
PHYSICAL REVIEW B 108, 064406 (2023)

Structural anomaly and crystalline electric field excitations in low-dimensional KU2Te6
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Layered ternary actinide chalcogenides contain unique structural and magnetic properties that remain un-
derexplored. KU2Te6 is a new member of the A-R-Q (A = alkali; R = actinide; Q = chalcogenide) materials
family crystallizing in the Cmcm space group as part of the CsTh2Te6 structure type. Evidence of a structural
anomaly appears near Ts = 48 K as a weak feature in specific heat and electrical resistivity. Magnetism in this
material derives from local non-Kramers U4+ ions as suggested by charge balance and crystalline electric-field
susceptibility analysis. These ions form one-dimensional U-U chains along the a axis, but do not exhibit signs
of magnetic order to T = 0.36 K. The absence of magnetic order is consistent with the crystalline electric-field
splitting of the U4+ J = 4 manifold into a series of nondegenerate singlets.
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I. INTRODUCTION

Actinide chalcogenides often crystallize in unique struc-
tures and have interesting properties due to their 5 f electron
chemistry compounded with diversity in oxidation states and
high coordination environments [1–7]. In particular, com-
pounds containing uranium have been extensively studied due
to their complex 5 f electron states intertwined with neighbor-
ing ligand states within a variety of crystal structures that can
lead to novel ground states. For instance, the binary U-Q (Q =
O, S, Se, Te) form in multiple structure types and display
complex interactions leading to (anti)ferromagnetism [8–11],
hidden order multipolar states [12], and recently unconven-
tional spin-triplet superconductivity in UTe2 [13–19].

An integral component of these uranium-based quantum
states is the single ion properties derived from local crystalline
electric-field (CEF) effects [12,20]. The CEF effect often
determines the size and symmetry for 5 f uranium moments
that incorporate into collective properties such as long-range
magnetic order, electrical transport, and structural distortions.
For example, the development of 3-k magnetic order in UO2

results from complex CEF-driven quadrupolar interactions
coupled to a structural distortion at TN = 31 K [12,21]. The
CEF effect is not limited to insulators and can be relevant
in metallic materials with delocalized 5 f states. In UM2Si2

(M = Pd, Ni, Ru, Fe), localized 5 f 2 states are relevant in
magnetic and electronic states despite significant itinerant
5 f 3 character of the uranium atoms [22–25]. The 5 f 2 CEF
generates a series of singlets, and the lowest-lying singlets
couple to form a basis for antiferromagnetic order in M = Pd
and Ni, hidden order in M = Ru, and Pauli-paramagnetism
in M = Fe [22]. Similarly, the localized 5 f 2 CEF states of
the superconductor UTe2 likely account for the anisotropic
magnetic susceptibility [17], but their role in pressure-induced
antiferromagnetism remains unclear.

*Present address: Department of Chemistry, University of Califor-
nia, Berkeley, California 94720, USA.

Directly studying uranium CEF states can be problematic
because they are often obscured by strong Kondo and mag-
netic exchange interactions or metallicity [12,17,26–34]. One
effective route to study uranium CEF states is to characterize
insulating uranium-based materials with a well-defined va-
lence leading to localized CEF levels. This condition is met
in many of the ternary U-based materials within the chemical
phase space between uranium, chalcogenide ions Q, and al-
kali ions A [35–45]. These materials host numerous complex
crystal structures including alkali-metal intercalated uranium
chalcogenides of the form A2UQ3 [35–37], Cs2U3Se7 [38],
CsUTe6 [39], and AU2Q6 [40–45].

