PHYSICAL REVIEW B 104, 174426 (2021)

Editors’ Suggestion

Disentangling electronic, lattice, and spin dynamics in the chiral helimagnet Cr;,3NbS,
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We investigate the static and ultrafast magneto-optical response of the hexagonal chiral helimagnet Cr; 3NbS,
above and below the helimagnetic ordering temperature. The presence of a magnetic easy plane contained within
the crystallographic ab plane is confirmed, while degenerate optical pump-probe experiments reveal significant
differences in the dynamic between the parent, NbS,, and Cr-intercalated compounds. Time-resolved magneto-
optical Kerr effect measurements show a two-step demagnetization process, where an initial, subpicosecond
relaxation and subsequent buildup (r > 50ps) in the demagnetization dynamic scale similarly with increasing
pump fluence. Despite theoretical evidence for partial gapping of the minority spin channel, suggestive of
possible half-metallicity in Cr;;3NbS,, such a long demagnetization dynamic likely results from spin-lattice
relaxation as opposed to minority state blocking. However, comparison of the two-step demagnetization process
in Cr;;3NbS, with other 3d intercalated transition metal dichalcogenides reveals a behavior that is unexpected
from conventional spin-lattice relaxation, and may be attributed to the complicated interaction of local moments

with itinerant electrons in this material system.
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I. INTRODUCTION

As information storage and processing becomes one of
the largest consumers of energy worldwide [1], a need for
novel, ultralow power electronics to supersede present day
complementary metal-oxide semiconductor (CMOS) devices
has emerged. In this regard, many of these next generation
electronic devices will rely on the ability to precisely con-
trol other intrinsic degrees of freedom (DOF) beyond that of
charge. Here, chiral helimagnets (CHMs) have emerged as
promising materials to be used for spintronics and other infor-
mation technologies, where the intent is to actively manipulate
either the individual or average spin angular momentum of
itinerant carriers [2]. In CHMs the chiral framework of the lat-
tice allows for the arrangement of spins into incommensurate,
periodic spirals, or helices, as long as 50 nm in length [3-7],
which can collectively host unusual spin textures including
two-dimensional spin vortices known as skyrmions [8,9].
Skyrmions are of particular interest in applied technology due
to the fact that they can be manipulated, at the nanoscale level,
by externally applied magnetic fields [9] and spin polarized
currents [10,11], and are found to have a profound influence
on electronic transport [12—14].
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Given the important functionalities of these materials, there
is incentive to discover new CHMs relevant to the design and
fabrication of future spintronic devices [15]. One such mate-
rial is Cry3NbS, [16], which has been shown to host a unique
one-dimensional solitonic excitation known as a chiral soliton
lattice (CSL) [17]. Here, application of a modest (< 2000 Oe)
magnetic field perpendicular to the helical (c) axis allows for
the size of c-axis ferromagnetic domains to be tuned [17]. In
this way, the CSL can act as a tunable effective potential for
itinerant electron spins, offering the possibility of precisely
controlling the transport properties of itinerant spin carriers
[18,19]. Furthermore, the high stability and robustness of the
CSL phase can pave the way for many new and exciting
spintronic functionalities such as spin current induction [20],
soliton transport [21], and current driven collective transport
[22], all of which have relevance for future technological
applications.

Incorporating these materials into future technological de-
vices relies on the ability to manipulate CSL spin textures in a
controllable fashion, as well as the speed at which this manip-
ulation takes place. Presently, recording logical bits through
writing or erasing domains in magnetic storage devices is
limited by the precessional timescale of spins (~2 ps) [23,24].
However, through the use of ultrafast magneto-optic effects
such as the inverse Faraday effect [25], magnetic DOF can
be manipulated on timescales faster than half a precessional
period, serving to bridge the ultrafast technology gap through
controlling spins on the subpicosecond (sub-ps) timescales of
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the spin-orbit or even exchange interaction [26]. Hence, for
CHM s such as Cr;;3NbS,, ultrafast magneto-optics opens up
the possibility of manipulating magnetic order on ultrashort
timescales, as well as studying the coherently excited struc-
tural and magnetic dynamics that are unique to this class of
materials [27-33].

