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Abstract

Monolayer transition metal dichalcogenides (TMD) have immense potential for future spintronic
and valleytronic applications due to their 2D nature and long spin/valley lifetimes. We investigate
the origin of these long-lived states in n-type WS, using time-resolved Kerr rotation microscopy and
photoluminescence microscopy with ~1 pm spatial resolution. Comparing the spatial dependence
of the Kerr rotation signal and the photoluminescence reveals a correlation with neutral exciton
emission, which is likely due to the transfer of angular momentum to resident conduction electrons
with long spin/valley lifetimes. In addition, we observe an unexpected anticorrelation between the
Kerr rotation and trion emission, which provides evidence for the presence of long-lived spin/valley-
polarized dark trions. We also find that the spin/valley polarization in WS, is robust to magnetic
fields up to 700 mT, indicative of spins and valleys that are stabilized with strong spin—orbit fields.

1. Introduction

Transition metal dichalcogenide (TMD) monolayers
are of great interest due to their two-dimensional (2D)
nature combined with their unique band structure.
While bulk TMDs have an indirect band gap, the band
structure transitions to a direct gap at the K point as
the van der Waals coupled layers are isolated down
to a single layer [1, 2]. In addition, strong spin—orbit
coupling due to the transition metal atom creates large
spin splitting in the band structure [3-5], as shown
in figure 1(a), leading to spin/valley optical selection
rules and long spin and valley lifetimes [6—16]. In the
tungsten compounds, WX, optical excitation couples
the upper level of the valence band to the upper level
of the conduction band. This allows for the formation
of ‘dark’ excitons and trions (i.e. charged excitons),
a lower energy state that cannot be optically excited
or radiatively recombined, which should have even
longer lifetimes [17-21]. These properties make TMDs
extremely attractive for the field of spintronics, where
2D materials with long lifetimes are necessary for the
implementation of nanoscale spintronic devices.
Utilization of these properties, however, demands
a fundamental understanding of spin and valley

behavior at the microscopic level. Because the helic-
ity of light couples to the spin and valley polariza-
tions via optical selection rules [6, 10], optical probes
are ideal for investigating the spin and valley dynam-
ics in monolayer TMDs. One can selectively populate
either the K or K’ valley using positive or negative
helicity light, as illustrated in figure 1(a). When these
valley populations decay, they emit light of the corre-
sponding helicity, so that the photoluminescence
(PL) circular polarization directly reflects the valley
polarization, allowing one to follow their temporal
evolution. Studies focused on the spatial dependence
of optical properties in these materials found that the
PL, Raman, and Kerr rotation are highly dependent
on position [22-24]. In addition, early studies utiliz-
ing polarization-resolved PL spectroscopy found high
retention of circular polarization in MoS, monolayers
(up to 99%), suggesting valley lifetimes exceeding 1 ns
[7-9, 12]. More recent time resolved Kerr rotation [25]
(TRKR) measurements observed much longer spin/
valley lifetimes (3-80 ns) in n-type monolayer MoS,
and WS; [26, 27] and p-type WSe, [28-31]. The ori-
gin of these long lifetimes is not well understood, how-
ever, with some studies attributing the long-lived spin/
valley-polarization to resident electrons and holes

©2017 IOP Publishing Ltd
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Figure 1. TRKR on high quality CVD WS, monolayers. (a) (left) The atomic structure of WS,; tungsten is the central blue atom,
and the sulfur atoms are yellow. (Right) The schematic band structure of monolayer WS, at the K and K’ points. The spin-valley
coupling allows one to selectively excite spins in either the K or K’ valley. (b) Optical micrograph of one of the triangular islands used
in this study. (c) Photoluminescence spectroscopy of five monolayer WS, flakes measured at 8 K are shown in red. In each spectra,
the neutral exciton, X°, the trion, X, and the defect, Lp, are labeled. The spectra are fit in the black curve, with the individual peak fits
shown in green (neutral exciton), blue (trion), and purple (defect). (d) Diagram of the TRKR microscopy set-up. (e) Representative
Kerr rotation as a function of pump-probe time delay for monolayer WS, (flake 5) at 8 K and zero magnetic field. The excitation

and detection wavelength was 625 nm. The red curve is a bi-exponential fit yielding time constants of 320 ps and 5.4 ns. Inset: Kerr
rotation at short time delays. An exponential fit to the fast decay (green curve) yields a time constant of 3.0 ps.

