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We have studied the magneto-optical properties of photoexcitations in CsPbBr3 single crystal 

using the technique of picosecond time-resolved quantum beatings (QB) in the circularly 

polarized photoinduced reflection (c-PPR) as well as steady state magneto-circular dichroism 

(MCD) in CsPbBr3 film. In the Voigt geometry at magnetic field strength B > 0 we observed a 

fast and slow QB oscillations that we attribute to the Larmor precession frequency of electrons 

and holes, respectively. From the linear frequency dependence on B we extract the carrier 

anisotropic Landé g-factors for applied B along [010] and [001]; for electrons g[001]
e  = 

1.95±0.04 and g[010]
e  = 1.82±0.04, whereas for holes g[001]

h  = 0.69±0.02 and g[010]
h  = 

0.76±0.02. These values are in excellent agreement with a K.P model calculation applied to 

CsPbBr3. Surprisingly, at B=0 we still observed QB oscillation of ~ 500 MHz that we interpret as 

due to the Overhauser field that originates from the spin aligned nuclei caused by the Knight 

field. From the measured MCD spectrum vs. B we obtained the g-factor of the bright excitons, 

gex =2.18±0.08 showing that the g-value of holes in CsPbBr3 is positive. We also measured the 

temperature and magnetic field-dependencies of the electron and hole spin dephasing times 

which support the Elliot-Yafet (EY) spin relaxation mechanism.  
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The hybrid organic-inorganic tri-halide perovskite (HOIP) semiconductors have been intensively 

studied driven by their excellent optoelectronic properties [1-4]. All-inorganic CsPbX3 

perovskites, where X is halogen have also attracted attention recently because of their better 

structural stability over the HOIP, since the organic (MA+/FA+) cation is replaced by the 

inorganic Cs+. In addition these compounds have the advantage of solution-processable, easy-to-

make crystalline thin films and also optical gap tuning capability [5]. In particular CsPbBr3 has 

excellent optoelectronic properties such as strong light absorption and relatively high 

photoluminescence quantum yield [6,7]. CsPbBr3
 single crystals are known to have low trap 

density, which is several orders of magnitude lower than that of polycrystalline thin films, 

making them more viable for device application [8]. Previous studies of CsPbBr3 using transient 

Kerr rotation have demonstrated relatively long spin relaxation time up to five nanoseconds at 4 

K [9]. In particular the optically-induced spin polarization and quantum beatings have been 

reported and attributed to separated photocarriers [9].  

Here we present a systematic investigation of the spin dynamics in a high-quality single crystal 

of CsPbBr3 [8] using the technique of picosecond transient circularly polarized photoinduced 

reflectivity (t-PPR) upon application of a magnetic field in the Voigt configuration. We have 

measured the electron and hole spin relaxation dynamics using the method of quantum beatings 

(QB) at different magnetic fields, B, and temperature, T, using two crystal orientations, namely 

(001) and (110). From the dependence of the QB frequency on magnetic field strength and 

direction we obtained the anisotropic Landé g-factors of electrons and holes, which are in 

excellent agreement with K.P calculations. Unexpectedly, we have also observed zero-field QB 

oscillation of ~ 500 MHz along the (110) crystal facet, which we attribute as due to the 

Overhauser field that originates from the spin polarized nuclei via the spin flop process from the 

spin polarized photocarriers [10-12]. We have also used the magnetic circular dichroism (MCD) 

spectrum of CsPbBr3 films from which we obtained the g-value of the bright excitons, in good 

agreement with the g-values of electron and holes measured by the QB method showing that the 

hole g-factor in CsPbBr3 is positive.      

Figure 1(a) shows the absorption spectrum of   thin film CsPbBr3 measured at 50 K. The 

absorption spectrum is dominated by an exciton band at the lower end of the interband transition. 

In order to extract the exciton energy, we fitted the absorption spectrum using the Elliott formula 
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equation [13,14] that includes both exciton and interband contributions. Good fit was obtained 

using an exciton energy, Eexc = 2.34 eV and exciton binding energy, Eb = 20 meV, which are 

within the accepted values mentioned in previous reports [9,15].  

