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We present the results of muon-spin relaxation (u™SR) measurements of the van der Waals magnet Nil,,
which probe magnetic phase transitions at 7y; = 73 K and Ty, = 62 K. Supporting density functional theory
(DFT) calculations allow the determination of a single muon stopping site whose magnetic environment is
consistent with the proposed ground-state magnetic structure. ™SR measurements of the dynamics reveal
behavior consistent with spin-wave excitations below Ty,. In the region Ty, < T < Ty; the character of the
dynamics changes qualitatively, resulting in an unusual region of temperature-independent fluctuations.

DOLI: 10.1103/PhysRevB.111.104420

I. INTRODUCTION

Magnetic van der Waals materials are two-dimensional
(2D) crystals containing magnetic elements, expected to ex-
hibit intrinsic low-dimensional magnetic properties. These
cleavable materials provide a platform for exploring mag-
netism in the 2D limit, where a range of emergent phenomena
are expected [1,2]. Aims in this field include the stabilization
of topological spin textures, such as vortices, skyrmions, or
merons [3], or the realization of novel topological magnetic
states of matter, featuring topological order or band structures
[4,5]. Nil, is a member of the transition-metal dihalides, a
family of materials previously noted for multiferroic behavior
[6], with Nil, itself displaying ferroelectricity and antiferro-
magnetic order in its ground state [7]. Recently, it has been
proposed that it hosts a novel form of skyrmion phase in the
2D limit [8-10]. Muon spectroscopy is a sensitive probe of
low-dimensional magnetism and the dynamics resulting from
topological excitations [11-15]. Here we use the technique
to investigate the magnetic transitions in Nil, and the low-
temperature magnetic dynamics. The magnetic ground state
is shown to host conventional spin wave dynamic excitations,
despite its complicated helical magnetic structure. The regime
close to the magnetic ordering temperature is found to have
a distinct and unconventional temperature-independent dy-
namic signature.

Nil, is a centrosymmetric magnetic semiconductor long
known for its helimagnetism [7,16-20]. The material crystal-
lizes in the rthombohedral CdCl,-type structure (R3m) with
a magnetic Ni?* ion (S = 1) carrying an ordered moment
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of 1.6up [6,7]. A single layer of Nil, is characterized by a
triangular net of magnetic cations and competing ferromag-
netic and antiferromagnetic interactions, resulting in strong
magnetic frustration. The static bulk magnetic susceptibility
of single crystals show features at Tyy = 76 K and Typ = 58 K
that suggest two successive antiferromagnetic phase transi-
tions in zero applied magnetic field [7]. Evidence of these
transitions is also seen in features in the specific heat capacity
[18]. The higher-temperature transition at 7y takes the system
from a paramagnetic high-temperature phase, to an antifer-
romagnetic phase on cooling in which, for Ty, < T < Ty,
the magnetic order comprises ferromagnetic planes coupled
antiferromagnetically along the ¢ axis [7]. At the lower-
temperature transition at Ty, the symmetry of the crystal
structure changes from trigonal to monoclinic with decreasing
temperature, owing to a slight shift in the Ni layers along
the a direction giving an overall tilt. This structural distortion
causes the spin texture to transform into a screw-helimagnetic
ground state with propagation vector q = (0.138, 0, 0.1457)
in the lattice basis [21]. Here the q vector is slanted from the
triangular-lattice basal plane and, correspondingly, the spin-
spiral plane is also canted from the plane that includes the
[001] axis (Fig. 1). In the resulting helimagnetic screw-spin
ordered ground state, Nil, shows spin-driven ferroelectricity,
while the intermediate magnetic state between Ty; and Tx; is
paraelectric [7].

