
PHYSICAL REVIEW B 94, 014408 (2016)

Static magnetic order on the metallic triangular lattice in CrSe2 detected by μ+SR
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The magnetic nature of a metallic two-dimensional triangular compound, CrSe2, has been investigated by
muon spin rotation and relaxation (μ+SR) measurements using both powder and single crystal samples. It is
found that CrSe2 enters into a static antiferromagnetic (AF) ordered state below 157 K (=TN). Furthermore, the
AF state is slightly changed below around 20 K (=TN2). Based on the analysis of the internal magnetic fields at
the muon sites predicted with DFT calculations, collinear AF and helical 120◦ AF are clearly eliminated for the
ground state of CrSe2. The most probable one is an incommensurate spin density wave order.
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I. INTRODUCTION

For compounds having a two-dimensional triangular lattice
(2DTL), on which each corner is occupied by a magnetic
moment, when the interaction between the two neighboring
moments is antiferromagnetic (AF), it is impossible to satisfy
all AF interactions. As a result, such geometrical frustration
often leads to exotic magnetic transitions.

A chromium selenide, 1T -CrSe2, belongs to a lay-
ered transition-metal dichalcogenides 1T -MX2 family with
2DTL [1,2], where M is a transition metal and X is a chalcogen
(S, Se, Te). 1T means the phase with the layered CdI2

structure, in which M ions form the 2DTL by the connection
of edge-sharing MX6 octahedra (Fig. 1).

Among them, 1T -TiSe2 is known to exhibit a transition
to a charge density wave (CDW) state with a 2a × 2a × 2c

superlattice at TCDW = 202 K [4–7]. As a result, resistivity (ρ)
starts to increase with decreasing T at TCDW and reaches a max-
imum around 150 K, while susceptibility (χ ) shows a sudden
decrease at TCDW and becomes almost T independent below
around 100 K [4]. Recent discovery of superconductivity with
Tc = 1.8 K under high pressures between 2 and 4 GPa attracted
great attention on the interplay between superconductivity and
the CDW state [8].

The isostructural compound 1T -VSe2 also exhibits a CDW
transition at TCDW = 112 K [9,10]. The lattice modulation is
commensurate (C) in the c plane (4a × 4a), but incommen-
surate (IC) along the c axis (3.3c) [11–13]. As T is further
decreased, a lock-in transition to a C phase with a superlattice
3a × 3a × 3c is likely to occur at Tlock ∼ 60 K [14]. The ρ(T )
and χ (T ) curves exhibit roughly a similar behavior at TCDW [9]
as those for 1T -TiSe2.

1T -CrSe2 was found to undergo successive phase transi-
tions at 180 and 160 K [1]. That is, as T decreases from
room T , χ increases abruptly at Tt1 = 186 K and Tt2 = 164 K,
but the changes in ρ at these temperatures are less drastic
than χ and 1T -CrSe2 is metallic down to 2 K [1,2]. These
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behaviors are different from those observed at TCDW for
1T -TiSe2 and 1T -VSe2, suggesting other mechanisms for
the transitions are operative in 1T -CrSe2. Furthermore, very
recent magnetization measurements on 1T -Cr1−xVxSe2 and
1T -Cr1−xTixSe2 indicated that the phase below 186 K is not
a CDW state but an AF ordered state [15], although there
is no neutron diffraction data to corroborate this possibility.
This would mean the formation of a spin density wave order
(SDW) for 1T -CrSe2 instead. Based on electron diffraction
measurements and XRD analyses [2], a high-T trigonal phase
with space group P 3̄m1 was found to transform into a low-T
rhombohedral phase with R3̄m through a monoclinic phase
with I2/m, probably due to the spin-orbit coupling for a t2

2g

electron system.
Note that it is difficult to measure 77Se-NMR due to

the low natural abundance of this isotope (7.63%). For the
same reason—i.e. the natural abundance of 53Cr is 9.50%,
53Cr-NMR is not a suitable technique particularly for AF
materials. Furthermore, since the typical size of the crystals
obtained is 0.3 × 0.3 × 0.1 mm3 [2], it is currently impossible
to prepare enough amount of samples for neutron diffraction
measurements. As a result, the ground state of 1T -CrSe2 is

FIG. 1. The crystal structure of 1T -CrSe2 drawn with VESTA [3].
The muon site was predicted at (0, 0, 1/2), which is the middle of the
two neighboring Cr ions along the c axis, by DFT calculations (see
text).
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FIG. 2. The temperature variation of the ZF-μ+SR spectrum in
1T -CrSe2. Solid lines represent the fit result using Eq. (1).

still unknown [1,2,15,16], despite a relatively simple crystal
structure. We have therefore measured muon spin rotation
and relaxation (μ+SR) spectra of 1T -CrSe2 to understand its
magnetic ground state.

