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ABSTRACT

We report the detail synthesis, single crystal structure characterization and magnetic properties of 

KLnSe2 series obtained via solid state flux growth method. The crystal structures were 

characterized using single crystal x-ray diffraction. The KLnSe2 (Ln = La, Ce, Pr and Nd) series 

crystallizes in the trigonal crystal system with the space group of R-3m (No. 166). The overall 

structure contains two-dimensional (2D) layers made from edged shared LnSe6-octahedra. Ln3+ 

ions form a perfect triangular magnetic lattice which propagates along ab-plane. These triangular 

lattices are separated by the K+ ions. The magnetic properties confirm that, Ce, Pr and Nd do not 

show any long-range ordering down to 0.4 K. 

■ INTRODUCTION

The crystal structure and magnetic properties  of the lanthanide-based oxides and intermetallics, 

which exhibit both geometrical spin frustration and competing magnetic interactions, have enticed  

materials chemists and physicists due to their potential for hosting complex magnetic and quantum 

ground states. [1-9] Quantum spin liquid (QSL), spin ice, and high temperature superconductivity 

are some of the exotic ground states of these materials which from the complex magnetic properties 

driven by the magnetic frustration. Over the last decade,  special attention has been devoted in 

particular to the synthesis and characterization of novel QSL candidate materials focusing on two-
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dimensional magnetic sublattices such as triangular or kagomé  in spin-1/2 systems to generate the 

necessary magnetic frustration prerequisite to the QSL state. Besides the rich exotic physics behind  

QSL s, QSL have been suggested as the basis for next generation technologies such as quantum 

computers and quantum communication . Additionally, understanding having confirmed QSL 

materials to study could allow new insights to the mechanism of high-temperature 

superconductivity. Therefore, the discovery and synthesis of new high quality QSLmaterials have 

received significant interest from the inorganic solid state and materials chemists. [10-20]

To these ends, Lanthanide intermetallic compounds with the formula of ALnX2 (112-type 

compounds) where, A = Li, Na, K, Rb and Cs, Ln = Lanthanide, X = S, Se and Te have garnered 

growing interest from the community due to their exotic magnetic properties. [21-26] In these 112-

type compounds the Lanthanide sites form triangular magnetic sub-lattices which due to the 

receptibility to numerous Ln members allow for a playground to study different magnetic 

interactions and spin-states on such a lattice. Special attention has been given  to the Ce3+ [27-28] 

and Yb3+-based [31-33] 112-type compounds due to their specific electron configuration, 4f1 and 

4f13, respectively. These ions can produce the S = ½ spin state due to the  crystal electric field and 

therefore host a QSL ground state(e.g. YbMgGaO4, [29-30] NaYbO2, [31] NaYbS2 [32] and 

CsYbSe2 [24-25, 33].) However, despite this focus on the Ce3+ and Yb3_ compounds, due to the 

variation in the number of unpaired electrons in the Ln3+, 112-type compounds could exhibit wide 

variety of exotic magnetic ground states. For example, KErSe2 [21] and CsCeSe2 [34] tend to have 

a long-range AFM behavior at ~0.2 K with a stripe spin structure. Therefore,  the ability to change 

the number of unpaired electrons in the Ln3+ allows for the stabilization of numerous different 

magnetic ground states in this series of compounds providing a route to study how different 

magnetic interactions and spin-states lead to different magnetic phases. On the other hand, the 
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cation between the Ln-triangular layers could affect the dimensionality of the structure by tuning 

the inter-layer distance. This provides a second route to tune magnetic interactions in these 

materials with different magnetic grounds observed between compounds  having different A-site 

cations. [24] However, despite this potential, only few examples of other Ln-based 112-type 

materials have been investigated so far, which could be due to the difficulty of synthesizing these 

materials in single crystal form. Recently we have developed a very successful flux growth 

technique to get good sizable single crystals of 122-type compounds. [24] Therefore, we extend 

our work to synthesize K-based early lanthanides (La, Ce, Pr and Nd) and study their magnetic 

properties. 

Herein, we report the synthesis and magnetic properties of KLnSe2, Ln = La, Ce, Pr and Nd series. 

Single crystals of KLnSe2 series were grown successfully using our previously reported flux 

growth method. These compoundscrystallize in trigonal symmetry with R-3m space group where 

Ln3+ ions form a perfect triangular lattice. The magnetic properties were characterized in the form 

of dc-magnetic susceptibility, and heat capacity down to 0.4 K.

