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The coherent spin dynamics of holes are investigated for CsPbBr3 and CsPb(Cl, Br)3 perovskite nanocrystals
in a glass matrix using the time-resolved Faraday rotation/ellipticity techniques. In an external magnetic field,
pronounced Larmor spin precession of the hole spins is detected across a wide temperature range from 5 to
300 K. The hole Landé g-factor varies in the range of 0.8–1.5, in which it increases with increasing optical
transition energy due to enhanced confinement in small nanocrystals. The hole spin dephasing time decreases
from 1 ns to 50 ps in this temperature range. Nuclear spin fluctuations have a pronounced impact on the hole
spin dynamics. The hyperfine interaction of the holes with nuclear spins modifies their spin polarization decay
and induces their spin precession in zero external magnetic field. The results can be well described by the model
developed in [I. A. Merkulov et al., Phys. Rev. B 65, 205309 (2002)], from which the hyperfine interaction
energy of a hole spin with the nuclear spin fluctuation in the range of 2–5 µeV is evaluated.
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I. INTRODUCTION

The semiconductors based on the lead halide perovskite
compounds have attracted the vast attention of physicists and
chemists in the last decade. The interest has been inspired by
the discovery of their large photovoltaic response, their bright
emission tunable over the whole visible spectral range and the
relatively low-demand fabrication technology [1–3]. This has
stimulated research in many different directions, suggesting
multiple applications of perovskite semiconductors and of
their nanostructures.

The lead halide perovskites have the chemical formula
APbX3, where the cation A can be cesium (Cs), methylam-
monium (MA), or formamidinium (FA), and the anion X
can be Cl, Br, or I. The materials with Cs cation are fully
inorganic, while with MA or FA they are hybrid organic-
inorganic. The lead ions dominate the electronic and spin
properties of the states forming the band gap [4–7]. Synthe-
sis in solution is the most popular technique to grow single
crystals, polycrystalline films, and nanocrystals (NCs). Both
hybrid organic-inorganic and fully inorganic NCs can be
grown [8–11], which, however, show degradation in ambient
conditions, especially the NCs with organic cations. An effi-
cient solution of this problem is isolating the NCs from their
environment by synthesizing them in a glass matrix [12–16].
This can be used only for the fully inorganic NCs, where the
process is based on cooling of the glass melt starting from
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temperatures of around 1000 ◦C. Such samples are convenient
for performing optical experiments after glass polishing.

The lead halide perovskites show attractive spin prop-
erties, which can be addressed by well-established optical
and magneto-optical experimental techniques, such as time-
resolved Faraday/Kerr rotation spectroscopy [4,5,17,18],
photoluminescence (PL) with polarization resolution [19–22],
spin-flip Raman scattering [4,23], polarization-sensitive time-
resolved differential transmission [24], and optically detected
magnetic resonance [25]. This allows one to revisit the spin
phenomena discovered for conventional III-V and II-VI semi-
conductors [26–28] for different conditions, provided by the
specifics of the perovskite band structure [4,5]. Among these
phenomena there are optical spin orientation [20,21,29], co-
herent spin precession in a magnetic field [4,17,18], dynamic
nuclear polarization [5], and a universal dependence of the
g-factors on the band gap energy in bulk perovskites [4,30].
Remarkably, in CsPbBr3 NCs, carrier spin coherence with
dephasing times up to several nanoseconds was observed
[31–34] and the feasibility of optical spin manipulation was
demonstrated [32]. For CsPbI3 and CsPb(Cl, Br)3 NCs in a
glass matrix, coherent spin dynamics were demonstrated only
at cryogenic temperatures [25,35,36].

The spin-dependent phenomena are enriched by the in-
teraction of carrier spins with nuclear spins. Cryogenic
temperatures and strong carrier localization in, e.g., quantum
dots (QDs) greatly enhance the appearance of these phe-
nomena [37–40]. The nuclear spin system can be strongly
polarized via its interaction with optically oriented carriers. In
turn, the Overhauser field of the polarized nuclei acts back on
the carrier spins, causing their spin splitting and facilitating
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their spin dephasing. Even for an unpolarized nuclear spin
system, the presence of spin fluctuations may control the spin
dynamics of localized carriers. This problem was considered
theoretically in 2002 by Merkulov, Efros, and Rosen [41]. Its
most straightforward manifestation in form of a half-period
precession of the oriented spin at zero external magnetic field
was reported for electron spins in GaAs-based QDs [39] and
Ce3+ ions in YAG crystals [42]. In III-V and II-VI semi-
conductors, the electrons in the conduction band with s-type
wave function interact much more strongly with the nuclei
than the holes in the valence band with p-type wave function.
The situation is reversed in the lead halide perovskites, where
the valence band is strongly contributed by s orbitals of the
Pb-ions and the conduction band is formed by p orbitals
of the Pb ions. As a result, the hole-nuclei interaction is
about an order of magnitude stronger than the electron-nuclei
interaction [5].

The role of the nuclear spin fluctuations in the spin de-
phasing of localized electrons and holes was studied in a
bulk FA0.9Cs0.1PbI2.8Br0.2 perovskite crystal by means of the
Hanle and polarization recovery effects [29]. For this crystal,
optically detected magnetic resonance was demonstrated by
the combination of time-resolved Kerr rotation with additional
radio-frequency excitation [5]. Dynamic nuclear polarization
was demonstrated in crystals of FA0.9Cs0.1PbI2.8Br0.2 [5],
MAPbI3 [43], FAPbBr3 [44], and CsPbBr3 [17]. In FAPbBr3

crystals, the suppression of the nuclear spin fluctuations via
creation of a squeezed dark nuclear spin state was demon-
strated [44]. The state formation by optical excitation is
governed by quantum correlations and entanglement between
the nuclear spins. For CsPb(Cl, Br)3 NCs in glass, the spin
mode-locking effect for holes was shown to be stabilized by
the nuclear frequency focusing effect, where the Larmor pre-
cession frequencies of hole spins in each NC in an ensemble
were adjusted by the respective nuclear polarization to achieve
synchronization with the pump laser frequency [36].