[26-30], while others ascribe the long lifetimes to spin/
valley-polarized dark trions [31].

In this Letter, we utilize time-resolved Kerr rotation
microscopy in conjunction with PL microscopy to elu-
cidate the origin of the long spin and valley lifetimes in
n-type monolayer WS,. Notably, we identify a signa-
ture that substantiates the presence of long-lived spin/
valley-polarized dark trions in addition to the spin/
valley polarization of resident conduction electrons.
Using TRKR microscopy with high spatio-temporal
resolution (<1 pum, 150 fs), we observe complex spatial
dependences of spin and valley density varying on the
micron length scale, with lifetimes exceeding 5 ns. To
understand the origin of the long-lived TRKR signal,
which is sensitive to the net spin and valley polarization
coming from resident carriers, dark and bright neu-
tral excitons, and dark and bright trions, it is useful to

contrast with PL, which is only sensitive to the recom-
bination of bright excitons and trions. Comparing
spatial maps of PL microscopy with TRKR microscopy
reveals that the neutral exciton PL intensity and the
TRKR signal exhibit a correlation, which we attribute
to the resident conduction electrons. In addition, we
discover an unexpected anticorrelation between trion
PL and the TRKR signal, which is explained by the for-
mation of spin/valley-polarized dark trions. This pro-
vides new insights on the origin of the long-lived sig-
nal and its relationship to both resident electrons and
dark trions. We also find that the spin lifetime in WS, is
robust against external magnetic fields due to the stabi-
lization provided by strong spin—orbit coupling, which
is opposite the trend typically observed in materials,
where increased spin—orbit coupling increases the rate
of spin relaxation. However, a small component of the
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spinsignal is discovered to precess, indicating the exist-
ence of an additional spin population whose behavior
is not dominated by the spin—orbit field. These results
demonstrate high resolution imaging of spin dynam-
ics as a powerful tool for investigating spin-dependent
physics in 2D materials.

2. CVD grown WS,

The monolayer flakes of WS, are grown by chemical
vapor deposition (CVD) on SiO,/Si substrates [32].
As shown in figure 1(b), a given WS, sample has small
isolated triangles, typically 10—40 microns in size,
which are believed to be single-crystalline. Using PL
spectroscopy, we verify the monolayer nature of the
WS, by confirming the lack of indirect gap PL emission
atlonger wavelengths (~775-900 nm), which is present
for bilayer and thicker samples [1, 2]. Representative
low temperature (8 K) PL spectra from five different
WS, flakes are shown in figure 1(c), labeled Flake 1-5,
respectively. These spectrawere chosenin ordertoshow
all luminescence features present in the sample, aka
maximum number of peaks, although the intensity of
each feature varies depending on position. The neutral
exciton (X°), trion (X7), and localized defect emission
(Lp) are labeled in each spectrum (see supplementary
section 1 (stacks.iop.org/TDM/5/011010/mmedia)
for additional details regarding peak assignments)
[33-35]. Transport measurements (supplementary
material, section 2.1) on similarly prepared WS,
monolayers in a field effect transistor (FET) geometry
indicate that the as-grown material is lightly n-doped.
This is further substantiated through a comparison of
the PL and reflectivity spectra, which exhibits a small
Stokes shift (<2nm) of the exciton peak, consistent
with low doping levels [36] (see supplementary
material section 2.2 for details).

