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Energy-gap driven low-temperature magnetic and transport properties in Cr;;3MS; (M = Nb, Ta)
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The helimagnets Cr;,3MS, (M = Nb or Ta) have attracted renewed attention due to the discovery of a chiral
soliton lattice (CSL) stabilized in an applied magnetic field, but reports of unusual low-temperature transport and
magnetic properties in this system lack a unifying explanation. Here, we present electronic structure calculations
that demonstrate the materials are half metals. There is also a gaplike feature (width in range 40-100 meV)
in the density of states of one spin channel. This electronic structure explains the low-temperature electronic
and magnetic properties of Cr;;3MS, (M = Nb or Ta), with the gaplike feature particularly important for
explaining the magnetic behavior. Our magnetometry measurements confirm the existence of this gap. Dynamic
spin fluctuations driven by excitations across this gap are seen over a wide range of frequencies (0.1 Hz to MHz)
with ac susceptibility and muon-spin relaxation (1" SR) measurements. We show further how effects due to the
CSL in Cry/3NbS,, as detected with 1+ SR, dominate over the gap driven magnetism when the CSL is stabilized

as the majority phase.
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Transition metal dichalcogenides (MX,, M = transition
metal and X = chalcogen) have long been the subject of much
research effort [1]; the reduced dimensionality [2] of these
semiconductors leads to a suite of exciting electrical, optical,
and mechanical properties [3—5]. More recently, the materials
Cr13MS,, where M = Nb or Ta (based on the same struc-
ture as superconducting NbS,, but with Cr atoms intercalated
between M layers), have attracted attention as rare exam-
ples of two-dimensional (2D) materials with helical magnetic
ordering, thought to occur due to the competition between
exchange, the Dzyaloshinskii-Moriya interaction (DMI), and
spin-orbit coupling (SOC) [6,7]. Application of a magnetic
field perpendicular to the ¢ axis causes the helical ground
state to transform to the chiral soliton lattice (CSL) [8,9],
consisting of domain-wall-like 360° magnetic kinks separated
by regions of ferromagnetic ordering, with a field along a
different direction tilting the CSL [10,11]. These magnetic
solitons, reduced-dimensional analogs of skyrmions [12], are
topological spin structures with many potential applications
[8]. The existence of the CSL in Cr;,3NbS; is well established
[8], but has only recently been reported in Cry;3TaS; [9].

There have been multiple reports of unusual low-
temperature transport and magnetic properties in Cry;3NbS,,
including a sizable change in the thermal conductivity and
Seebeck coefficient around 7 = 40 K [13], and a rapid in-
crease in the Hall coefficient below 50 K [14], all suggesting
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modifications to the electronic behavior. Additionally, muon-
spin rotation (uTSR) identifies an increase in oscillation
frequency below 50 K [15], suggesting an alteration to the
local magnetic-field distribution. The above observations have
led to contrasting explanations, including a change in the
dominant transport mechanism due to spin-orbit-coupling-
induced alterations of the electronic structure [13], or an
increased helical length at low T due to a decrease in the
magnitude of the DMI [15]. Such explanations do not ac-
count for all of the observations, and while an increase in
the helical length below 90 K is observed in lamellae [16],
this is not found in bulk [17]. In this Letter we explain the
low-temperature behavior of Cr,3MS; (M = Nb or Ta) using
electronic structure calculations supported by ac susceptibility
and utSR, and demonstrate how the presence of an energy-
gap-like feature in the density of states can account for the
observed phenomena over a wide range of energy scales.

The electronic structure of Cri;3MS; (M = Nb or Ta)
was determined using the CASTEP implementation of spin-
polarized density functional theory (DFT) [18-21]. Spectral
calculations were performed to generate band structures and
densities of states (DOSs) for Cry;3MS, (Fig. 1). In both
materials there is splitting of the spin-up and spin-down bands
with ferromagnetic moments on the Cr ions. The largest con-
tribution to the DOS at the Fermi level comes from the spin-up
channel, with little contribution from the spin-down channel.
Strongly peaked bands at the I" point in the spin-down channel
suggest delocalized electrons; more localized character in the
spin-up channel is indicated by flatter bands [21]. The lack
of spin-down density around the Fermi level, in addition to
the integer spin per unit cell [22], suggests both materials are
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FIG. 1. (a) and (b) DOS of d-orbital contributions from transition metals in Cr, 3NbS, and Cr; 3TaS,. (c) and (d) Regions around the Fermi
level showing the pseudogap feature in the spin-up channel. (Spin-up densities are positive and spin-down densities are negative.)

half metallic [23]. (Previously, Cr;;3NbS, has been reported
as a low-carrier-concentration metal or heavily doped semi-
conductor [13].) Additionally, in both materials, there is a
reduction to almost zero in the spin-up channel of the DOS
at the Fermi level with a full width at half maximum of ap-
proximately AE = 80-90 meV. This reduction has previously
been observed in Cr;,3NbS; and termed a pseudogap [13],
but the influence of this feature was not investigated. Our
calculations performed with the inclusion of SOC have no
resolvable impact on the pseudogap [21].