Magnetically, the transition reported at Ty; = 76 K has not
been investigated in detail, with several earlier studies focus-
ing on the low-temperature multiferroic properties [10,22—
24]. The prediction of skyrmionic spin excitations close to
the ordering temperature in monolayers of Nil, motivates this
investigation of the ordering behavior of the bulk material and
its dynamics at a local level. We present the results of u+SR
experiments on high-quality single crystal and polycrystalline
samples of Nil, along with discussion of the results paired
with an analysis of candidate muon stopping sites and the
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FIG. 1. (a) Nil, structure and magnetic ground state showing
Ni%* ions (green) and I~ ions (purple). The structure comprises
stacked trigonal layers of magnetic Ni’** ions. Arrows indicate spins.
(b) Low-energy candidate muon stopping site (blue) with (c) the
associated field distribution, p(B), (arbitrary units) with a mean field
of 0.87 T indicated by the dashed line.

dynamics in the ordered regime. Our results, while being con-
sistent with the reported magnetic ground state of the system,
also suggest that the temperature regime Ty, < T < Ty is
characterized by an unusual spectrum of fluctuations in which
the observed muon relaxation is temperature independent,
whereas at temperatures below Ty, the material exhibits more
conventional dynamic magnetism.

II. EXPERIMENTAL METHODS

We grew single crystals of Nil, by the Bridgman method
[25]. Stoichiometric quantities of Ni and I were inserted into
a quartz tube which was then sealed under vacuum. The tube
was inserted into a vertical Bridgman furnace and slowly
heated to 750 °C. The tube was then slowly cooled at 1 °C/hr
to 600 °C. Once at 600 °C the tube was then rapidly cooled
to room temperature and then removed from the furnace.
We have characterized our samples by carrying out field-
cooled magnetic susceptibility measurements, which are also
in agreement with previous results [7].

In a u*tSR experiment, spin-polarized muons are im-
planted in a sample where they interact with the local

magnetic field at the muon site. After, on average, 2.2 us, the
muons decay into a positron and two neutrinos. By detecting
the positrons, which are preferentially emitted in the direction
of the muon spin at the time of decay, we can track the
polarization of the muon-spin ensemble [26]. In a zero-field
(ZF) u*SR experiment, the local magnetic field at the muon
sites arises largely due to the configuration of the spins in
the system. When the muon-spin has a component perpen-
dicular to the local field B, precession occurs with angular
frequency w = y, B, where y,, = 2 x 135.5 MHz T~! is the
gyromagnetic ratio of the muon. When the muon-spin aligns
with the local field, only dynamic fluctuations can depolar-
ize the muon-spin ensemble. The quantity of interest in the
experiment is the asymmetry A(z), calculated from counts
measured in the detectors forwards and backwards of the
initial muon-spin polarization direction Ng g, corrected using
a parameter « reflecting detector efficiency, via A(¢) = (Vg —
aNg)/(Ng + aNg). The asymmetry is directly proportional to
the polarization of the muon ensemble. Spectra were fitted
using the WiMDA fitting program [27].

III. RESULTS AND DISCUSSION

We made zero-field (ZF) TSR measurements at temper-
atures from 1.7 K to 80 K using the GPS spectrometer at
SuS [28], with points concentrated close to the two transi-
tions. Measurements were made on a single crystal sample
comprising of a disk of Nil, with the ¢ axis parallel to the
initial muon-spin polarization. Below 7y, oscillations are ob-
served in the muon asymmetry, corresponding to long-range
magnetic order (LRO) occurring throughout the bulk of the
material. We find that a good fit is achieved with only one
oscillatory frequency with no phase offset, indicating a domi-
nant contribution to the asymmetry signal from a single muon
stopping site. We fit the measured asymmetry to a model of
the form

A@t) = Are ™ cos(mvit) + Are ™ + As, (1)