The most widely studied of these ternary materials reside
in the AU2Q6 family, where two known structure types form:
CsTh2Te6 type in space group Cmcm and KTh2Se6 type in
space group Immm [40–45]. Typically, Te-based materials
form in Cmcm while Se-based materials form in Immm.
In both structure types, the [RQ3] parent structure adopts
capped trigonal prismatic geometry surrounding the actinide
ions, and dichalcogenide bonding results in a charge bal-
ance of (A+)2(R4+)4(Q2−)6(Q2−

2 )3 [43]. Both space groups
contain interstitial A sites coordinated by eight Q ions but
differ slightly in the stacking arrangement of [RQ3] two-
dimensional layers. The Cmcm structure shifts neighboring
[RQ3] layers by 1/2a while the Immm shifts 1/2(a + b) [43].
Within the [RQ3] layers, nearest-neighbor infinite U-U chains
of roughly 4.0–4.3 Å form along the a axis [Fig. 1(a)].

Here, we report on a new member of the AU2Q6 family,
KU2Te6, which crystallizes in the CsTh2Te6 Cmcm structure
type, and determine its physical properties and CEF levels.
Electrical resistivity shows insulating behavior in KU2Te6 to
2 K, in agreement with the charge balance above, and a weak
structural transition near Ts = 48 K that is also present in
specific-heat measurements. Magnetism in KU2Te6 is dom-
inated by a C2v point-group CEF splitting the U4+ J = 4
manifold into a series of nine singlets arranged between
0–204 meV. At low temperature, no magnetic order is
detected down to T = 0.36 K, consistent with weak mag-
netic exchange and a lack of charge carriers to couple
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FIG. 1. (a) Crystal structure of KU2Te6 crystallizing in the
Cmcm space group. KU2Te6 contains elongated trigonal prisms of
UTe6 in a local C2v point group. (b) In KU2Te6, tetravalent uranium
ions with total angular momentum J = 4 that splits into nine singlets
in the local C2v crystalline electric field. Energies of the singlets
are extracted from crystalline electric field (CEF) fits to anisotropic
magnetic susceptibility.

neighboring CEF singlets. Magnetism may develop via tuning
the interaction strength, and its possible order parameters are
discussed.

II. EXPERIMENTAL DETAILS

Single crystals of KU2Te6 were grown via the flux method
in the elemental ratio U:K:Te of 1:1.4:4.5 [46,47]. Elements
were placed in an alumina crucible equipped with a frit and
catch crucible and subsequently sealed in a quartz ampule
under vacuum [48]. The sample was initially heated to 375 ◦C
and held there for 8 hours to allow for homogenization of
the K-Te melt. Then, the sample was heated to 850 ◦C and
held there for another 8 hours. Subsequently, the sample was
slowly cooled to 500 ◦C at 10 ◦C/hr after which crystals were
isolated via centrifugation. The resultant thin, malleable plate-
like crystals were placed in an inert environment to reduce
degradation due to atmospheric air and moisture.

Single-crystal x-ray diffraction was obtained on a Bruker
D8 Venture single-crystal diffractometer equipped with Mo
Kα λ = 0.71073 Å radiation. These measurements of KU2Te6

produced 4113 reflections and were indexed to the Cmcm
space group shared by structurally similar compounds within
the CsTh2Te6 family [40–45]. Refinement of the data were
analyzed in the APEX 3 software suite with the full matrix
least squares method [49].

Electrical resistivity measurements were obtained in a
Quantum Design Physical Properties Measurement System
(PPMS). At high temperatures, electrical resistance was mea-
sured with a standard four-point probe configuration using
a low-frequency AC resistance bridge. Below T < 100 K,
a two-point DC method was used due to the large sample
resistance. Specific-heat data between T = 200 K and T =
2 K were additionally collected on a PPMS with the quasi-
adiabatic thermal relaxation technique.

Magnetization measurements were performed in a Quan-
tum Design Magnetic Properties Measurement System
(MPMS3) equipped with a μ0H = 7 T magnet. Magnetic
susceptibility from T = 350 to 2 K in a μ0H = 0.1 kOe

field and isothermal magnetization at T = 2 K were obtained
with fields parallel and perpendicular to the crystallographic b
axis.

