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AFFILIATIONS

1Department of Physics, Hangzhou Dianzi University, Hangzhou, Zhejiang 310018, China
2Department of Physics, University at Buffalo, State University of New York, Buffalo, New York 14260, USA

a)Authors to whom correspondence should be addressed: xug@hdu.edu.cn and zigor@buffalo.edu

ABSTRACT

Lasers with injected spin-polarized carriers show an outstanding performance in both static and dynamic operation. In addition to the inten-
sity response of conventional lasers, without spin-polarized carriers, both intensity and polarization of light can be exploited for optical com-
munication in spin-lasers. However, the polarization dynamics of spin-lasers under amplitude modulation has been largely overlooked. Here,
we reveal, analytically and numerically, a nontrivial polarization response that accompanies the well-known intensity dynamics of a spin-
laser under amplitude modulation. We evaluate the polarization and intensity response under the same amplitude modulation and further
assess the capability of such a polarization response in digital data transfer with eye diagram simulations. Our results provide a more com-
plete understanding of the modulation response in spin-lasers and open up unexplored opportunities in optical communication and
spintronics.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0154753

Lasers are key devices in optical communication networks,1–4

typically using the intensity of the emitted light under amplitude mod-
ulation (AM).5 However, injecting spin-polarized carriers into the
lasers gives rise to new opportunities, which can improve their perfor-
mance in both static and dynamic operation, including reduced lasing
threshold and enhanced modulation bandwidth.6–19 In such spin-
lasers, through conservation of angular momentum, the spin polariza-
tion of carriers can be converted into the circular polarization of the
emitted light, which enables control and modulation of the polariza-
tion of emission and leads to room-temperature spintronic applica-
tions beyond magnetoresistance.20–28

In a typical polarization modulation (PM) scheme, the spin-
polarized injection can be modulated electrically or optically, which
leads to a modulation of carrier spin polarization and the circularly
polarized emitted light.18,29–32 For a spin-laser with large birefringence,
the response of the circular polarization of light under polarization
modulation has been shown to support a significantly enhanced mod-
ulation bandwidth and is promising for future ultrafast optical
communication.18,31–41

Surprisingly, the dynamic response of the circularly polarized
light in a spin-laser under AM has been largely overlooked, while a
static regime was briefly considered.42 In fact, a modulation of the total
amplitude of spin-polarized injection changes both intensities of light

helicities (left and right circularly polarized light), as well as their rela-
tive ratio, which leads to a time-varying circular polarization of the
laser emission, shown in Fig. 1. With the current focus on adding
spin-polarized carriers to vertical cavity surface emitting lasers
(VCSELs),3 employing experimentally simpler AM could be an impor-
tant step toward realizing their dynamical operation at room tempera-
ture with electrical spin injection. This breakthrough could overcome
the present limitation of a high-speed and low-power operation con-
strained to optically injected spin-lasers.18

Motivated by this situation, we investigate a nontrivial polariza-
tion response of a spin-laser under AM and explore the potential of
such a response in digital communication. We use the rate equations
for spin-lasers,6–8,30,43–45 which can be expressed in terms of spin- or
helicity-resolved quantities,30,43

dn6=dt ¼ J6 " g6S
7 " ðn6 " n7Þ=ss " R6sp; (1)

dS6=dt ¼ Cg7S
6 " S6=sph þ bCR7sp; (2)

where n6 are the densities of spin-up (down) þ (–) electrons (total
n ¼ nþ þ n"), with a spin-relaxation time ss. Since holes typically
have much shorter spin-relaxation times than those of electrons,20

only the electrons are spin polarized, while charge neutrality yields the
densities of holes p6 ¼ ðnþ þ n"Þ=2. J6, where J ¼ Jþ þ J", are the
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injection rates of spin-up (down) þ (–) electrons. S6, where
S ¼ Sþ þ S", are the photon densities of positive (þ) and negative (–)
helicity. We also introduce the polarization of the injection,
PJ ¼ ðJþ " J"Þ=J , and the emitted light, PS ¼ ðSþ " S"Þ=S. The
spontaneous recombination of carriers can be expressed in a linear
form as R6sp ¼ n6=sr , characterized by a carrier recombination time
sr.