II. EXPERIMENTAL

The preparation of the 1T -CrSe2 sample was already
reported elsewhere [2]. The μ+SR time spectra were measured
at the surface muon beam line M20 using the LAMPF
spectrometer of TRIUMF in Canada. The approximately
100 mg powder sample was placed in an envelope with 1 cm2

area, made of 0.05 mm thick Al-coated Mylar tape in order to
minimize the signal from the envelope. Also, about 50 pieces of
single crystal platelets were stacked between Mylar tapes so as
to align the c axis perpendicular to the tape plane. The envelope
or tape was then attached to a low-background sample holder
in a liquid-He flow-type cryostat for measurements in the T

range between 1.8 and 220 K. The experimental techniques
are described in more detail elsewhere [17,18].

III. RESULTS

In order to know whether static magnetic order exists in
1T -CrSe2 at low T , Fig. 2 shows the T variation of the μ+SR
spectrum recorded in a zero external field (ZF). Since the
ZF-μ+SR spectrum at 165 K looks almost time independent
until 1 μs, CrSe2 is in a paramagnetic state. At 160 K, however,
a rapidly relaxing component appears in an early time domain,
and such component changes into an oscillatory signal at
155 K. At 1.8 K, which is the lowest T measured, a muon spin
precession signal is clearly observed, which unambiguously
indicates the formation of quasistatic AF order in 1T -CrSe2.

Figure 3 shows the Fourier transform of the ZF-μ+SR
time spectrum to understand the change in the internal
magnetic fields with T . There are three distinct frequencies
at temperatures below around 140 K, although it is hard to
distinguish the three frequencies above 140 K. Therefore, the
ZF-μ+SR time spectrum was fitted by a combination of three
exponentially relaxing cosine oscillations for the quasistatic
AF internal fields, an exponentially relaxing nonoscillatory
signal for the “1/3 tail” signal caused by fluctuations in the
field component parallel to the initial muon spin polarization,
and an additional exponentially relaxing nonoscillatory signal
from the muons stopped in a paramagnetic second phase and/or
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FIG. 3. The temperature dependence of the Fourier transform
frequency spectrum of the ZF-μ+SR time spectrum for 1T -CrSe2.

a surrounding sample holder and cryostat:

A0 PZF(t) =
3∑

i=1

[AAFie
−λAFit cos(ωAFit + φAFi)]

+Ataile
−λtailt + A2nde

−λ2ndt . (1)

Here A0 is the initial asymmetry, PZF(t) is the muon spin
depolarization function in ZF, AAFi, Atail, and A2nd are the
asymmetries associated with the five signals, fAFi(≡ ωAFi/2π )
are the muon Larmor frequencies corresponding to the
quasistatic internal AF fields, λAFi, λtail, and λ2nd are their
exponential relaxation rates, and φAFi are the initial phases.

Figure 4 shows the T dependences of the μ+SR parameters
together with χ (= M/H ) measured at H = 5 kOe. As T

increases from 1.8 K, both fAF1 and fAF2 are almost T

independent up to ∼75 K, and decreases with increasing slope
(dfAF/dT ), then fAF1 merges into fAF2 at ∼140 K, and finally
disappears at ∼160 K (= TN). On the contrary, fAF3 rapidly
decreases with T until ∼20 K, and then decreases slowly with
T , and finally drops to 0 at TN. This indicates the presence two
AF transitions at 160 and 20 K (=TN2).

Three AAFis show a complex T dependence below ∼20 K,
but are roughly T independent above 20 K besides below
the vicinity of TN, and abruptly disappear at TN. However,∑

AAFi is ∼2/3 (Atail is ∼1/3) of [
∑

AAFi + Atail] below TN,
as expected. The T dependences of AAFis below TN2 would
suggest a slight structural variation in these T . The magnitude
of A2nd was about 15% of a total asymmetry (0.22 = A0) and
roughly independent of T below TN, as described later.