■ EXPERIMENTAL SECTION

Reagents. K (Alfa Aesar, 99.95%), La-rod (Alfa Aesar, 99.9), Ce-rod (Alfa Aesar, 99.8%), Pr-

rod (Alfa Aesar, 99.1%), Nd-rod (Alfa Aesar, 99.5%) and Se-shots (Alfa Aesar, 99.999%) were 

all used as received.

Synthesis. Crystal growth was performed using a two-step method. As the first step, powder 

samples were synthesized using the constituent elements. As the second step, the powder samples 

were mixed with the salt flux to grow single crystals. In a typical reaction, a total of 2 g of K, Ln 

and Se were loaded into an alumina crucible. Here, all the chemicals were handled inside the glove 

box with the oxygen and water levels as < 0.1 ppm level. Potassium is extremely reactive in air 
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(being pyrophoric,) therefore extra precaution is necessary to avoid any contact with  O2 or H2O. 

After loading all the components into an alumina(?) crucible, it was inserted into a quartz tube and 

sealed inside the glove box using a swagelok. Then the quartz tubes were evacuated and sealed on 

a sealing line. The fused-silica ampoules were then heated to 100 °C at 5 °C/hr and held for one 

day, heated to 600 °C 10 °C/hr and held for two days followed by slowly cooling to room 

temperature. After the reaction period, the sealed tubes were opened, and powders were recovered 

inside the glove box. 1 g of the powder was then loaded into a quartz tube with 10 g of dried KCl 

(1: 10 flux ratio by weight) and the reactions were evacuated and sealed. The sealed tubes were 

heated to 800 °C at 60 °C/hr and kept for 2 weeks. After the reaction period, the reactions were 

quenched in open air. The crystals were recovered by washing with deionized water using the 

suction filtration method.

Single-Crystal X-Ray Diffraction. X-ray single-crystal diffraction (SXRD) data were collected 

using Bruker Quest D8 single-crystal X-ray diffractometer equipped with Mo Kα radiation, λ = 

0.71073 Å. The data were collected at room temperature and crystals were mounted in paratone 

oil. The crystal diffraction images were collected using ɸ and ω-scans. The diffractometer was 

equipped with an Incoatec IµS source using the APEXIII software suite for data setup, collection, 

and processing. [35] Structure refinements was done using the SHELXTL software suite. [36] 

Table 1 provides the detailed unit cell parameters of KLnSe2 series and the selected bond distances 

are summarized in Table 2. Details regarding the X-ray powder diffraction (PXRD) and elemental 

analysis are given under the Supporting Information. 

The magnetic properties were measured using a Quantum Design (QD) Magnetic Properties 

Measurement System (MPMS3). First, the magnetic properties between 2-300 K were determine 

using the single crystals. The  anisotropic magnetic properties were measured by applying the 
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magnetic field parallel and perpendicular to the Ln-triangular magnetic lattices. The weight of the 

crystals was 3-8 mg. The magnetic properties below 2 K was measured using the MPMS3 iHe3 

option. Heat capacity measurements were also performed using the single crystals. Here, heat 

capacity was measured using QD Physical Properties Measurement System (PPMS). The mass of 

the single crystals for heat capacity was ~1 mg.

Table 1. Crystallographic data of KLnSe2 (Ln = La, Pr, Ce and Nd) determined by single-crystal 
X-ray diffraction. 

Table 2. The selected bond distances (Å) and angles (°) of KRESe2 (RE = La, Ce, Pr and Nd) 
series.