Recent magnetotransport studies of exfoliated Cr;;3NbS,
demonstrate the ability to tune topological indices through
transitioning between states having different soliton densities
[34]. As with interlayer magnetotransport from bulk crys-
tals [18,19], these measurements reveal a direct correlation
between the transverse, negative magnetoresistance and the
soliton lattice density, which is attributed to Bragg scattering
of conduction electrons by the magnetic superlattice potential
of the CSL. While this interplay between macroscopic mag-
netic and transport DOF is believed to result from a reduction
in carrier scattering following spin order, electronic structure
measurements taken across the helimagnetic transition reveal
a stronger coupling between itinerant electrons and local,
Cr-derived magnetic moments [35]. Here, we investigate how
such a coupling manifests in the dynamical response through
presenting static and transient magneto-optical measurements
on Cr;,3NbS; taken above and below the helimagnetic order-
ing temperature, 7T¢ = 131 K. By disentangling the relevant
contributions of electron, lattice, and spin from the overall
relaxation dynamic, we attribute changes in the electronic
and crystalline structure of the parent NbS, compound to
effects brought on by Cr intercalation. Chief among these
includes a sign change in the transient reflectivity that results
from the donation of electronic charge into NbS, layers by
the Cr intercalant, while ultrafast optical excitation generates
a coherent, Raman active phonon mode in Cr;,3NbS, that
is absent from the parent compound. Finally, time-resolved
magneto-optical Kerr effect measurements show an initial,
sub-ps relaxation followed by a long (> 30-50ps) buildup
in the demagnetization dynamic that scales similarly with
increasing pump fluence, pointing towards a predominance of
spin-lattice relaxation in the photoinduced demagnetization,
though the detailed interaction between local moments and
itinerant electrons may make such behavior unconventional.
Taken together, these results provide a broad overview of
both the static and dynamic magneto-optical properties of this
material system.

II. EXPERIMENT

Experiments were performed on as-grown NbS, and
Cr3NbS; single crystals [36], where the latter possesses
a Tc = 131K as determined by scanning superconducting
quantum interference device (SQUID) magnetometry [35].
Single-crystal growth was carried out under chemical vapor
transport using 0.5g iodine transport agent per 3 g poly-
crystalline Cr;;3NbS,, synthesized by heating stoichiometric
ratios of Cr, Nb, and S to 950 °C for 1 week. Platelike crystals
of 5mm x 5 mm oriented along (001) form across a 100 °C
(950-850 °C) temperature gradient of the transport tube. Due
to the deleterious effect that Cr disorder has on the appear-
ance of helimagnetism [37], x-ray and low-energy electron
diffraction measurements were used to confirm a P6322 space
group showing (4/3 x +/3)R(30°) Cr order [36,38], while a

prominent kink in the magnetic susceptibility at 7o = 131K
provides indication for helimagnetism in this sample batch
[35].

Static magneto-optical Kerr effect (MOKE) measurements
obtained under similar experimental conditions as reported in
Ref. [39] were taken with a diode laser (<100 mW) centered
at 670 nm (1.85 eV) in a magnetic field (<500 Oe) applied
within both the ab plane and along the noncentrosymmetric
c axis. Transient reflectivity from both the paramagnetic and
helimagnetic phases of Cr;3NbS, was measured by an am-
plified Ti:sapphire laser system operating at 1 kHz repetition
rate. Here, ultrashort (~50 fs), orthogonally polarized optical
pulses centered at either 800 nm (1.55 eV), or employing a
supercontinuum probe (450-750 nm) generated from a thin
sapphire wafer, were incident at ~45 ° with respect to the
(001) surface normal of the crystal. In these experiments,
a pump fluence of 7.1 mJ/cm? was never exceeded. Time-
resolved MOKE (trMOKE) measurements were carried out
using a noncollinear optical parametric amplifier (NOPA),
pumped by a frequency doubled Yb:KGW laser operating at a
100 kHz repetition rate [40,41]. The resultant pulses possess
a transform limit of < 30fs and are centered at ~680 nm, so
as to match the wavelength used in static MOKE experiments
[42].