where the first term corresponds to a relaxing precession of
the muon spin components perpendicular to the local mag-
netic field. Terms two and three are relaxing and constant
background components, respectively, with the former due to
those muon-spin components initially parallel to the internal
magnetic field. For our single crystal measurement we find
that the ratio A; : A; is roughly 3:1. Over the range of temper-
atures up to 72 K, the data exhibit very fast damping of the
oscillatory term (with the oscillations only visible for roughly
the first 0.1 us). We find the oscillating component relaxes
much faster than the purely exponential component and the
short time window at SuS makes changes in A, difficult to
fit. In fitting the data, the relaxing amplitudes A; and A,
are held constant, as is A,. We do observe that A; appears
to increase slightly above Ty, but consistent fitting of this
parameter is made difficult by the fact that the asymmetry
data begins at around ¢ = 0.003 ps and the oscillations are fast
enough that a significant portion of an oscillation has occurred
already at this stage so we choose to hold it constant in our
fitting. Example spectra showing this change are included in
the Supplemental Material [29]. Above T ~ 72K the oscilla-
tions are no longer visible. Figure 2 shows plots of the fitted
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FIG. 2. Temperature evolution of ZF p ™SR fitting parameters.
(a) The precession frequency v; with equivalent local field B shown
on the right-hand axis and (b) the associated relaxation rate A;. (c)
Inset: example ™SR spectrum at 3 K with fit in red, plotted as
percentage asymmetry. The frequency v, in (a) drops to zero at Ty,
indicating the absence of long-range order above this temperature.
The transition at Ty; is seen in a discontinuous change in the gradient
of v. Red lines are fits generated using Eqgs. (1) and (2). In (b) the
relaxation rate A, is fixed at 120us~" in the fitting routine below
50 K.

parameters, including frequencies v; against temperature. The
data above 62 K are fitted to a model

vi(T) = voll — (T/T)°1P, 2

where Ty is a critical temperature and v; is an effective
order parameter for the magnetic phase transition. We find
Tn1 = 72.5(1)K (Fig. 2) with exponents § = 1.20(1) and
B = 0.39(1), fairly typical of a three-dimensional Heisenberg
system. At 62 K there is a subtle change in behavior of v;
involving a discontinuous change in the gradient of the mea-
sured frequency [Fig. 2(a)] corresponding to the transition at
Txo. It is worth noting that our measured values of the tem-
peratures of the two magnetic phase transitions differ slightly
from results reported in Ref. [7] based on bulk magnetic
susceptibility measurements. This is possibly due to slight
variation between samples, but differences in the sharpness
of the transitions between the two experimental techniques
makes precise comparisons of transition temperatures diffi-
cult. The transition at Ty; is very sharp in the u™SR data
but broad in the susceptibility, and the lower transition at Ty,
is discontinuous in the susceptibility but quite subtle in our
1SR results.

We carried out supporting muon-site computations using
the MuFinder software [30]. We populated a supercell of the
structure made up of 2 x 2 x 2 conventional unit cells with
muons at random positions with the constraint of a minimum
distance between each initial muon position of 1 A and a
minimum muon-atom distance of 1 A. Geometry optimiza-

tions were then performed using the CASTEP [31] code to
relax the geometry of the full structure, causing muons to
fall into local minima of energy. Calculations were carried
out using the PBE functional [32], with a plane wave ba-
sis set cut-off energy of 465 eV and a k-point grid of size
2 x 2 x 1. Following a geometry optimization, muons were
grouped into symmetry-equivalent positions so that they could
be clustered into similar stopping sites. Our measurements of
both the monoclinic (T < Typ) and trigonal (Tny, < T < Tny)
structures are consistent with a single low-energy stopping
site. The minimum energy sites for both structural phases are
found to share the same local environment, between the Ni>*™
ion and the nearest I~ ion, as pictured in Fig. 1(b). Using this
candidate stopping site we can calculate the local dipole field
experienced by implanted muons and then construct simulated
wTSR spectra for comparison with the data. The simulated
polarization is computed using

Pt)=Y_fapi+ Y (1= f2)picos(yuBit),  (3)

where the probabilities p; correspond to the distribution of
magnetic field strengths felt by muons stopping in the sample,
B; is the magnitude of the local field, and f,; = B, ;/B; is the
computed ratio of the z component of magnetic field to the
overall local field magnitude.

