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Ultrafast spin-lasers
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Lasers have both ubiquitous applications and roles as model 
systems in which non-equilibrium and cooperative phenomena 
can be elucidated1. The introduction of novel concepts in laser 
operation thus has potential to lead to both new applications and 
fundamental insights2. Spintronics3, in which both the spin and 
the charge of the electron are used, has led to the development 
of spin-lasers, in which charge-carrier spin and photon spin are 
exploited. Here we show experimentally that the coupling between 
carrier spin and light polarization in common semiconductor lasers 
can enable room-temperature modulation frequencies above 200 
gigahertz, exceeding by nearly an order of magnitude the best 
conventional semiconductor lasers. Surprisingly, this ultrafast 
operation of the resultant spin-laser relies on a short carrier spin 
relaxation time and a large anisotropy of the refractive index, both 
of which are commonly viewed as detrimental in spintronics3 and 
conventional lasers4. Our results overcome the key speed limitations 
of conventional directly modulated lasers and offer a prospect for 
the next generation of low-energy ultrafast optical communication.

Global internet traffic will continue its remarkable increase in the 
near future5. Short-range and energy-efficient optical communication 
networks provide most of the communication bandwidth to secure the 
digital revolution. Key devices for high-speed optical interconnects—in 
particular, in server farms—are current-driven intensity-modulated 
vertical-cavity surface-emitting lasers (VCSELs)4. Analogous to a 
driven damped harmonic oscillator, modulated lasers have a resonance 
frequency fR for the relaxation oscillations of the light intensity6. For 
higher frequencies the response decays and reaches half of its low- 
frequency value at ≈ +f f1 23dB R

, which quantifies the usable  
frequency range4. In conventional VCSELs, the modulation bandwidth 
is limited by the dynamics of the coupled carrier–photon system and 
by parasitic as well as thermal effects. The current record7 is 
f3dB = 35 GHz. Common approaches to enhance the bandwidth rely 
on the expression τ= / / πf v aS (2 )R g p , where vg is the group velocity, 
a the differential gain, S the photon density and τp the photon lifetime4. 
S can be increased with higher pump current and smaller mode vol-
ume, τp can be decreased with lower mirror reflectivities and a can be 
optimized by material engineering. Alternative concepts to overcome 
the bandwidth bottleneck—the bandwidth limitations for the global 
internet traffic—are actively pursued, for example, in coupled-cavity 
VCSEL arrays8 or photonic crystal nanocavity lasers where 
fR > 100 GHz was attained at cryogenic temperature9.

Unlike the above approaches that focus on the modulation of carrier and 
photon densities, we consider spin-lasers, which harness carrier spin and 
photon spin to improve their operation10–15. Through the conservation of 
total angular momentum, the spin imbalance of carriers (spin polarization) 
in the active region of a VCSEL is transferred to photons as circularly polar-
ized emitted light with polarization degree3 PC = (S+ − S−)/(S+ + S−), 
where S+(−) is the right (left) circularly polarized photon density. The 
relation between light polarization and spin polarization of recombining 
carriers is given by the dipole selection rules3.

Although recent advances in spintronics show a versatile control 
of light polarization16 and terahertz generation17, the ultrafast opera-
tion of spin-lasers and its fundamental limitations including power 

consumption are largely unexplored. This provides enormous poten-
tial to investigate how using the spin could improve the operation of 
spin-lasers, even beyond laser diodes—to systems such as quantum  
cascade lasers18 (QCLs) or external cavity lasers19–21 that resem-
ble an overdamped harmonic oscillator without resonant frequency 
(see Methods). A tantalizing prediction of spin-laser theory is that mod-
ulating the polarization of light can be realized much faster than inten-
sity modulation (IM) and can thus overcome the limitations imposed 
by the fR of coupled carrier–photon systems22. Here we experimen-
tally demonstrate that adding spin-polarized carriers in conventional 
VCSELs supports room-temperature polarization oscillations (POs) with 
frequencies >200 GHz, resulting in a polarization modulation (PM) 
bandwidth >240 GHz, which is nearly an order of magnitude larger 
than that of the corresponding intensity dynamics. We show that even 
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Fig. 1 | Birefringent VCSEL and measurement set-up. a, VCSEL 
structure with two polarization-dependent refractive indices, nx and ny.  
b, Linearly polarized electric field Ex and Ey with frequency difference Δf 
(depicted duration is much less than /�f1 R

). c, Total electric field (E) 
oscillating between right and left circular polarization (depicted duration 
is /�f1 R

). d, Resulting PC showing polarization oscillations (depicted 
duration is . /�f2 5 R

). e, Schematic of experimental design with linear 
polarizer (LP), quarter-wave plate (λ/4), lens (L) and beam splitter (BS). 
The laser is operated with both a pumping current J0 above threshold Jth 
and pulsed optical spin injection (dashed red line). The VCSEL emission is 
depicted as solid red lines and propagates towards both streak camera and 
fibre (yellow) coupled optical spectrum analyser. The VCSEL sample is 
bent as illustrated by the black arrow.
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for high-frequency modulation there is no need for high power. Thus 
an order of magnitude better energy efficiency than obtained in the best 
conventional VCSELs is expected. The realization of ultrafast spin-lasers  
provides a different path towards emerging energy-efficient room- 
temperature spintronic applications, not limited by magnetoresistance3.

VCSELs show linearly polarized emission due to cavity anisotropies 
of refractive index nx ≠ ny (birefringence, Fig. 1a) and of absorption 
(dichroism). The orthogonal modes, described by electric fields Ex, 
Ey, are frequency-split by Δf due to the birefringence (Fig. 1b). Their 
usually weak coupling results in unstable behaviour with polarization 
switching and PO, which have been extensively studied and attrib-
uted to residual birefringence that is considered detrimental in both 
conventional and spin-lasers4,19. In contrast, we aim to enhance the 
birefringence because of its connection to the PO frequency, which is 
related to the beat frequency between the two orthogonal modes and 
leads to the periodic evolution of the total electric field E = Ex + Ey 
(Fig. 1c). PC can be controlled by applying spin-polarized pumping/
injection with a polarization PJ(t) = P0 + δPsin(2πft), where t is time, 
P0 a constant offset polarization, and δP and f are the amplitude and 
frequency, respectively, of the modulation.