Figure 1(b) shows the steady state photoinduced absorption (PA) spectrum of the polycrystalline 

film measured at low photon energies using a FTIR spectrometer, as described in the 

Supplemental Material section 1 [15]. This method shows the characteristic signature of long-

lived photoexcitations. For this measurement, the sample placed in a He cryostat was 

photoexcited using a cw diode laser at 447 nm and the change in the optical density due to the 

steady state photoexcited charged carriers was measured in the photon energy range of 500-4000 

cm-1 using the light from a glow bar. As seen, the PA spectrum exhibits an absorption band 

below 4000 cm-1 that we assigned to free carrier absorption (FCA) because of the -2 spectrum. 

From the PA value at 1000 cm-1 (OD~0.01) we estimate the steady state photoexcited carrier 

density to be ~1018 cm-3, which is large enough to charge most of the shallow traps in the film, 

and thus these charges are localized. In agreement with this scenario we note that the 

photoluminescence (PL) spectrum of the film and single crystal (Figs. 1(c) and 1(d)) is 

dominated by an emission band at ~2.33 eV that is lower than the obtained Eexc, which has 

excitation fluence (I) dependence in the form of a power law, (I) (Fig. 1(d) inset) with =1.4. 

The value of this exponent, near 3/2, as well as the PL emission energy, indicate that the PL 

emission is due to trap-related electron-hole recombination [16], or trion emission [17].  

For measuring the transient QB we have used ultrafast circularly-polarized photoinduced 

reflectivity (PPR) at liquid He temperature, as shown in Figure 2(b). The experimental set up is a 

derivative of the well-known degenerate pump/probe technique, where the polarization of the 

pump beam is modulated by a photoelastic modulator between left (+) and right (-) circular 

polarization; LCP and RCP, respectively. In this scheme the probe beam is circularly polarized 

(either LCP or RCP) by a quarter wave plate. The transient change in the probe reflection, 

∆𝑅𝛿−𝛿+
𝛿+𝛿+

 = 𝑅𝛿+𝛿+ - 𝑅𝛿−𝛿+ (for circular-PPR) is recorded. In contrast to traditional pump/probe 

technique in which the pump intensity is modulated and the measured photoreflectivity is 

proportional to the photoexcitation density, N; the circular-PPR dynamics is proportional to the 

population difference between LCP and RCP pump excitation for fixed LCP probe, where the 

PPR transient  𝑁𝛿+𝛿+ − 𝑁𝛿−𝛿+ .  
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The pump laser pulses having ~150 femtoseconds pulse duration at 80 MHZ repetition rate, 

could be tuned from 470 nm to 570 nm, were generated by combining the fundamental beam at 

775 nm or 810 nm extracted from the Ti:Sapphire laser (Spectra Physics model ) with the 

infrared beams from the OPA (optical parametric amplifier) onto a BBO type 2 SFG crystal (see 

method). The laser beam was split into two beams by an 80/20 beam-splitter for the pump and 

probe in the degenerate configuration. For the non-degenerate case, the 405 nm pump was 

generated by frequency doubling the fundamental at 810 nm using a SHG BBO crystal. These 

pump/probe beams having average intensity of ~12 Wcm-2 and ~3 Wcm-2, respectively were 

aligned onto the CsPbBr3 crystal that was placed inside a cryostat with a built-in electro-magnet 

that delivered a field strength, B up to 700 mT at temperatures down to 4 K. When measuring the 

QB at B=0, the transient PPR technique is a unique method for resolving the small exciton fine 

structure (EFS) splitting, which may be in the eV range (with ns oscillatory period). At B>100 

mT the QB frequencies change linearly with B, from which we obtain the electron and hole g-

factors.  

Our pump-probe PPR measurements were conducted on a CsPbBr3 crystal at 4 K for two crystal 

facets, namely (001) and (110) (Figure 2(a)) with applied magnetic fields parallel to the crystal 

surface along [010] and [001], respectively. Figure 3 shows the circular-PPR(t) dynamics and 

their corresponding fast Fourier transform (FFT) spectra (Fig. 3 inset) measured for a number of 

magnetic field strengths at 405 nm pump excitation which is ~0.73 eV above the band edge of 

the CsPbBr3 crystal [9]. The probe photon energy was tuned to be in resonance with the trion 

peak at ~ 2.33 eV (533 nm).  We can distinguish two beating frequencies as clearly seen in the 

FFT spectra that increase with increasing B. The two obtained QB frequencies as a function of 

magnetic field are plotted in Figs. 3(d) and 3(h), respectively, which show linear dependence 

with the field from which we could obtain their associated g-factors. In this case the fast and 

slow oscillations correspond to the Larmor precession frequencies of the lone electron in the 

positive trion, T+ and the lone hole in the T-, respectively [17]. We discard the exciton 

contribution to the observed QB because: (i) the obtained zero field QB frequency measured on 