III. RESULTS AND DISCUSSION

Static MOKE measurements were first performed on
Cr,3NDbS; single crystals to quantify the degree of mag-
netic anisotropy present in this material. Unlike other CHMs,
Cr;/3NbS; crystallizes in a more anisotropic layered structure
consisting of ferromagnetic planes of Cr atoms intercalated
within the van der Waals gaps of NbS, layers [43]. Seeing as
the Cr atoms host the magnetic moment in this material, such
crystalline anisotropy will give rise to a magnetic anisotropy,
which can be sensitively detected by MOKE within the
~35 nm optical skin depth probed in our experiment [39].
Figure 1 shows the decomposition of the magnetization vector
into three orthogonal directions: transverse, longitudinal, and
polar [44]. Here, a large transverse component of the MOKE
signal shown in Fig. 1(a) follows from the magnetization
aligning parallel to an externally applied, 200 Oe field. For Cr
atoms arranging in a (y/3 X 4/3)R(30°) superstructure, two
in-plane high-symmetry axes can be defined: a;, = %afc +

*/Tgajz, where a denotes the in-plane lattice constant of the 1 x

1 hexagonal unit cell. By measuring MOKE either along these
two high-symmetry axes or at 30 ° with respect to these axes,
both of which are known precisely from Laue diffraction, no
difference in either the coercive field or peak magnetization
was observed. Such insensitivity in the MOKE response to
in-plane sample orientation (e.g., azimuthal rotation) indicates
there to be no preferred magnetization direction in the ab
plane, with the magnetization always aligning parallel to the
applied field direction as shown in the inset of Fig. 1(a). Fur-
thermore, by correcting for induction effects through plotting
the coercivity with respect to the strength of an applied AC
magnetic field, an extrapolation to zero field reveals only
a small intrinsic hysteresis present along this axis (Fig. 2).
In contrast, Fig. 1(b) shows the polar component of the
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FIG. 1. Decomposition of the magnetization along (a) transverse
(M7), longitudinal (M), and (b) polar (Mp) directions as revealed by
static magneto-optical Kerr effect (MOKE) measurements. A direct
comparison of the transverse and longitudinal MOKE signals shown
in the inset of (a) confirms the magnetization in the ab plane to
align predominately along the applied field direction. The inset in (b)
schematically illustrates the various MOKE geometries as defined by
the direction of a transverse (Hr), or polar (Hp) externally applied
magnetic field with respect to the scattering plane.

magnetization to be ~5 times weaker than that of the trans-
verse component, and to exhibit no saturation despite the use
of a stronger applied field. From our MOKE geometry, the
noncentrosymmetric ¢ axis is oriented along the polar direc-
tion, making such findings consistent with those of Ref. [36],
indicating the out of plane direction to be the hard magneti-
zation axis. Taken together with the small intrinsic hysteresis
found in the easy (ab) plane, our static MOKE measurements
are fully consistent with the bulk magnetization properties of
CI']/3NbSQ [36]

Room-temperature transient reflectivity collected from the
parent, NbS,, and Cr-intercalated compounds following exci-
tation by a ~ 2.84 mJ /cm? optical pump pulse centered at 800
nm (1.55 eV) is shown in Fig. 3. Here, time-dependent traces
capturing the relaxation dynamic over short (4.0 ps) and long
(50.0 ps) time delays are shown for NbS, [Figs. 3(a) and 3(b)]
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FIG. 2. A plot of the coercivity as a function of field strength
for an externally applied AC magnetic field. Extrapolation to zero
field allows for induction effects to be corrected, revealing a small
intrinsic hysteresis (0.70642 =+ 0.139 Oe) in this material.
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FIG. 3. Room-temperature transient reflectivity spectra of (a,b)
NbS; and (c,d) Cr;3NbS, measured over short (4.0 ps) and long
(50.0 ps) time delays, following excitation by a 2.84 mJ/cm? opti-
cal pump pulse. Fits (solid) of the degenerate pump-probe spectra
[Apu = Apr = 800nm(1.55eV)] are decomposed into their individual
components (dashed) to capture separate electronic, lattice, and co-
herent phonon dynamics. Insets in (a,c) show a linear scaling to the
respective electronic relaxation times, 7., for NbS, and Cr,,;3NbS,
as a function of pump fluence.

and Cr;;3NbS, [Figs. 3(c) and 3(d)], respectively. In order to
capture the overall time resolution of our experiment (o ~ 70
fs), fits of the transient reflectivity are performed with the use
of a phenomenological model described by the convolution of
exponential and damped oscillatory decays with a Gaussian
excitation pulse, g(o) [45,46].

|:Aele—l/1’e1 +A,(1 = e—l/l’ez)e—t/f«z

2
+ ZA,»e*’/ff cos <2?”t — ¢i>:|g(0). 1))

i=1

Here, time constants t.; and t; describe the sub-ps, elec-
tronic, and long-lived (>50 ps) lattice dynamics, respectively,
while 7,_; » denote the dephasing times for coherently excited
phonon oscillations. Similarly, A,; and A; define the amplitude
for the respective electronic and lattice dynamic, while A;—; 2,
Ti—12, and ¢;—;» denote the amplitude, period, and initial
phase of the coherent phonon modes shown in Figs. 3(b)-3(d),
respectively. A comparison of the fit parameters used in Fig. 3
is shown in Table I and is referenced in the discussion below.