3. TRKR microscopy

Spin and valley dynamics in monolayer WS, are
investigated using TRKR microscopy, depicted in
figure 1(d). The sampleis held at 8 Kin alow vibration,
closed-cycle optical cryostat. An optical parametric
oscillator (~150 fs, 76 MHz) is tuned to the energy
with the maximum Kerr rotation signal, typically at
the energy with the strongest emission peak (flake
1, Akerr = 608nm; flake 2, Agerr = 610nm; flake
3, Agerr = 610nm; flake 4, Agerr = 606 nm; flake 5,
Akerr = 625nm). A wavelength dependence of the
Kerr rotation in comparison with PL and absorption
can be found in supplementary section 3. Ultrafast
pulses from the optical parametric oscillator are split
into pump and probe pulses, each of which is focused
onto the sample with ~1 pm spot size. The circularly-
polarized pump pulse creates valley-polarized
excitons, each consisting of a spin polarized electron
and hole, as shown in the band diagram (figure 1(a)).
The time-delayed, linearly-polarized probe pulse
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measures the combined spin and valley polarization
through the Kerr rotation of its linear polarization axis
[26, 27]. The Kerr rotation is a result of a difference
in absorption and/or the refractive index between
right- and left-handed circular polarization due to
a change in occupancy within the spin-split valleys.
This originates from the valley dichroism of the optical
selection rules and strong spin—orbit coupling [6, 10].

Figure 1(e) shows representative Kerr rotation,
O, as a function of time delay between the pump and
probe pulses. As shown in the inset of figure 1(e), there
is an initial rapid exponential decay of 3 ps (curve fitin
green), which is attributed to the loss of valley polari-
zation of excitons, consistent with previous TRKR
studies [37-39]. However, a substantial Kerr rotation
remains beyond the initial decay and persists beyond
several nanoseconds. We find that the Kerr rota-
tion (after the initial 3 ps decay) in figure 1(e) is well
described by a bi-exponential decay with time con-
stants of Tghore = 320ps and Tjopg = 5.4 ns (the curve
fit is the solid red line in figure 1(e)). Bright excitons
and trions could not produce the long-lived signal
because they recombine within the first few hundred
picoseconds [40-42], but the signal may be due to
the spin and/or valley polarization of resident con-
duction electrons [26—28] or dark trions [17-19, 31].
Such bi-exponential behavior is consistent with other
TRKR studies of monolayer TMDs [29, 30, 43]. In
monolayer MoS,, which has small spin orbit splitting
of the conduction band (~3 meV or less) [4], previ-
ous studies indicate that the TRKR signal is dominated
by electron spin polarization [26, 27]. In the limit of
very large spin—orbit splitting, such as that observed in
the valence band of TMD monolayers (150 meV—-450
meV) [3], the spin-valley locking will cause the spin to
be accompanied by an equivalent valley polarization
[28,30,31]. The conduction band of monolayer WS, is
an intermediate case (splitting of ~30 meV) [4], so the
spin polarization could be accompanied by a smaller,
but non-negligible component of valley polarization.
In fact, if the Fermi level were smaller than the splitting
of the conduction band, the signal could be dominated
by valley polarization. Therefore, we refer to the TRKR
signal as the ‘spin/valley density’.

4. High-resolution imaging of spin and
valley dynamics

We investigate the spatial dependence of the spin/
valley density by obtaining high-resolution maps of
the TRKR signal. By scanning the overlapped pump
and probe beams at a fixed time delay, a spatial image
of the Kerr rotation is obtained. Repeating this at
different time delays reveals the microscopic evolution
of the spin and valley dynamics. Figure 2 shows a
series of Kerr rotation images taken on a triangular
island (flake 5) of monolayer WS, at different time
delays. The TRKR excitation and detection are at
625nm, which corresponds to the brightest peak in
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Figure2. Spatially-resolved images of TRKR. Scanning a WS, island beneath the overlapped pump and probe beams at a fixed time
delay produces a high-resolution spatial map of spin density. The series of images are snapshots of the spin density at time delays of
80,250, 600,2000,4000, and 11 000 ps. The images reveal a complex spatial dependence and time evolution of the spins, with regions
of high and low spin density in close proximity.