43,46,47 The spin-dependent optical gain, g6 can have various depen-
dence on the carrier density.48 In a linear model, it takes the form
g6 ¼ g0ðn6 þ p6 " ntranÞ,

43 with g0 being the gain parameter and
ntran being the transparency carrier density. C is the optical confine-
ment factor and sph is the photon lifetime in the cavity. The spontane-
ous emission factor b & 10"5

–10"3,7,8 characterizes the fraction of
spontaneous emission coupled to the lasing mode.

We first consider a small-signal analysis (SSA) for a spin-laser
under AM. The resulting decomposition XðtÞ ¼ X0 þ dXðtÞ, into a
steady-state and a small modulated part, is applied for J6; n6 and S6.
The modulated quantities take the form dXðtÞ ¼ Re½dXxe

ixt (,
where x is the angular modulation frequency. Under AM, J ¼ J0
þdJ cosxt, with PJ ¼ PJ0, such that J6 ¼ ð16PJÞJ=2. Due to the
simultaneous existence of n6 and p6, an analytical solution of SSA is
very lengthy.

To retain the analytical understanding, which still captures the
main trends, we consider a simplified linear gain model g6 ¼ g0ðn6
"ntran=2Þ. In the limit of a long spin-relaxation time, ss ) sr , we
obtain

dS6x ¼
ðg0S

6

0 þ b=srÞdJ7
W7

sr
þ
bG70
sr

þ g0G
7

0 S
6

0 þ g0S
6

0 W7 " ixW7

; (3)

where we define G60 * g0ðn06 " ntran=2Þ and W6 * ð"ix" CG60
þ1=sphÞ=C. Therefore, the resonance frequencies, x

6

R , for dS
6, up to

the linear order in b, are

x6R
2 +

g0S
6

0

sph
"

1

sr
þ g0S

6

0

! "2

2
"

b

sr
Cg0n07 "

1

sph

! "

; (4)

where the steady-state relation 1=sph " CG60 ¼ Cbn06=ðS
7

0 srÞ has
been used. For b ! 0, we obtain

dS6x +
Cg0S

6

0 dJ7

"x2 " ixð1=sr þ g0S
6

0 Þ þ g0S
6

0 =sph
; (5)

which, for PJ¼ 0, reduces to the result from conventional lasers.1

The corresponding resonance frequencies become x6R

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

g0S
6

0 =sph " ð1=sr þ g0S
6

0 Þ
2=2

q

.

We next analyze the time evolution of the circular polarization of
the emitted light, PS. We denote the complex amplitude as
dS6x ¼ jdS6x jei/6 , where

jdS6x j ¼
Cg0S

6

0 dJ7
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

x2 " g0S
6

0 =sph
$ %2

þ x2ð1=sr þ g0S
6

0 Þ
2

q ; (6)

tan/
6
¼ xð1=sr þ g0S

6

0 Þ=ð"x2 þ g0S
6

0 =sphÞ: (7)

PS can be generally expressed as

PSðtÞ ¼
Sþ0 " S"0 þ dSþðtÞ " dS"ðtÞ

Sþ0 þ S"0 þ dSþðtÞ þ dS"ðtÞ
; (8)

where dS6ðtÞ ¼ jdS6x j cos ðxt þ /
6
Þ, or decomposed as PSðtÞ ¼ P0

S

þdPSðtÞ, where P0
S ¼ ðSþ0 " S"0 Þ=S0, with S0 ¼ Sþ0 þ S"0 . For SSA,

jdS6x j , S0; therefore,

dPSðtÞ +
jdSþx j cos ðxt þ /þÞ " jdS"x j cos ðxt þ /"Þ

S0
: (9)