In this paper, time-resolved Faraday rotation/ellipticity
is used to study the coherent spin dynamics of carriers in
CsPbBr3 NCs in a glass matrix across a wide temperature
range from 5 to 300 K in order to measure the temperature
dependencies of the g-factors and spin relaxation times. From
the g-factor spectral and temperature dependencies we iden-
tify the hole to be the origin of the Larmor spin precession
signals in finite magnetic fields. At zero magnetic field, hole
spin precession in the random nuclear exchange fields is de-
tected and the parameters of the nuclear spin fluctuations are
evaluated. This effect is also found for CsPb(Cl, Br)3 NCs in
a glass matrix.

The paper is organized as follows. In Sec. II, informa-
tion on samples fabrication and experimental techniques used
in this study are given. Experimental results on coherent
spin dynamics in CsPbBr3 NCs at T = 5 K are presented in
Sec. III A. Here we present and discuss results on the NC
size dependence of the hole g-factor. In Sec. III B, data for the
temperature dependence (up to room temperature) of the spin
dynamics and the hole g-factor are given. The later are com-
pared with available literature data. In Sec. III C, experimental
results for the CsPb(Cl, Br)3 NCs are presented. Finally, in
Sec. III D, we analyze the role of nuclear spin fluctuations
and their appearance in coherent spin dynamics of holes.

We make model calculations accounting for specifics of the
lead halide perovskite semiconductors and evaluate the related
parameters. Conclusions are given in Sec. IV.

II. EXPERIMENTAL

The CsPbBr3 and CsPb(Cl, Br)3 NCs were synthesized
in a matrix of fluorophosphate glass using the melt-quench
technique. Technological details and information on the sam-
ple characterization can be found in Refs. [16,36,45]. In this
paper, we study two samples with CsPbBr3 NCs. One sample
contains NCs with average size of 9 nm (sample 1, EK1) and a
broad size distribution in the range of about 7–11 nm. Another
sample contains 16 nm NCs (sample 2, EK103) with a narrow
size distribution. The third sample hosts CsPb(Cl0.56Br0.44)3

NCs with average size of 8 nm (sample 3, EK14). Detailed
information on photoluminescence of these samples, includ-
ing the recombination dynamics in the temperature range
5–270 K is given in Ref. [45]. The coherent spin dynamics
of holes at cryogenic temperatures were reported for sample 3
in Refs. [25,36].

The photoluminescence (PL) spectra are measured for ex-
citation with a continuous-wave semiconductor laser with the
photon energy of 3.06 eV (wavelength of 405 nm). The emis-
sion is recorded with an 0.5-meter spectrometer equipped with
a liquid-nitrogen-cooled charge-coupled-device camera with
a silicon matrix. The samples were placed in a helium-flow
optical cryostat at the temperature of T = 5 K.

To study the coherent spin dynamics of carriers we use
a time-resolved pump-probe technique with detection of the
Faraday rotation (TRFR) or Faraday ellipticity (TRFE) [46].
Spin-oriented electrons and holes are generated by circu-
larly polarized pump pulses. The used laser system (Light
Conversion) generates 1.5-ps pulses with a spectral width of
about 1 meV at a repetition rate of 25 kHz (repetition period
40 µs). The laser photon energy is tuned in the spectral range
of 2.35–2.80 eV in order to provide resonant excitation of
NCs of specific sizes. The laser beam is split into the pump
and probe beams with coinciding photon energies. The time
delay between the pump and probe pulses is adjusted by a
mechanical delay line. The pump beam is modulated with an
electro-optical modulator between σ+ and σ− circular polar-
ization at the frequency of 26 kHz. The probe beam is linearly
polarized. The Faraday rotation angle (or Faraday ellipticity)
of the probe beam, which is proportional to the carrier spin
polarization, is measured as function of the delay between
the pump and probe pulses using a balanced photodetector,
which is connected to a lock-in amplifier synchronized with
the modulator. Both pump and probe beams have powers of
0.5 mW and spot sizes on the sample of about 100 µm. For
the time-resolved measurements the samples are placed in a
helium-flow optical cryostat and the temperature is varied in
the range of 5–300 K. Magnetic fields up to 500 mT are ap-
plied perpendicular to the laser wave vector (Voigt geometry,
B ⊥ k) using an electromagnet.

III. RESULTS AND DISCUSSION

Figure 1(a) shows PL spectra for the studied samples,
measured at T = 5 K. The emission lines have maxima at
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FIG. 1. Spectral dependencies of the spin parameters for the
samples 1 (green), 2 (red), and 3 (blue), measured at T = 5 K.
(a) Normalized PL spectra (solid lines) and spectral dependencies of
the Faraday ellipticity amplitude (symbols). (b) Spectral dependence
of the measured g-factor (symbols). Dashed lines show the universal
dependencies of the electron (red) and hole (blue) g-factors on the
band gap energy for bulk crystals [4]. Solid lines show the calculated
dependencies of the electron (red) and hole (blue) g-factors on the
effective band gap in CsPbBr3 NCs [35].

the energies of 2.441, 2.361, and 2.749 eV for samples 1, 2,
and 3, respectively. The width of the PL spectra is given by
the spread of NCs sizes, which is largest for sample 1. The
different spectral positions of the PL peaks for the CsPbBr3

NCs is due to the different quantum confinement energy of
carriers. The spectral shift is larger for sample 1 with smaller
NCs compared to sample 2. The spectral position of the PL
peak for sample 3 is mainly determined by inclusion of Cl in
the CsPb(Cl, Br)3 NCs and partly by carrier confinement.

A. Coherent spin dynamics of holes at T = 5 K in CsPbBr3 NCs

We use time-resolved Faraday rotation to study the coher-
ent spin dynamics of carriers in CsPbBr3 NCs. The dynamics
show the most pronounced features at the low temperature
of T = 5 K. The representative spin dynamics measured on
sample 1 in different magnetic fields up to 420 mT are shown

in Fig. 2(a). The laser photon energy is set to EL = 2.515 eV,
corresponding to the maximum of the FR signal. The dynam-
ics show the expected behavior for an ensemble of carrier
spins precessing about a perpendicular magnetic field with the
Larmor frequency, ωL, which spin polarization decays with
the spin dephasing time, T ∗

2 [46]. With increasing magnetic
field the Larmor precession frequency grows and the spin
dephasing time shortens.