By generalizing a model for conventional VCSELs (see Methods), 
our theoretical analysis reveals that the PO has a resonant behaviour 
similar to the intensity oscillation in conventional VCSELs, but with a 
different frequency:
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where γp is the linear birefringence, γ and γs are the carrier recombi-
nation and spin-flip rates, respectively, α the linewidth enhancement 
factor, ϵp the phase-related saturation and S0 the steady-state photon 
density normalized to its value at twice the threshold 2Jth. For large γp, 
equation (1) holds for all practical pumping regimes, while the last two 
terms are negligible compared with γp/π. Thus, γ≈ /π�fR p  suggests that 
strongly enhanced birefringence may overcome the frequency limita-
tions of conventional lasers.

Among methods to enhance birefringence—for example, using heating 
effects23,24, photonic crystals or anisotropic strain22—we focus on 
mechanical bending. For this purpose we use a standard 850-nm VCSEL, 
which is pumped with both a direct current above Jth (that injects spin-un-
polarized carriers) and a circularly polarized picosecond laser pulse (that 
excites additional spin-polarized carriers), see Fig. 1e. These pumping 
conditions ensure that the spin-polarized carriers are resonantly excited 
in the active region, to exclude influence of the split-off band3 and to 
minimize heating. The time- and polarization-resolved response (fR and 
�fR

) is detected simultaneously with a streak camera, while Δf is investi-
gated using an optical spectrum analyser (see Methods).

Results are shown for Δf = 112 GHz (Δf = 214 GHz) in Fig. 2a 
(Fig. 2b). In the polarization-resolved measured and simulated nor-
malized intensities ±SMeas and ±SSim, the slow envelope is the second peak 
of the intensity relaxation oscillation after excitation (see Methods). Its 
frequency is fR ≈ 8 GHz for both data sets. In PC, the overlaying inten-
sity dynamics vanishes and only the fast PO is evident, showing 

= ≈�f f112 GHz 14R R
 or = ≈�f f212 GHz 27R R

. Remarkably, the polar-
ization dynamics is more than an order of magnitude faster than the 
intensity dynamics in the same device (see Methods for relating static 
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Fig. 2 | Polarization behaviour of spin-VCSELs. a, b, Top panel, the 
optical spectrum I reveals the birefringence-induced mode splitting (Δf) 
to be 112 GHz (a) and 214 GHz (b). The main mode (at 0 GHz) was 
suppressed for display. Bottom panel: ±SMeas, PC and ±SSim are plotted against 
time. ±SMeas gives the measured polarization-resolved normalized photon 
densities after pulsed spin injection (dots, raw data; lines, smoothed data; 
‘Right’, S+

Meas,Sim; ‘Left’, S−
Meas,Sim). T denotes the period of the PO 

frequency. From ±SMeas, PC is determined, showing the PO. ±SSim gives the 
simulated behaviour (see Methods). c, Plot of �fR

 against Δf, showing 
experimental data (dots) and results from theory (grey line). The 
polarization dynamics can be tuned by birefringence-induced mode 
splitting. Data in a and b are part of the tuning series shown in c (ringed 
dots). At Δf = 214 GHz, the frequency tuning is stopped to prevent 
mechanical sample damage.
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Δf and dynamic �fR
). The PO amplitude decreases with increasing fre-

quency, owing to both the bandwidth of the measurement system 
(see Methods) and fundamental limitations of the polarization dynam-
ics including dichroism (see Methods), spin-flip rate and pumping 
current. By changing Δf we continuously tune �fR

 up to 212 GHz,  
showing excellent agreement with theory over the entire frequency 
range (Fig. 2c). Δf and �fR

 coincide within measurement accuracy 
(see Methods).

The demonstrated record-high PO frequency provides the basis for 
superior performance of spin-lasers for digital optical communication. 
Modulation bandwidth and data transfer rates are modelled with a 
parameter set carefully obtained from the PO experiments and addi-
tional measurements (see Methods). The IM response in Fig. 3a resem-
bles the f-dependent displacement of a driven harmonic oscillator6 with 
bandwidth f3dB, which is enhanced (just as fR is enhanced) by the 
increasing photon density produced by increased pumping. In our 
experiments, the pumping current of 5.4Jth corresponds to 
f3dB ≈ 13.5 GHz, while f3dB < 20 GHz for all practical currents J0/Jth. In 
contrast, Fig. 3b reveals a huge increase in PM bandwidth for the same 
device parameters. Similarly to �fR

 in equation (1), the corresponding 
bandwidth �f3dB

 increases with birefringence. Recent experiments for 
1.55-μm VCSELs25 as well as our own measurements (see Methods) 
confirm birefringence-tunable PM bandwidth.

To quantify the digital data transfer, a binary signal is simulated by 
210 pseudorandom bits. The data transfer is commonly analysed by an 
eye diagram4 in which the time traces are superimposed. The central 
opening allows us to distinguish between ‘0’ and ‘1’ levels. For IM, the 
difference in intensities of the output light is used. Under PM, right 
(left) circular polarization is encoded as ‘1’ (‘0’). For the same set of 
VCSEL parameters and γp/π = 200 GHz, IM and PM are compared in 
Fig. 3c, d. The closing eye diagram precludes data transfer by IM 
slightly above 10 Gbit s−1. PM supports data transfer up to 240 Gbit s−1, 
showing a remarkable improvement in digital operation over conven-
tional VCSELs, consistent with the increase of �f3dB

 over f3dB. 
Improvements by further increasing Δf mechanically24,26, via photonic 
crystal or strained quantum-well-based VCSELs22, potentially allow 

>�f 1 THz3dB
.

Unlike common approaches in spintronics and spin-lasers3,27 that 
seek to increase the spin relaxation time (1/γs), we find that short spin 

relaxation times are desirable for PM. As long as γs ≥ 2γp/π, the mod-
ulation response at <�f fR

 remains above −3 dB. The simulations in 
Fig. 4a reveal that for ≈�f 200 GHzR

, γs is close to its optimum value. 
γs depends on the material choice3 of the active region and the VCSEL 
design. For example, γs = 1,000 ns−1 was measured at room tempera-
ture for GaAs VCSELs (see Methods), allowing for >�f 500 GHzR

. Even 
higher γs is possible in (In,Ga)As devices.