the PL spectrum (see figure 1(c)). The sequence of
images illustrates a complex spatial dependence of
the TRKR signal on the WS; island. Areas with a large
signal (colored in yellow/orange/red) are separated
by only a few microns from regions with almost no
signal (colored blue/black). The spatial distribution is
striking, with a central core of low spin/valley density
surrounded by regions of higher spin/valley density. It
is worthwhile to note that even at 11 ns, there is still
a measurable signal. In addition, we investigate the
sample-to-sample variation of the spin/valley density
pattern by mapping the Kerr rotation of many other
WS, flakes, shown in figure 3(a). While we observe a
variety of spin/valley density spatial dependences, all
flakes have large variations in the intensity of the signal
over the distance of a few microns.

5. Comparison of PL microscopyand
TRKR microscopy

To gain further insight into the spatial dependence
of the Kerr rotation, we investigate its relationship
with the spatial dependence of the individual neutral
exciton, trion, and defect peaks. Figure 3 shows the
TRKR spatial maps for five different WS, flakes
(figure 3(a)) along with the corresponding maps of
PL integrated over the full PL spectrum (figure 3(b)),
the map of the neutral exciton peak amplitude (figure
3(c)), the map of the trion peak amplitude (figure
3(d)),and the map of the defect peak amplitude (figure
3(e)).

We first analyze the relationship between the
TRKR map and the full spectrum integrated PL.

Comparing the TRKR maps across the different flakes
(figure 3(a)), it is apparent that the spatial dependence
of spin/valley density varies from sample to sample
and presents multiple patterns. Similar spatial patterns
are seen in the TRKR (figure 3(a)) and full spectrum
PL maps (figure 3(b)) for each flake, indicating a rela-
tionship between spin/valley density and PL. How-
ever, when the relationship between each TRKR map
and its corresponding PL map (same column) is more
carefully examined, two different behaviors appear.
In flakes 1, 2, and 4, areas of high spin/valley density
appear to be positively correlated to areas of large PL
intensity (figure 3(b)). This is reasonable when consid-
ering that both TRKR and PL signal strength should
benefit from material with better optical quality. In
contrast, regions of flakes 3 and 5 exhibit an unex-
pected anticorrelation between spin/valley density and
PL. This anticorrelation is also evident in a particular
spotin flake 1 (circled in white), which developed after
laser exposure (A discussion of this can be found in
supplementary section 4). In flake 3, PL increases while
TRKR decreases in the center of the flake, but the outer
regions show PL and TRKR increasing/decreasing
together. In flake 5, the anticorrelation manifests more
sharply in certain regions, particularly in a spot at the
top right of the flake. Here, individual PL and TRKR
lifetime scans (supplementary section 5) reveal that
the area of strongest PL exhibits the expected fast decay
(<10 ps) associated with the loss of valley polarization
of excitons but shows little amplitude in the long-lived
spin/valley state. On the contrary, regions with high
spin/valley density in the long-lived state reveal much
weaker PL. While this variance across flakes between
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Figure3. Kerrrotation and spectrally resolved photoluminescence of WS, flakes. (a) TRKR maps for each of the five different flakes
used in this study are shown in row (a). The maps for flakes 1-4 are at a pump-probe time delay of 100 ps. The map for flake 5isata
pump-probe time delay of 80 ps. (b) Maps of the full spectrum integrated PL for each of the five flakes are shown in row (b). At each
point on the flake, the PL spectra was integrated over the entire emission range. (c) Maps of the exciton peak amplitude from fitting
the PL spectrum are shown in row (¢) for each flake. When compared with the TRKR maps, it is clear that the exciton PL is correlated
with the TRKR signal. (d) Maps of the trion peak amplitude from fiting the PL spectrum are shown in row (d). For flake 4, there was
no resolvable trion peak. (e) Maps of the defect peak amplitude from fitting the PL spectrum are shown in row (e). For flake 5, the
defect peak could not be fit with a single Lorentzian. All data was taken at 8§ K.

correlation and anti-correlation of TRKR and full
spectrum PL does not have a clear explanation at first
glance, investigating the spatial dependence of the
individual PL peaks leads to a better understanding
of the mechanisms that result in long spin/valley life-
times.