The low-temperature magnetic ground state is predicted to
be helimagnetic, with a spin spiral which has a component
along the a axis that results in one complete rotation of the
spin across roughly seven unit cells [7,22], described by the
spin propagation vector q = (0.138, 0, 0.1457). Computing
the resulting local dipole field with an ordered Ni ion moment
of 1.6up [6] at the predicted low-energy muon site yields a
distribution of fields felt by muons in structurally equivalent
but magnetically inequivalent sites [Fig. 1(c)]. This distribu-
tion shows two prominent peaks, and a simulated spectrum is
therefore dominated by oscillations at two frequencies with
associated fields corresponding to the peaks. However, our
muon site calculations indicate that there is a very shallow
local minimum in energy about the candidate site, and a large
number of sites with small displacements (all within 0.4 A
of each other) from the average are found in the calculations.
Each displacement will result in a field distribution similar to
that shown in Fig. 1(c), but with the two peaks at different
values of local field. Taking the normalized sum of the dipole
field contributions from each of these sites therefore broadens
the two peaks such that they overlap, resembling a single gaus-
sian peak centered on an average field of 0.867 T, equivalent
to a precession frequency of 117 MHz. This frequency is in
excellent agreement with our single measured frequency of
117(5) MHz close to T = 0 K. Finally, calculating a simulated
zero temperature spectrum from this overall probability distri-
bution and applying the same fitting function used for the data
gives a crude estimate for the relaxation of A; = 175 us™'.
Compared to our experimental value of A; = 120(18) us~!,
this suggests that the relaxation in the oscillating component
is largely accounted for by decoherence due to this distribu-
tion of local fields, with relatively little dynamic contribution.
Spin-DFT calculations in other work on this material suggests
that the magnetic ground state is complicated by a magneti-
zation of the I ions by the Ni ions [22]. We found, however,
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FIG. 3. Temperature evolution of parameters from fits to Eq. (4)
for ZF data. (a) Initial asymmetry, Ay = A(t = 0) (inset: Ay in the
region T < 85K [left axis, black] and fitted baseline, Ag, of the
measurements in TF [right axis, red]) and (b) relaxation rate A, with
power law fits in different regions.

that we were able to produce simulated spectra that agreed
well with the experiment, assuming magnetic centers on the
Ni ions only.

In the intermediate temperature regime Tny < T < Ty,
the magnetic structure is predicted to be a simple antifer-
romagnet with the spin propagation vector (0, 0, 1/2). A
similar dipole field analysis in this case gives an average
field of B = 0.695 T, corresponding to a T = 0 K precession
frequency of v = 93 MHz for this structure. An extrapolation
of the fitted frequency data in this region with the order
parameter fit described above suggests a 7 = 0K frequency
of v =92(5) MHz, in good agreement with this theoretical
value, though it should be noted that this fit is not strongly
constrained owing to the small number of data points in this
region.

We carried out further measurements on a polycrystalline
sample using the HiFi instrument (at the STFC-ISIS Facility)
[33], which allows for observation of the longer-time behavior
in order to probe dynamics. ZF measurements were made
across the same temperature interval as for the single-crystal
measurements. In this case the oscillations are not resolvable
as they occur over too short a period compared to the ISIS
pulse width. Asymmetry spectra were therefore fitted to the
function

A(t) = Age™ + As, 4

with a nonvarying background term As held constant at 13.6%
(largely accounted for by muons stopping in the silver outside
the sample), from which an initial asymmetry Ag[= A(t = 0)]
can be calculated for each temperature via Ay = A4 + As.
Results of the fitting procedure are shown in Fig. 3. We see
indications of phase transitions at both 7Ty; and Typ, with Ag
decreasing from around 30 K, then undergoing a more rapid
drop around 7x; &~ 58 K followed by a sharp increase at
i ~ 73 K.

We would expect the high temperature data (T > Ty;) to
include the full relaxing asymmetry A, resulting from all
muons implanted in the sample, excluding background contri-
butions. In a fully ordered magnetic state in a powder we ex-
pect to see only 1/3 of the relaxing asymmetry resulting from
muon spins initially parallel to the local field. The remaining
2/3, corresponding to spin-components initially perpendicu-
lar to the local field, result in oscillations outside of the ISIS
frequency response window, that are not observed. Notably, in
the intermediate region Ty, < T < Ty, an additional 1.4% of
asymmetry is lost, which implies that new relaxation channels
are accessed in this regime that were not active below Tx;.