(001) facet is ~2 eV (Fig. 5(c)), which is much smaller than the exciton fine structure splitting 

of ~ 100 eV in this compound [18,19]; and (ii) the excitons’ QB response is predicted to show 

at least four QB frequencies [17,20],  in contrast to the experiment that shows only two QB 

frequencies.  Based on our calculations [15], we attribute the fast oscillation having larger g-
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value to the electron in the positive trion, T+ and the slower oscillation with smaller g-value to 

the hole in the negative trion, T-. From the QB frequencies at large field (Figs. 3(c)-(d) and (e)-

(f)) measured on the two crystal facets, we obtain the anisotropic g-factors as following: |𝑔[001]
𝑓𝑎𝑠𝑡

| 

= |𝑔[001]
𝑒 | = 1.95±0.04, |𝑔[010]

𝑓𝑎𝑠𝑡
|= |𝑔[010]

𝑒 |=1.82±0.04, and |𝑔[001]
𝑠𝑙𝑜𝑤 |=|𝑔[001]

ℎ |= 0.69±0.02, |𝑔[010]
𝑠𝑙𝑜𝑤 | 

=|𝑔[010]
ℎ | = 0.76±0.02. These obtained values show that the g-factors of both electrons and holes 

are substantially anisotropic in the CsPbBr3 orthorhombic phase. We also measured the QBs 

spatial dependence on the (001) facet at B = 400 mT, as shown in Fig.S2. As seen the QB 

amplitude depends on the illuminated spot position on the crystal facet, but the QB frequency 

stays robust at 10.2 GHz within the measurement uncertainty. The anisotropic g-factors are 

quantitatively analyzed by applying the 8-band K.P model developed for orthorhombic HOIPs 

[15,17]. From the best fit to the measured g- factors (see Supplemental Material Fig. S2) [15], we 

determine the Kane energy, Ep =11.05 eV, the tetragonal and orthorhombic crystal field 

parameters 𝛿 = −466.2  meV, 𝜁 = 239.4 meV, respectively, and Luttinger’s magnetic 

parameter, 𝜅 = −0.24 .  In these fits, we used the spin orbit split-off parameter, Δ = 1.543 eV; 

calculated using hybrid  density functional theory (DFT) [21] and took the value of the band gap 

as 2.34 eV based on the  measured exciton energy (see Fig. 1(a)) 

It is not possible to determine the sign of ge and gh from the QB experiment. To determine the g-

value polarity we used the technique of magnetic circular dichroism (MCD) of the excitons in  

CsPbBr3 thin films, for measuring the g-value of the bright exciton, gex at 4 K. The MCD 

technique is described elsewhere [22]. For this technique, the different absorption of left (σ+) 

and right (σ+) circular polarized light under high magnetic field is recorded in the Faraday 

geometry. The high magnetic field up to 17.5 T was provided by a superconducting magnet 

(Maglab SCM cell 3). The MCD signal is obtained from the relation  

MCD =
[𝑇(𝜎+)−𝑇(𝜎−)]

[𝑇(𝜎+)+𝑇(𝜎−)]/2
 ,     (1) 

where T(σ+) and T(σ-) are the respective optical transmission of left and right circular polarized 

light. In the presence of an external magnetic field applied parallel to the light propagation 

direction, the two nearly degenerate bright exciton states, X and Y,  in the orthorhombic CsPbBr3 

phase are mixed by the magnetic field to form states of  opposite angular momentum which are 

split in energy. This leads to an energy difference, E in the absorption of left circularly 
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polarized (LCP) and right circularly polarized (RCP) light, that results in a derivative-like MCD 

spectrum. The relation between the MCD signal and the underlying ΔE can be therefore 

expressed as: 

MCD =
𝑑𝑙𝑛[𝑇(𝐸)]

𝑑𝐸
𝛥𝐸.           (2) 

In Eq.(2) E = gexBB, where B is the Bohr magneton. Figure 4a shows the MCD spectra at 4 K 

measured at various magnetic fields that exhibit a derivative-like feature related to the exciton 

absorption band in CsPbBr3 (see Fig. 1(a)). The MCD magnitude (namely peak value) was 

plotted as a function of B in Fig. 4(b) that shows a linear dependence. As seen we fit the 

MCD(B) dependence using Eq. (2) from which we obtain gexc = 2.18±0.08. The bright exciton g-

value for the orthorhombic phase is related with the g-values of the electrons and holes as: 

gex=ge+gh. From the quantum beating experiment (Fig. 3(d)), we measured |ge| = 1.95 and |gh| = 

0.69 for B along the z-direction. Consequently, in order to satisfy the relation gex=ge+gh we 

conclude that gh cannot be negative. We thus confirm that gh > 0 for CsPbBr3 [23,24]. In 

contrast, it has been found that gh < 0 in MAPbI3 [17,20].     