III. RESULTS AND DISCUSSION

KU2Te6 crystallizes in the Cmcm space group belonging
to the CsTh2Te6 structure type. Refined single-crystal x-ray
diffraction lattice parameters at room temperature reveal a =
4.2465(14) Å, b = 23.767(7) Å, and c = 6.0934(15) Å, as
shown in Fig. 1. In structurally similar KTh2Te6, half K oc-
cupancy was reported [41]. However, due to malleability of
KU2Te6, we were unable to perform a full structural refine-
ment, and our results cannot determine the occupancy at the K
site. Locally, the U ions are surrounded by six Te in a distorted
trigonal prism stretched along the b axis with local C2v point-
group symmetry. Nearest-neighbor U-U are separated by
4.25 Å, forming infinite one-dimensional chains along the a
axis.

Specific heat as a function of temperature between 2 and
200 K is shown in Fig. 2(a), whereas Fig. 2(b) shows a
zoomed-in view of the structural transition at Ts = 48 K for
two different samples. Synthetic attempts of nonmagnetic ana-
log KTh2Te6 were unsuccessful, and the specific heat due
to lattice vibrations was therefore estimated with a Debye
model with a Debye temperature of �D = 165 K. However,
this model overestimates the specific heat near a feature at
Ts = 48 K. To estimate the lattice contribution to specific heat
near Ts = 48 K, a Debye model with two Debye temperatures
of �D1 = 81 K and �D2 = 193 K was utilized in Fig. 2(b).
Subtracting off the double Debye fit and integrating the en-
tropy obtains a relatively small value of ≈9% of Rln2 between
30 and 55 K. This small amount of entropy loss is consistent
with a weak structural transition and the absence of a concur-
rent transition in magnetic susceptibility in Fig. 3. As shown
in Fig. 2(c), the low temperature T = 2–10 K portion of
Cp/T was fit to Cp/T = γ + βT 2 to extract γ = 4.74 ± 1.01
mJ K−2 mol−1 and β = 8.84 ± 0.04 mJ mol−1. In a clean in-
sulator, the Sommerfeld coefficient γ is zero, which suggests
KU2Te6 contains in-gap or impurity states. Correspondingly,
β is related to the Debye temperature as

�D =
(

12π4nNAkB

5β

)1/3

, (1)

where n is the number of atoms, NA is Avogadro’s number, and
kB is Boltzmann’s constant. In the low-temperature regime,
this corresponds to �D,β = 125 K, in reasonable agreement
with �D = 165 K from the Debye fit. In the high-temperature
limit where T � �D,β , specific heat approaches the Dulong-
Petit limit, where Cp ∼ 3NkBn = 224.5 J K−1 mol−1. This
corresponds to Cp/T ∼ 1.12 J K−2 mol−1 at T = 200 K,
matching the experimental value in Fig. 2(a).

Resistivity versus temperature, shown in Fig. 2(d), reveals
that KU2Te6 is insulating, in agreement with the low value of
γ from the low-temperature specific-heat fit. The resistivity
feature broadly observed near 50 K is a continuity of the
spike more clearly observed in specific-heat data, and once
again suggests a structural transition correlated to a change in
electronic structure. It is possible that this structural transition
is related to the superstructure observed charge-density-wave
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FIG. 2. (a) Specific heat of KU2Te6 collected between T = 2 to 200 K (black) overplotted with a Debye function (blue) approximating
the lattice contribution to specific heat. (b) A weak transition appears near Ts = 48 K across multiple samples where the single Debye model
overestimates the lattice specific heat. Integration of the entropy loss at the transition was estimated by subtracting a Debye model with two
Debye temperatures and reveals only roughly 9% of Rln2 is released. (c) Low temperature T = 2 to 10 K fit (orange) of Cp/T = γ + βT 2,
where γ = 4.74 ± 1.01 mJ K−2 mol−1 and β = 8.84 ± 0.04 mJ mol−1. (d) Electrical resistivity (ρ) versus temperature (T) shows insulating
behavior between T = 2 to 300 K. High-temperature data were collected with the standard four-point configuration (gray). Below T = 100 K,
a two-point probe DC setup (black) was necessary to measure the resistivity of the sample. (e) Arrhenius plot ln(ρ ) vs 1/T for KU2Te6

overlayed with a linear fit (blue) to the high-temperature data (T > 100 K). (f) Derivative of electrical resistivity dρ/dT reveals an inflection
near Ts = 48 K concurrent with the transition observed in overplotted specific-heat data.