We further investigate the origin of the long-lived
states by comparing the spatial dependence of the
neutral exciton peak with the TRKR map. As shown in
figure 1(c), the characteristic PL spectra from these
flakes are composed of emission peaks for neutral
excitons (green), trions (blue), and defects (purple).
We find that all the flakes in this study exhibit resolv-
able A exciton luminescence in the regime of ~610nm,
although with varying intensities. Comparing the maps
of the neutral exciton peak amplitude (figure 3(c))

with the TRKR spatial dependence, it is clear that the
X emission and TRKR signal are strongly correlated in
most regions. The exceptions are the center of flake 3
and a spot in flake 1, where the role of trions dominates
the TRKR, as discussed later. The correlation with the
exciton is particularly striking for flake 5, where the full
spectrum PL is dominated by trion emission and does
not have the same spatial dependence as the TRKR, yet
the exciton PL still clearly correlates with the TRKR. As
stronger exciton emission is generally associated with
better material quality, the correlation with the neutral
exciton observed in all flakes is expected.

The spatial dependence of the trion peak ampl-
itude provides the last piece of the puzzle for under-
standing the anticorrelation. When comparing the
trion maps (figure 3(d)) with the TRKR maps for flake
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Figure4. Bright and dark trion states in WS,. (a) A singlet trion optically excited in the K valley. The electron in the lower valence
band is due to n-type doping of the material. (b) The singlet trion can become a dark trion by momentum scattering of the spin up
electron in the K valley to the spin up band of the K’ valley. (c) Another possibility for the singlet trion to convert to a dark trion is
though a spin flip to the lower conduction band in the K valley. (d) A triplet trion. The electron and hole are optically excited in the K
valley, and the electron in the K’ valley is due to n-type doping. (e) The triplet trion can convert to a dark trion through momentum
scattering of the electron in the K valley to the lower conduction band of the K’ valley. (f) Another possibility for the triplet trion to
convert to a dark trion is through a spin flip from the upper conduction band of the K valley to the lower conduction band of the K

2 and the majority of flake 1, the amplitude of the trion
peak appears strongly correlated with the TRKR signal.
However, a different behavior is observed in regions
of flakes 3, 5 and one spot in flake 1 where the trion
intensity shows an anticorrelation with the TRKR
strength. In flake 5, the trion emission dominates the
PL spectra throughout the entire flake (the spectrum
shown in figure 1(c) is a location with very low trion
emission relative to the other areas of the flake, but the
trion is still the dominant feature). Notably, the trion
map shows that trion emission is strongest in the top
right corner of the flake, the same region where the
TRKR map shows a sharp decrease in spin/valley den-
sity. Similarly, examining the maps of the individual
emission peaks show that the anticorrelation behavior
observed between the TRKR and the full spectrum PL
inboth flake 3 and 1 also originates from the trion peak
emission, where the opposite trends between TRKR
and PL appear with sharpest contrast in the trion PL
map.