These spin dynamics are commonly fitted with the equa-
tion:

AFR(t ) ∝ S0 cos(ωLt ) exp(−t/T ∗
2 ), (1)

where S0 is the initial spin polarization of the photogenerated
carriers along the optical axis and t is the time delay between
the pump and probe pulses. The fit allows us to determine the
Larmor precession frequencies, which are shown in Fig. 2(c)
as function of the magnetic field. At B > 80 mT, the depen-
dence ωL(B) is linear corresponding to

ωL(B) = |g|μBB/h̄, (2)

where μB is the Bohr magneton and g is the carrier Landé
g-factor. The slope of the linear dependence in this range,
shown by the red line, gives |g| = 1.30. The sign of the g-
factor cannot be directly determined from TRFR signals, but
it is positive for both electrons and holes in bulk CsPbBr3 [4]
and is theoretically predicted to maintain this sign for not too
small CsPbBr3 NCs [35]. Therefore we take it as positive in
what follows and list our arguments for assigning the observed
spin signals to the hole spin precession below.

An interesting and rather unusual result is the observation
of oscillations in the spin dynamics even at zero magnetic
field, see the bottom graph in Fig. 2(a). One also sees in
Fig. 2(c) that with decreasing magnetic field the Larmor pre-
cession frequency does not go to zero, but saturates at a value
of about 6 rad/ns, which corresponds to the Zeeman splitting
of 4 µeV. We note that zero-field spin precession with a much
higher frequency of about 2 rad/ps was reported for CsPbBr3

NCs in Ref. [47] and assigned to the exciton fine structure.
Quantum beats on the exciton fine structure were also studied
in detail for CsPbI3 NCs [48–50]. We show below in Sec. III D
that in our case, the zero field oscillations originate from hole
spin precession in the random hyperfine field of the nuclear
spin fluctuations.

Figure 2(b) shows the same TRFR dynamics as in Fig. 2(a),
but at larger time delays up to 5 ns, using an enlarged vertical
scale. One identifies here the presence of a slowly oscillating
component in the spin dynamics. Namely, the minimum of the
signal is observed at about 3.5 ns for B = 45 mT and shifts to
smaller delays with increasing magnetic field. The amplitude
of this slow component decreases with growing magnetic
field. A fit with Eq. (1) gives the Larmor precession fre-
quency ωL,slow, which magnetic field dependence is presented
in Fig. 2(d). For B < 100 mT, ωL,slow depends linearly on
magnetic field with |gslow| = 0.09. For larger magnetic fields
ωL,slow saturates and does not depend on magnetic field. Note
that a small g-factor of 0.07 was reported for CsPb(Cl, Br)3

NCs (sample 3), measured by optically detected magnetic
resonance. It was attributed to spatially indirect excitons in
the NCs, where one of the carriers is localized in the vicinity
of the NC surface [25]. For this sample, the decrease of the FR
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FIG. 2. Magnetic field dependence of the spin dynamics in CsPbBr3 NCs (sample 1). EL = 2.515 eV, T = 5 K. (a) TRFR traces in
magnetic field varied from 0 to 420 mT. Fits to the data using the Merkulov-Efros-Rosen model with an exponential decay are shown by
the dots. (b) TRFR traces using a magnified vertical scale at larger time delays compared to (a). A component with low oscillation frequency
is observed. (c) Dependence of the Larmor precession frequency from the fast oscillating component on magnetic field. The red line shows a
fit with Eq. (2), giving |g| = 1.30. (d) Dependence of the Larmor precession frequency from the slow oscillating component on magnetic field.

signal amplitude and the saturation of the Larmor precession
frequency in magnetic field also were observed.

The dependence of the spin properties on NC size can
be obtained by studying samples with differently sized NCs
and/or studying the spin dynamics for one sample at dif-
ferent laser energies, which can be related to different NC
sizes. We use both approaches for the CsPbBr3 NCs. For
measuring spectral dependencies, the time-resolved Faraday
ellipticity (TRFE) technique is more favorable than TRFR
[51]. Both techniques give the same information on g-factors
and spin dephasing times, but for TRFR the dependence has a
derivative-like shape approaching zero amplitude around the
optical resonance, while TRFE does not vanish there. As an
example, one can see the spectral dependencies of the FE (red
symbols) and FR (green symbols) amplitudes measured in the
sample 1 at T = 300 K, see Fig. 3(d). This sample has a broad
size dispersion and by tuning the laser energy to larger values
we address NCs with smaller sizes.

The spectral dependencies of the initial FE amplitude at
zero time delay, which is proportional to the induced spin
polarization S0, are shown in Fig. 1(a). Typically, these de-
pendencies correspond to the exciton absorption profiles of
the NCs. They correlate well with the PL spectra, but with a
high energy shift which scales with the inhomogeneity of the
NC size distribution being largest in sample 1.

Figure 1(b) shows the g-factor dependence on the laser
photon energy EL. For the CsPbBr3 NCs (samples 1 and 2)

the g-factor increases with increasing energy (decreasing NC
size). For the largest measured NC size of about 16 nm in
sample 2, we obtain g = 0.85 at EL = 2.36 eV. This value
is close to the hole g-factor in bulk CsPbBr3 (gh,bulk = 0.75).
Further, the measured g-factor in the CsPbBr3 NCs increases
with growing energy up to 2.55 eV, above which it saturates
within the experimental accuracy up to 2.61 eV.

The dashed lines in Fig. 1(b) show the universal dependen-
cies of the electron and hole g-factors on the band gap energy
in bulk lead halide perovskites. They were determined exper-
imentally and confirmed theoretically in Ref. [4]. No such
experimental dependencies are available for CsPbBr3 NCs so
far, while model calculations [35], shown in Fig. 1(b) by the
solid lines, predict that the electron g-factor should decrease
steeply with decreasing NC size (increasing effective band
gap), while the hole g-factor should increase slowly remaining
close to the universal dependence for bulk. Our experimental
data deviate strongly from the model predictions.

Let us first identify what type of carrier is responsible for
the experimentally measured spin dynamics. We conclude that
it is the hole, as in large NCs the value is close to the hole
g-factor in bulk CsPbBr3 and the g-factor demonstrates an
increasing trend with energy, which is expected for holes.
However, decrease of the NC size has a stronger effect on
the hole g-factor than predicted theoretically. Recently, we
found a very similar behavior for CsPbI3 NCs in glass [52],
which indicates that the effect is general for perovskite NCs
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FIG. 3. Temperature dependence of spin dynamics in CsPbBr3 NCs (sample 1). (a) TRFE traces in zero magnetic field measured at
temperatures varied from 5 to 300 K. (b) TRFE dynamics in the magnetic field of 430 mT measured at temperatures varied from 5 to 300 K.
(c) Temperature dependence of g-factor. (d) Spectral dependence of FE (red symbols) and FR (green) amplitude at zero time delay measured
at room temperature for B = 260 mT.

and not limited to a specific material system. We consider in
Ref. [52] several mechanisms and conclude that none of them
can explain such a strong deviation. We suggest that the most
probable cause of the discrepancy is the mixing of the upper
valence band with halide bands lying approximately 1.5 eV
below the top of valence band. This suggestion requires de-
tailed calculations, which are beyond the scope of the present
study.