To understand the low-temperature transport properties in
Cr3MS,, we calculate the Seebeck coefficient S, from DFT
[21] using the BOLTZTRAP code [24]. Figures 2(a) and 2(b)
show § = Tr(S,,)/3. This prediction of S for Cr;3NbS, qual-
itatively matches the measurements in the low-temperature
regime [13], although around 7; the computed behavior de-
viates from experiment due to the onset of the magnetic
transition, which is not captured in our model. The good
agreement between DFT and experiment verifies the cal-
culated electronic structure. The pseudogap found in DFT
is slightly larger than the measured gap (see below), sug-
gesting that there are small differences in the energy scale
around the Fermi energy. This results in the features in §
occurring at higher 7' than found experimentally. To better
compare with the experimental values, we can adjust the
energy scale in the calculation to that of the measured gap
[T — T AEc,/AEprr; Fig. 2(a)], which then provides a bet-
ter agreement with the experimental peak position. We find
similar behavior of § for Cr;/;3TaS; [Fig. 2(b)], as expected
from the similar electronic structures. Our DFT calculations
can also reproduce the observed rapid increase in Hall coeffi-
cient on decreasing T in Cr;,3NbS; below 50 K [14,21].

The magnetic moment m can be estimated from the dif-
ference in the DOS in the spin-up and spin-down channels.
We find that for both materials, d orbitals contribute most

significantly to m, with around 95% of the total moment
coming from the Cr d orbitals. We find good agreement
between the saturation moment of our calculations and that
found experimentally. The T dependence, m(T ), caused by
thermally activated changes in band occupation (but excluding
critical behavior due to the phase transition at 7; [13,25]) can
be estimated by integrating the DOS weighted by the Fermi-
Dirac distribution frp(E, T') at a given temperature, m(7) =
ms [7, [8"(E) = g (E)lfrp(E, T) dE, where g'V(E) are
the spin-up (spin-down) components of the partial DOS. The
change in m(T) (compared with T = 0) is shown in Figs. 2(c)
and 2(d). As T is increased, electrons start to populate excited
states, leading to a steady increase in m(7'), with the change
being dominated by the M = Nb or Ta d orbitals [Figs. 2(c)
and 2(d)], despite their small overall contribution to the total
moment.

Although these changes in m(T') are likely too small to
be detected by a bulk measurement, TSR, a local probe
sensitive to the magnitude of the internal field at the muon
site, can detect such small changes. Despite the lack of a
magnetic phase transition at low 7', on the basis of continuous
source zero-field (ZF) and transverse-field (TF) measure-
ments, Ref. [15] reports an increase in the local field at the
muon site [inset of Fig. 2(e)]. We calculated the muon stop-
ping site in these materials using DFT [21,26,27] (finding
different sites from those determined using nuclear dipole
field calculations [15]). The measured field can be compared
with predictions using our candidate stopping site to calculate
the expected T-dependent dipole field at the muon site [28]
due to our predicted m(T) [Figs. 2(c) and 2(d)] [21]. The
field at the most probable muon site is highly sensitive both
to the amount of Cr intercalated in the material and to the
precise location of the spin density with respect to the muon,
neither of which is easy to accurately estimate. Therefore
our calculation of the absolute magnitude of the field at the
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FIG. 2. (a) and (b) Seebeck coefficient § = Tr(S,,)/3 for
Cr3NbS; (a) and Cr,/3TaS, (b). In (a), S is compared with experi-
ment [13] and is also shown with temperatures scaled according to
the gap size (see text). In (b) the range of the possible values of the
Seebeck coefficient due to uncertainty in the Fermi energy is shown.
(c) and (d) Temperature evolution of the change in m for Cr;3NbS,
(c) and Cr;;3TaS, (d). (Total change, and change in Cr and M d
orbitals are shown.) (e) and (f) Effect on the field at the muon site in
Cr;3NbS, (e) and Cr,/3TaS; (f). Field for Cr moment is shown with
a vertical offset. Inset: measured field at the muon site [15] [same
axes as (e), dashed line is a guide to the eye].

