% larger ¢/a ratio in KErSes, the distortion of ErSeg
octahedra is stronger than the NaErSe;. The Se-Er-Se
angle @ and # in Fig.1(e) change from 91.51° and 88.49°
in NaErSes to 93.13° and 86.87° in KErSe,;. The change
in local crystalline environment inspires us to investigate
how the properties of these two compounds compare.

Fig. 2(a-b) presents the temperature dependence of
magnetic susceptibility x = M/H and inverse magnetic
susceptibility from 2 K to 350 K for the powder and sin-
gle crystals. The anisotropic behaviour appears below 40
K. The magnetization of the single crystals along H| ab
and H||c is well matched with the result of the powder
above 40 K. No visible features are found above 2 K sug-
gesting there are no magnetic or structural transitions.
The inset shows the AC susceptibility of NaErSes and

KErSes from 0.4 K to 1.8 K. No hint of spin freezing or
long-range magnetic order appears above 0.4 K. These
results all suggest that the perfect triangular lattice with
Er3T is stable at low temperature which is consistent with
other Yb compounds in this system?? 33, No structure
transition or distortion in Er®t imply that this system
is a steady platform to investigate novel magnetic prop-
erties in the frustrated system. The Curie-Weiss fitting
of the powder above 200 K yield a Curie-Weiss temper-
ature Ocyw=-10.9 K and effective moment jicrr=9.5 up
in NaErSep and 0cw=-8 K, perr=9.5 up in KErSey,
respectively. The effective moments of these two com-
pounds match the theoretical value of 9.6 pp/Er®* for
free ions. The negative value of fcy indicates the domi-
nant antiferromagnetic interaction between the Er* ions
in the triangular lattice. Curie-Weiss fitting is also ap-
plied in both samples from 10 K to 30 K: 0cw=-4.3 K,
tefr= 9.4 pp for NaErSe; and Ocw=-3.8 K, perr= 9.4
wp for NaErSe;. The change of oy may be caused by
the thermal population of CEF levels.

Fig. 2(c)-(f) present the temperature dependence of
magnetic susceptibility under different magnetic fields for
NaFErSe; and KErSes. When the temperature decreases
below 10 K, M(T) deviates from the Curie-Weiss behav-
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FIG. 2. (a-b) Temperature dependence of magnetic suscepti-
bility and inversed magnetic susceptibility from 2 K to 350 K
for AErSe; powder and crystal along ab plane and ¢ axis. The
inset show the ac susceptibility from 0.4K to 1.8K for AErSes.
(b)-(f) Temperature dependence of magnetic susptibility in
NaErSe; and KErSe; crystal with H||ab or H|lc. The inset
shows the temperature dependence of magnetic susceptibility
at high magnet field. T* is the temperature of the maximum
in each magnetic field. The light green dash lines are the
fitting from CEF at 0.2 T in (c¢) and 0.1 T in (d-f).

ior. The relation observed in this region is M o T4
It is consistent with that recently observed in Osg 55Cls,
which displays many physical properties similar to those
observed in quantum spin liquid candidates®?. It worth
noting that there is no significant long-range magnetic
transition above 0.4 K from low magnetic field DC sus-
ceptibility and AC susceptibility in zero applied DC field.

The temperature-independent regions under different
magnetic fields are found in these two compounds with
H||ab. However, when the magnetic field is along the ¢
axis, the magnetic susceptibility reaches a maximum and
then decreases with temperature. We choose the start-
ing point of dy/dT(T)=0 as T* for H|c. The subtle
hump feature for H|¢ in NaErSe; at 7 T is shown in
the inset of Fig. 2(e). The magnitude of the Ay is only
around 0.02% and is challenging to distinguish at the low
magnetic field. The similar but remarkable situation also
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FIG. 3. (a) Isothermal magnetization of NaErSes; up to 7 T
from 0.42 K to 50 K at H|lab and H||c. The pink dash lines
show the fitting from the CEF. (b) Isothermal magnetization
of KErSe; up to 7 T from 0.42 K to 50 K at H|lab and H||c.
The pink dash lines show the fitting from the CEF at 0.42
K. (c-d) Derivation of isothermal magnetization of NaErSes
and KErSe; from 0 T to 1 T at Hllab. Inset: Derivation of
isothermal magnetization of NaErSe; and KErSes from 0 T to
1 T along Hlc at 0.42 K. (e-f) AC susceptibility of NaErSe;
and KErSes. Inset: The isothermal magnetization of KErSes.
The dash line indicates the moment and field range of the
plateau.