The dynamic signature of the magnetism is accessible via
the longitudinal relaxation rate A4, which rises approximately
linearly with increasing temperature up to a broad peak, which
occurs ~10 K below Ty». The rate A4 then falls to a constant
value in the region between transitions, before increasing to a
second peak at 73 K. Such dynamics peaks are often indicative
of local field fluctuation rates that decrease close to magnetic
transitions. Below Ty, the evolution of A4(7T) is consistent
with the fluctuations from spin-wave excitations in the case of
a single gapless magnon band [34-36], for which we expect
A o TP. We obtain a good fit to the data below 50 K with
p =1, where

2D
p=""_1 )
S

Here D is the effective dimensionality (which we expect to
be 1 here since the magnetic structure is described by a
single propagation vector) and s = 1 is the exponent for the
spin wave dispersion relation w = ¢*. Our exponent p = 1 is
consistent with s = D = 1, corresponding to the helimagnetic
magnetic structure predicted. This implies that the dynamics
in this range are well described by contributions from a single
magnon band that dominates the magnetic excitations.

In the intermediate temperature region Tny < T < Tnp, We
again expect s = 1, owing to the simple antiferromagnetic
spin texture. However, here the T independence of the relax-
ation rate data suggests p = 0, which cannot be satisfied for
integer D. This suggests that above 60 K the dynamics we
detect through the relaxation rate A4 are qualitatively different
from those for T < Ty, and can no longer be described by
a single gapless magnon band. Moreover, temperature depen-
dent fluctuations suggest that the relaxation in this regime is
no longer affected by the population of collective magnon
excitations, nor dominated by the excitation of the system over
an energy gap (e.g., that resulting from single-ion anisotropy
arising from the spin-orbit interaction). It is also possible
that paraelectric fluctuations in this region complicate the ob-
served dynamics, but the nature of the dynamics in this range
are not made clear by our muon spectroscopy measurements.

It seems that the new magnetic structure stabilized when
the crystal distorts above Ty is such that the main relaxation
channel for the muons ceases to be the result of magnons,
although it is by no means obvious which excitations are dom-
inant in this regime. We suggest, however, that the changes in
relaxation are ultimately driven by the distortion of the crystal.
Specifically, below Tx; the local environment around the Nizt
ions changes symmetry as the unit cell goes from trigonal
to monoclinic with decreasing temperature. Above Ty, the
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structure has the point group D3, at the Ni** ion center and
the partially filled eight-electron 3d shell of the Ni** ion is
split into three groups, with the d,>_,» and d,y, and the d,; and
d, orbitals forming two distinct degenerate bands separated in
energy, and the d. orbital occupying a different energy still.
An observation of the shapes of the superpositions of these or-
bitals suggests that d.. is likely to be the lowest energy state as
it allows for electrons to be localized further away from the I~
anions. This energy level structure will result in a partial filling
of whichever is the higher energy out of the d,>_,» + d,, and
d; + d,; bands. Below Ty; the structure becomes much less
symmetric, losing centrosymmetry and allowing for the pres-
ence of the Dzyaloshinskii-Moriya (DM) interaction which
results in the spin-canted noncollinear magnetic ground state
in this phase. This lowering of symmetry also results in the
loss of any rotation axis, meaning the structure must now take
on one of three low-symmetry point groups at the Ni>* ion
center, all of which would lift each of the orbital degeneracies,
creating energy gaps between different electronic states in the
3d orbitals. It seems reasonable to suggest that this change
in orbital arrangement, which might be expected to drive a
change in superexchange couplings, and the possibility of a
sizable DM interaction leads to the altered magnetic structure
with a qualitatively different spectrum of excitations.