The push for faster conventional VCSELs as well as other photonic 
devices typically requires a stronger pumping for IM, which leads to 
fundamental limitations. For example, simulating the device while 
neglecting heating effects, an increase in pumping from 1.5Jth to 9Jth 
enhances f3dB from 4.5 GHz to 17.8 GHz. However, higher pumping 
generates higher dissipated power, increasing the laser temperature. In 
contrast, for PM �fR

 is almost independent of pumping (Fig. 4b) and 
only shifts from 200.1 GHz to 201.6 GHz for the same range of pump-
ing. Thus, the highest bit rates can already be attained slightly above 
threshold with high energy efficiency, given by the heat-to-data ratio28 
HDR = (Pel − Popt)/(bit rate) with Pel and Popt the electrical d.c. power 
and the optical output power, respectively. This enables ultra- 
low-power optical communication. In a conventional 850-nm VCSEL, 
a value of HDR = 56 fJ bit−1 at 25 Gbit s−1 was demonstrated28. Using 
PM for our devices, assuming pumping at 1.5Jth with electrical spin- 
injection, a much lower HDR = 3.8 fJ bit−1 could be obtained at a 
substantially higher bit rate of 240 Gbit s−1.

Our new approach to overcome the bandwidth bottleneck in short-
haul optical interconnects uses polarization to transfer information 
in highly birefringent spin-lasers. Even faster operation and lower 
values of HDR can be expected if PM is combined with high spon-
taneous emission coupling or threshold-less nanolasers in future 
optical interconnects29. Lasers based on two-dimensional materials30 
that support very large strain and thus high birefringence22 may offer 
unprecedented bandwidths. A surprising path towards desired per-
formance relying on a high birefringence and short spin relaxation 
times may also stimulate other advances and unexplored phenomena 
in spintronics, such as using polarization chaos in VCSELs for secure 
communication and high-speed random bit generators31. Our results 
show the enormous potential of spin-lasers, further motivating devel-
oping electrically pumped spin-lasers at room temperature32. Advances 
in commercial magnetic memories with a perpendicular anisotropy 

0 5 10 15 20 25
–10

0

10

20

–3 dB

J0/Jth p/π
1.5
3.0
4.5
5.4
6.0
7.5
9.0

Intensity modulation frequency (GHz)

M
od

ul
at

io
n

re
sp

on
se

(d
B

)

0 100 200 300 400
–20

–10

0

10

20

30

–3 dB

50 GHz
100 GHz
150 GHz
200 GHz
250 GHz

Polarization modulation frequency (GHz)

M
od

ul
at

io
n

re
sp

on
se

(d
B

)

–1

1

–1

1

0.6

0.9

–1 0 1 –1 0 1 –1 0 1

0.2

0.9

In
te

ns
ity

In
te

ns
ity

P
C
 (%

)
P

C
 (%

)

Time (bit length) Time (bit length) Time (bit length)

10 Gbit s–1

20 Gbit s–1

200 Gbit s–1

240 Gbit s–1

10 Gbit s–1

20 Gbit s–1

Normalized

Normalized

a b

c d

Fig. 3 | Advantage of polarization 
modulation in dynamic performance. 
a, Simulated intensity modulation (IM), 
J(t) = J0 + δJsin(2πft), response for varying 
normalized electric pumping J0/Jth, where J0 
is the fixed bias current and δJ is the intensity 
modulation amplitude. b, Polarization 
modulation (PM), PJ(t) = P0 + δPsin(2πft), 
response for various birefringence conditions 
(see key). Red traces mark the simulations 
for the VCSEL under investigation at 
γp/π = 200 GHz. c, Eye diagrams with IM 
using filtered pseudorandom bit sequences 
for 10 Gbit s−1 and 20 Gbit s−1. The intensity 
plots are normalized to their maximum 
values. d, Eye diagrams with PM for bit 
sequences (in Gbit s−1) of 10, 20, 200 and 240 
in the same device at γp/π = 200 GHz.
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and fast magnetization switching could enable room-temperature spin 
injection in spin-lasers19, provided that the underlying polarization 
dynamics is well understood20. Magnetic proximity effects in two-di-
mensional materials may provide an alternative path to electrically 
pumped spin-lasers at room temperature33.
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Methods
Carrier-photon versus spin-photon dynamics for laser modulation. Current-
modulated vertical-cavity surface-emitting lasers (VCSELs) are key devices for 
high-speed optical interconnects in today’s server farms. In such conventional 
lasers, the modulation bandwidth is limited by the dynamics of the coupled car-
rier–photon system and additional parasitic and transport effects. The small-signal 
modulation bandwidth f3dB of conventional VCSELs reached a record value of 35 
GHz in 20187. However, the next-generation optical emitters require a much higher 
modulation bandwidth to solve the bandwidth bottleneck in short-haul optical 
interconnects. Several concepts for fast lasers are currently under investigation 
to face this challenge.

Highly interesting light sources for high-speed communication are mode-locked 
semiconductor laser diodes34,35. Data rates of 100 Gbit s−1 have been demon-
strated already35, but these systems are much more complex and less integrated 
than directly modulated devices for short-haul fibre communications. Quantum 
cascade lasers (QCLs) may potentially allow direct modulation up to hundreds of 
gigahertz, enabled by the extremely short upper state carrier lifetime18. QCLs can 
have overdamped intensity dynamics (class A lasers) and thus do not show relax-
ation oscillation resonances in the modulation response36. However, an extension 
above the limits of conventional lasers and into the range above 100 GHz still has 
to be performed.

All conventional approaches mentioned so far focus on the modulation of car-
rier and photon densities, while the spin property of electrons and photons has 
not been used.

Using the coupling between carrier spin and photon spin for the development 
of high-speed lasers has become a field of very active research within the past 
years12–15,22,37–42. Hallstein et al.10 revealed an impressive potential of the carri-
er-spin–photon dynamics in VCSELs in 1997 for the first time. They demonstrated 
the transfer of a coherent Larmor precession of the electron spin to the spin of 
the optical field and thus to the polarization of the laser emission10. Oscillation 
frequencies of 44 GHz have been presented in an external magnetic field of 4 T at 
cryogenic temperature. Even though this concept does not allow an arbitrary mod-
ulation of the polarization, it demonstrated the potential of the carrier-spin–photon 
dynamics for ultrafast devices. Together with the other advantages of spin-VCSELs 
such as threshold reduction11,22,43–51, enhanced emission intensities11,52 and polar-
ization control11,19,20,27,49,53–61, it stimulated the enormous research effort in this 
field in recent years. Within the field of modulation dynamics several studies were 
able to demonstrate polarization switching (PS)37,62, an enhancement of modula-
tion dynamics6,63–65, improved eye diagrams and reduced chirp in spin-lasers66. 
However, so far both the achieved speed of the dynamics and the bandwidths have 
not been superior to those of the best conventional devices.