ATh2Se6 derived from Se-Se bonding and a 4a × 4b su-
perstructure [50]. A similar phenomenon could appear in
KU2Te6 with Te-Te bonding along the c axis, but such a subtle

structural change will require high-resolution probes, such as
electron diffraction or pair distribution function analysis, as
was similarly required for ATh2Se6 [50].

FIG. 3. (a) Anisotropic temperature dependent inverse magnetic susceptibility 1/χ (T) with a field of μ0H = 0.1 kOe applied both parallel
(gray) and perpendicular (black) to the crystallographic b axis. Inverse magnetic susceptibility follows a Curie-Weiss law at high temperatures
(T > 225 K) used to extract the effective magnetic moment. (b) Calculated magnetic susceptibility B ‖ b fit (orange) to the U4+ crystalline
electric field (CEF) Hamiltonian alongside calculated CEF susceptibilities along the a (purple) and c axes (green). (c) Magnetization versus
field for KU2Te6 displays nonsaturating behavior up to μ0H = 6 T.
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TABLE I. Crystalline electric-field (CEF) parameters determined from fits to B ‖ b magnetic susceptibility data in Fig. 3. The eigenenergies
of the nine CEF singlets are shown with their symmetry in Bethe (Mulliken) notation and corresponding wave-function components.

|mj〉
CEF parameters (meV) Energy (meV) Symmetry |4〉 |3〉 |2〉 |1〉 |0〉 | − 1〉 | − 2〉 | − 3〉 | − 4〉
B2

0 = −1.130 0 
4 (B2) 0 0.54 0 0.45 0 −0.45 0 −0.54 0

B2
2 = 0.8655 0.6 
1 (A1) 0.56 0 −0.04 0 −0.61 0 −0.04 0 0.56

B4
0 = −0.0053 3.8 
2 (B1) 0 0.57 0 −0.42 0 −0.42 0 0.57 0

B4
2 = 0.0407 13.8 
3 (A2) 0.37 0 −0.60 0 0 0 0.60 0 −0.37

B4
4 = 0.4577 58.3 
3 (A2) 0.60 0 0.37 0 0 0 −0.37 0 −0.60

B6
0 = 0.0008 116.4 
1 (A1) −0.42 0 0.14 0 −0.79 0 0.14 0 −0.42

B6
2 = 0.0030 146.5 
4 (B2) 0 0.45 0 −0.54 0 0.54 0 −0.45 0

B6
4 = −0.0018 160.3 
2 (B1) 0 0.42 0 0.57 0 0.57 0 0.42 0

B6
6 = 0.0000 203.8 
1 (A1) 0.12 0 0.69 0 0.12 0 0.69 0 0.12

The activation energy extracted from the linear region of
an Arrhenius plot in Fig. 2(e) is calculated as 0.13 eV. This
value is consistent with typical activation energies reported
for the AR2Q6 structure type, which are generally within the
range of ≈0.1–0.2 eV [40,41,43,51]. In comparison, KU2Te6

has a smaller activation energy than KU2Se6 at 0.27 eV [51],
likely due to decreased ionic character of Te relative to Se.
Figure 2(f) reveals that the weak structural transition Ts in
specific heat coincides with a change in slope of the resistivity,
dρ/dT .

To investigate the magnetic properties of KU2Te6,
anisotropic magnetic susceptibility and isothermal magneti-
zation data were collected parallel and perpendicular to the
plate-like crystals. Laue diffraction identified the cleavable b
axis to be perpendicular to the thin crystal plate faces, which
is likely induced by layering of [UTe3] and K along the b
axis. However, due to severe malleability of the crystals, the
crystallographic orientations parallel to the plate faces were
indeterminable.