In addition to our ZF measurements, we made measure-
ments in a weak applied transverse field (TF) for both single
crystal (5 mT) and powder samples (2 mT). Weak TF mea-
surements allow us to determine the nonmagnetic fraction of
the material as the muon spins in such regions precess in the
small applied field, resulting in an oscillating component in
the asymmetry with amplitude proportional to the nonmag-
netic volume measured. Muons stopping in ordered regions
where the static field is much larger will not contribute to
this oscillatory component. We found that spectra for single
crystals and powder were qualitatively similar and that pa-
rameters from fits to the two data sets behaved in the same
way. After fitting the o parameter discussed in Sec. II from
measurements made at temperatures above 70 K, we fit the
data to an equation of the form

A1) = Age ™" cos(Qmvgt) + A7e ™" + Ag. (6)

Here the first term corresponds to precession of the muon
spins in the nonmagnetic regions (which will include regions
outside the sample) with a fixed frequency corresponding to
the strength of the weak applied field, the second term is a
relaxing exponential term, found to have a larger relaxation
than that seen in ZF, and the third term is a constant baseline
asymmetry that we allowed to vary in our fitting. We found
that the amplitude Ag remains constant up to 70 K, before
increasing upon entering the paramagnetic region as expected.
This implies that there is no change in the nonmagnetic frac-
tion between the two low-T ordered phases in the material,
and therefore no macroscopic phase separation occurring in
the material within the ordered regimes.

The fitted baseline asymmetry, Ag, for the powder data is
plotted in the inset in Fig. 3. We observe a nonzero baseline
asymmetry at low temperatures, which decreases on warming
from 30 K to 50 K, above which it remains approximately
zero. A nonzero value of this term indicates the presence of

muon spins that are not relaxed within the time window of the
measurement. We would expect this in a conventional qua-
sistatic magnetically ordered phase, where some muon spins
will initially be parallel to the local field and will therefore be
locked in direction during the measurement and not contribute
to the relaxation. The decrease in this baseline on warming co-
incides with our observation of a decrease in Ag above 30 K in
ZF, seen even before the system enters the region of unconven-
tional dynamics at temperatures Tny < 7T < Tnj on warming.
This suggests that at temperatures below 7y,, dynamic relax-
ation channels are causing muon-spin flips, resulting in muon
spins being relatively rapidly relaxed on the timescale of the
ISIS frequency response. The baseline contribution vanishes
at those temperatures above which the ZF relaxation rate A4
ceases to follow a linear temperature dependence. This is
consistent with the new relaxation channels being activated as
the system is warmed toward the region of more complicated
dynamics that characterizes the phase at Tny < T < Ty .-

The additional exponential term with amplitude A7 was
unexpected, but indicates the presence of an additional con-
tribution to the relaxation, possibly from magnetic defects.
This term is present in both the powder and the single crystal
measurements, and in both cases the amplitude A; and the
relaxation rate A; are constant on warming up to 50 K, and
increase through the intermediate phase Tny < T < Tni. The
term persists at temperatures just above the transition into
magnetic disorder. We are not able to unambiguously discern
what causes this term, but it may be explained by the pres-
ence of magnetic defects such as spins being frozen around
stacking faults. These kinds of defects are likely to appear in
layered materials such as Nil,, and could be exacerbated in
this case by the structural transition at 7y, about which there
may be coexisting regions of both structural phases.

IV. CONCLUSIONS

In conclusion, muon-spin spectroscopy measurements
have shown features corresponding to two successive phase
transitions at Ty, ~ 73 K and Ty, =~ 60 K. With the addition
of a DFT muon stopping site analysis, we have been able
to identify a muon site located between neighboring Ni and
I ions, at which the muon spin behavior is consistent with
the proposed magnetic structure, assuming we allow a small
variation in the location where the site is realized. The dy-
namic relaxation shows a linear increase in the region below
58 K, followed by a constant region between transitions, in-
dicative of a qualitative change in excitation spectrum, which
coincides with the change in magnetic structure. It is worth
noting that the prediction of skyrmions in a monolayer of this
material was for a phase occurring at temperatures close to the
ordering temperature, where skyrmions were presumably sta-
bilized by thermal fluctuations. Given that we have identified
two regimes of dynamics, it will be interesting in the future
to see whether either region is able to support the equilibrium
occurrence of skyrmion excitations in applied magnetic field
in samples formed from a limited number of layers.
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