This AM response describes the results from Fig. 1 with PJ ¼ 0:1,
x=2p ¼ 12GHz, and dJ ¼ 0:01JT . Unless otherwise specified, the
parameters in our calculations are guided by the fabricated spin-
VCSELs:7,8,30,45 C ¼ 0:029, ntran ¼ 4:0- 1017 cm"3, sr ¼ 200 ps,
sph ¼ 1:0 ps, ss ¼ 200 ps, and g0 ¼ 1:0- 10"5 cm3 s"1. S6 undergo
sinusoidal oscillations with separate mean values and the variation
of Sþ=S" due to PJ 6¼ 0, which leads to oscillations, dPSðtÞ
¼ A cos ðxt þ uÞ, around PS0 ¼ "0:2. In conventional lasers, PJ¼ 0
implies PS¼ 0. The polarization oscillation amplitude of the emitted
light is

A ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

A2
þ þ A2

" þ 2AþA" cos ð/þ " /"Þ
q

; (10)

A6 ¼ jdS6x j=S0 gives the superposition of two harmonic oscillations,
Sþ0 6¼ S"0 ; jdSþx j 6¼ jdS"x j and/þ 6¼ /".

This picture of the two harmonic oscillations also characterizes
the AM results in Fig. 2 for the response of S" (majority spin) and PS.
The intensity response function, Rðf Þ ¼ dS"=dJþ,

30 for PJ ! 0
reduces to the usual form, Rðf Þ ¼ dS=dJ , in conventional lasers.1

In contrast, the polarization response function, Rðf Þ ¼ dPS=dJ ,
has no conventional counterpart. Here, dS" and dPS are the ampli-
tudes of the intensity and polarization responses. These responses
are normalized to their low-frequency values, flow , as "Rðf Þ
¼ 10 log10½R

2ðf Þ=R2ðflowÞ(.

FIG. 1. Time evolution of (a) polarized light intensities S6 and polarization PS, (b)
spin-polarized injection J6 and their mean value J=2 under amplitude modulation.
Light intensities are normalized to the intensity ST at twice the threshold 2JT . The
injection J0 ¼ 2JT with a constant spin polarization PJ ¼ 0:1, and the modulation
frequency and amplitude are x=2p ¼ 12 GHz and dJ ¼ 0:01JT , respectively.
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While the intensity response peak in Fig. 2(a) is near x ¼ x"
R ,

given by Eq. (4), and shows an enhancedx"
R with PJ,

30 the polarization
response in Fig. 2(b) reveals the presence of two peaks. This can be
understood because the amplitude of PS oscillations involves contribu-
tion from both A6, as given in Eq. (10), with unequal resonance fre-
quencies, xþ

R 6¼ x"
R . Near x

þ
R (x"

R ), the amplitude Aþ (A") reaches
its maximum value, which results in the lower (higher) peak of a fre-
quency response in Fig. 2(b). x6R from Eq. (4) are marked by vertical
dashed lines, which coincide with the peaks of the intensity and polari-
zation responses, showing a good agreement between analytical and
numerical results, in which we also use a simplified gain model,
g6 ¼ g0ðn6 " ntran=2Þ. However, this obtained agreement and the
main trends in the frequency responses are not limited to the simpli-
fied gain model. Even with a more general model, g6 ¼ g0ðn6
þp6 " ntranÞ, the results from the inset of Fig. 2(b) for PJ ¼ 0:2 con-
firm a similar behavior in the frequency responses, only with slightly
shifted resonant frequencies, justifying our use of a simplified gain
model.