B. Temperature dependence of spin dynamics

It is remarkable that in CsPbBr3 NCs, coherent spin dy-
namics of carriers can be detected even at room temperature
[31–34]. Here we demonstrate this finding for sample 1, for
which we can measure TRFE signals in the temperature range
from 5 to 300 K, see Fig. 3. For these measurements the
laser photon energy in each case is adjusted to the maximum
of the FE signal, which is EL = 2.480 eV at T < 80 K and
2.475 eV at higher temperatures. In the spin dynamics at zero
magnetic field, shown in Fig. 3(a), spin precession is observed
from the lowest temperature up to 130 K. The frequency
of these oscillations stays approximately constant at about 7
rad/ns. At higher temperatures the spin dynamics demonstrate
a monotonic decay.

Figure 3(b) shows the FE dynamics at B = 430 mT mea-
sured at various temperatures. Pronounced spin oscillations
are seen in the whole temperature range. At T = 5 K, the spin
dephasing time is about 400 ps. It stays constant up to T =
100 K and decreases at higher temperatures reaching 50 ps
at room temperature.

Figure 3(c) shows that the hole g-factor increases with
temperature from 1.30 at 5 K to 1.60 at room temperature.
In order to examine whether such change can be related to
the temperature variation of the band gap energy or whether
other mechanisms are involved, we measure the spectral

dependence of the g-factor at different temperatures, see
Fig. 4. The dependencies at 100, 200, and 250 K are taken
the same sample spot, while the data for 5 and 300 K are mea-
sured at different points. Obviously the g-factor increases with
growing temperature in the whole spectral range. But the spec-
tral range itself, across which spin dynamics are observed,
does not significantly change with temperature. From that we
conclude that in CsPbBr3 NCs the temperature dependence of
the hole g-factor is not determined by the temperature shift
of the band gap, but by other mechanisms which renormalize
the involved band states. Disclosing these mechanisms, which

FIG. 4. Spectral dependencies of g-factor in CsPbBr3 NCs (sam-
ple 1) at temperatures of 5 K (black symbols), 100 K (green
symbols), 200 K (cyan symbols), 250 K (pink symbols), and 300 K
(orange symbols). The dashed line corresponds to the universal de-
pendence of hole g-factor on the band gap energy in lead halide
perovskites from Ref. [4]. The solid line shows the dependence of
the hole g-factor on the band gap (i.e., the NC size), calculated for
CsPbBr3 NCs in Ref. [35].
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FIG. 5. Values of the hole g-factor in CsPbBr3 NCs at cryogenic temperature (black symbols) and room temperature (orange symbols).
Closed circles correspond to the values for CsPbBr3 NCs in a glass matrix from this report. Open symbols show the data for colloidal NCs from
Refs. [18,31–34]. The dashed line corresponds to the universal dependence of hole g-factor on the band gap energy in lead halide perovskites
from Ref. [4]. The solid line shows the dependence of the hole g-factor on the band gap (i.e., the NC size), calculated for CsPbBr3 NCs in
Ref. [35].

would allow a deeper understanding of the electronic band
structure of the lead halide perovskites and its modification in
NCs, is a challenging task for theory and experiment.

In Fig. 5, we compare the values of the hole g-factor ob-
tained in the present work with the data available for CsPbBr3

colloidal NCs from Refs. [18,31–34]. The data are shown for
T ≈ 5 K and room temperature. One can see that the data for
colloidal NCs and NCs in a glass matrix are in good agreement
with each other. Note that in Ref. [33], the g-factors of 1.47 at
T = 5 K and of 1.76 at room temperature were assigned to
the electron, since, according to the theoretical predictions of
Ref. [35], the hole g-factor should be almost independent of
NC size. In the present work, we revise this interpretation,
as we find the hole g-factor, starting almost from the “bulk”
value, to be strongly dependent on the NC size (the transition
energy). In what follows, we confirm the “hole assignment”
by measuring a strong hyperfine interaction with the nuclei
spins as expected for holes rather than for electrons in per-
ovskites.

C. Coherent spin dynamics in CsPb(Cl, Br)3 NCs

The phenomenology of the spin dynamics in CsPb(Cl, Br)3

NCs is similar to that of the dynamics in CsPbBr3 NCs. It is
summarized in Fig. 6, where representative data of sample 3
are shown for T = 5 K and room temperature. At low tem-
perature, one observes spin precession even at zero magnetic
field. Its frequency is to about 3 rad/ns corresponding to the
Zeeman spliting of 2 µeV. With increasing magnetic field,
pronounced spin precession with a Larmor frequency corre-
sponding to |g| = 1.34 is seen. The magnetic field dependence
of the Larmor precession frequency is given in Fig. 6(c) by
the blue color symbols. The spin dephasing time T ∗

2 of about
300 ps weakly depends on magnetic field, see Fig. 6(d).

Sample 3 has a small spread of NC sizes and here the spin
dynamics can be measured only in the narrow spectral range

from 2.713 to 2.768 eV, see Fig. 1(a). The measured values
of the carrier g-factor of about 1.34 are close to the electron
g-factor in bulk, see Fig. 1(b). One should be careful with
conclusions from this information, as even in bulk perovskites
[dashed lines in Fig. 1(b)] at the corresponding energy the
electron and hole g-factors are not far from each other, and the
confinement in NCs can bring them even closer. We have stud-
ied same sample 3 in Ref. [36], measured the g-factor of 1.2 at
EL = 2.74 eV and assigned it to the hole. This assignment was
based on observation of a strong dynamic nuclear polarization
effect, which in lead halide perovskites is much stronger for
the holes than for the electrons. It is worthwhile to note that in
Fig. 1(b), one should not consider the spectral dependence for
the CsPb(Cl, Br)3 NCs as an extension of that for the CsPbBr3

NCs. In CsPb(Cl, Br)3 NCs the optical transition energy is
dominated by the band gap increase due to the Cl inclusion,
and not so much by the confinement-induced shift. These two
energy shifts contribute differently to the modification of the
carrier g-factors.