empirical formula KLaSe2 KCeSe2 KPrSe2 KNdSe2
formula weight (g/mol) 335.93 337.14 337.93 341.26
T, K 300 300 300 300
Crystal habitat clear, plate red plates green plates red plates
Crystal dimensions, mm 0.06 × 0.02 × 0.02 0.08 × 0.01 × 0.01 0.06 × 0.01 × 0.01 0.08 x 0.01 x 0.01
crystal system trigonal
space group R-3m (No.166)
a, Å 4.4048(1) 4.3680(1) 4.3287(5) 4.3134(2)
c, Å 22.785(1) 22.7761(6) 22.752(5) 22.793(3)
volume, Å3 382.9(3) 376.34(2) 369.21(2) 367.2(3)
Z 3 3 3 3
D (calc), g/cm3) 4.371 4.463 4.560 4.629
µ (Mo Kα), mm-1 23.249 24.210 25.327 26.118
F(000) 432 435 438 441
Tmax, Tmin 0.3360/0.4410 0.2480/0.7940 0.0071/0.0325 0.0052/0.0325
θ range 2.68-30.43 2.68-30.46 2.69/30.58 2.68-30.64
reflections collected 2420 5023 2452 1088
data/restraints/parameters 117/0/8 115/0/8 111/0/8 110/0/8
final R [I> 2σ(I)] R1, Rw2 0.0196/0.0436 0.0141/0.0351 0.0402/0.0872 0.0226/0.0539
final R (all data) R1, Rw2 0.0211/0.0448 0.0167/0.0401 0.0453/0.0914 0.0246/0.0556
GoF 1.088 1.062 1.062 1.070
largest diff. peak/hole, e/ 
Å3 0.515/-0.624/0.154 0.527/-0.578/0.137 3.278/-1.856/0.318 0.781/-0.879/0.194

KLaSe2 KPrSe2 KPrSe2 KNdSe2
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■ RESULTS AND DISCUSSION

Crystal Structure. At room temperature, all KLnSe2 compounds crystalize in a trigonal crystal 

system with space group of R-3m (No. 166). The detailed crystallographic information is presented 

in Table 1. The unit cell parameters are follows: for KLaSe2, a = 4.4048(1) Å, c = 22.785(1) Å, V 

= 382.9(3) Å3, for KCeSe2, a = 4.3680(1) Å, c = 22.7761(6) Å, V = 376.34(2) Å3, for KPrSe2, a = 

4.3287(5) Å, c = 22.752(5) Å, V = 369.21(2) Å3, and for KNdSe2, a = 4.3131(2) Å, c = 22.793(3) 

Å, V = 367.2(3) Å3. The structure is built from a single unique Wyckoff site for each ion with K+ 

(3b), Ln3+ (3a) and Se2- (6c). The Ln3+ and Se2- ions form  2D La‒Se‒La layers where the K+ ions 

reside in between the layers. Figure1a  shows the overall structure of KLaSe2. The 2D layers of 

KLaSe2 are constructed from edge sharing LaSe6-octahedra. The La3+ 2D layers are shown in 

Figure 1b. It is noteworthy to point out that, all the studied KLnSe2 (La- Lu) series  compounds 

crystallize in the R-3m space group - we did not observe any structural changes with the change of 

size of the lanthanide ions. This is somehwat diffrent from the CsLnSe2 series where smaller 

RE‒RE 4.4048(1) 4.3680(1) 4.3287(5) 4.3134(2)

RE‒Se‒RE 93.58(3) 93.59(7) 93.42(6) 93.43(4)

Interlayer RE‒RE 7.595 7.562 7.584 7.597
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lanthanides crystallize in P63/mmc. The La- site forms LaSe6-octahedra (Figure 1c) which share 

edges with each other to form the La‒Se‒La 2D layers. In these structures, the interlayer distance 

is mainly controlled by the size of the A-site cation which is K+ in this case. Therefore, we observed 

a minimum change of the interlayer distances between the structures. However, since the size of 

the Ln3+ ion changes from La to Nd, the intralayer distances do change across the KLnSe2 series, 

Figure 1d. All bond lengths and atomic coordinates are listed in Tables S1−S2, and PXRD patterns 

of compounds can be found in Figures S1 and S2 in the Supporting Information.

Figure 1. (a) crystal structure of KLaSe2. (b) Interlayer packing of La‒La triangular lattice along 
c-axis. (c) LaSe6-octahedra. (d) The change of unit cell volume of KLnSe2-series.