To complete our studies, we also measured the QB spectra of the fast and slow oscillations by 

changing the probe photon energy while keeping the excitation beam wavelength fixed at 405 

nm. For these spectra we considered the peak amplitude of the fast and slow QB frequencies in 

the FFT spectra (see Fig. 3 inset) and plotted these against the probe photon energy. Figures 5(a) 

and 5(b) show the QB spectrum measured on two facets of (110) and (001) with B field directed 

along [001] and [010], respectively. We note that for B along [010] the QB spectra of the fast 

and slow oscillations peak at the trion energy ~ 2.33 eV. However, the QB spectrum of B along 

[001] is broadened to both sides of the trion peak.  

In contrast to excitons, localized electrons and holes as well as ground state trions do not possess 

zero-field splitting (ZFS). Consequently, no QB should be observed at B=0. Indeed as seen in 

Figure 5(d) the c-PPR dynamics measured at B=0 on the (001) crystal facet does not show any 

QB oscillations up to 8 ns. To confirm this we did a ‘control experiment’, where we applied a 

small field of 20 mT which does show QB oscillation at frequency of ~ 500 MHz (see Fig. 5(d)). 

This indicates that the maximum ZFS here is of the order of 100 neV, which is three orders of 

magnitude smaller than the measured exciton fine structure of ~ 100 eV [18,19]; this supports 
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the interpretation that the QB originate from localized carriers [9] or trions [17] rather than 

excitons. However, the c-PPR dynamics measured on the (110) crystal facet exhibits a beating 

oscillation with frequency of ~ 510 MHz (~2 eV) that in fact does not change up to B = 20 mT 

(Fig. 5(c)). This ZFS value is still much smaller than the ~100 eV expected for exciton [18,19]. 

We speculate that the ZFS is due to a small field in the sample even when the applied field is 

null. Recently, it was proposed that the pump and probe beams in the c-PRR experiment even at 

B=0 cause dynamic nuclear spin polarization (DNSP) via the hyperfine flip-flop process; which, 

in turn gives rise to an Overhauser field, BN [10-12]. In this case the zero field beating results 

from the Zeeman splitting caused by BN, which we estimate to be on the order of 10 mT, given 

that 𝑔[001]
𝑒  = 1.95.  

For determining the QB frequency at B = 0 more accurately we also measured the magnetic field 

response of the circular-PPR dynamics at fixed delay time, t named magnetic PPR or Mc-

PPR(t, B). Specifically, we scanned the magnetic field in an interval from -B0 to +B0 while 

measuring the c-PPR signal at a fixed delay time t. The Mc-PPR technique, namely resonant 

spin amplification or RSA, was utilized before [25] for measuring the long spin lifetime of 

resident electrons in inorganic quantum wells that may be longer than the laser repetition time. 

Figures 5(e)-5(f) show the Mc-PPR(t = 1 ns) response for two crystal surfaces, namely (110) 

and (001). The Mc-PPR(B, t) responses exhibit two beating oscillations in the magnetic field 

domain that correspond to the fast and slow beatings measured in the time domain that originate 

from the localized electron and hole or trions (Fig. 3). We fitted the observed Mc-PPR(B, t) 

responses with a double sum of damped oscillation functions [17,25] 

Mc − PPR (B,t) =  ∑ Θ(∆t + ntrep) ∑ Aie
−Γ𝑖(∆t+ntrep)co s[

(giμBB+∆E)

ℏ
(∆t + ntrep)]i=e,hn  , (3) 

where n represents the present pump pulse and all preceding pump pulses that contribute to the 

Mc-PPR response. This occurs because the long spin relaxation time leads to spin polarization 

build-up from previous pump pulses. Note that the laser repetition rate here is 80 MHz, or 

equivalently trep=12.5 ns, whereas the spin lifetime is ~5 ns. Therefore it is not expected that 

more than one preceding pulse excitation would contribute the Mc-PPR, or n = 1, 2 in Eq. (3). 