A key enabler to increase the polarization dynamics is to make use of cavity 
anisotropies in spin-VCSELs14,22,37–39 as described in detail in this work. For over 
20 years it has been known that the cavity anisotropies have an important impact 
on the polarization dynamics of conventional VCSELs67–73. The coupling between 
carrier-spin dynamics and cavity anisotropies in dichroism and birefringence is 
responsible for the rich and complex polarization dynamics of VCSELs, ranging 
from polarization switching to chaos31,70,74. Polarization oscillations at 2.1 GHz due 
to a mode splitting induced by residual birefringence have been discussed for 850-
nm VCSELs70,71. Since PS basically causes excess noise and an increasing bit error 
rate, it is typically not desired for many applications4. Much research has been done 
on the suppression of PS and the stabilization the polarization state—for example, 
by including birefringence and dichroism4,75–78. Alternatively, PS instabilities have 
been discussed as an additional functionality: for example, in bistable laser diodes 
to achieve high repetition rates79.

Birefringence-induced polarization oscillations of about 10 GHz after pulsed 
optical spin injection have been observed in VCSELs close to the polarization 
switching point37,38. These experiments demonstrated that the polarization oscil-
lation frequency �fR can indeed be higher than the resonance frequency fR for the 
relaxation oscillations of the light intensity. However, since only the intrinsic bire-
fringence was implemented, the frequency was limited to values considerably lower 
than the intensity oscillations in the best conventional lasers. It should be noted 
that this approach is conceptually different to that of dual-frequency lasers21,80–82 
(used, for example, as carrier frequency generators for microwave photonics appli-
cations), as well as to polarization self-switching concepts in VCSELs83, owing to 
the fundamental role of spin injection and the strong carrier–spin coupling in the 
spin-lasers.

Based on the damped polarization oscillations in spin-VCSELs mentioned 
above, controlled ‘on’ and ‘off ’ switching has been obtained at about 10 GHz, 
indicating a path for potential polarization modulation40. Birefringence-induced 
continuous oscillations of up to 11 GHz were reported in 2017 in the bistability 
region of an optically pumped 1.3-μm VCSEL, attributed to a Hopf bifurcation15. 
Recently, we were able to demonstrate polarization oscillations up to 44 GHz in 
spin-lasers14 by inducing external strain. Since this was already comparable to the 

intensity dynamics of the best conventional devices, these first results stimulated 
interest in the potential of spin-lasers for ultrafast modulation14,15. However, the 
full potential and the fundamental limitations of spin-lasers were not revealed.

In order to demonstrate that birefringent spin-VCSELs are suitable for ultrafast 
polarization modulation and data transmission, four major challenges had to be 
overcome: (1) implementing sufficient strain-induced birefringence splitting in 
VCSELs; (2) proving that birefringence can control the polarization oscillation 
frequency; (3) demonstrating that polarization dynamics in spin-lasers can be as 
fast as hundreds of gigahertz, faster than other state-of-the-art concepts for direct 
laser modulation; and (4) verifying its capability for optical data communication. 
Additionally, for practical implementation it is also important to establish a low 
power consumption.

A high birefringence splitting can be obtained via, for example, the elasto-optic 
effect. Panajotov et al.75 demonstrated values up to 80 GHz in 2000. Recently we 
were able to demonstrate a record value of 259 GHz for the birefringence-induced 
mode splitting using a direct bending approach comparable to the technique 
used here26. Even higher values have been discussed theoretically22,84. In order to 
enable fully integrated structures and electric tunability with large birefringence, 
an on-chip implementation based on asymmetric heating has been presented 
recently. Using this approach, mode splitting of more than 60 GHz with a tuning 
range of 45 GHz has been achieved24. In conclusion, sufficient birefringence can 
be included to potentially reach the highest frequencies. Although this is a very 
promising first step on the way to ultrafast spin-lasers, the investigated frequency 
splitting between the two orthogonal linearly polarized laser modes is only a 
static response, and provides no information about the dynamic behaviour of the 
light polarization or the spin-carrier dynamics of the system. The fundamental 
question of whether the spin and polarization dynamics can follow the mode 
splitting was still unanswered.

Our recent result (enhancing the polarization dynamics to resonance frequen-
cies of =�f 44 GHzR

 by external strain14) was a first encouraging step, demonstrat-
ing dynamics comparable to the intensity relaxation oscillation frequency of the 
best conventional lasers. The work presented in the main text, in contrast to that, 
now demonstrates a technologically significant breakthrough of a fivefold higher 
oscillation frequency than previously reported in any spin-laser and even more 
than fivefold higher than in the best conventional lasers.

However, the use of spin-VCSELs for optical communication requires a further 
major innovation step, as demonstrated here. Even when a resonance frequency 
oscillation larger than 200 GHz is attained, there is no guarantee that it can be 
directly translated to a large bandwidth useful for optical communication. In 
contrast to the common expectation from both spin-lasers and spintronics, we 
show that a short spin-relaxation time is needed to realize record-high modula-
tion bandwidth. As shown in Fig. 4 in the main text, the most intuitive strategy of 
simply increasing the spin-relaxation time for a better performance would not be 
successful but provide only a modest modulation bandwidth. However, standard 
III–V active materials such as GaAs are well suited to provide fast spin dynamics. 
In GaAs VCSELs, a spin-flip rate as high as γs = 1,000 ns−1 was measured at room 
temperature73. This corresponds to a spin-relaxation time of 1 ps, basically allowing 
modulation frequencies >500 GHz.
Correspondence of �fR

, Δf and γp. The polarization oscillation frequency �fR, the 
birefringence-induced mode splitting Δf and the linear birefringence parameter 
γp are closely connected.

Δf represents the frequency difference between the two orthogonal linearly 
polarized modes Ex and Ey. It is tuned by inducing anisotropic strain and measured 
via the optical spectrum. Following the generalized spin-flip model (described 
in detail later), Δf can be approximately described by the frequency difference 
between the individual, stationary x- and y-polarized modes:

γ α γΔ ≈
π

−
π

f (2)p
a

Here, additional effects due to the simultaneous emission of lasing and non-lasing 
modes are neglected. According to equation (2), Δf principally corresponds to the 
effective birefringence, that is, the linear birefringence γp and the nonlinear bire-
fringence represented by the linewidth enhancement factor α and the dichroism 
γa. The contributions of the phase and amplitude saturation for the individual 
modes are identical and thus do not influence the difference frequency. Via Δf 
and the parameters γa and α, the linear birefringence is extracted and used for the 
simulations with the generalized spin-flip model.