Nevertheless, magnetic properties were measured parallel
and perpendicular to the b axis to gauge the anisotropy of
the magnetic U ion environment. Magnetic susceptibility and
isothermal magnetization in Fig. 3 reveal an anisotropic re-
sponse that may be analyzed with the Curie-Weiss law and
fit to a crystalline electric-field (CEF) Hamiltonian. High-
temperature (T > 225 K) Curie-Weiss fits were performed
parallel and perpendicular to the b axis inverse magnetic
susceptibility data in Fig. 3(a), revealing extracted effective
magnetic moments of 3.44μB and 2.92μB, respectively. The
moment value parallel to the b axis resides close to the ex-
pected value of 5 f 2 U4+ of gJ

√
J (J + 1) = 3.58μB, where

J = L − S = 4 (L = 5, S = 1) and gJ is the Landé g factor.
The expected value of 5 f 3 U3+ resides nearby at 3.62μB.
However, U4+ coincides with the insulating behavior and ex-
pected charge balance in this structure type. The Curie-Weiss
analysis can additionally determine mean-field interaction
�CW values with �CW,B‖b = 25 K and �CW,B⊥b = 8 K, but
their exact magnitude is shifted due to curvature induced by
CEF effects from the J = 4 manifold.

In fact, the majority of the magnetic susceptibility curva-
ture in KU2Te6 between 2 to 350 K can be captured with
a CEF Hamiltonian derived from the non-Kramers U4+ ion

(J = 4) in a C2v point group. The CEF Hamiltonian is written
with CEF parameters Bm

n and Steven’s operators Ôn
m [52] as

HCEF = B0
2Ô0

2 + B2
2Ô2

2 + B0
4Ô0

4 + B2
4Ô2

4 + B4
4Ô4

4 + B0
6Ô0

6

+ B2
6Ô2

6 + B4
6Ô4

6 + B6
6Ô6

6. (2)

This CEF Hamiltonian produces nine CEF singlets, none
of which are forced to be degenerate by time reversal or C2v

symmetry. The B ‖ b data were fit to Eq. (2) in Fig. 3(b) via
minimizing X 2 = (χcalc − χobs)2/χcalc with X 2

red. = X 2/ν =
8.5, where ν is the number of data points. Fit CEF parameters
to magnetic susceptibility were obtained following procedures
outlined previously [53,54] with the MANTIDPLOT software
suite [55]. Corresponding symmetries, energies, and wave-
vector components are shown in Table I in the J , mj basis.
The energies range from 0 to 204 meV, indicating that the
underestimated moment value from high-temperature Curie-
Weiss fits relative to the entire J = 4 multiplet originates from
partial thermal depopulation of CEF levels at T = 350 K and
below.

In Fig. 3(b), the calculated CEF B ‖ a and B ‖ c are shown
alongside the B ‖ b fit, which shows that the B ‖ a calculation
closely resembles the B ⊥ b χ (T ) data. Though, as previously
mentioned, the exact orientation of B ⊥ b could not be pre-
cisely determined via Laue x-ray diffraction and could reside
somewhere between the a and c axes.

Generally, a local moment in CEF-split J ions forms from
either time-reversal protection of odd-integer spin Kramers
ions, symmetry protected non-Kramers ions, or accidental
degeneracy of multiplet states that couple to form an effective
magnetic moment [56–65]. Even-integer spin ions in low-
symmetry point groups, such as is found here in KU2Te6

with J = 4 in C2v , can produce nondegenerate singlets that
individually cannot carry a magnetic moment. If they did, the
time-reversed state would necessarily have the same energy,
forming a degenerate non-Kramers or Kramers doublet.

Induced mixing of nondegenerate CEF singlets can pro-
duce a measurable moment. This can occur as a result of
external parameters such as magnetic field, pressure, or tem-
perature populating excited states or altering the energetic
level structure [34,59,66–68]. This is exemplified in KU2Te6

via temperature and magnetic field in Fig. 3. Additionally,
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TABLE II. Order parameters within the first two possible quasi-
doublets of KU2Te6 coupling the ground state 
4 singlet to the first
(second) excited state 
1 (
2) singlet. Bars over operators indicate
summation with respect to all possible index permutations.