Throughout the study, the anticorrelation of the
TRKR intensity and PL only happens when the trion
peak is present, and only with the trion peak. The
neutral exciton emission is correlated with the TRKR
signal across all samples, regardless of the existence
of a trion peak. This is likely due to the transfer of
angular momentum to resident conduction electrons
[26, 27]. However, in samples where the trion peak is
comparable to or larger than the neutral exction peak,
an anticorrelation may be observed. The fact that this
behavior is only present in samples with relatively
large trion emission (in some well-defined regions)

suggests that the anticorrelation may occur in more
n-type material, where bright trions are created more
efficiently upon optical excitation [28,44]. This behav-
ior can therefore be explained by the conversion of
spin/valley-polarized bright trions to non-radiative,
dark trion states as follows [18, 19, 31]. There are four
possible mechanisms in which this could occur, as
demonstrated in figure 4. Since the material is slightly
n-type, the lower conduction band in both valleys has
occupied states with spin opposite that of the valence
band in the respective valley. To simplify the following
discussion, we assume that optical excitation occurs
within a single valley, say the K valley, through the
absorption of circularly polarized light, leading to an
initial (bright) trion state (e.g. figures 4(a) or (d)). The
first two methods for producing a dark trion, shown in
figures 4(b) and (c), begin through excitation of a sin-
glet trion, diagrammed in figure 4(a). In this case the
trion is entirely in the K valley. If the trion then decays
to the lower energy dark trion through momentum
scattering to the K’ valley (figure 4(b)), the trion can
no longer radiatively relax, causing a decrease in trion
PL. Since the absorption of linearly polarized light will
be affected by the composition of both valleys, a Kerr
rotation will persist. Alternatively, the singlet trion
can decay to a dark state through the transfer of spin
angular momentum to resident electrons through a
spin flip to the lower conduction band (figure 4(c), the
conduction band has a strong d,» character). This trion
is also non-radiative, leading to suppression of the PL.
However, it would also be accompanied by a long-lived
Kerr rotation due to the momentum of the resident
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conduction electrons, as well as any change in absorp-
tion from the altered composition of the valleys.

The last two mechanisms that result in dark tri-
ons, shown in figures 4(e) and (f), begin from the tri-
plet trion state, diagrammed in figure 4(d). The triplet
trion occupies both valleys, being composed of an
optically excited electron and hole in the K valley, and
an electron in the lower conduction band of the K’ val-
ley. From the triplet trion, the same processes can occur
as with the singlet trion. The optically excited electron
can momentum scatter to the other valley, shown in
figure 4(e), or it can spin flip to the lower conduction
band, figure 4(f). In both cases the trion becomes dark,
resulting in suppressed trion PL while a Kerr rotation
signal will remain. While the four scenarios all fit the
observed behavior, the singlet trion decaying via inter-
valley scattering (figure 4(b)) is the most energetically
favorable [45]. Regardless of the particular scenario,
the conversion of bright to dark trions provides a natu-
ral explanation for the anticorrelation between the
Kerr rotation and the trion emission maps, where effi-
cient (inefficient) conversion results in lower (higher)
trion emission and a higher (lower) Kerr rotation. The
existence of spin/valley-polarized dark trions in WS,
can therefore explain the observed anticorrelation.

We also consider the possibility of dark neutral
excitons contributing to the TRKR signal. The pres-
ence of such species could also be identified through
an anticorrelation with the neutral exciton PL peak.
However, we have only observed correlation with the
neutral exciton PL peak, and we have never observed
anticorrelation behavior in samples without trion
peaks. Due to the lack of an optical transition for dark
excitons and trions, we are not able to directly observe
them and have to rely on the anticorrelation to infer
their existence. Therefore, while we have observed evi-
dence for the existence of dark trions in this material,
we are unable to make a claim about the presence or
absence of dark excitons. The combination of bright
to dark trion conversion combined with the transfer
of angular momentum to resident conduction elec-
trons discussed earlier account for both the observed
anticorrelation and correlation behavior, making the
co-existence of both mechanisms probable in the WS,
samples.