The spin dynamics in CsPb(Cl, Br)3 NCs measured at
room temperature are shown in Fig. 6(b). One can see that
at a zero magnetic field the FR signal has monotonic decay
without oscillations related to the hole nuclear interaction
detected at T = 5 K. The spin dephasing time shortens down
to the value T ∗

2 ≈ 40 ps, independent of the applied mag-
netic field [Fig. 6(d)], but spin precession is clearly visible
at magnetic fields exceeding 250 mT. The slope of the Larmor
frequency dependence on the magnetic field [Fig. 6(c)] gives
|g| = 1.83. Thus the g-factor grows from 1.34 to 1.83 with the
temperature increasing from 5 to 300 K in this sample.

D. Role of nuclear spin fluctuations in the coherent spin
dynamics of holes

In this section, we discuss the phenomena in the coherent
spin dynamics of the holes in perovskite NCs, which are
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FIG. 6. Magnetic field dependence of the spin dynamics in CsPb(Cl, Br)3 NCs (sample 3). (a) FE dynamics measured at T = 5 K in
various magnetic fields. EL = 2.756 eV. (b) FR dynamics measured at T = 300 K in various magnetic fields. EL = 2.731 eV. The experimental
dynamics are shown by lines and their fits with Eq. (1) by symbols. (c) Magnetic field dependence of the Larmor precession frequency at
T = 5 K (red symbols) and 300 K (blue symbols). Lines are fits to the data with Eq. (2). (d) Dependence of the spin dephasing time T ∗

2 on
magnetic field at T = 5 and 300 K.

provided by the interaction of their spins with the hyperfine
fields of the nuclear spin fluctuations. We apply here the
theory developed by Merkulov, Efros, and Rosen in Ref. [41],
which considers the electron spin dephasing by nuclear spin
fluctuations in GaAs semiconductor quantum dots (QDs).
We refer to it as the MER model and describe its details
in Appendix. In contrast to III-V semiconductors, where the
hyperfine interaction with the nuclear spins is strong for the
electrons, in lead halide perovskites it is strong for the valence
band holes. As the holes in perovskite semiconductors in the
vicinity of the band gap show a simple band structure with
spin 1/2, the MER model can be used without revision.

The influence of nuclear spin fluctuation may be identified
experimentally by (at least) two signatures in the coherent
spin dynamics of carriers. The first one is spin precession at
zero external magnetic field, due to carrier spin splitting in the
hyperfine nuclear field. This precession can be masked due to
its long period (compared to spin relaxation by other mech-
anisms or carrier lifetime). However, we can detect it clearly
in the studied CsPbBr3 and CsPb(Cl, Br)3 NCs, as shown in
Figs. 2(a), 3(a), and 6(a). The second signature may be found
in the spin precession decay, namely a nonexponential decay,
when one deals with spin dephasing of an NC ensemble.

According to the MER model, a carrier spin in a single NC
precesses about the effective nuclear hyperfine magnetic field
which is provided by the nuclear spin fluctuation. For simplic-
ity, we refer to it as the hyperfine nuclear field or the nuclear
field. This field has random orientation and amplitude, which
change in time. But the characteristic time of their changes is
much longer than the carrier spin precession period, so that
one can consider the nuclear fields as “frozen.” In order to

model the spin dynamics in the NC ensemble, averaging over
different directions and magnitudes of the hyperfine nuclear
field needs to be done. According to the MER model, we
take a Gaussian probability density distribution for the nuclear
fields [Eq. (A5)], with �B being the dispersion of the nuclear
field distribution.

In zero magnetic field the dynamics of the average spin
projection of the carrier spin ensemble on the direction of their
initial orientation (taken as z axis, parallel to the pump beam)
is described by

〈Sz(t )〉 = S0

3

{
1 + 2

(
1 − 2

(
t

2T�

)2
)

exp

[
−

(
t

2T�

)2
]}

.

(3)

This corresponds to Eq. (10) from Ref. [41], where T� is
corrected for 2T� [42]. Here T� is the effective spin dephasing
time of the ensemble of carrier spins

T� = h̄

|g|μB�B
= h̄

�E
. (4)

�E = |g|μB�B is the dispersion of the carrier spin splitting
in the nuclear field. According to Eq. (3), the carrier spin po-
larization first approaches its minimal value at t = √

6T� and
then recovers to a constant value of S0/3. This variation can be
described as half-period spin precession with a frequency that
corresponds to about the dispersion �E : ωL(B = 0) ≈ �E/h̄.
In transverse external magnetic fields B 
 �B, the MER
model gives a Gaussian decay of the spin precession with
the characteristic time

√
2T�, see Eq. (A7) in Appendix. This
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FIG. 7. Hole spin dynamics in the hyperfine nuclear field of CsPbBr3 and CsPb(Cl, Br)3 NCs. (a) TRFR dynamics measured on sample 1 at
various magnetic fields (solid lines). The dotted lines are fits with the MER model. (b) Comparison of the fits to the TRFR signal at B = 430 mT
using Eq. (1), accounting for a purely exponential decay (upper graph), and using Eq. (A8) of the MER model with an exponential decay (lower
graph). (c) Magnetic field dependence of the Larmor precession frequency evaluated by fitting the spin dynamics with Eq. (1) for samples 1
(green circles) and 3 (blue circles). (d) Spectral dependence of the dispersion �E of the carrier spin splitting in the nuclear field. (e) Temperature
dependence of the spin dephasing time T� (red circles) and spin relaxation time τ ∗

s (black squares) measured at zero magnetic field.

time is about equal to the spin dephasing time received by an
exponential fit of the spin dynamics with Eq. (1): T ∗

2 ≈ √
2T�.

In order to account for the spin relaxation mechanisms
not related to the nuclear fluctuations, e.g., responsible for
decay of the S0/3 polarization at longer delays, we add an
exponential decay factor exp(−t/τ ∗

s ) in the expression for
〈Sz(t )〉, see Eqs. (A7) and (A8). Here τ ∗

s is the characteristic
spin relaxation time provided by these mechanisms.