A decomposition of the individual fit components is shown
in Fig. 3, allowing for specific electronic and lattice dynamics
to be isolated. Focusing on the sub-ps electronic relaxation
time, 7, both the parent and Cr-intercalated compounds ex-
hibit a linear scaling in this parameter with increasing pump
fluence. Such behavior can be rationalized by an effective tem-
perature (or quasiequilibrium) model, where longer electronic
relaxation times result from higher excitation fluences due to
a divergence of electronic and lattice temperatures following
photoexcitation [47]. The insets in Figs. 3(a) and 3(c) reveal
a consistently longer electronic relaxation time for Cr;,3NbS,
as compared to NbS,, suggesting either a difference in “hot”
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TABLE I. A comparison of fit parameters for NbS, and Cr,,3NbS, used in Fig. 3 of the main text. Here, a constant relaxation time,
7; = 1 ns, was used to describe the long-lived (>50 ps) lattice dynamics present in both the parent and Cr-intercalated compounds as an offset.
We note that this dynamic recovers prior to the arrival of the next sequence of light pulses (1 ms) as no evidence of cumulative heating is

observed at negative delay (i.e., prior to pump excitation).

Ay Tol Ay T Ai_ac Ar—op To—op D—op ¢2-0p
(arb. units)  (ps)  (arb.units)  (ps) (arb.units) Ti—ac(ps) Tizac(ps) ¢i=ac (arb.units) (ps)  (ps) ¢a-op

NbS, 47 %102 022 3.1x10°% 1000 8.8 x 10 13.6 26.8 —0.01 - - - -
Cri5NbS, —6.3x 10 060 —7.4x10* 1000 8.8 x 107 6.9 20.5 023 86x10° 66 017 025

electron transport, or that Cr intercalation leads to a weaker
coupling between electronic and lattice DOF. This latter claim
is rooted in the fact that a “hot” population of transiently
excited electrons can decay through an exchange of energy
with the lattice. Here, a lower Debye temperature (7p) for
NbS; (260 K [48]) as compared to Cr;,3NbS; (419 K [36])
implies the full phonon spectrum is excited within the parent,
NbS,, compound at the experimental temperature of 300 K.
This results in a faster electronic relaxation in the parent
compound due to a more efficient energy exchange between
electronic and lattice DOF, provided by an increased density
of available phonon states for 7 > Tp.

Aside from this comparison of the electronic relaxation
time, the most prominent difference between the transient
reflectivity for the parent and Cr-intercalated compounds in
Fig. 3 is a sign change in the dynamic. Use of a broadband
probe shows an opposing sign for the dynamical response of
NbS; and Cry;3NbS; to exist over a wide wavelength range,
with a clear reversal occurring between 600 and 650 nm
(1.91-2.07eV) as shown in Fig. 4. Such behavior has been
observed in other 3d intercalated transition metal dichalco-
genides (TMDs) [30], suggesting it to be a generic effect
attributed to a shift in the chemical potential that accompanies
the donation of electronic charge to NbS, layers following
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FIG. 4. Transient reflectivity of (a) NbS, and (b) Cr;/;3NbS; mea-
sured by a broadband optical probe (A, ~ 450-750nm) following
800 nm pump excitation (F = 2.84 mJ/cm?). Inset shows the cal-
culated (see the Appendix) change in the real part of the optical
conductivity for NbS, and Cr, 3NbS, as a function of photon energy.
A sign reversal of the dynamic at A, ~ 600-650 nm is captured by
an effective temperature model and is owed to the shift in chemical
potential that accompanies Cr intercalation.

intercalation [38]. Considering a linear scaling for the flu-
ence dependence of the electronic relaxation time to be well
characterized by an effective temperature model, the tran-
sient optical response can be described as a predominately
thermal effect by computing the real part of the optical con-
ductivity, o;(w), at electronic temperatures 7; = 300 K and
T, = 1200K (Appendix). Here, a key difference in the real
part of o1(w) between NbS, and Cr;/3NbS; is the effect of
electron doping from the intercalant on the joint density of
states. A calculation of the relative variation in Aoy/o] =
01(T,)/o1(T1 )1, accounting for such doping effects, captures
the sign difference in the dynamic over the same probe wave-
length range experimentally observed, as shown in the inset of
Fig. 4(b). Such a calculation thus provides a physical rationale
for this sign change in the transient reflectivity to result from
Cr-induced electron doping in the electronic structure of the
parent NbS, compound.