The index i (either 1 or 2) in Eq. (3) represents the electron and hole contributions, where i and 

gi are respectively, the spin relaxation rate Γ𝑒(ℎ) (that depend linearly on B) and Lande g factors 
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of the electron and hole. In Eq. (3) we also introduced an important fitting parameter, namely 

E, which we attribute to the ZFS of the underlying photoexcitons that give rise to the QB 

oscillation at B=0.  

The Mc-PPR responses were fitted by adjusting the two Ai values and E, while taking ge(h) from 

the QB at high field (Fig. 3) and the relaxation rates, i(B) from Fig. 6(a). A good fit was 

obtained for both (001) and (110) surfaces with E(001) = 50 neV and E(110) = 2µeV, 

respectively (Figs. 5(e) and 5(f))). Note that the two E values are in excellent agreement with 

the ZFS extracted from the  QB experiment in the time domain at B=0 (Figs. 5(c) and 5(d)).  

From the c-PPR dynamics (Figs. 3 and 5) we can obtain the electron and hole spin lifetime by 

fitting the QB transient response with two damped oscillation functions: 

A1𝑒
−𝑡

𝑇2,𝑒  cos(2f1t + 1) + A2 𝑒
−𝑡

𝑇2,ℎ cos(2f2t + 2),                        (4) 

where T2,e and T2,h are the spin dephasing times of the electrons and holes; f1 and f2 are the two 

QB frequencies that can be obtained directly from the FFT of the c-PPR dynamics (Fig. 3). We 

note that at B < 10 mT the c-PPR transient response oscillates beyond 8 ns (Fig. 5), which 

indicates a very long spin relaxation time in the CsPbBr3 single crystal. In fact we extracted from 

the fitting (Fig. 4), T2,e = 5.6 ns for B = 10 mT. As depicted in Fig. 6(a), the electron and hole 

spin relaxation times, 𝑇2,𝑒  and 𝑇2,ℎ measured on (001) crystal facet with B directed along [010] 

steeply decrease with B as 1/B. Previous studies in CdTe quantum wells attributed the 1/B 

dependence of T2(B) to a dispersion of carrier g-factors, g caused by an inhomogeneous 

dephasing of an ensemble of carrier spins (5, 6), which can be described by the relation:  

 1

𝑇2
∗ =

1

𝜏0
+

∆𝑔𝜇𝐵𝐵

ℏ
 . 

(5) 

Here 𝑇2
∗= 𝑇2,𝑒 or  𝑇2,ℎ, and 𝜏0 is the spin lifetime at B = 0. We fit the measured 𝑇2

∗(B) response 

using Eq. (5) (see Fig. 6(a)) and obtained ∆𝑔𝑒 =0.048 and ∆𝑔ℎ =0.019 for B along [010] crystal 

orientation.   

Furthermore, we found that the spin relaxation rates for both electrons (Γ2,𝑒) and hole (Γ2,ℎ) 

increase with increasing temperature up to 50 K (Fig. 6(b)), which is the highest temperature that 
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we could still observe  QB in the CsPbBr3 crystal. The measured Γ2,𝑒(ℎ)(T) response supports the 

Elliot-Yafet (EY) spin relaxation mechanism which arises from spin-orbit related scattering 

collisions with phonons. At high temperature the phonon occupation number <n> = 
1

𝑒

ℏ𝜔
𝐾𝐵𝑇−1

 

increases, which explains the dephasing rate increase. We fit the Γ2,𝑒(ℎ)(T) data using the 

function:  

                                   Γ2,𝑒(ℎ) =Γ0
𝑒,(ℎ)

 + Γ𝜔
𝑒,(ℎ)

 
1

𝑒

ℏ𝜔0
𝐾𝐵𝑇−1

,                                  (6) 

where Γ0
𝑒,(ℎ)

 is the temperature independent scattering rate from defects and impurities, Γ𝜔
𝑒,(ℎ)

 is 

the scattering rate from phonons, and 0 is a typical optical phonon frequency. Good fit for 

Γ2,𝑒(T) and Γ2,ℎ(T) was obtained with Γ0
𝑒(ℎ)

 = 0.52 (0.57) ± 0.1(0.15) (1/ns),  Γ
𝑒(ℎ)

= 44 (120) ± 3 

(8) (1/ns), and ℏ𝜔0 = 4.5 (10) ± 1(2) meV (Fig. 6(b)). The fact that 0 <<  indicates that the 

carrier scattering with defect/impurity is quite small in this high quality CsPbBr3 single crystal. 