Let us turn to the analysis of the experimentally measured
spin dynamics in CsPbBr3 NCs (sample 1) at T = 5 K, pre-
sented in Fig. 2(a). We reproduce some of these dependencies
in Fig. 7(a). As noted above, the observed spin precession at
zero magnetic field cannot be described by Eq. (1), which
accounts only for the Zeeman splitting in external magnetic
field. In our experiment at B = 0 mT, the FR amplitude drops
to almost zero for a delay time of about 400 ps and then
recovers to approximately 20% of the initial value at a delay
of about 900 ps. The dotted line in the lower graph of Fig. 7(a)
shows a fit with the MER model Eq. (3), which does not
account for other mechanisms of spin relaxation described by
τ ∗

s . The extracted effective spin dephasing time T� = 170 ps.
The fit is in good agreement with the experiment at delays
shorter than 800 ps, but does not account for the signal decay
at longer delays. One can see that the calculated spin ampli-
tude at long delays decreases from S0/3 to almost zero as
the magnetic field increases from 0 to B > 175 mT, i.e., to
B 
 �B. We note that fitting of the dynamics in a magnetic
field B > 175 mT at T = 5 K does not require involvement of
τ ∗

s processes. Therefore we determine the time τ ∗
s by fitting

the spin dynamics in zero magnetic field with Eq. (A8), and

then keep τ ∗
s constant for higher fields. The respective fit with

the evaluated parameters T� = 170 ps and τ ∗
s = 1300 ps is

shown in the lower graph of Fig. 2(a).
In finite magnetic fields, the contribution of the nuclear

fields to the decay of spin dynamics is clearly seen for sample
1. In Fig. 7(b), we show the experimental dynamics measured
at B = 430 mT by black lines. Its decay cannot be described
by the exponential function Eq. (1), see the red dotted line in
the upper graph. However, using the MER model approach
one can closely fit the data using Eq. (A7), see the red dot-
ted line in the lower graph. We use the MER model with
the additional exponential decay (Eq. (A7)) to fit the spin
dynamics in various magnetic fields, see the dotted line in
Fig. 2(a). It results in T� = 170 ps and τ ∗

s = 1300 ps, which
are independent of magnetic field strength. This value of T�

corresponds to �E = 4 µeV and �B = 50 mT, calculated with
g = 1.30. The fact that the decay of the spin precession at high
magnetic fields is well-described by the time T�, determined
from the fit of zero-field oscillations, confirms the consistency
of our interpretation.

We obtain a good fit to the experimental data with τ ∗
s

independent of the magnetic field. However, we expect a
decrease of τ ∗

s in higher fields, where dephasing induced by
the spread of g factors, �g, becomes relevant: 1/τ ∗

s (B) =
1/τ ∗

s (0) + �gμBB/h̄. Thus, at low magnetic fields B � �B,
the redundant spin polarization decay is determined by the
time τ ∗

s (0). At the same time, the spin precession decays with
the time T� at the field B � h̄/|g|μBT�. At high magnetic
fields, B 
 h̄/|g|μBT�, the spin precession decay is described
by the time τ ∗

s (B) = h̄/�gμBB which decreases with B. The
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corresponding characteristic value of the magnetic field can
be evaluated for CsPb(Br, Cl)3 NCs in sample 3 where �g =
0.03 was measured in [36]. In this sample the spread of g-
factors determines the spin precession decay for B 
 2 T.

Figure 7(c) shows a close-up of the magnetic field depen-
dencies of the signal oscillation frequency for samples 1 and 3.
It illustrates the transition from the nuclear-induced spin pre-
cession at low external magnetic field to the well-established
spin precession about the external field, corresponding to the
linear region of the field dependence. We also clearly see that
for sample 1 the effective nuclear field is about twice as large
as for sample 3.

Figure 7(d) shows the dependence of �E on the laser pho-
ton energy. �E is evaluated using Eq. (4) from the times T�,
which are obtained from the spin dynamics in zero magnetic
field. Here we collect the data for all studied samples. In
sample 2, the zero-field spin precession is observed only at
the energy of 2.41 eV and corresponds to �E ≈ 2.6 µeV.
At smaller energies (larger NC sizes) a monotonic decay of
the spin dynamics is observed at B = 0 mT. In sample 1,
�E increases with growing energy (decreasing NC size) from
3 µeV at 2.43 eV to 5 µeV at 2.56 eV. This behavior is in
agreement with the expected dependence of �E on the NC
volume (i.e., carrier localization volume VL): �E

2 ∼ 1/VL

[53]. A further energy increase results in a small decrease
of �E to approximately 4 µeV. In the CsPb(Cl, Br)3 NCs
(sample 3), the obtained value of �E is about 2 µeV. We note
that the average NC size in sample 3 (8 nm) is close the NC
size in sample 1 (9 nm) and considerably smaller than the
one in sample 2 (16 nm). Thus the smaller �E in sample 3
is presumably related to the introduction of Cl.

The measured Zeeman splitting in the hyperfine field cor-
responds to the effective nuclear field �B ranging from 25
to 65 mT for samples 1, 2, and 3. These relatively large
nuclear fields are expected for the hyperfine interaction of the
holes rather than the electrons in the perovskites [5], again
confirming the hole nature of the observed spin precession.

Fitting the spin dynamics from Fig. 3(a) at different tem-
peratures with Eq. (A8) allows us to evaluate the temperature
dependencies of the times T� and τ ∗

s , see Fig. 7(e). At the
temperature of 5 K, T� � τ ∗

s . Therefore the hole spin dephas-
ing is controlled by the interaction with the hyperfine nuclear
field. As the temperature increases, T� stays about constant
(T� ≈ 170 ps) as long as zero field oscillations are observed.
However, other mechanisms of spin relaxation accounted for
by the time τ ∗

s accelerate with temperature increase. At tem-
peratures T > 130 K, the time τ ∗

s becomes shorter than T�,
and the decay of the spin dynamics becomes monotonic. At
room temperature the spin dynamics is determined only by
the time τ ∗

s ≈ 50 ps.
The MER theory allows one to evaluate the spin dynamics

parameters for carriers interacting with nuclear spin fluctu-
ations. They depend on the carrier localization volume, VL,
which depends on NC size d (diameter in case of spherical
NC), the hyperfine interaction constant A of the carrier with
the nuclei, the nuclear spin I and abundance of nuclear iso-
topes with nonzero spins α. In Appendix 2, we adopt the
formalism of the MER theory for the hole interaction with
207Pb nuclei in spherical lead halide perovskite NCs. The