3.2. Magnetic Properties of KLnSe2. Temperature dependent magnetic susceptibilities were 

measured using 10 kOe applied magnetic field. Here, magnetic susceptibility was measured on 
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single crystals with the applied magnetic field parallel and perpendicular to the ab-plane. Figure 2 

displays the magnetic susceptibility of the Ce, Pr and Nd compounds between 2-300 K. The 

magnetic susceptibilities were fitted using the Curie-Weiss law,  = C/(T-θCW), where  is the 

susceptibility, C is the Currie constant, θCW is the Curie-Weiss temperature. Magnetic 

susceptibilities were fitted separately at high temperatures (150-300 K) and lower temperatures (2-

10 K). The effective magnetic moment was calculated using µeff ~2.828√C and the results are 

summarized in Table 2. Additionally, magnetic susceptibility of KCeSe2 and KNdSe2 was 

performed down to 0.4 mK. The isothermal magnetization was also performed at mK temperatures 

for both KCeSe2 and KNdSe2, Figure 3 and 4. Here, we only targeted the Kramer ions where the 

crystal electric field (CEF) can contribute to produce Kramers’ doublet. A large magnetic 

anisotropy between ab-plane and c-axis magnetization was found in these compounds, revealing  

two-dimensional magnetism in these systems.

KCeSe2. The magnetic susceptibility and inverse magnetic susceptibility (2-300 K) of KCeSe2 are 

presented in Figure 2a. The susceptibility data was collected at the applied magnetic field of 1 T 

with the applied magnetic field parallel and perpendicular to the ab-plane. A strong magnetic 

anisotropy was observed between the two crystallographic orientations. The data parallel to the c-

axis becomes very noisy at higher temperature due to the smaller magnetic signal. Therefore, we 

only fit the in-plane magnetic data of KCeSe2. Here, the in-plane magnetic susceptibility at higher 

temperatures produces an effective magnetic moment, µeff = 2.47 µB and Curie-Weiss temperature 

of -35.8 K. Fitting the lower temperature region resulted an effective magnetic moment of µeff = 

1.64 µB and Curie-Weiss temperature -2.41 K. This indicates an overall antiferromagnetic nature 

of the KCeSe2. The magnetic susceptibility of KCeSe2 from 1.6 to 0.4 K data is shown in Figure 

3a. Magnetic susceptibility exhibits a broad transition at 0.8 K under 0.01 T and this could be due 
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to the magnetic frustration. With increasing the applied magnetic field, the broad transition 

disappears at ~2 T by indicating a field induced magnetic transition. This is further confirmed from 

the isothermal magnetization data at 0.42 K where isothermal magnetization data exhibits a change  

in slope starting from 2 T and finally it reaches to a saturation at ~5 T with  1.0 µB/Ce. 

KPrSe2. Magnetic susceptibility of KPrSe2, 2-300 K, is shown in Figure 2b, and high temperature 

(150-300 K) Curie-Weiss fitting yields, H//ab: θCW = -53.3 K, µeff/Pr = 2.75 µB and H//c: θCW = -

118, µeff/Pr = 3.26 µB. These moments are very close to the calculated moment of free Pr3+ (4f2, 

3.58 µB). At lower temperatures, magnetic susceptibility deviates from Curie-Weiss law. A broad 

peak can be observed in both crystallographic directions between 50-25 K. Fitting the lower 

temperature (2-10 K) data resulted H//ab: θCW = -25.2 K, µeff/Pr = 2.21 µB and H//c: θCW = -10.9, 

µeff/Pr = 1.08 µB. These reduce moments can be attributed the crystal electric field. Isothermal 

magnetization of KPrSe2 is given in the supporting information. 

KNdSe2. The temperature dependent magnetic susceptibility (2-300 K) of KNdSe2 is depicted in 

Figure 2c. The high-temperature fitting values for H//ab and H//c are µeff/Nd = 3.72 µB, θCW = -

22.5 K and µeff/Nd = 4.02 µB, θCW = -93.5 K , respectively. In contrast, lower temperature fitting 

yield µeff/Nd = 3.46 µB, θCW = -9.54 K and µeff/Nd = 2.48 µB, θCW = -1.70 K for H//ab and H//c 

respectively. The lower temperature moment is smaller compare to the free Nd3+ ions (µeff = 3.62 

µB) and this could be due to the CEF where the ground state could break into Kramer’s doublet. 

Similar behavior has been observed in previous Nd3+ containing frustrated magnetic lattices such 

as NdZr2O7 (2.54 µB/Nd3+) [37] and Nd3SbZn2O14 (2.3 µB/Nd3+) [38] and NdZnAl11O19 (2.623 

µB/Nd3+) [39]. In addition, magnetic susceptibility of KNdSe2 was measured down to 0.4 mK using 

applied magnetic fields between 0.1 and 7 T. No clear field induced magnetic transition was 
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observed in KNdSe2 with the applied magnetic field. As depicted in the isothermal magnetization 

data Nd-moment saturates along the ab-axis at around 2 T. 