Since the electron spin-relaxation time, ss, is a key quantity that
affects polarization response, it is important to understand its role on
the modulation bandwidth, f3dB, which represents a usable frequency
range, with the frequency response above "3 dB. f3dB is depicted by
horizontal dashed lines in Fig. 2. Therefore, we calculate the depen-
dence of bandwidth on ss, normalized by recombination time sr. Even
for the same gain material, ss=sr can strongly change with the growth

direction,13,49,50 an applied gate voltage or magnetic field.20 From the
steady-state regime and at a fixed PJ,

43 we can see several factors to
generalize our AM description, focused on the analysis of the gain
region, which is more accurate for the optical spin injection,6,12–14,16,18

as electrical spin injection also involves spin-dependent transport from
the injector. Both the lasing threshold reduction, as compared to the
PJ¼ 0 limit, and the spin amplification, in which modest polarization
of the carriers in the gain region yields a much larger PS,

13 depend on
the ss=sr ratio.

43 This implies several additional AM mechanisms for
dPS. With strong transport nonlinearities in semiconductors there is a
bias-dependent carrier polarization and PS.

20,51–53 An electrical spin
injection in semiconductors and their light-emitting diodes can lead to
both bias-dependent spin-relaxation time and the spin-dependent
transport, for example, due to the barrier properties.20,54–56 A change
in the applied bias could produce additional contributions to dPS, to
be included in Eqs. (6) and (7) and used in Eq. (9), or similar generali-
zation beyond the simplified gain model.

We clearly see two trends in Fig. 3: the bandwidth increases with
ss and decreases with PJ. The second trend appears counterintuitive
since: (i) in conventional lasers an increase in fR ¼ xR=ð2pÞ is related

to the increase in the bandwidth, as expressed by f3dB +
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ
ffiffiffi

2
pp

fR
3

and (ii) from Eq. (4), as shown in the early of the AM in spin-lasers,30

that f "R /
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ð1þ jPJ j=2ÞðJ0=JT " 1Þ
p

. While (i) and (ii) would suggest

that from an increase in f "R with PJ we should expect an increase in
f3dB with PJ, both Figs. 2(b) and 3 reveal an opposite trend. Since x"

R ,
corresponding to the helicity light from the majority spin, becomes

larger with PJ, while the xþ
R becomes smaller, there is a larger fre-

quency separation between x6R and lower response values.
Consequently, at a smaller f, the response drops below "3 dB and f3dB
is reduced. However, it does not mean that the smallest PJ would be
ideal for a larger f3dB. This is because the evaluation of f3dB includes a
normalization. The actual value of dPS decreases with PJ. For applica-
tions, dPS should be large enough to be measurable and have a suffi-
cient signal-to-noise ratio.30,59,60 Therefore, an optimization between
the magnitudes of PJ and f3dB is needed.

In addition to previously discussed analog operation, we can also
examine the digital operation of spin-lasers, important for digital data
transfer.3,5 Similar to conventional lasers, the corresponding AM is
expressed as

FIG. 2. AM: (a) intensity and (b) polarization response. PJ ¼ 0:1, 0.2, and 0.3.
ss=sr ¼ 1, except for ss=sr ¼ 1=3 and 3 with PJ ¼ 0:2. J0 ¼ 3JT ; b ¼ 10"4.
The simplified model g6 ¼ g0ðn6 " ntran=2Þ is used. Vertical dashed lines: the
resonance frequencies given by Eq. (4). Horizontal dashed lines: the "3 dB
response, which indicate the modulation bandwidth. Inset: the polarization (solid)
and intensity (dashed) response with the full linear gain model for PJ ¼ 0:2.

FIG. 3. The bandwidth dependence of the polarization response under AM with the
normalized spin-relaxation time, ss=sr , for the polarization of injection, PJ ¼ 0:1–0.5.
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JðtÞ ¼ J0 þ dJðtÞ ¼ J0 þ dJf ðtÞ; (11)

where dJ is the modulation amplitude and, unlike our previously con-
sidered harmonic dependence, f(t) is the binary function of the coded
input signal. A binary “0” (“1”) is set to J0 (J0 þ dJ). In the previous
AM studies of conventional or spin-lasers, the emitted photon density
would reflect the information encoded in the input J(t).3,57 Bit “0”
(“1”) is then defined by being below (above) some specified threshold
in S. However, here we focus on the polarization of the emitted light,
such that “0” (“1”) is defined with respect to a threshold in PS.