Following the picture of a spin-laser as a driven damped harmonic oscillator, 
the polarization oscillation frequency �fR corresponds to the resonance frequency 
of the coupled spin–photon system. During the experiments, �fR is measured by 
Fourier transforming the temporal traces of the circular polarization degree PC. A 
theoretical analysis based on the generalized spin-flip model reveals that in reso-
nance, the polarization basically oscillates with the beat frequency of the two 
orthogonal linearly polarized electric fields Ex and Ey. Thus, �fR is expected to follow 
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Δf as long as the coupled spin-polarization dynamics is sufficiently fast and, in 
particular, the spin-flip rate is sufficiently high. The experimental and theoretical 
verification is depicted in Fig. 2c in the main text. According to equation (1) in the 
main text, the resonance frequency in the perturbative regime γ γ τ γ/�J p s p , con-
sidering the simultaneous emission of both laser modes, can be described as:

γ γ
γ γ τ

αγ γ=
π

−
π +

− −
π

� ε
f S S

4 ( 4 )
( 2 )

4 (3)R
p 0

p
s p

p 0

s
2

p
2

For a parameter regime in which the anisotropies are dominated by the linear 
birefringence γp, an approximation for �fR and Δf can be given from equation (2) 
and equation (3) as:

γ
Δ ≈ ≈

π
�f f (4)R

p

Though Δf and �fR are closely related, they refer to a static (Δf) and a dynamic 
(�fR) regime. Thus, there is a crucial difference between the static response of about 
250 GHz birefringence, visible as mode splitting in the spectrum of the laser emis-
sion, reported in ref. 26, and the possibility of achieving high-frequency operation 
of a laser as demonstrated in the main text. As shown in this work, the crucial 
parameters that are potentially limiting the spin and polarization dynamics at high 
frequency are in particular the effective dichroism and the spin-flip rate.

The resonance frequency of the coupled carrier-spin–photon dynamics in the 
spin-laser �fR can be directly investigated after pulsed spin injection. Without spin 
injection, in most cases only one of the linearly polarized modes is lasing while the 
other is strongly suppressed. Spin-polarized pumping leads to a gain anisotropy 
for the transitions involving spin-up and spin-down electrons, which results in a 
laser emission with non-zero degree of circular polarization22,38. In terms of the 
linear orthogonally polarized modes, both modes need to contribute to the circu-
larly polarized emission. Owing to the birefringence-induced mode splitting, their 
frequencies are different and the resulting beating leads to polarization oscillations 
determined by Δf.

However, in contrast to other approaches (such as, for example, dual-frequency 
lasers21,80–82), in spin-lasers the spin dynamics in the gain material is crucial, while 
the carrier-intensity dynamics is mainly decoupled. The polarization oscillation 
feeds back to the carrier-spin system in the gain material, which results in oscil-
lations of the whole carrier-spin–photon system. This provides a direct link to 
control and modulate the polarization by carrier spin injection.

While other concepts based on PS15,83 often concentrate on the regime of bista-
bility close to a PS point, a regime of weak coupling, polarization modulation 
in spin-lasers is not restricted to this but makes use of the strong coupling with 
large birefringence and potentially large dichroism. This establishes the capacity of 
spin-lasers for ultralow power consumption (see Fig. 4 in the main text).

As demonstrated in Fig. 3 of the main text, the modulation bandwidth of 
spin-lasers benefits from an extremely high �fR, which is tunable via the mode 
splitting as long as the spin dynamics are sufficiently fast. However, for a broad 
modulation bandwidth and high quality eye diagrams, not only the frequency is 
important, but also the damping of the dynamics influenced by the linear and 
nonlinear dichroism as described below.
The spin-VCSEL. For the experiments, a conventional AlGaAs-based 850-nm 
VCSEL with standard non-magnetic metal contacts for electrical spin-unpolarized 
pumping was used. The structure was grown on n-doped (100)-oriented GaAs 
substrate by Philips Photonics. It consists of three GaAs quantum wells with an 
approximately 4-μm oxide aperture for current confinement in the p-region close 
to the quantum wells. The VCSEL was operated at room temperature. It showed 
transverse single-mode operation at least up to 2.1 mA. Further details on the 
VCSEL and the mount can be found elsewhere26,85.

As an extension of purely optical pumping approaches to spin pumping (see, 
for example, refs 10,42), we employed hybrid pumping in order to investigate the 
intensity and polarization dynamics after pulsed spin-injection. Right circularly 
polarized laser pulses at 850 nm were used to excite spin-polarized carriers res-
onantly into the active region. The laser pulses were generated by a Ti:sapphire 
laser (75.6 MHz, 200 fs) and propagated through a single-mode fibre for beam 
shaping, leading to a pulse broadening, resulting in a pulse width of approximately 
2 ps. The pulses were injected into the VCSEL with a small incidence angle (below 
0.5°) to the surface normal in order to separate pump and VCSEL emission. The 
average power density of the pumping beam is around 500 W cm−2 at a spot size 
of approximately 40 μm. Additionally, the VCSEL was pumped electrically with a 
direct current of 2.1 mA. The threshold current depends on the mechanical strain 
applied, and varied between 0.43 mA and 0.39 mA for low and high mechanical 
strain. The current used corresponds to operation at 4.9 to 5.4 times the threshold 
current, Jth. The polarization is determined by a combination of linear polarizer 
and quarter-wave plate.

Birefringence tuning. Recently we demonstrated that the polarization dynamics 
of the laser can be enhanced by incorporating birefringence14, which was induced 
into the VCSEL cavity via the elasto-optic effect using mechanical stress. In an 
optimized method, a VCSEL array of 1 mm × 1 mm containing 16 single VCSEL 
devices was glued onto a metal stripe using conductive glue. While one side of 
the metal stripe was fixed, the other could be bent, resulting in a controlled and 
reversible mechanical stress along the [011] crystal direction. The use of an array 
ensures that some of the VCSELs are located at an optimum position on the bend-
ing radius to experience maximum strain. With this approach, birefringence-in-
duced mode splittings from 0 GHz to 226 GHz have been realized, limited by the 
mechanical damage threshold for the VCSEL array. The maximum value of 214 
GHz presented in this Letter was chosen in order to safely avoid damage to the 
sample. Further details about the bending technique can be found elsewhere85. To 
give more quantitative insights into the range of strain obtained by bending, the 
material behaviour when subject to deflection was simulated using finite-element 
methods and Euler–Bernoulli beam theory.