FIG. 8. Evaluation of parameters responsible for the spin dy-
namics of a hole interacting with lead spins in spherical perovskite
NCs. (a) Dependence of the dispersion �E on NC diameter. (b) De-
pendence of the effective spin dephasing time T� and the spin
dephasing time T ∗

2 = √
2T� on NC diameter. In (a) and (b), solid

lines correspond to Eq. (A11) with Ah = 30 µeV (orange line) and
Ah = 100 µeV (black line). Green areas show range of experimental
data for sample 1. Red and blue dashed lines correspond to the exper-
imental values for samples 2 and 3, respectively. (c) Dependence of a
number of the nuclei spins, αNL , interacting with a carrier localized
in a NC on NC diameter. For CsPbBr3 (red line, 207Pb isotopes with
α = 0.22) and GaAs (black line, α = 1) NCs.

model results for the NC diameter dependencies of �E and
T� are shown in Figs. 8(a) and 8(b), respectively. They are
calculated with Eq. (A11) and the following parameters: the
primitive cell size a0 = 0.595 nm, nuclear spin I = 1/2, and
207Pb abundance α = 0.22. In Ref. [5], the hole hyperfine
intraction constant was estimated in the range of 30–100 µeV.
Therefore we plot two dependencies with Ah = 30 µeV (or-
ange line) and 100 µeV (black line). One can see, that with
increasing NC diameter �E decreases and T� increases. This
indicates that the nuclei have less effect on the hole spin
dynamics, while the total number of involved nuclei grows.
Two factors with opposite trends are involved here. First, the
nuclear field fluctuation, is proportional to the square root of
the number of nuclei in the NC volume, which is proportional
to d3/2. Second, the contribution of the individual nuclei to the
hyperfine field is proportional to the squared wave function
amplitude of the carrier on it, which is inversely proportional
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to the NC volume (∝ 1/d3). As a result, the fluctuation of the
hyperfine nuclear field depends on NC size as ∝ 1/d3/2.

In order to relate the model considerations with our experi-
mental results we show in Figs. 8(a) and 8(b) the ranges for the
experimental data by dashed lines. From the crossing points
of the dashed and solid lines the hole localization volume
can be evaluated. Namely, it allows one to estimate for which
NC sizes the respective experimental parameters are expected
to be realized. The characteristic range is 2–6 nm, which is
smaller than the NC sizes of 7–16 nm obtained by the sample
characterization. Thus we conclude that in the studied NCs
holes are localized in smaller volumes, than expected from
the NC diameter.

It is also instructive to know the number of the nuclear
spins interacting with a hole in a NC of specific diameter.
We plot such dependence in Fig. 8(c), which shows that for
the studied perovskite NCs we are in range of 5–40 nuclear
spins. It is 40 times smaller than the number of nuclear spins
in GaAs NC of the same size. For comparison, the evaluation
for the GaAs NCs are shown by a black line, which is made
for the unit cell of the size of 0.575 nm with 8 nuclei spins.
Note that in GaAs, all isotopes have spins. In this respect, the
perovskite NCs offer a new model situation in spin physics
of semiconductors when a confined carrier interacts with a
small number of nuclear spins. In this regime, the spin-flip
of a single nuclei becomes valuable, which should enrich spin
dynamics of the carriers and nuclei spins.

IV. CONCLUSIONS

To conclude, we have investigated the coherent spin
dynamics of carriers using the pump-probe Faraday
rotation/ellipticity technique in CsPbBr3 and CsPb(Cl, Br)3

perovskite nanocrystals. At cryogenic temperatures and in
magnetic fields we observe oscillations of the signal with
g-factors ranging from 0.8 to 1.5, depending on the NC optical
transition energy. We attribute them to Larmor precession of
the hole spins. A decrease of the NC size has stronger effect on
the hole g-factor than predicted theoretically. The responsible
mechanisms for this behavior need to be identified in future.
Coherent spin precession persists up to room temperature.
The hole g-factor increases with temperature and the spin
dephasing time shortens from about 1 ns at low temperatures
to 50 ps at room temperature. Nuclear spin fluctuations play
an important role in the hole spin dynamics via the hyperfine
nuclear fields, which in the studied samples are in the range
of 25–65 mT. They modify the decay of the spin dynamics
and also provide spin splitting of the holes at zero external
magnetic field, which results in spin precession. This behavior
follows the reference description presented in Ref. [41] and
was so far observed only for a few material systems, but
not for perovskite NCs. Unlike in other systems, we observe
precession of the hole spin (rather than the electron spin)
in the hyperfine field of the nuclear spin fluctuation, which
is due to the specifics of the lead halide perovskite band
structure compared to conventional semiconductors. Thereby,
perovskite NCs show prominent spin properties, which can
be easily tailored by NC size and composition, across a wide
temperature range. This highlights perovskite semiconductors
as promising candidates for spintronics applications.
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APPENDIX

1. Theory of spin dynamics of carriers interacting
with nuclear spin fluctuations in NCs

The theoretical description of the electron spin dephas-
ing by nuclear spin fluctuations in semiconductor quantum
dots (QDs) was developed by Merkulov, Efros, and Rosen
in Ref. [41]. We refer to it as the MER model. The electron
spin dynamics were considered for III-V semiconductor QDs,
where the hyperfine interaction is known to be strong for the
electron in conduction band with spin 1/2, while the hole in-
teraction with the nuclei is considerably weaker. In perovskite
NCs, both conduction band electrons and valence band holes
have spin 1/2, but the hyperfine interaction with the nuclei is
considerably stronger for the holes [5,17,29]. We present here
the formalism that we used for modeling the spin dynamics
in perovskite NCs. It is based on the MER model [41] and
for the lead halide perovskites is universal for both holes and
electrons.