Table 2. Effective moments (µeff) and Curie-Weiss temperatures (θCW) determined by fitting 
inverse magnetic susceptibility data when the applied field parallel and perpendicular to the ab-
plane for KLnSe2 series. These fitting were performed at high temperature (HT) regions (~300 K) 
and low temperature (LT) regions (~10 K).

µeff ( µB) 

HT

θCW (K) HT µeff ( µB) 

LT

θCW (K) LT

KCeSe2 2.47 -38.5 1.64 -2.41

KPrSe2 2.75 53.3 2.21 -25.2H//ab

KNdSe2 3.72 -22.5 3.46 -9.54

KPrSe2 3.26 -118 1.08 -10.9
H//c

KNdSe2 4.02 -93.3 2.48 -1.70
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Figure 2. Magnetic susceptibility and inverse magnetic susceptibility of KLnSe2 series, (a) 
KCeSe2; (b) KPrSe2; (c) KNdSe2, measured at applied magnetic field of 1 T in FC-mode. Each 
sample was measured with the applied magnetic field along the ab-plane and c-axis.

Figure 3. (a) Temperature dependence of dc-susceptibility for the KCeSe2 single crystal in the ab-
plane in different applied magnetic field. (b) Isothermal magnetization of KCeSe2 along the ab-
plane at mK temperatures.
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Figure 4. Temperature dependence of dc-susceptibility for the KNdSe2 single crystal along the 
ab-plane (a) and c-axis (b) in different applied magnetic fields. (c) Isothermal magnetization of 
KNdSe2.

The heat capacity of KCeSe2 and KNdSe2 were measured at zero applied magnetic field down to 

0.4 mK, as shown in Figure 4 (KPrSe2 was only measured down to 1.9 K). The magnetic heat 

capacity was estimated by subtracting the lattice contribution using the heat capacity of KLaSe2. 

As depicted in Figure 5, no long-range order was found down to 0.4 K which agrees with our 

magnetic susceptibility data. Both KCeSe2 and KNdSe2 present a broad peaks at higher 
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temperature suggesting  short-range correlations. Figure 5 inset presents the temperature 

dependence of the entropy at 0 T for KCeSe2 and KNdSe2. 

Figure 5. Temperature dependence of heat capacity of KLnSe2 series down to 0.4 K. Inset: 
Temperature dependence of entropy at 0 T for KCeSe2 and KNdSe2.

3. CONCLUSION

The work here reports the single crystal synthesis and initial examination of the magnetic 

properties of KLnSe2 (Ln = La, Ce, Pr, Nd). The reactions between K, Ln and Se elements were 

performed using a two-step flux growth method and yielded high purity good quality, often large 

single crystals. The KLnSe2 series represents another addition to the collection of Delafossite 112-

type crystal structures. The KLnSe2 series crystallizes in trigonal crystal system with R-3m space 

group where the magnetic Ln3+ ions reside in  ideal 2D triangular lattices which are separated by 

K+-ions along the c-axis  giving an ideal 2D nature to the structure. A magnetic investigation of 

KLnSe2 indicates that all members studied here, have large magnetic anisotropies between the two 

crystallographic directions (ab-plane vs. c-axis). Magnetic susceptibilities reveal a dominant 
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antiferromagnetic behavior and found no long-range ordering down to mK temperatures (0.4 mK). 

This work demonstrate that the salt flux is a viable method to synthesize this new family of 

compounds and while the analysis of magnetization data reveal both significant magnetic 

anisotropy and frustration in this series of compounds suggesting their potential for hosting 

interesting magnetic states.
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Synthesis, Crystal Structure and Magnetic Properties of KLnSe2 (Ln = La, Ce, Pr, Nd) Structures: 
A family of 2D Triangular Lattice Frustrated Magnets

Liurukara D. Sanjeewa, Jie Xing, Keith M. Taddei, Athena S. Sefat 

Four new Delafossite 112-type crystal structures, KLnSe2 (Ln = La, Ce, Pr, Nd) series have been 
successfully synthesized and characterized. The newly designed flux growth method resulted large 
disorder free single crystals. The structures are characterized by a geometrically frustrated Ln-
triangular lattice. The magnetic measurement revealed that KLnSe2 (Ln = Ce, Pr, Nd) do not show 
any long-range ordering down to 0.4 mK. 