Extended Data Fig. 1a depicts the relation between the strain Δl/l, represented 
by relative change in the spatial dimension and the resulting mode splitting. The 
maximum strain obtained is estimated to be around Δlmax/l = 0.0034, resulting in 
the linear birefringence controlled mode splitting of Δf = 214 GHz.
Unstrained sample. For comparison, we show experimental data without applied 
external strain. An intrinsic mode splitting of 8.4 GHz can be observed in Extended 
Data Fig. 1b. This mode splitting is caused both by the internal electric fields 
(which result in a change of the refractive index via the electro-optic effect) and by 
a residual internal strain or an induced strain (caused, for example, by the electri-
cal contact or the mount) affecting the birefringence via the elasto-optic effect69. 
Such an intrinsic mode splitting is typically observed in VCSELs. As expected, a 
polarization oscillation can be observed with an �fR according to the intrinsic bire-
fringence-induced mode splitting (Extended Data Fig. 1c).
Laser dynamics and birefringence-induced mode splitting. The VCSEL emission 
propagates through a Stokes polarimeter set-up consisting of a rotating quar-
ter-wave plate and a Glan–Thompson linear polarizer86. For simplification, two 
measurements were performed during which the polarizer’s and the wave plate’s 
main axes enclose angles of 45° and 135°. A streak camera (Hamamatsu C5680, 
S-1 cathode) samples the resulting photon density traces ±SMeas for opposed circu-
lar polarizations, which are normalized to maximum intensity, in order to calculate 
the circular polarization degree. In front of the streak camera the beam is trans-
mitted through a grating spectrometer. The entire system offers a temporal reso-
lution down to 2.7 ps. The sum of ±SMeas contains information about the intensity 
behaviour, whereas PC = (S+

Meas − S−
Meas)/(S+

Meas + S−
Meas) is mainly decoupled 

from the intensity dynamics. The standard deviation of the smoothed (raw) data 
of PC is 1.5% (4.0%), which confirms a sufficient measurement accuracy to resolve 
the signal. Simultaneously, the VCSEL emission is coupled into an optical spectrum 
analyser (OSA) with a resolution better than 5 GHz and a relative accuracy better 
than ±1 GHz, in order to determine the birefringence-induced mode splitting. 
The timescale of the streak camera and the frequency scale of the OSA are mutually 
calibrated using a pulse train generated by a 200-fs Ti:sapphire laser pulse propa-
gated through an etalon with a free spectral range of 50 GHz.
Temporal resolution. We experimentally determined the temporal resolution of 
our measurement system. The set-up used for this purpose comprises a Michelson 
interferometer in which the 200-fs Ti:sapphire laser pulses are transmitted to the 
entrance slit of the grating spectrometer in front of the streak camera. By means 
of a movable delay stage in one arm of the interferometer, a double pulse train 
with variable pulse delay Δt can be generated. In between the two pulses there 
is an intensity minimum. The intensity contrast—that is, the difference between 
(normalized) maximum and minimum intensities—is determined for pulse delays 
approaching zero. For a particular delay, the corresponding frequency Δt−1 is 
calculated. The frequency resolution depends on the grating order. Frequencies 
Δt−1 up to at least 290 GHz (180 GHz) can be resolved using the zeroth (first) 
diffraction order. For the measurements showing polarization dynamics above 
200 GHz, the zeroth diffraction order is used in order to profit from the higher 
measurement bandwidth. For polarization oscillations below 200 GHz we use the 
first diffraction order for sensitivity reasons.
Acquisition timing. In ultrafast measurements, caused by the functional principle 
of the streak camera, the time window of acquisition gets much shorter than the 
decay time of both intensity and polarization effects. Therefore a decision must be 
made on the time offset at which the ultrafast polarization oscillations are acquired 
in relation to the excitation pulse. The chosen value has to account for the fact 
that during the initial pulse, Ti:sapphire laser excitation and VCSEL output are 
overlain, and also for the fact that the intensity in the first relaxation minimum is 
quite low. Best data acquisition is therefore possible during the second maximum 
of the intensity relaxation oscillation. This is illustrated in Extended Data Fig. 2, 
showing a polarization oscillation measurement with a temporal resolution suitable 
to resolve frequencies of 200 GHz and beyond (black), in relation to the intensity 



LetterRESEARCH

relaxation oscillations on a longer timescale (grey), where the latter measurement 
involves a longer time window but a reduced temporal resolution.
Modulation efficiency. We investigate the frequency dependence of the amplitude 
of polarization oscillations. We expect that the amplitude depends on the difference 
between the lasing mode gain and the non-lasing mode gain, whereas the latter 
decreases over the range of birefringence splitting used. For this investigation, we 
calculate from the static spectra an expected amplitude measure for the polariza-
tion oscillation amplitude via87 = /A I I2PO,s NL L , where INL and IL are the non-
lasing and lasing mode intensities, respectively.

We determine a measure for the oscillation amplitude APO,d from the measured 
dynamics in the temporal signal. For the purpose of comparison, normalized APO,s 
and APO,d are depicted in Extended Data Fig. 3. The solid lines show exponential 
fits. In our experiment, increasing the birefringence-induced mode splitting results 
in a lower oscillation amplitude. However, this behaviour is not unalterable, but 
a consequence of the spectral gain shape and the detuning between the gain peak 
and the cavity mode. The VCSELs used in the experiment were not optimized for 
polarization modulation at high frequencies. By choosing a suitable detuning, the 
VCSEL could be designed to obtain a reduced gain difference or dichroism between 
lasing and non-lasing mode for high birefringence-induced mode splittings. This 
would lead to larger amplitudes for the polarization oscillations at high frequencies 
and would additionally affect the damping of the oscillations.
Generalized spin-flip model. To simulate the dynamics of the spin-laser we 
generalize the spin-flip model67. The generalized rate equations expressed with 
normalized quantities are

∣ ∣τ α γ γ= / + ± − − + − +
± ± ± ±� ∓ ε εE i N n E i E i E E[1 (2 )](1 )( 1) ( ) ( ) (5)p a p a p

2

∣ ∣ ∣ ∣γ γ γ γ= + − − + − −− +
+ −�N J t J t N N n E N n E[ ( ) ( )] ( ) ( ) (6)2 2

∣ ∣ ∣ ∣γ γ γ γ= − − − + + −− +
+ −�n J t J t n N n E N n E[ ( ) ( )] ( ) ( ) (7)

s
2 2

where E± are the right (+) and left (−) circularly polarized components of  
slowly varying amplitudes of the electric field, and the photon densities are 
S± = |E±|2. Since measured intensities are proportional to the corresponding 
(normalized) photon densities, the normalized intensities are equal to S±. The 
photon lifetime is τp, N is the total population inversion of laser upper and lower 
levels with a decay rate γ, n is the population difference between spin-down and 
spin-up electrons with a decay rate γs due to spin relaxation, J±(t) are the time- 
dependent pumping/injection rates of spin-up (+) and spin-down (−) carriers 
(for simplicity referred to as current in the following), γa and γp are, respectively, 
the amplitude and phase anisotropies of the cavity (also known as dichroism and 
birefringence), and α is the linewidth enhancement factor. The relation between 
the polarization of light and the spin polarization of recombining carriers is given 
by the standard dipole selection rules in semiconductors3. Since holes typically 
have a negligibly short spin relaxation time, only the electrons are considered 
spin-polarized3.