appears in KErSe,. The magnitude of Ay is 7% which
is much larger than NaErSe;. This maximum in x is ob-
served as high as 3 K and is present for fields between
approximately 4 and 6 T. The origin of this feature may
be the population of the CEF states, long-range order
or short-range magnetic interaction between Er®*t ions.
We could rule out the long-range magnetic order since
no A anomaly is found in the same temperature range in
specific heat measurements (Fig. 4). The mixture of the
CEF states with magnetic fields in KErSes could poten-
tially contribute to the broad peak in the temperature
dependence of magnetization.

The isothermal magnetization is sensitive to the tran-



sition induced by the magnetic field. We measured
the isothermal magnetization from 0.42 K to 50 K for
NaErSe; and KErSes up to 7 T, as shown in Fig. 3 (a)
and Fig. 3 (b). The magnetic moments are not saturated
at 0.42 K and 7 T for either compound and orientation.
Large anisotropy is found in both of them below 50 K. If
we linear extrapolated high field data to 0 T, we could
get strong anisotropy moments for NaErSes: mq,=5.6 up
and m.=2.1 pup. The anisotropic values are lower than
the expected value of Er3t which may be affected by the
CEF. A subtle change of slope is found at the low mag-
netic field around 0.2 T presenting obviously by dM/dH
in Fig. 3(¢). This subtle feature appears only below 0.6 K
with the moment 1.8 p g, which is close to 1/3 of m,=5.6
wp in NaErSes. The similar subtle hump is also found in
the KErSe; when H || ab, as shown in Fig. 3(d) as well.
The moment around 2.1 pp is even close to 1/3 of the
extended moment m,,=6.2 pup in KErSes. Because there
is no sublet kink near the same magnetic fields at HJ|¢ in
the inset of Fig. 3(c-d), we can exclude the influence of
the impurities or other isotropic impacts. The possible
phase transition or population of CEF states could in-
duce the slope change. To confirmed this feature, we also
measured AC susceptibility at 757 Hz below 1 K along H
[[ab and H||c. The similar broad peaks are located only
at Hllab as shown in Fig. 3(e-f). The magnetic fields of
the maximum are almost identical with the DC magne-
tization in Fig. 3(c). Besides these features at H| ab, an
apparent plateau with upturn at high field is recognized
only in the KErSes at H||¢, as shown in Fig. 3(b). The
field range of the plateau is 2 T to 4.5 T indicating by the
vertical green lines in the inset of Fig. 3(f). The linear ex-
tended dash line indicates 2.3 up. The length of plateau
decreases as increasing the temperature and finally fade
out to curved behavior at 2K. It is impressive to find
different features along two directions implying the large
anisotropic CEF state of Er3T and possible short-range
interaction between Er3*. In addition, it is worth noting
that the compound is not long magnetic ordering in this
temperature range even with the field induced plateau-
like transition. This behavior is rare in the frustrated
system.