In addition to modifying the electronic structure, intercala-
tion leads to a Raman active lattice vibration that is absent
from the parent compound [Fig. 3(c)]. Here, the coherent
generation of optical phonons following nonresonant, ultrafast
photoexcitation can occur through a displacive excitation in
which optical pumping suddenly shifts the vibrational poten-
tial minimum [49], or by an impulsively stimulated Raman
process, where the broad bandwidth of an ultrashort laser
pulse yields multiple combinations of two photon difference
frequencies required for stimulated Raman scattering [50].
Noting vibrational modes to be constrained by lattice symme-
try, the D¢, point group of NbS, supports four Raman active
phonon modes: Ay, Ejg, Ezlg, and Ezzg. With the exception of
the Ezzg rigid layer mode, these phonon modes are at consid-
erably higher energies [51], and thus faster timescales, to be
resolved in our experiment, while the coherent excitation of
the weaker E22g mode at 0.93 THz is absent from both the
NbS; and Cr;,3NbS; transient reflectivity spectra. Fits of the
oscillatory dynamic in Cr;;3NbS, reveal a dominant single
mode at 5.75 THz having a dephasing time of ~7 ps (Fig. 5),
indicative of a comparatively long phonon lifetime [52]. Here,
the dynamic shows no dependence on pump polarization,
or softening with increasing pump fluence, suggesting the
interatomic potential to be robust against optical excitation.
Coupled with the fact that this coherently excited phonon
mode is unique to the Cr-intercalated compound, such be-
havior is consistent with an intralayer, intercalant phonon as
reported in Ref. [53].

While the coherent excitation of an optical, intralayer in-
tercalant mode in Fig. 3(c) is assumed to be impulsive in
nature, the generation of longitudinal acoustic (LA) phonons
in Figs. 3(b) and 3(d) results from strain wave propagation
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FIG. 5. Isolated oscillatory dynamic from the transient reflectiv-
ity of Cr;,3NbS, obtained at room temperature following excitation
by a 2.84mJ/cm?* optical pump pulse centered at A, = A, =
800 nm (1.55 eV). Fit to the dynamic of the intercalant phonon mode
reveals a 5.75 THz frequency (inset) showing a 6.6 ps decoherence
time.

along the surface normal of NbS; and Cr;,3NbS, respectively,
and forms in response to an external stress introduced by
the laser pulse. Microscopically, such a strain wave can arise
from thermoelastic or piezoelectric effects, as well as electron
phonon coupling, driven by the excitation of photocarriers
[54-56]. Discerning the exact microscopic mechanism for LA
mode generation following optical excitation is beyond the
scope of this work, but the minimum timescale for the onset of
LA dynamics should be determined by electronic relaxation in
much the same way as the lattice dynamic in Eq. (1). Thus, our
phenomenological fit model used to capture these coherently
excited acoustic modes is similarly coupled to the electronic
relaxation time. However, such a sub-ps rise time has lit-
tle influence on the overall dynamic of these low-frequency
phonon modes, which themselves do not significantly affect
the dynamical properties of the electronic and spin DOF in
these compounds.