In the standard spin-flip model67, the polarization of the active region material 
was assumed to respond linearly to the electric field. Since the standard model 
failed to describe all experimental observations, we have generalized it in order to 
account for additional saturation effects. For this purpose a nonlinear response 
has been included, such that the polarization is ∣ ∣χ= −± ±

± ±�εP E E( )
2

. Here, an 
intensity-dependent part with a complex coefficient = +�ε ε εia p is subtracted from 
the linear susceptibility χ± to quantify saturation effects associated with amplitude 
and phase of the field, respectively. This leads to the additional term −
(ϵa + iϵp)|E±|2E± in equation (5) in comparison to the model used in ref. 67. Our 
generalization of the spin-flip model was employed for the calculation of impulse 
responses and modulation bandwidths, as well as eye diagrams for spin-lasers 
which were first considered in ref. 65.
Simulation details. In this section we introduce further details of the simulation, 
parameter sets and their determination.

The excitation pulses that model the experimental behaviour demonstrated 
in Fig. 2 of the main text were implemented in the simulation as Gaussian pulses. 
The overall pulse amplitude ηpulse is included in the normalized pumping terms 
for right and left circularly polarized electric fields J+(t) and J−(t) according to

η
τ τ

=
±

π
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
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
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where Popt is the circular polarization degree of the optical pumping and τpulse is 
the pulse width parameter. The total pump is J = J+ + J−. The resulting pump 
polarization68 is PJ = (J+ − J−)/(J+ + J−).

In the main text, simulations of the modulation bandwidth are shown in Fig. 3a, 
b and 4a, b. We introduced the modulation of the pumping circular polarization 
degree according to

δ= + πP t P P ft( ) sin(2 ) (9)J 0

where δP is the amplitude of polarization modulation. In this section we further 
introduced the pumping of the intensity modulation

δ= + πJ t J J ft( ) sin(2 ) (10)0

where δJ is the intensity modulation amplitude. The intensity is modulated around 
the electrical bias pumping J0. In both cases, the modulation frequency is f.

The corresponding response functions are R(f) = δPC/δP for polarization modu-
lation and R(f) = δS/δJ for intensity modulation. δPC and δS are the amplitudes of the 
modulation responses for polarization and intensity modulation, respectively. 
Responses are all normalized to their low frequency values at flow = 50 MHz as 
¯ = /R f R f R f( ) 10log [ ( ) ( )]10

2 2
low

 and f3dB is reached when R f( ) decreases to −3 dB.
The eye diagrams simulated for polarization modulation and intensity modula-

tion (Fig. 3c, d in the main text) result from a pumping approach slightly different 
to equations (9) and (10). Here, the sinusoidal modulation is replaced by a binary 
pseudorandom bit stream with a conventional non-return-to-zero coding. The 
bit stream was filtered in advance with a raised-cosine filter in order to reduce 
parasitic ringing effects65.

We use the generalized spin-flip model to reproduce the experimental behaviour 
theoretically. In order to obtain a good agreement for all experiments simultane-
ously, the parameter set was carefully determined.

The normalized electrical bias pumping term J0/Jth was measured via the light 
versus current characteristics as a function of the birefringence. The linear birefrin-
gence γp was obtained from the spectral mode splitting. The circular polarization 
degree of the optical pumping P was determined according to the combination of 
the main axes of the linear polarizer and the quarter-wave plate in the pumping 
beam. The effective dichroism γ0 is determined by measurement as described in the 
next section. The pulse width parameter τpulse is determined from the experimental 
pulse width of approximately 2 ps.

In addition to the presented polarization and intensity dynamics, a series of 
measurements for varying pumping conditions and varying birefringence was per-
formed. By obtaining an appropriate fit of the simulation using the generalized 
spin-flip model to the entirety of our experimental results, we could determine 
the following from the intensity dynamics: pulse amplitude, carrier decay rate γ, 
photon lifetime τp, and phase and amplitude saturation factors ϵp,a. Similarly, from 
the corresponding polarization dynamics we obtained the linewidth enhancement 
factor α and the spin decay rate γs.

All the parameter names we use here and their symbols are given in Extended 
Data Table 1, and the parameter sets for all the simulations presented in this work 
are given in Extended Data Tables 2–5.
Dichroism. The dichroism generally depends on the cavity mode position as well 
as the asymmetry of the gain spectrum and is a function of the birefringence- 
induced mode splitting. The effective dichroism γ0 is measured69 by relating the 
half spectral widths of the two orthogonal lasing and non-lasing modes at half their 
maxima (HWHM) according to:

γ = π −2 (HWHM HWHM ) (11)0 nonlasing lasing

Using a scanning Fabry–Pérot interferometer with a free spectral range (FSR) 
of 10 GHz, we determined the dichroism for mode splitting values up to approxi-
mately Δf = 45 GHz, where the increasing mode width exceeds the FSR. We find a 
linear relation between effective dichroism and birefringence induced-mode split-
ting. For higher splittings a linear extrapolation is used as the simplest approach. 
The linear dichroism γa is calculated in the perturbative regime by

γ γ γ= − −
1
2

( ) (12)a 0 a
non

where the nonlinear dichroism in the perturbative regime is
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following the generalized spin-flip model. On the basis of the measured effective 
birefringence, measured and extrapolated effective dichroism and the pumping con-
dition known from the d.c. pumping, we calculated γa = 4.76 ns−1 (γa = −1.63 ns−1)  
for Δf = 42 GHz (Δf = 214 GHz). A minor threshold reduction with increasing 
birefringence was also considered.