Quasi-doublet Symmetry Moment Operator


4 ⊗ 
1 (0.6 meV) 
4 Dipole Jy

Quadrupole JyJz

Octupole J3
y

JyJ2
z

J2
x Jy


4 ⊗ 
2 (3.8 meV) 
3 Quadrupole JxJy

Octupole JxJyJz

internal parameters like magnetic exchange or Kondo can
instigate coupling of neighboring singlets into quasidoublets
that can carry a magnetic moment, as proposed in UPd2Al3

[69], UM2Si2 [22–25], and PrRu2Si2 [68,70].
These quasidoublets are capable of initiating long-range

magnetic order in the absence of Kramers or non-Kramers
degeneracy. For this coupling to form, magnetic exchange or
Kondo must work in unison with the single-ion terms [12],
and the energetic strength and symmetry of these internal
parameters must match and satisfy singlet-singlet interactions.
Order parameters of the resultant quasidoublet are contained
within the decomposition 
s1 ⊗ 
s2, where 
s1 (
s2) denotes
the irreducible representation of the first (second) singlet of
the quasidoublet [12,59].

This quasidoublet process can be applied to the lowest-
lying singlets of KU2Te6 to explain the absence of magnetic
order by placing upper bounds on its magnetic exchange.
Building from the ground state, the order parameters of
possible quasidoublets in KU2Te6 form from 
4 ⊗ 
1,2,3,4.
However, the anticipated singlets of interest that require the
smallest magnetic exchange or Kondo are the lowest lying

4 (0 meV) coupled to 
1 (0.6 meV) or 
2 (3.8 meV).
Their decompositions are 
4 ⊗ 
1 = 
4 and 
4 ⊗ 
2 = 
3,
respectively. The supported order parameters up to octupolar
are shown in Table II, and the lowest independent multipolar
order parameter is a JxJy quadrupole within 
4 ⊗ 
2. We note
that the typical Ising admixture of singlets into a quasidoublet
with Jz, as in UM2Si2 and PrRu2Si2 [22–25,68,70], does not
appear in the CEF scheme of KU2Te6 until 
4 ⊗ 
4 = 
1 at

146.5 meV. This is two orders of magnitude outside of the
bounds of magnetic exchange for KU2Te6.

No magnetic moment or thermodynamic transition is ob-
served to T = 0.36 K in KU2Te6, suggesting that these order
parameters are not activated by magnetic exchange or Kondo
interactions. Therefore, compatible magnetic exchange or
Kondo contained within 
1 ⊗ 
4 (
2) is less than ≈0.6 (3.8)
meV primarily because of large U-U distances of >4 Å and a
lack of charge carriers to mediate substantial exchange. Mod-
ifications of the local U4+ CEF environment with chemical
substitutions, alkali-ion deintercalation, or pressure in prin-
ciple could alter the singlet energy arrangement, strength of
magnetic exchange, charge-carrier density, and induce mag-
netic order in KU2Te6 or a structurally related material. In
particular, UTe2 contains similar 5 f 2 uranium in a C2v point
group with significant Kondo and magnetic exchange, albeit
with a different CEF scheme with 
1 as the ground state and

2 (
3) as the first (second) excited state [17–19]. Quasidou-
blets from 
1 ⊗ 
2,3 = 
2,3 may lead to correlated behavior
in UTe2. Overall, tuning the CEF interactions and electronic
structure of non-Kramers uranium materials will lead to quasi-
doublet formation.

IV. CONCLUSIONS

KU2Te6 crystallizes in the Cmcm space group with infinite
U-U chains along the a axis. A weak transition appears at Ts =
48 K in specific heat and resistivity but not in magnetic sus-
ceptibility, which suggests a subtle structural transition. The
material is insulating and contains tetravalent U4+ ions with
total angular momentum J = 4 in a C2v crystalline electric-
field point group. Neighboring ions split the J = 4 manifold
into a series of nondegenerate crystalline electric-field sin-
glets, and KU2Te6 does not order magnetically indicating
magnetic exchange and Kondo are weak in this material.
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