The transient reflectivities measured above and below the
helimagnetic transition temperature are compared in Fig. 6.
Here, a similar electronic and lattice dynamic is seen for the
paramagnetic and helimagnetic phase, with both exhibiting
an initial electronic excitation that recovers over a sub-ps
timescale, as well as the coherent generation of an acoustic
strain wave, showing no change in frequency or dampening as
temperature is lowered from 300 to 80 K. A 0.3 THz oscil-
lation is observed in both the paramagnetic and helimagnetic
phase of Fig. 6, ruling out any spin-wave dynamic, suggesting
instead a lattice dynamic resulting from a low-frequency, in-
terlayer breathing or shear mode, as commonly seen in layered
TMDs [57]. As compared to Fig. 6(a), an increase in the
offset (>50ps) for the time trace shown in Fig. 6(b) follows
from the reduced specific heat of the crystal, accompany-
ing a marked drop in temperature below 7p (i.e., T < Tp),
leading to increased lattice heating under optical excitation.
In contrast, an additional, nontrivial dynamic is shown in
the helimagnetic phase [Fig. 6(b)], which is captured by an
exponential rise, Ag(1 — e?/™)g(c), having a considerably
longer timescale, 7. > 50 ps, than the electronic and lattice
dynamic found in the paramagnetic phase. This is attributed
to a demagnetization dynamic, which emerges within the
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FIG. 6. Transient reflectivity measured from Cr;;3NbS, in the
(a) paramagnetic (300 K) and (b) helimagnetic (80 K) phases using
Apu = Apr = 800nm (1.55 V) under a pump fluence of 3.0 mJ/cm?.
Fits shown as solid traces are decomposed into their separate dy-
namical components (dashed), where similar electronic, lattice, and
coherent phonon dynamics are seen in both the paramagnetic and
helimagnetic phase, while a long demagnetization dynamic develops
in the helimagnetic phase for T < T¢.

transient reflectivity at temperatures below the helimagnetic
transition temperature under increasing excitation fluence
(Fig. 7).

Such a magnetic dynamic can be isolated through the
use of trMOKE, where photoinduced demagnetization over
short (< 3ps) and long (>250ps) time delays is illustrated
in Fig. 8. Here, trMOKE traces shown as a function of
increasing pump fluence exhibit both an initial, sub-ps re-
laxation (ty; = 0.26ps to 1)y = 0.42ps) and subsequent
buildup (tp2 = 28 ps to Ty = 53 ps) within the demagne-
tization dynamic that scale similarly with increasing pump
fluence (Fig. 8 inset). Both optical pump-probe and trMOKE
measurements yield nearly identical rise times for this long
demagnetization dynamic for 7 < T¢ (Fig. 9). However, the
relative variation of the intensity-dependent (optical), ver-
sus polarization-dependent (Kerr), probe is three orders of
magnitude smaller, indicating a comparatively weak optical
contribution to the trMOKE response.

In contrast, the initial ultrafast dynamic, depicted as an
inset in Fig. 9, reveals a distinct relaxation dynamic for
trMOKE (7)1 = 0.4ps = 0.07 ps) as compared to transient
reflectivity (7 = 0.32ps £ 0.02 ps) experiments. This be-
havior is expected due to the predominance of an electronic,
rather than magnetic, response governing the relaxation
dynamic measured by optical pump-probe over ultrashort
timescales. Consequently, the photoinduced demagnetization
in Cry;3NbS; can be defined over two dominant timescales:
an ultrafast demagnetization directly affected by optical ex-
citation, and a slow buildup in the demagnetization dynamic
occurring over timescales that extend beyond the initial elec-
tronic relaxation.
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FIG. 7. (a) High (T > T; 300 K) and (b) low (T < T¢; 80 K) temperature, fluence dependence (A = 800 nm; hv = 1.55eV) measured
from Cr, ;3NbS, showing an emergent magnetic dynamic at temperatures below the helimagnetic transition with increasing excitation fluence.

A central question surrounding photoinduced demagneti-
zation is where and on what timescale is angular momentum
being transferred from the spin subsystem. On the one hand,
angular momentum can be retained entirely by the spins and
demagnetization results from the rapid transport of spin ma-
jority carriers out of the probe volume [58]. However, such
superdiffusive transport can explain a sub-ps demagnetiza-
tion, such as the one shown in Fig. 8(a), only in metallic
systems having high-mobility, itinerant spin carriers, which
contrasts with the poor electronic transport properties exhib-
ited by Cr;;3NbS, [36]. On the other hand, a transfer of
spin angular momentum to the lattice can follow from ei-
ther spin-wave (magnon) excitations [59], or more directly
through phonon mediated spin-flip scattering [60,61], which
itself can result in the emission of phonons through an ultra-
fast Einstein—de Haas effect [62]. Such a phonon mediated
scattering process, known as the Elliott-Yafet mechanism, de-
scribes single-particle, spin-flip scattering from an impurity or
phonon that is attributed to band mixing of spin-up and spin-
down states arising from the spin-orbit interaction [63,64].
This process results in a transient population of unoccupied,
minority spin states following photoexcitation. However, an
opening of this spin-flip scattering channel requires a suffi-
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FIG. 8. Photoinduced demagnetization of Cr;;;NbS, measured
over (a) short (< 3 ps) and (b) long (> 250 ps) time delays by time-
resolved, transverse MOKE in the helimagnetic phase (T = 80K)
as a function of increasing pump fluence (0.28-0.84 mJ/cm?). Fits
shown as solid gray lines follow a phenomenological model de-
scribed by two demagnetization time constants, Ty ., sharing a
similar dependence on pump fluence as illustrated in the inset.

cient density of minority spin states in proximity to the Fermi
level (Er) to be available, which may not be the case for
Cr1 /3Nng.