To analyze the quality of a digital signal, we use the eye diagrams.
The size of the central “eye” opening indicates the distinguishability
between digital “0” and “1” signals. We simulate a binary signal, by
using 210 pseudorandom bits with a common non-return-to-zero
modulation, the pulse remains on throughout the bit slot, and its
amplitude does not fall to zero between successive “1” bits. This stream
of bits is first filtered by a generalized raised cosine filter5 to reduce
parasitic ringing effects which complicate distinguishing “0” and “1.”

The corresponding eye diagrams in Fig. 4 are generated by
dividing the laser wave form into segments of an equal size of two
bits and overlaying them. The bit slot time is an inverse of a bit rate,
B. By separately changing these bit rates, B¼ 3, 9, 15Gb/s, and the
polarization injection, PJ ¼ 0:1; 0:2; 0:3, we can identify several
trends for the digitally encoded circular polarization under AM. We
see that for a small polarization, PJ ¼ 0:1, the data transfer with a bit
rate up to 15Gb/s remain efficient. As PJ increases, the central eye in
the diagrams starts to close, especially at large bit rates, indicating
worse performance with PJ.

This trend in PJ is consistent with the behavior illustrated in Figs.
2(b) and 3, which both show a decreasing bandwidth with a larger PJ.
We note that the bit rate of open eye diagrams is smaller than the
bandwidth. This can be understood because the time evolution of PS
depends not only on the separate amplitudes, Sþ and S", but also on
the phase differences between Sþ and S", as shown by Eq. (10). From
numerical calculations, we find that the phase difference depends on
various factors including x, B, and PJ. In the eye diagrams, abrupt
changes in the pseudorandom input with large bit rate leads to a tran-
sient effect,58 which influences the time-variation of the phase

difference and the shape of PS. As a result, the maximum bit rate sup-
porting open eye diagrams is suppressed, compared to the bandwidth
in the response curves from Figs. 2(b) and 3.

With a simple amplitude modulation in spin-lasers, we have
revealed overlooked nontrivial dynamics of their circularly polarized
emitted light. Several identified trends have been corroborated by a
combination of analytical and numerical methods, within the small
signal analysis for both harmonic and digital modulation. Our
findings, based on the rate-equation model in Eqs. (1) and (2), suggest
several generalizations. One can combine this phenomenological
approach with a microscopic gain calculation34 and also include the
hole spin-relaxation time, which could be important for GaN-based
lasers61 but was not considered in their experimental analysis.62

Furthermore, it would be important to extend our findings to other
types of rate-equation models which describe the effects of optical ani-
sotropies,12,63–69 or the presence of external cavities.14,70

Currently, dynamical room-temperature operation of VCSELs is
limited to the optical injection of spin-polarized carriers.18 Using the
amplitude modulation is promising for the push toward their room-
temperature operation with electrical spin injection. This effort could
incorporate advances in ferromagnetic contacts with a perpendicular
magnetization to remove the need for an applied magnetic
field.22,28,54,71–76 Beyond the usual III-V gain regions, with a growing
family of van der Waals materials, it could also be possible to combine
a proposal for spin-lasers with an atomically thin gain region,45 where
the spin-polarized carriers would be provided by electrically tunable
magnetic proximity effects.28,77

For a full signal transduction between the carrier spin and the
helicity of light, to enable versatile applications of spin-lasers for opti-
cal communication, high-performance interconnects, holographic
information,78 or three-dimensional displays,24 another focus should
be on the development of helicity detectors. Even for simple ferromag-
netic contacts with GaAs, the optimization of such detectors requires a
careful understanding of their dynamical properties.79
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Integrated Circuits, 2nd ed. (Wiley, Hoboken, 2012).
3VCSELs Fundamentals, Technology and Applications of Vertical-Cavity

Surface-Emitting Lasers, edited by R. Michalzik (Springer, Berlin, 2013).
4R.-M. Ma and R. F. Oulton, “Applications of nanolasers,” Nat. Nanotechnol.