muon site, as well as the size of the increase with tempera-
ture, does not quantitatively match experiment. Some of the
experimentally observed change may be due to the hyperfine
interaction, which typically follows the dipolar field, or due to
delocalization of spin; it is not possible to accurately compute
these contributions [21]. Despite these limitations, we predict
the same trend as found in Ref. [15] for Cr;3NbS, [Fig. 2(e)],
with a sharp increase in the field at the muon site at low T'. It
is notable that the moment of all elements must be considered
to obtain this effect; considering Cr alone does not reproduce
the trend.

To confirm the influence of the pseudogap on the mag-
netism, we performed magnetization and ac susceptibility
measurements on polycrystalline samples of Cr;3sMS,; (M =
Nb or Ta) [21]. The critical temperature 7; of each material
matches previous reports [7], although the field required to in-
duce the forced-ferromagnetic state is lower for both materials
[29], implying a smaller DMI (likely due to different levels of
Cr intercalation affecting the bonding and charge transfer be-

Cry3NbS,
T

Cry3TaS,
T T

06 - *02Hz |
= 1.3 Hz
03 HEY 4 149 Hz |
L L L L L L L
10 15 20 25 30 15 30 45 60 75
T (K) T (K)
[ (Hz) f (Hz)
1 10 100 1 10 100
0.06 T T T T LLILLELLL S I 11 N1
ERY)
= e (c) = 0026 j\\i (d) 38
= 0055 ~ Q18 = . 1
= ~ 2 = A 02
= ~_ 192 Z g0 - i\i 1=
&~ 005 |- b 420 &N &~ ~
& . 1 & i - 44
- Fa = 43.7(1.1) meV | 0022 17 By = 103(3) meV  #_,H46
C L L L L L |

h
2 0 2 4 2 0 2 4

In(f) (11-1[Hz]) In(f) (l;[Hz])

48

FIG. 3. (a) and (b) Example measurements of the phase lag ¢ of
ac susceptibility measurements on Cr;;3MS, (M = Nb or Ta). Solid
lines are fits to the data as described in the text. (c) and (d) The central
position of these fits.

tween the M ions, and hence the magnetic properties). Despite
these differences, single-crystal samples of Cr;,3NbS, pre-
pared in the same way as our samples show a CSL in Lorentz
transmission electron microscopy measurements [30].

Both Cry/3NbS; and Cr;/3TaS; exhibit three regimes of be-
havior: ) T < T* () T* ST < T, and (iii) T > T, where
the low-temperature crossover 7* =~ 20 K for Cr;;3NbS,and
T* ~ 45 K for Cry3TaS,. In region (iii) the materials are para-
magnetic, transitioning to long-range order when the samples
are cooled into region (ii). On cooling to region (i), changes
are seen most clearly in the phase lag ¢ between the applied
time-varying magnetic field and the ac susceptibility response.
This suggests dissipative processes [31] determined by fluc-
tuations across the pseudogap. Cr;,3NbS, shows a peak in
¢ around T*, whereas Cr;,3TaS, exhibits an increase in this
quantity. For Cr;,3NbS, the behavior is well described by a
Gaussian peak with a vertical offset, whereas a sigmoid func-
tion with a vertical offset is most appropriate for Cry/3TaS,.
Both functions allow the extraction of a characteristic temper-
ature T* (the peak location of the Gaussian, or the inflection
point of the sigmoid). Figures 3(b) and 3(d) show that T*
follows an Arrhenius law, with the gradient giving an activa-
tion energy E, consistent with the full width at half maximum
of the pseudogap AE = 80-90 meV identified in the spin-up
DOS. [In Cr;/3NbS; the gap is slightly smaller than identified
via DFT, and this is the value used to rescale S in Fig. 2(a).]
The observed dynamics are therefore consistent with moment
fluctuations caused by temperature driven transitions across
the gap.