Depending on the position of the chemical potential rela-
tive to the valence band maximum of minority spin states, a
spin-flip scattering process can be inhibited when significantly
fewer states are present in the minority spin channel, blocking
the energy transfer between the electronic and spin DOF. This
occurrence is commonly referred to as minority state block-
ing, and results in an situation analogous to that of magnetic
dielectrics, where energy transfer occurs directly through the
lattice by way of spin-lattice relaxation [65,66]. Since the
lattice and spin DOF are weakly coupled, this can give rise to
a characteristically long demagnetization dynamic that scales
inversely with (1-P,), for P, denoting the degree of spin po-
larization present in the magnetic phase, making such a long
dynamic a defining signature for some half-metals [67]. Spin-
polarized ab initio calculations for Cr;,3NbS; [38,68] suggest
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FIG. 9. Overlay of optical pump-probe (black) and trMOKE
(red) traces measured in the helimagnetic phase under a 0.58 mJ/cm?
pump excitation centered at 680 nm (1.82 eV). Both transient re-
flectivity and trMOKE show a similar magnetic dynamic over long
(Tm2 = 45.4ps and 1y, = 43.7 ps, respectively) timescales, while a
relative variation of more than three orders of magnitude is seen
between the optical and Kerr responses. Inspection of the initial
ultrafast dynamic (inset) reveals a distinct relaxation dynamic for
trMOKE (7371 = 0.4 4+ 0.07 ps) as compared to transient reflectivity
(r = 0.32 £ 0.02 ps). This behavior is expected due to the predom-
inance of an electronic, as opposed to magnetic, response governing
the relaxation dynamic from optical pump-probe over ultrashort
timescales.
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this material to be half-metallic, where the presence of a
narrow gap (<100 meV) in the minority spin channel leads to
the suppression of interlayer transport, a reduced dimension-
ality of the electronic structure, and an increased anisotropy
in the majority spin channel [38]. However, the magnetic
dynamic shown in Fig. 8 not only shows a long buildup in
the demagnetization, characterized by an exponential rise Ty,
but also an ultrafast component, 7371, whose relaxation occurs
over a sub-ps timescale. Similar to half-metallic Heusler al-
loys, where the photon energy can exceed the band gap of the
minority spin channel by orders of magnitude, the presence
of a slow demagnetization dynamic alone is not a universal
characteristic of all half-metals, as the efficiency of optical
excitation for majority and minority carriers, hole dynamics
below Er, and conduction band bandwidth can all influence
the photoinduced demagnetization [69-71].

Rather, a monotonic increase of this long demagnetiza-
tion time constant 7y, with pump fluence likely reflects a
weakened magnetic anisotropy, resulting from an increase in
lattice temperature brought on by higher excitation density,
as opposed to minority state blocking. While this scenario is
consistent with spin-lattice relaxation [65,66], it is interesting
to note that a corresponding two-step demagnetization process
has been observed in related 3d intercalated TMDs, where
remarkably similar dynamics were found despite a differ-
ence in orbital moment, and thus magnetic anisotropy, of the
intercalant ion [30]. This is unexpected for a conventional
spin-lattice relaxation mechanism, in which deviation away
from such conventional behavior is attributed to the detailed
interaction between local moments and itinerant electrons
present in these material systems. Such findings agree with
recent photoemission results, as the presence of hybridized
Nb- and Cr-derived states at Ep implies a clear separation
between magnetic and itinerant states is untenable, with the
same states participating in the formation of the moment like-
wise participating in the formation of the Fermi surface [35].
Ultimately, more detailed studies directly measuring how the
spin-polarized electronic structure can influence the magnetic
dynamic in this class of materials are needed, especially as it
pertains to possible half-metallicity in Cr;;3NbS, [72].