Following the MER model, we consider the carrier spin
precession about the magnetic field BS, which is the sum of
the external magnetic field B and the effective nuclear hyper-
fine magnetic field BN in a single NC. We call, for simplicity,
BN as the hyperfine nuclear field. One can introduce the unit
vector n = B+BN

|B+BN | , which points along the direction of BS.
Note that in zero external magnetic field it corresponds to
the direction of the hyperfine nuclear field: n = BN

BN
. Thus

the spin precession in a single NC is described by the Bloch
equation [54,55]:

dS
dt

= −gμB

h̄
S × BS − S − Sst

τ ∗
s

. (A1)

Here τ ∗
s is the spin relaxation time accounting for the mech-

anisms of spin relaxation other than nuclei, and Sst is the
stationary spin polarization in the field BS . Taking into ac-
count that average initial spin polarization S0 in a NC is much
grater than stationary spin polarization Sst, the solution of this
equation is given by

S(t ) = {(S0 · n)n + [S0 − (S0 · n)n] cos �t

+ [(S0 − (S0 · n)n) × n] sin �t} exp(−t/τ ∗
s ). (A2)

Here, � = |g|μB|B + BN |/h̄ is the Larmor precession fre-
quency of the carrier, g is the carrier g-factor, μB is the
Bohr magneton, and h̄ the reduced Planck constant. This
equation corresponds to Eq. (9) from Ref. [41], with the ad-
ditional factor exp(−t/τ ∗

s ) accounting for the spin relaxation
processes, which are not related to the interaction with the
nuclei.
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We analyze the dynamics of the spin polarization projec-
tion Sz = (S·S0 )

S0
onto the optical z axis:

Sz(t ) =
{

S0 cos �t + (S0 · n)2

S0
(1 − cos �t )

}
exp(−t/τ ∗

s ).

(A3)

The external magnetic field B is applied in the Voigt geometry
(B ⊥ z). Therefore the Eq. (A3) can be rewritten as

Sz(t )=
{

S0 cos �t + (S0 · BN )2

S0|B + BN |2 (1 − cos �t )

}
exp(−t/τ ∗

s ).

(A4)

Note that the carrier Larmor precesison in the hyperfine nu-
clear field BN is much faster than the precession of a nucleus
in the hyperfine field induced by a carrier (Knight field).
Therefore the carrier is subject to the “frozen fluctuation”
of the nuclear field. In an ensemble of NCs, the vectors BN

are distributed according to a Gaussian probability density
distribution [41]

W (BN ) = 1

π3/2�3
B

exp

(
−|BN |2

�2
B

)
. (A5)

Here, �B is the dispersion of the nuclear hyperfine field distri-
bution. Averaging of Eq. (A4) over the distribution Eq. (A5)
gives us the dynamics of the projection of the spin polarization
onto the optical axis in an ensemble of randomly oriented
NCs:

〈Sz(t )〉 = exp(−t/τ ∗
s )

π1/2�3
B

∫ ∞

BN =0
B2

N dBN

∫ π

θ=0
sin θdθ

×
{

2S0 cos �t + S0B2
N sin2 θ

B2 + B2
N + 2BBN cos θ

×(1 − cos �t )

}
exp

(
− B2

N

�2
B

)
. (A6)

Here, θ is the angle between the vectors B and BN . We can
replace the integration parameter BN with ωN = |g|μBBN .

〈Sz(t )〉 = exp(−t/τ ∗
s )T 3

�

π1/2

∫ ∞

ωN =0
ω2

N dωN

∫ π

θ=0
sin θdθ

×
{

2S0 cos �t + S0ωN
2 sin2 θ

ωL
2 + ωN

2 + 2ωLωN cos θ

×(1 − cos �t )

}
exp

(−ω2
N T 2

�

)
. (A7)

Here, � can be presented in the form �2 = ω2
L + ωN

2 +
2ωLωN cos θ , where ωL = |g|μBB/h̄ is the Larmor precession
frequency of the carrier about the external magnetic field in
absence of the hyperfine nuclear field. The spin dephasing
time T� is determined according to Eq. (4) from the main
text. There we use Eq. (A7) to fit the spin dynamics in an
external magnetic field (the fit parameters are T�, ωL, S0,

and τ ∗
s ). In zero external magnetic field, one obtains Eq. (3)

with an additional exponential decay:

〈Sz(t )〉 = S0

3

{
1 + 2

(
1 − 2

(
t

2T�

)2
)

× exp

[
−

(
t

2T�

)2
]}

exp(−t/τ ∗
s ). (A8)

This equation differs from the one given in the MER model
[41]. Namely, the arguments in the bracket are t/2T� instead
of t/T� from Eq. (10) in Ref. [41]. Our version corresponds to
Eq. (2) of Ref. [42], where this error was noted. Also correct
version of this equation can be found in Refs. [28,56].

2. Spin dynamics of holes interacting
with lead nuclei in perovskite NCs

Let us evaluate the role of the lead spin fluctuations for
the hole spin dynamics in the lead halide perovskite NCs. The
lead has four different isotopes, but only one of them 207Pb
has a non-zero spin (I = 1/2) with corresponding abundance
α = 0.22, i.e., 22% of all lead ions have spin and contribute to
hyperfine interaction with holes. There is one lead ion per unit
cell composed of five ions, e.g., in CsPbBr3 the unit cell for
cubic lattice with lattice constant of a0 = 0.595 nm has one
Pb, one Cs and three Br ions.

According to Eq. (A7) from Ref. [57], we can evaluate
the effective spin dephasing time T� and, respectively, the
dispersion of hyperfine interaction energy fluctuations �E and
the spin dephasing time T ∗

2 as

T� = T ∗
2√
2

= h̄

�E
= h̄

√
3NL

2I (I + 1)αA2
h

. (A9)

NL is a number of lead nuclei in the hole localization volume
VL, which is commonly smaller than the NC volume. In order
to estimate NL one can use equation NL = VL/a3

0, where a0 is a
size of the unit cell. In our case, we can use primitive cell with
single lead nucleus. Ah is a constant of hyperfine interaction of
hole and lead nucleus. Using the wave function 
 for a hole
in a spherical NC with diameter d from Ref. [58] [Eq. (2.89)]
one can estimate the volume of hole localization in a NC:

V −1
L =

(∫

4(r)dr

)−1

=
∫ d/2

0

(
sin(2πr/d )√

πdr

)4

4πr2dr

≈ 5.4

d3
. (A10)

Note, that in a NC with infinitely high barriers the hole local-
ization volume VL = 0.185d3 is only 36% of the NC volume
VNC = πd3/6 = 0.52d3. Thus Eq. (A9) can be rewritten in
the following form:

T� = T ∗
2√
2

= h̄

�E
≈ h̄

√
0.28d3

a3
0I (I + 1)αA2

h

. (A11)
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