6. Effectof spin—orbit couplingon
spin/valley dynamics

We now turn our attention to the important role that
strong spin—orbit coupling has on the spin relaxation
and dynamics in monolayer WS,. Specifically, there
are predictions that large out-of-plane spin—orbit
fields will enhance spin lifetimes through two primary
effects [8, 10, 13—15]. First, the absence of in-plane
components to the spin—orbit field will enhance
the lifetime of out-of-plane spins. This has been
demonstrated previously for GaAs(110) quantum
wells, which exhibit an order of magnitude longer
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spin lifetime than in GaAs(100) quantum wells
[46]. Second, the presence of a strong out-of-plane
spin—orbit field can stabilize spins against relaxation
induced by external magnetic fields. For this,
monolayer WS, is quite different from the GaAs(110)
quantum wells because the spin—orbit field has a large
non-zero value at the conduction band minima (~30
meV calculated spin splitting [4]) whereas GaAs(110)
quantum wells have a spin—orbit field that goes to
zero at the conduction band minimum [47]. This
spin stabilization has been observed in p-type WSe,
in external magnetic fields up to 300 mT [28, 30, 31],
however the valence band spin splitting in WSe; is an
order of magnitude larger (~450 meV) [3] than the
spin-splitting in the conduction band of WS, (~30
meV) [4], placing WS; in an intermediate regime. It is
therefore important to experimentally investigate the
spin/valley dynamics in WS, as a function of external
magnetic field.

The results for TRKR on WS, as a function of an
in-plane magnetic field By (figure 5(a)) indicate that
the dynamics are governed by spin/valley stabilization
resulting from strong spin—orbit coupling. The data
presented was obtained from flake 5 on a spot with
high spin/valley density based on a TRKR map. The
observed behavior is consistent across multiple flakes
and samples, and we do not observe a systematic trend
of the TRKR amplitude as a function of magnetic field.
The spin/valley lifetimes, obtained by fitting the datain
figure 5(a), exhibit very little dependence on By (fig-
ure 5(b)). The lack of large oscillations, such as those
seen in typical semiconductors, and the robustness of
the spin/valley lifetime to external fields are both char-
acteristic of the spin—orbit stabilization. Comparison
of other TMD properties to WS, provides additional
support for the robustness of the spin polarization
originating from spin stabilization due to strong spin
orbit coupling. While the spin/valley lifetime in WS,
shows little variation up to 700 mT (the maximum
field capable in our system), the spin lifetime of MoS,,
which has much weaker spin-splitting in the conduc-
tion band (~3 meV in MoS,, ~30 meV in WS,) [4], was
shown to collapse in fields as low as 100 mT [26, 27].
In addition, the temperature dependence of the TRKR
signal in WS, in comparison with other TMDs supplies
additional evidence for spin stabilization. The spin
lifetime in WS, persists to 130 K, beyond which it drops
to <200 ps (see supplementary material section 6). In
comparison, the spin lifetime of electrons in MoS, is
much less robust, falling to <200 ps at only 40K [27].
In p-type WSe,, where lifetimes on the order of ~80
ns have been observed [30], spin/valley polarization
persists up to room temperature [29]. The behavior
for p-type monolayer TMDs should be qualitatively
different than for the n-type material because the very
large spin splitting of the valence band should promote
spin-valley locking and produce long lived spin/valley
polarization based on suppression of intervalley scat-
tering.
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Figure 5. Spin—orbit stabilized spins in WS,. (a) Normalized Kerr rotation as a function of time delay for different Bey. The
non-precessing decay curves are characteristic of a spin—orbit-stabilized system. (b) Spin lifetime as a function of By, obtained by
fitting the TRKR data in (a). The spin lifetime is robust to an external magnetic field up to 700 mT. (c) Detailed time delay scans of
Kerr rotation for different Bey. Curves are zoomed in and offset to show a small oscillatory component of the overall TRKR signal
(<3%). (d) and (e) Larmor precession frequency and dephasing rate, respectively, of the oscillatory component. Both exhibita
linear dependence on By, which indicate spin dynamics like those of materials without spin-stabilization due to strong spin—orbit
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While the spin lifetime does not depend on an
external magnetic field, detailed TRKR delay scans
with smaller time steps and more signal averaging
(figure 5(c)) reveal the presence of a small oscillatory
signal (<3% of the total Kerr signal), which is not
expected with strong spin—orbit stabilization. The
oscillations (figure 5(c)) are due to an additional spin
population which contributes to the overall signal. We
find that this additional spin population has a g-factor
0f1.90 £ 0.04 (by fitting the Larmor frequency, v, ver-
sus Bex) and a dephasing rate 1/T5 that grows linearly
with Bey (figure 5(d and e)). These dynamical proper-
tiesare consistent withaspin population where dephas-
ing is governed by inhomogeneous broadening of the
g-factor. Such oscillatory Kerr signals with similar
dynamical properties have been observed in mono-
layer MoS, and have been attributed to the presence
of spins in localized states [26]. Therefore, while most
of the Kerr signal comes from non-precessing conduc-
tion band spins in the spin—orbit stabilized regime,
composed of both resident conduction electrons and
trions, a small contribution to the Kerr signal comes
from precessing spins in localized states.