In closing, we performed a series of static and time-
resolved magneto-optical measurements on the chiral heli-
magnet Cri,3NbS,, with the aim of disentangling the relevant
contributions arising from electron, lattice, and spin from the
overall relaxation dynamics. Static MOKE supports the fact
that Cr;;3NbS, possesses a magnetic easy plane with the ¢
axis being the hard magnetization axis. A comparison of tran-
sient reflectivity taken from Cr,3NbS; in the paramagnetic
state with its parent compound NbS, reveals several differ-
ences that can be attributed to changes in the electronic and
lattice structure arising from Cr intercalation. Chief among
these is a difference of sign in the dynamic resulting from a
change in optical conductivity brought on by the donation of
electronic charge into NbS; layers following intercalation. In
the magnetic phase, time-resolved magneto-optical Kerr effect
measurements show an initial, sub-ps relaxation followed by
a long (> 30-50 ps) buildup in the demagnetization dynamic
that scales similarly with increasing pump fluence. Despite

evidence for partial gapping of the minority spin channel,
suggestive of possible half-metallicity in Cr;3NbS;, such a
long demagnetization dynamic may not be characteristic of
minority state blocking, but rather points to the predominance
of a spin-lattice relaxation pathway. However, the similar-
ity of this two-step demagnetization process in Cri;3NbS,
with other 3d intercalated TMDs having different orbital
moments, and thus magnetic anisotropies, is unexpected for
conventional spin-lattice relaxation, and may be attributed to
the complicated interaction of local moments with itinerant
electrons in these material systems. This work suggests that
the details of the electronic structure can be important for
a correct interpretation of the magneto-optical response in
this class of materials. While electronic structure measure-
ments taken across the helimagnetic transition show a strong
coupling between itinerant electrons and local, Cr-derived
magnetic moments, more detailed studies directly measuring
how the spin-polarized electronic structure can influence the
magnetic dynamic in this class of materials are needed.
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APPENDIX

1. Determination of Ao,

Optical pump-probe spectroscopy measures a change in
optical reflectivity brought on by an initial, ultrafast, optical
excitation. Given the reflectivity to be expressed as a function
of the complex refractive index, 7i(w), for w denoting the
frequency, and therefore photon energy, any change in reflec-
tivity can be captured by a change in 7 for a fixed angle of
incidence. Relating this change in 7 to details of the electronic
structure, like the joint density of states, can be approximated
through an estimation of the real part of the optical conduc-
tivity, oy, from band structure calculations. Specifically, for
=€ +ie; =14+ i%(ol +ioy) [73], where €1, denotes
the respective real and imaginary components of the complex
dielectric function, a determination of o o €, can be calcu-

19, 66

lated from Fermi’s “golden rule” as [74]

o1(@) o Y [ (i, kIplj. K)PS(E; — E; — hao)dk,

ij

(AD)

where 0, € can be obtained via Kramers-Kronig relations.
Assuming the matrix elements describing a dipole transition
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FIG. 10. Calculated real part of the optical conductivity, o, for
NbS; and Cr;3NbS; (x20) shown as a function of wavelength.

between initial |i), and final | j), states to be constant, this
expression for Eq. (Al) reduces to a measure of the joint
density of states (JDOS). Accounting for finite temperature
through the introduction of a Fermi-Dirac distribution f(E,T)
allows for an increase in the effective electronic temperature

T, brought on by optical pumping to be estimated as

Er
o1(w, T) x JDOS /

Er—ho

x [1 — f(E + ho, T)]JdE.

DOS(E)f(E, T)DOS(E + hw)
(A2)

Using the calculated density of states from NbS, [75] and
Cr;3NbS, [76], where changes in the latter reflect a shift
in chemical potential brought on by Cr intercalation [38],
Fig. 10 shows the computed JDOS at room temperature,
which has been smoothed to better match experimental condi-
tions arising from the broadband excitation of an ultrashort
laser pulse. In the simplest case, photoexcitation raises the
electronic temperature, leading to a transient change in the
optical conductivity defined by Aoci/oy = 01(T2)/o1(T7)-1.
Setting 7, = 1200K and 7; = 300K in the computation of
Aoy /o, (Fig. 4, inset) provides a simple picture for the ob-
served sign change in the experimental data, which is based
entirely on changes to the JDOS resulting from the donation of
electronic charge into NbS, layers following Cr intercalation.
We emphasize that such behavior is generic, as a similar sign
change is observed in other 3d intercalated transition metal
dichalcogenides [30], suggesting our simplified model cap-
tures the fundamental physics underlying transient reflectivity
in these material systems.
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