To investigate the magnetic entropy at low temper-
ature, we measure the heat capacity of NaErSes and
KErSes down to the 0.4 K, as shown in Fig. 4(a). There is
no discernible A anomaly down to 0.4 K which agrees with
the magnetization measurement. We synthesize nonmag-
netic compounds NalL.uSes and KLuSe; to estimate the
phonon contribution, which are also presented in Fig.
4(a). The magnetic entropy release from high temper-
ature around 50 K in both compounds. This temper-
ature is much higher than the Yb-112 compounds in-
dicating the strong CEF with Er3T. Two broad peaks
are observed in both samples from 0.4 K to 10 K. The
multi-level Schottky or the short-range magnetic order
may cause these peaks in the heat capacity. The low-
temperature peak moves to high temperature with the
magnetic field. Due to the low-temperature peak over-
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FIG. 4. (a) The temperature dependence of heat capacity of
NaErSes, KErSez, NaLuSes , KLuSes and CEF fitting from
0.4 K to 150 K. The inset present the heat capacity of NaErSes
and KErSes below 20 K. (b) Temperature dependence of C of
NaErSes under different magnetic fields. The inset shows the
tiny peaks at 3 T, 5 T, 7 T. (¢) Temperature dependence of
C of KErSes under different magnetic fields. The inset show
the tiny peaks at 3 T, 5 T, 7 T. (d) Temperature dependence
of the magnetic entropy of NaErSes and KErSes.

laps with the high-temperature peak above 3 T, it is
hard to distinguish these two peaks. The combined
high-temperature peak does not change the magnitude,
which strongly suggests the Schottky effects from the
CEF above 3 T. However, the magnitude of the peak
changes below 3 T and the high temperature peak shift
slightly to low temperature at 1 T. These features in-
dicate the entropy changes across 3 T by the possible
mixtured CEF states or short range effects. The larger
magnetic field(>3 T) could induce a tiny anomaly below
0.8 K, as shown in the inset of Fig. 4(b-c). The tem-
perature of this tiny transitions increases with enhancing
the magnetic field which violates antiferromagnetic tran-
sition. This feature indicates the possible subtle interac-
tion of CEF states with different fields. At last, we want
to estimate the entropy release in NaErSe; and KErSes
at 0 T. The entropy from 0.4 K to 200 K is close to 13 J
mol~! K1 in both compounds. This value is larger than
the RIn2 and much smaller than the expected 23 J mol~*
K~ for Er3*. This indicates large entropy releases below
0.4 K or possible high energy CEF exits.

We use a CEF model to fit the magnetization vs tem-
perature and field data to examine the role of single ion
effects in these two systems. CEF Hamiltonian of D34
symmetry is HE 2 = BYO9 + BJO} + BiO} + BJOg +
B30 + Bg@g. This point symmetry splits the J=15/2



states into the 3 T'j; doublets and 5 I'{ doublets. The
fitted curves show good agreements with the magnitude
of the M(H) data and the high temperature data. The
ground state doublet is reliably I‘ér with the 1";{5 as the
first excited state around 10-25 K for both samples. The
poor agreements at low fields or low temperature reveal-
ing that the CEF model is not sufficient alone. The fitting
shows a plateau feature could be induced by the mixture
of CEF states with magnetic field. Considering the two
broad peaks overlap and form Schottky-like peak between
1 T and 3 T in the heat capacity, the plateau for H||c in
KErSe; is suggested as the metamagnetic transition from
CEF. The short-range interaction between Er3T ions or
low-lying CEF levels could cause the anomalies at low
field for Hljab and the deviation below 2 K. A detailed
study of CEF is expected to be done in neutron scattering
measurement.

IV. CONCLUSION

In conclusion, we present the experimental results
of magnetization and heat capacity measurement on
AErSe; (A=Na and K) single crystals. Large anisotropy

is found below 40 K along two directions H || ab and H ||c.
The isothermal magnetization shows a subtle kink fea-
ture only Hl ab at low temperature in both compounds.
KErSe; also shows a wide plateau-like metamagnetic
transition for Hl[c. The heat capacity show two broad
peaks below 10 K at zero field. All results indicate
that AErSe, are strongly anisotropic, frustrated magnets
with field-induced transitions at low temperatures. No
long-range magnetic order implies that these materials
are candidates for hosting a quantum spin liquid ground
state.
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