Besides the vicinity of TN, both φAF2 and φAF3 increase with
decreasing T and reach a maximum at around TN2, while φAF1

shows an opposite T dependence. Below TN2, although φAF2

approaches to zero with further decreasing T , φAF1 = −18(9)◦
and φAF2 = −26(6)◦ even at 2 K. Such delay is sometimes an
evidence for IC-SDW order [17,19–21], and we will discuss a
possible AF structure later.
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FIG. 4. T dependences of (a) the muon spin precession frequen-
cies for the AAFi signal (fAFi); (b) the normalized asymmetries (AAFi

and Atail divided by
∑

AAFi + Atail); (c) the initial phases for the AAFi

signal (φAFi); (d) χ = M/H for 1T -CrSe2. The χ data were obtained
in field cooling (FC) mode with H = 5 kOe.

Making comparison with the χ (T ) curve, the present μ+SR
results clearly demonstrate that the bulk AF transition does not
occur at Tt1 but at Tt2(= TN). Furthermore, the increase in χ at
low T , particularly below ∼20 K, is consistent with TN2 found
with μ+SR.

Figure 5 shows the T dependences of the μ+SR parameters
obtained from weak transverse field (wTF-) measurements
with HTF = 30 Oe together with the ZF-μ+SR measurements.
Here, wTF means the field is perpendicular to the initial muon
spin polarization and its magnitude is very small compared
with the internal magnetic field (Hint) generated by magnetic
order and/or disorder. The wTF-spectra were fitted by:

A0 PTF(t) = ATF cos(ωTFt + φ)e−λTFt

+AMe−λMt , (2)

where ATF and AM are the asymmetries for the oscillatory
signal due to applied wTF and the nonoscillatory relaxing
signal caused by localized magnetic moments. In addition, the
ZF-μ+SR spectrum measured at T > TN was fitted by a single
exponential relaxing signal, namely, A0PZF(t) = AZFe

−λZFt .
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FIG. 5. T dependences of the two normalized asymmetries,
ATF/A0 and A2nd/A0, and the exponential relaxation rate λZF. ATF

was obtained by fitting wTF-μ+SR spectra using Eq. (2). A2nd was
estimated by fitting ZF-μ+SR spectra below TN using Eq. (1), whereas
λZF by fitting ZF-μ+SR spectra above TN with AZFe

−λZFt .

As seen in Fig. 5, the ATF/A0(T ) curve, where ATF/A0

corresponds to the volume fraction of paramagnetic phases
in a sample, shows a steplike change at ∼160 K from 1 to
about 0.15 with decreasing T . This means that 85% volume
of the sample becomes AF below TN, but the rest 15% is
paramagnetic even at 1.8 K. Furthermore, ATF/A0 is roughly T

independent below TN and is equal to A2nd/A0 extracted from
the ZF data. From the ATF/A0(T ) curve, T

μSR
N is estimated

as 157.4 K, at which ATF/A0 = 1 − (0.85/2). Concerning the
situation at Tt1, there is no crucial change in both ATF and
λZF, indicating that Tt1 is not a magnetic but electronic and/or
structural transition.

In order to know the magnetic anisotropy of the AF
phase, Fig. 6 shows the ZF-μ+SR spectra for the single
crystal platelets of 1T -CrSe2 with two different configurations,
namely, Sμ(0) ‖ c and Sμ(0) ⊥ c, where Sμ(0) is the direction
of the initial muon spin. The strongest signal at 2 K, i.e.,
the AAF3 signal is clearly observed with both configurations.
This means that Hint of the AAF3 signal is neither parallel nor
perpendicular to the ab plane. The cant angle from the ab

plane [�AF3 ≡ tan−1(A
Sμ(0)⊥c
AF3 /A

Sμ(0)‖c
AF3 )] was about 38◦.
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FIG. 6. ZF-μ+SR time spectra at 2 K for 1T -CrSe2 crystals:
top: Sμ(0) ‖ c; bottom: Sμ(0) ⊥ c. Top spectrum is offset by 0.1 for
display clarity. Solid lines represent fits using Eq. (1) with common
λi and ωAFi. The right panel shows Fourier transforms of the ZF time
spectra.
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IV. DISCUSSION

The electrostatic potential distribution predicted by
DFT calculations with generalized gradient approximation
(GGA) [22] suggests that the implanted muons sit at the 1b

site, (0, 0, 1/2), which is the middle of the two neighboring Cr
ions in the adjacent CrSe2 planes (see Fig. 1 and Appendix).

Although the present calculations do not consider the lattice
relaxation due to the implanted μ+, the predicted muon site is
the same as that of Na+ in NaCrSe2 [23]. Since NaCrSe2 is
assigned as a Na intercalated CrSe2, the predicted muon site
is thought to be reasonable in CrSe2.