To further probe dynamic fluctuations around the pseu-
dogap, we performed pulsed source longitudinal field (LF)
wn SR measurements on Cry 3MS; (M = Nb or Ta), which are
sensitive predominantly to megahertz to gigahertz dynamics
(i.e., much higher frequencies than the <150-Hz dynamics
probed with ac susceptibility). In a LF "SR experiment
[21,32,33], spin-polarized muons are implanted in a sample
with the initial muon-spin direction parallel to the externally
applied magnetic field. Time-varying internal magnetic fields
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FIG. 4. (a)~(d) LF "SR results for Cr; 3NbS,. (a) Initial asym-
metry. The inset shows an example of the spectra and fit for 2 mT and
15 K. (b)—(d) Fitted parameters using the model presented in the text.
The solid blue line in (c) is a guide to the eye. (e) and (f) Parameters
from fitting TF u™SR measurements of Cr; ,3TaS, with the model
presented in the text. The inset in (e) shows an example of the spectra
for 2 mT at 20 K. High-T dashed lines indicate T, with low-T
dashed lines indicating 7* (extrapolated from ac susceptibility). For
TF ™SR measurements a gray region indicates 7*, accounting for
the field dependence.

at the stopping site flip the muon spin, reducing the average
muon-spin polarization. The measured quantity of interest is
the positron-decay asymmetry, which is directly proportional
to the muon-spin polarization. Both materials show changes
in the initial asymmetry Ay near T, for all applied fields,
indicating the magnetic transition.

We first look at Cry;3NbS,. A small applied field will
decouple the nuclear contribution to the spectra leaving us
sensitive to electronic fluctuations. An example spectrum for
T < T.is shown in Fig. 4, where poHexy = 2 mT. A reduction
in Ag is observed at low T [Fig. 4(a)]. Extrapolating the
Arrhenius behavior seen with ac susceptibility to frequencies
appropriate for u*SR (2 y,Bex, see below), gap driven ef-
fects should be observed around 7* = 35 K (marked as a
dashed line in Fig. 4), and it is below this temperature where
changes in Ay are observed. A reduction in Ay indicates a
larger proportion of the muons stopping in sites where there is

a component of the magnetic field perpendicular to the initial
muon spin, causing precession too rapid to be observed in
the experiment. This suggests an increase in the internal field
at low T, as seen with ZF u 'SR [15] in Fig. 2(e). As the
external field is increased, the internal field has less influence
on the field at the muon site, which is reflected in the reduced
resolution of this effect in Ay [21].

The LF u"SR spectra measured on Cry ,;3NbS, at all
applied fields were fitted [34] with A(t) = a; exp(—o>t?)
cos(y,Bt) + a exp(—At) + ap exp(—Ayt), where the first
term accounts for muons in sites where the average internal
field is not parallel to the initial muon spin, leading to preces-
sion in the effective local field B; the second term accounts
for muons in a purely longitudinal average magnetic field, or
those where the static field largely cancels, leading to relax-
ation from dynamic fluctuations; and the third term accounts
for muons that stop outside the sample. This model should
only be applicable below T;; however, we find that it describes
the data well over the entire temperature range since it also
approximates the expected LF Kubo-Toyabe behavior above
T. that occurs due to relaxation from disordered electronic
moments. The two regimes are separated by a peak in A
around 7;.. We find that at each field, A, and o are T indepen-
dent; therefore we fix them to A, = 0.005 pus~! and o = 0.28,
0.55, 0.52 ps~! for 2, 4, 10 mT, respectively. The T indepen-
dence of o o +/((B — (B))?) suggests that the distribution of
magnetic fields at the muon site does not significantly change.
Fitted parameters extracted from the 2-mT measurements are
shown in Figs. 4(b)—4(d).

The main result from our p*SR measurement of
Cry;3NbS; is that the observed megahertz dynamics are con-
sistent with the pseudogap driven magnetism. As shown in
Fig. 4(c), there is a clear peak in A at T* despite no reported
change in magnetic structure [17]. This peak likely occurs
due to the same dynamic fluctuations of the moment size as
are responsible for the behavior observed in ac susceptibility
measurements. As 7 is increased, the fluctuation rate v in-
creases in frequency, passing through the muon time window.
In general, the relaxation rate will be enhanced at 7* when
vuB =~ v(T*) [21], where y, =27 x 135.5 MHz/T is the
gyromagnetic ratio of the muon. The observed peak coincides
with the prediction from the Arrhenius behavior of the ac
susceptibility when v(T*) & y,,Be. This is consistent with
the muon sites most sensitive to dynamics being those where
the effective field is close to the applied field (i.e., the average
internal field is small). This interpretation is also supported by
the fitted value of the field B [Fig. 4(b)] [21].