In conclusion, we utilize TRKR microscopy to
image the dynamics of spin/valley density in mono-
layer WS,. We discover a complex spatial dependence
of spin/valley density in triangular islands that persists
beyond 11 ns. Comparing PL microscopy with TRKR
microscopy reveals the role of dark trions in the long

lifetimes observed in WS,, particularly in areas with
the unexpected anticorrelation. Application of in-
plane magnetic fields indicates the presence of two
spin populations that contribute to the Kerr rota-
tion signal. A small contribution to the Kerr signal
likely comes from precessing spins in localized states,
however most of the Kerr signal comes from non-
precessing conduction band spins that are stabilized by
large spin—orbit coupling against spin relaxation. The
successful demonstration of high resolution TRKR
microscopy on monolayer TMD enables numerous
studies of spin and valley dynamics in TMD films and
heterostructures that are crucial for developing spin-
tronic applications.

7. Methods

7.1. Time-resolved Kerr rotation microscopy

Time-resolved ~ Kerr  rotation  microscopy
measurements are performed using ~150 fs laser
pulsesfroman optical parametericoscillator (Coherent
OPO) pumped by a Ti:sapphire laser (Coherent Mira)
with repetition rate of 76 MHz. The pump beam is
helicity-modulated at 50kHz using a photoelastic
modulator (Hinds) and the probe beam is chopped at
493 Hzand linearly polarized witha 5 x 10’ extinction
ratio. A Soleil-Babinet compensator is placed in
the pump line after the photoelastic modulator to
ensure that the polarization is circular at the sample.
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The time delay between the pump and probe pulses is
adjusted using a mechanical delay line. The overlapped
beams are tightly focused into ~1 um spots on the
sample using a 100 x Mitutoyo objective with 13 mm
working distance. Typical pump and probe powers
are 100 pW and 100 W, respectively. We verified that
measurements with a 10:1 pump/probe ratio exhibit
the same characteristics, however the stronger probe
power was employed for better signal-to-noise. The
sample is mounted on an XYZ piezo stage in high
vacuum at 6K in a closed cycle Montana Instruments
Cryostation with an external electromagnet which
can apply up to 720 mT. The rotation of linear
polarization of the reflected probe pulse is detected
using a photodiode bridge, and the signal is amplified
using a voltage pre-amp (Stanford Research 560).
Heterodyne detection using two lock-in amplifiers
(Signal Recovery 7270) is used for noise reduction and
cancellation of the pump beam. For the temperature
dependent measurement, the wavelength is tuned to
maximize the Kerr rotation at each temperature.

7.2. PLmicroscopy

The PL measurements are performed using a 532nm
linearly polarized diode laser excitation source,
which is focused down on the sample to ~1 pm using
a 100 x Mitutoyo objective with 13mm working
distance. The power of the excitation beam is typically
100 pW. In the detection path, the excitation source
is blocked using a notch filter, and the PL spectrum
is detected using a 0.55 m spectrometer (Horiba
iHR550) and thermoelectrically-cooled, back-thinned
CCD camera (Horiba Synapse).
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