Then, dipole field calculations (Table I) show that Hint =
0 for both A-type and G-type AF order. Here, Cr moments
(MCrs) align parallel in the ab plane but antiparallel along
the c axis for A-type AF, while MCrs align antiparallel in
the ab plane and along the c axis for G-type AF. Even for
C-type AF order, in which MCrs align antiparallel in the ab

plane but parallel along the c axis, there is only one unique
Hint. Moreover, the experimental results are not explained by
a helical 120◦ AF structure along the c axis.

The present μ+SR result, therefore, indicates a more
complex AF spin structure in 1T -CrSe2 rather than simple
collinear [15] and 120◦ AF spin structures. Considering the
metallic AF nature of 1T -CrSe2 and the delay of φAFi, a helical
IC-SDW order, which is predicted for 2DTL [25] and found in
several materials [26–28], is thought to be the most reasonable
AF structure.

In fact, due to the mismatch between the AF modulation
period and lattice period, IC-SDW order is known to generate
multiple frequencies in the ZF-μ+SR spectrum, even in the
case that there is crystallographically one muon site. However,
in order to explain nonzero �, the AF spin would be canted
from the ab plane.

TABLE I. Dipole field (Hint) and its cant angle from the ab plane
(�) at the muon site with three collinear and 120◦ AF structures
estimated with DipElec [24]. For G and C-type AF, Cr moments
(MCrs) align antiparallel along the a axis, but parallel along the b

axis. “60◦ helical along (001)” means that each MCr of the 120◦ AF
structure in the CrSe2 plane rotates by 60◦ in the adjacent CrSe2 plane
along the c axis.

Hint/MCr �

AF (Oe/μB) (DEG)

A MCr ‖ (100) 0
MCr ‖ (001) 0

G MCr ‖ (100) 0
MCr ‖ (001) 0

C MCr ‖ (100) 947 0
MCr ‖ (001) 1286 90
MCr ‖ (101) 1129 54

120◦ parallel along (001) 602 0
60◦ helical along (001) 521 0

120◦ helical along (001) 300 0
180◦ helical along (001) 0

Hint (Oe) � (DEG)
experiment 2 K 540, 597, 908 24, 38, 84

28 K 393, 559, 940 38, 36, 90

(11̄0) (110)

0 eV 5 eV

FIG. 7. Contour plots of the electrostatic potential in FM-CrSe2.
The potential at the muon site is set to be zero. Contour spacing is
0.2 eV and lines are omitted for the potentials higher then 5 eV.

Here, we ignored a slight spatial displacement of Cr ions at
low T found by electron diffraction observations [2], because
such structural data are unavailable at present. However, the
displacement of Cr ions, particularly along the c axis may
affect both Hint and �.

When 1/3 of Cr ions are displaced along the c axis by 1%,
1/3 by −1%, and the remaining 1/3 are not displaced, there
is still one Hint for the 120◦ AF spin structure with parallel
along (001), but three Hints for the 120◦ AF spin structure 180◦
helical along (001). However, � is still ∼0 for both cases. This
supports the above conclusion that the simple AF structures are
excluded, even when the implanted muons slightly alter local
structural circumstances. In order to further clarify the ground
state of 1T -CrSe2, we need to perform both synchrotron x-ray
and neutron diffraction analyses using a high quality sample
in the wide T range.
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APPENDIX: DFT CALCULATIONS

The electrostatic potential analysis has been performed to
determine the muon site in CrSe2. A self consistent field (SCF)
calculation is carried out within the ultrasoft pseudopotential
method [29,30] based on density functional theory [31,32],
and the obtained pseudo SCF charge density is transformed
into an all electron form with the projector augmented wave
operators [33]. The cutoff energies of plane waves are set to
be 15 and 120 hartrees for the pseudo wave functions and the
charge density, respectively. The 8 × 8 × 4 k-point mesh is
adopted for the primitive hexagonal unit cell and equivalent
ones for the supercells which are used to simulate AF orders.
The generalized gradient approximation [34,35] is used for the
exchange-correlation functional. In the structural optimization
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process, lattice constants are fixed at the experimental values
(a = 3.40 Å and c = 5.91 Å) [2] and atomic positions are only
optimized.

According to Ref. [15], we consider the three AF structures
as well as a ferromagnetic (FM) one. In all cases, the

electrostatic potential analyses suggest that the muon site is the
middle of the neighboring Cr atoms along the c axis. Figure 7
shows the electrostatic potential in FM-CrSe2. The potential
distribution in the AF structures is essentially the same as that
in the FM structure.
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