We numerically investigated the possibly limiting influence of the dichroism  
on the polarization modulation dynamics for linear dichroisms between 2 ns−1 and 
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20 ns−1 (Extended Data Fig. 4). Increasing absolute values |γa| (negative parameters 
were investigated but not shown here for simplicity) lead to a significant damping 
of the polarization oscillations and thus of the modulation resonance, whereas 
the 3 dB bandwidth is not affected for values up to 20 ns−1. Consequently the 
linear dichroism is not considered to be a limiting factor for ultrafast polarization 
modulation in the investigated range of operation. However, if the effective dichro-
ism is approaching a minimum, the situation can be different. In this regime of 
bistability, close to a polarization switching point of the VCSEL, the damping of 
the polarization oscillations is very weak38 and strong continuous oscillations at 
the resonance frequency can be observed, as investigated by Torre et al. recently15. 
However, this regime is typically not advantageous for optical communication 
owing to its strong and narrow resonance in the modulation response, leading to 
degraded eye diagrams due to strong ringing effects.
Experiments on polarization modulation bandwidth. The polarization dynamics 
of spin-VCSELs under continuously modulated spin-pumping are investigated 
in order to experimentally confirm the broad polarization modulation response 
as described by the generalized spin-flip model and verify that its resonance 
frequency and bandwidth can be enhanced by increasing the birefringence- 
induced mode splitting Δf. For this investigation the Ti:sapphire laser for pulsed 
spin-pumping is replaced by a 760 nm semiconductor laser diode in continuous 
wave operation. The laser emission is transmitted through a Michelson interferom-
eter of which one arm contains an optical phase modulator electrically driven with 
a sinusoidal signal. The maximum modulation frequency is limited by the phase 
modulator to around 25 GHz. With this set-up the circular polarization degree 
can be modulated, whereas the intensity stays constant. The average power of the 
pump light is 11 mW. The VCSEL is electrically pumped at 5.4Jth. Δf is measured 
with an optical spectrum analyser. For diagnostics, the beam path towards the 
streak camera is equipped with polarization optics, enabling sampling of one of the 
circular modes. The measurement data include the temporal dynamics of the circu-
larly polarized intensities of both the VCSEL output and the pump light reflection 
at the VCSEL surface. Thus it is possible to simultaneously investigate the pump 
amplitude and the VCSEL response amplitude. The pump and response circular 
intensity traces show an oscillation. For each frequency the pump amplitude Ap and 
the response amplitude Ar are determined. The response amplitude is corrected 
by the respective pumping amplitude via Ar,c = Ar/Ap. The first low-frequency 
values at 2 GHz and slightly above are averaged and used to normalize Ar,c to that 
value. We have verified that in our case the modulation response curves obtained 
from a single circular mode are identical to the curves obtained directly from the 
circular polarization degree.

We obtain modulation responses as depicted in Extended Data Fig. 5a. The 
experimental data contain response resonance peaks at frequencies correspond-
ing to the birefringence-induced mode splitting. This proves that the resonance 
frequency of the polarization modulation response can be tuned by the birefrin-
gence-induced mode splitting as well as the polarization oscillations. The simu-
lations in Extended Data Fig. 5b using our parameter set obtained in this work 
resemble the resonance peaks from the experiment. The maximum investigated 
frequency is only limited by the phase modulator. To the best of our knowledge, 
no faster phase modulator is available at the used wavelength.

Experimental results for the polarization modulation response in 1.55-μm 
VCSELs have been presented recently by N. Yokota et al.25. They demonstrated a 
resonance in the polarization modulation response due to a birefringence-induced 
splitting of 19 GHz, which represents further verification of the concept of polari-
zation modulation. Furthermore, it shows that the concept can be directly adapted 
to InAlGaAs-VCSELs in the 1.55 μm wavelength range.

Data availability
The data sets generated and analysed in this work are available from the corre-
sponding author on reasonable request.
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Extended Data Fig. 1 | Strain-dependent behaviour. a, Strain Δl/l and 
the resulting mode splitting Δf. Points show determined values, lines 
are their direct connections and are included for improved visualization. 
b, Spectrum without applied external strain. The vertical lines mark the 
maxima of the two orthogonal modes. The arrow indicates the resulting 
Δf. The solid line is a smoothed curve through the raw data (points). 
c, Corresponding polarization oscillation in the circular polarization 
degree PC with a frequency of 9.2 GHz. The solid line is a smoothed curve 
through the raw data (points).
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Extended Data Fig. 2 | Acquisition timing. Shown is the trace of the 
intensity obtained with the streak camera for a long measurement 
window (grey) and the trace of the circular polarization degree for a 
short measurement window with higher temporal resolution (black). The 
positioning of the shorter measurement window for acquisition of fast 
polarization oscillations over the full scale of the dynamic process caused 
by the spin injection pulse is evident.
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Extended Data Fig. 3 | Modulation efficiency. The figure shows how 
polarization oscillation amplitudes depend on the birefringence-induced 
mode splitting. Grey trace, calculated amplitude APO,d derived from the 
spectrum by relating the intensities of lasing and non-lasing modes. Black 
trace, actual polarization oscillation amplitude APO,s from the temporal 
traces. Points mark raw data, lines show exponential fits. For splittings 
between 130 and 200 GHz no data are shown as the amplitude is quite 
close to the noise level of the streak camera. The data points in Fig. 2c 
were obtained by Fourier transform from these data. At 214 GHz the 
streak camera was used in another mode of measurement offering a better 
signal-to-noise ratio. For constant applied spin-injection, the resulting 
polarization oscillation amplitude and thus the modulation efficiency 
decreases with increasing mode splitting.
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Extended Data Fig. 4 | Dichroism dependent polarization modulation 
response curves. Plots show simulated modulation (Mod.) response as 
a function of polarization modulation frequency for different values of 

dichroism γa (see key). The dashed green line marks the −3dB level as a 
measure for the lower limit of the desired modulation response.
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Extended Data Fig. 5 | Experimental polarization modulation and 
its birefringence dependence. a, Results for several values of the 
birefringence-induced mode splitting, Δf (see key). Points mark raw data, 

lines are smoothed data. b, Numerical verification of results in a using  
the parameter set obtained in this work for the appropriate values of γp 
(see key).
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Extended Data Table 1 | List of symbols used in the simulations
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Extended Data Table 2 | Spin-flip model parameters for Fig. 2
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Extended Data Table 3 | Spin-flip model parameters for Figs. 3a, b, 4a, b
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Extended Data Table 4 | Spin-flip model parameters for Fig. 3c, d
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Extended Data Table 5 | Spin-flip model parameters for Extended 
Data Fig. 4
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