We have performed additional LF ™SR measurements in
applied fields of 4 mT (where we expect a significant volume
fraction of the sample in the CSL state) and 10 mT (where
the solitons in the CSL have large separations). Measurements
at these fields were found to be well described by the same
model as discussed above. At 10 mT, the behavior of all fitted
parameters was found to be very similar to those at 2 mT
(see Supplemental Material [21]); however, more significant
changes are observed at 4 mT. Most notably, the dynamic
changes at T* observed through A are not seen at 4 mT
[Fig. 4(d)], but are recovered at 10 mT. It is possible that since
the topologically protected CSL has a large energy barrier
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preventing changes to the static structure, the more robust
magnetism in this phase might prevent the effects of energy-
gap driven magnetism being measurable. Other differences
are seen in the effective local field B [Fig. 4(b)], which at
2 mT remains fairly constant at slightly less than the applied
external field (with a deviation at T;). However, at 4 mT there
is a sizable reduction compared with the applied field, with B
decreasing continuously with decreasing temperature, perhaps
suggesting a continuous evolution in the size of the static
field at the muon site in the CSL. Below 7. at 10 mT, where
the CSL is expected to occur with reduced volume fraction,
B is approximately constant at a value significantly reduced
compared with the applied field [21].

We have also performed continuous source ZF SR mea-
surements on Cri;3MS; (M = Nb or Ta). In both cases a
fast relaxation of A(z) is observed at early times, consis-
tent with the oscillations detected in single-crystal samples
of Cry/3NbS,[15]; however, full oscillations are not resolved
in our polycrystalline samples, likely due to the different,
complex field distribution arising from a combination of the
domain and magnetic structures. Continuous source TF u+SR
measurements, performed on the same Cr;;3NbS, sample,
show very similar early-time behavior to the LF measure-
ments (as expected for an ordered magnet with a large internal
field compared with the applied field). Pulsed source LF
1SR measurements of Cr; ,3TaS; indicate that the field at
the muon site is considerably larger than in Cr;;3NbS;; hence
TF u*SR measurements are most useful. To analyze our
continuous source TF p™SR measurements, the number of
counts in each detector is simultaneously refined to a single
P.(¢), with an appropriate phase offset applied for the de-
tector geometry. In these measurements we find that P, (¢) =
Z?:] a;cos(y,Bit + ¢;)exp(—A;t) well describes the data.
The first component captures muons that stop in sites pre-
dominantly sensitive to the large internal field whose spin
polarization is rapidly relaxed out of the spectra. In this dis-
cussion we focus on the second component [Figs. 4(d) and
4(e)], capturing muons that are predominantly sensitive to the
applied field and a small internal field (it is these sites that
are most similar to those to which we are sensitive in the LF
1SR measurements). We find ¢, >~ 0, as expected for this
class of muon sites. We see an enhancement of the field at the
muon site B, below T*, consistent with similar measurements
of Cr(;3NbS; in Ref. [15]. At high T, A, appears to scale
with the average moment as one would expect; however, the
behavior of this parameter is more complicated below 7*. In

this configuration, A, is sensitive to both the width of the
distribution of fields at the muon site, and dynamic fluctu-
ations; hence it is difficult to predict the expected behavior
as done for LF ™SR, Despite this complexity, the change
in behavior below T* suggests that the energy scale set by
the pseudogap is once again the important parameter, with
the significant changes below T* likely occurring due to the
fluctuating moment on the muon timescale. Hence our TF
1SR results on Cry 3 TaS, are consistent with the pseudogap
picture already discussed.

In conclusion, the results of electronic structure calcu-
lations provide an explanation of the low-7 transport and
magnetic properties of half-metallic Cr;3MS; (M = Nb or
Ta); all published low-T experimental observations can be
explained from this electronic structure, often by considering
electrons transitioning across the small pseudogap in the spin-
up channel. These effects do not require the inclusion of SOC
in the calculation and do not imply a change of DMI or a
change in the helical length. We have measured the pseudogap
in both materials using ac susceptibility, finding good agree-
ment with DFT, and observe that dynamic transitions across
the gap occur over a wide range of fluctuation frequencies
(0.1 Hz to megahertz) observed with multiple techniques.
In Cry;3NDS,, 1SR suggests that the CSL masks the low-
T effects. The similar electronic and magnetic behavior of
Cri3MS; (M = Nb or Ta) is consistent with the realization
of a CSL in Cry/3TaS,; a recent report [9] has provided the
first direct evidence of this. Our work demonstrates that, even
in materials where topological magnetism leads to desirable
properties for applications, the magnetic properties cannot be
considered in isolation, and a thorough understanding of the
electronic structure is essential.

Research data from this paper will be made available via
Durham Collections at [35].
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