The fitting also shows that longitudinal optical phonons with energy < 12 meV are the dominant 

scatterers for the spin relaxation dynamics in CsPbBr3 (26,27).    
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Figures and  captions: 

 

FIG. 1. (a) The absorption spectrum of CsPbBr3 thin film (black line) measured at 50 K. The red 

dashed line is a fit using the Elliott equation [13] with exciton energy at 2.34 eV and exciton 

binding energy of 20 meV. (b) The absorption (red) and photoinduced absorption (PA) (blue) 

spectra between 500 cm-1 to 4000 cm-1 using a FTIR spectrometer measured at 50 K. The PA 

spectrum shows free carrier absorption (FCA) below 2000 cm-1. (c) The temperature dependent 

PL spectrum of CsPbBr3 thin film excited at 447 nm with power of  0.5 mW. (d) The PL 

spectrum of CsPbBr3 crystal measured at various excitation powers at T = 4 K. The inset shows 

the PL intensity as a function of the laser fluence in logarithmic scale and a linear fit with a 

slope,  of 1.4.   
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FIG. 2. (a) A picture of the cuboid shaped CsPbBr3 single crystal with (001) top facet and (110) 

side facet. (b) X-Ray diffraction patterns of (001) and (110) crystal facets. (c) Schematic of the 

experimental apparatus for degenerate pump-probe transient photoinduced circular polarized 

reflection, c-PPR(t), using two lock-in amplifiers. PEM is a photoelastic modulator for 

modulating the pump beam polarization between left (+) and right (-) circular polarizations; /4 

is a quarter wavelength plate; LP is a linear polarizer; and BS is a beam-splitter. The CsPbBr3 

crystal was mounted in a cryostat and cooled down to 4 K. An electromagnet generates a 

magnetic field B up to 700 mT parallel to the crystal surface (Voigt geometry).  
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FIG. 3. Photoinduced quantum beatings in CsPbBr3 single crystal excited at 405 nm measured  at 

various magnetic field strengths at 4 K.  Magnetic field dependence of the transient 

photoinduced circular polarized reflection (PPR) measured on (001) facet with B directed along 

[010] (a-d); and on (110) facet with B along [001] (e-h) using probe at 533 nm. The insets show 

the corresponding FFT spectra with two FFT peaks for the fast and slow oscillatory frequencies. 

(d) and (h) The fast and slow QB frequencies vs B and the obtained g-factors. 
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FIG. 4. Magnetic circular dichroism, MCD, of a CsPbBr3 thin film measured at 4 K in the 

Faraday configuration. (a) The MCD spectra obtained at various magnetic fields. (b) The MCD 

peak vs the magnetic fields and the extracted exciton Lande g-factor of the exciton, 

gexc=2.18±0.08 using a linear fit (red line).  
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FIG. 5. (a,b) The probe beam spectrum of the QB FFT amplitude for the fast (blue, T-) and slow 

(red, T+) oscillations measured at B = 400 mT, excited at 405 nm on (a) (110) facet with B along 

[001] and (b) on (001) facet with B along [010]. (c,d) The transient photoinduced circular 

polarized reflection (c-PPR) dynamics measured at three different fields on the (110) surface 

with B//[001] (c); and on (001) with B//[010] (d), using 533 nm probe wavelength. (e,f) The 

magnetic field response of the circular-PPR (Mc-PPR) measured at fixed delay time t =1 ns on 

(110) surface with B//[001] (e); and on (001) surface with B//[010] (f). The dashed (red) lines are 

fits using Eq. (3) with extracted zero field splitting, E(110) = 2 eV and E(001) = 50 neV, 

respectively.    
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`  

FIG. 6.  (a) Spin lifetime of photoinduced electrons (blue squares) and holes (red circles) vs. the 

magnetic field measured at 4 K with B along [010], which is extracted from the QB dynamics 

(Eq. (4)). The lines through the data points are fits using Eq. (5). (b) Spin dephasing rate of 

electrons (blue square) and holes (red circle) as a function of temperatures for B = 100 mT. The 

lines through the data points are fits using Eq. (6).      

 