14, 12 (2019).
5G. P. Agrawal, Fiber-Optic Communication Systems (Wiley, New York, 2002).
6J. Rudolph, D. H€agele, H. M. Gibbs, G. Khitrova, and M. Oestreich, “Laser

threshold reduction in a spintronic device,” Appl. Phys. Lett. 82, 4516 (2003).
7J. Rudolph, S. D€ohrmann, D. H€agele, M. Oestreich, and W. Stolz, “Room-tem-
perature threshold reduction in vertical-cavity surface-emitting lasers by injec-

tion of spin-polarized carriers,” Appl. Phys. Lett. 87, 241117 (2005).
8M. Holub, J. Shin, and P. Bhattacharya, “Electrical spin injection and threshold

reduction in a semiconductor laser,” Phys. Rev. Lett. 98, 146603 (2007).
9N. C. Gerhardt, S. H€ovel, M. R. Hofmann, J. Yang, D. Reuter, and A. Wieck,

“Enhancement of spin information with vertical cavity surface emitting lasers,”

Electron. Lett. 42, 88 (2006).
10S. H€ovel, A. Bischoff, N. C. Gerhardt, M. R. Hofmann, T. Ackemann, A.

Kroner, and R. Michalzik, “Optical spin manipulation of electrically pumped
vertical-cavity surface-emitting lasers,” Appl. Phys. Lett. 92, 041118 (2008).

11D. Saha, D. Basu, and P. Bhattacharya, “High-frequency dynamics of spin-

polarized carriers and photons in a laser,” Phys. Rev. B 82, 205309 (2010).
12N. C. Gerhardt, M. Y. Li, H. J€ahme, H. H€opfner, T. Ackemann, and M. R.
Hofmann, “Ultrafast spin-induced polarization oscillations with tunable lifetime in

vertical-cavity surface-emitting lasers,” Appl. Phys. Lett. 99, 151107 (2011).
13S. Iba, S. Koh, K. Ikeda, and H. Kawaguchi, “Room temperature circularly

polarized lasing in an optically spin injected vertical-cavity surface-emitting
laser with (110) GaAs quantum wells,” Appl. Phys. Lett. 98, 081113 (2011).

14J. Frougier, G. Baili, M. Alouini, I. Sagnes, H. Y. Jaffrès, A. Garnache, C.

Deranlot, D. Dolfi, and J.-M. George, “Control of light polarization using opti-

cally spin-injected vertical external cavity surface emitting lasers,” Appl. Phys.

Lett. 103, 252402 (2013).
15J.-Y. Cheng, T.-M. Wond, C.-W. Chang, C.-Y. Dong, and Y.-F. Chen, “Self-

polarized spin-nanolasers,” Nat. Nanotechnol. 9, 845 (2014).
16S. S. Alharthi, A. Hurtado, R. K. Al Seyab, V.-M. Korpijarvi, M. Guina, I. D.

Henning, and M. J. Adams, “Control of emitted light polarization in a 1310 nm
dilute nitride spin-vertical cavity surface emitting laser subject to circularly

polarized optical injection,” Appl. Phys. Lett. 105, 181106 (2014).
17S. S. Alharthi, A. Hurtado, V.-M. Korpijarvi, M. Guina, I. D. Henning, and M.

J. Adams, “Circular polarization switching and bistability in an optically
injected 1300 nm spin-vertical cavity surface emitting laser,” Appl. Phys. Lett.

106, 021117 (2015).
18M. Lindemann, G. Xu, T. Pusch, R. Michalzik, M. R. Hofmann, I. !Zutić, and N.
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