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The usefulness of semiconductor lasers is often limited by the undesired frequency modulation, or

chirp, a direct consequence of the intensity modulation, and carrier dependence of the refractive

index in the gain medium. In spin-lasers, realized by injecting, optically or electrically,

spin-polarized carriers, we elucidate paths to tailoring chirp. We provide a generalized expression

for chirp in spin-lasers and introduce modulation schemes that could simultaneously eliminate

chirp and enhance the bandwidth, as compared to the conventional (spin-unpolarized) lasers.
VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.3693168]

Many advantages of lasers stem from their modulation

response, in which refractive index and optical gain depend

on carrier density n.1,2 Modulation dnðtÞ thus generates both

the intensity (photon density) dSðtÞ and frequency modula-

tion d�ðtÞ of the emitted light. Such d�ðtÞ, known as chirp,1

is usually a parasitic effect associated with linewidth broad-

ening, enhanced dispersion, and limiting the high bit-rate in

telecommunication systems.3 Various approaches have,

therefore, focused on low-chirp modulation: pulse shaping,3

injection locking,4 temperature modulation,5 and employing

quantum dots as the gain region.6 In conventional lasers for

small signal analysis6 (SSA) in which the quantities of inter-

est are decomposed into a steady state and modulated part

X ¼ X0 þ dXðtÞ, the chirp is given by1

d�ðtÞ ¼ ½Cg0=ð4pÞ�a0dnðtÞ; (1)

where C is the optical confinement factor, g0 the gain coeffi-

cient, and a0 ¼ ð@n̂r=@nÞ=ð@n̂i=@nÞ is the linewidth

enhancement factor,6 expressed in terms of complex refrac-

tive index n̂ ¼ n̂r þ in̂i in the active region.

In the emerging class of semiconductor lasers, known as

spin-lasers,7–23 with total injection J ¼ Jþ � J� containing

inequivalent spin up/down contributions (Jþ; J�), we expect

additional possibilities for tailoring chirp. Jþ 6¼ J� is real-

ized using circularly polarized photoexcitation or electrical

injection from a magnetic contact.24 The polarization of

emitted light resolved in two helicities, S ¼ Sþ þ S�, can be

understood from the optical selection rules.24 For example,

in the quantum well-based spin-lasers with J close to the las-

ing threshold, recombination of spin-up (spin-down) elec-

trons and heavy holes yields S� (Sþ) polarized light. Both

amplitude modulation (AM) dJðtÞ [see Fig. 1(a)] and polar-

ization modulation (PM) dPJðtÞ, of injection polarization24

PJ ¼ ðJþ � J�Þ=ðJþ þ J�Þ, can be readily implemented.

With PM, the emitted light could be modulated even at a fixed
J and n.16 While Eq. (1) then suggests a chirp-free operation,

we show that such a simple reasoning is not always true and

suitable generalization for chirp in spin-lasers is required.

Our generalized picture reveals that AM and PM in

spin-lasers enable both reduced chirp and enhanced modula-

tion bandwidth, as compared to their spin-unpolarized

(PJ ¼ 0) counterparts. PM could also provide an efficient

spin communication.25

The chirp can be simply quantified by comparing the ra-

tio of the central and first sideband peaks in the emitted

light.26 To visualize this effect, in Fig. 1(b), we show the

spectrum of electric field which can be written as2

EðtÞ ’ E0½1þ dSðtÞ=ð2S0Þ�Refei½2p�0tþ/ðtÞ�g; (2)

where E0 is a real amplitude of the field, the phase is

/ðtÞ ¼ 2p
Ð t

0
d�ðt0Þdt0, and �0 (x0) is (angular) frequency of

the output light. Using rate equations (REs), we calculate har-

monic modulation with xm in SSA (Ref. 27) and obtain

/ðtÞ¼ ½jd�ðxmÞj=�m�sinðxmtþ/�Þ, where /�¼ arg½d�ðxmÞ�.
The undesirable alteration to the original spectrum caused by

chirp can be quantified by the ratio between the heights of the

first sidebands with and without chirp. For spin-unpolarized

lasers, an indentity2 eidsinx¼
P1

n¼�1 JnðdÞeinx, with asymptotic

approximation d�1 for Bessel functions JnðdÞ, leads to1,3

sideband height with chirp

sideband height without chirp
’

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 4

���� FM

IM

����
2

s
; (3)

where the ratio of frequency and intensity modulation (FM/

IM) index can be expressed as1,3

FM=IM ¼ ½d�ðxmÞ=�m�=½dSðxmÞ=S0�: (4)

Equation (3) accurately gives the variation of the first side-

bands in Fig. 1(b). The phase induced by the chirp also cre-

ates higher order sidebands further away. However, by the

spin-polarized injection modulation, chirp and thus alteration

of the spectrum can be suppressed.

To define chirp in spin-lasers, we recall that the general-

ization of the usual model of optical gain term12,16 is g0ðn�
ntranÞ! g0ðn6þp6�ntranÞ ¼ g0½ð3=2Þn6þð1=2Þn��ntran�,
where g0 is density-independent coefficient, ntran the trans-

parency density, and n6ðp6Þ are electron (hole) spin-

resolved density. Here, 3:1 ratio of n6 contributions follows

from the charge neutrality and the very fast spin relaxation

of holes12 p6¼ n=2, and this ratio reflects also the gain ani-

sotropy for Sþ and S�.a)Electronic mail: zigor@buffalo.edu.
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For spin-lasers, the generalization of Eq. (1) is then

d�ðtÞ ¼ Cg0

4p
3

2
aþdnþðtÞ þ

1

2
a�dn�ðtÞ

� �
; (5)

where we focus on the spin-filtering regime [Fig. 1(a)], J 2
ðJT1; JT2Þ and a6 ¼ ð@n̂r=@n6Þ=ð@n̂i=@n6Þ.28 For PJ > 0,

the spin filtering implies S� emitted light.29 When PJ ¼ 0

(thus nþ ¼ n�), Eq. (5) reduces to Eq. (1) since

a0 ¼ ð3aþ þ a�Þ=4: (6)

While for PJ 6¼ 0, Eq. (6) is not always true (since a6

depends on n6), we still use it to relate a6 and a0. This

approximation is precise for J slightly below JT2

¼ JT=ð1� PJ0Þ, where (nþ� n�)! 0.

For typical spin-lasers, realized as vertical cavity surface

emitting lasers,8–11,15,17 in the spin-filtering regime, it is accu-

rate to use12 vanishing gain compression and spontaneous

emission factors (e ¼ b ¼ 0).30 With a generalized chirp for-

mulation [Eq. (5)], we employ REs (Ref. 16) and SSA to obtain

the results from Fig. 1(b), where the dashed curve refers to

a�¼ 2aþ. We confirm the chirp suppression in spin-lasers

with the spectrum approaching the chirp-free case.

In conventional lasers, the chirp reduction is particularly

important for high-frequency modulation where the transient

chirp [/ dlnSðtÞ=dt, only weakly e-dependent] is the domi-

nant contribution.1–3 Since FM/IM ratio is constant for a

conventional laser,

d�ðxmÞ=�m

dSðxmÞ=S0

¼ �i
a0

2
; (7)

it provides both a suitable way to experimentally extract1 the

linewidth enhancement factor a0, and a simple comparison

for chirp in spin-lasers. In the spin-filtering regime, jFM=IMj
depends on the modulation frequency xm and the ratio q �
aþ=a� [see Eq. (5)],���� d�=�m

dS=S0

����
�

a0

2
¼ 3qdnþðxmÞ þ dn�ðxmÞ

3dnþðxmÞ þ dn�ðxmÞ
4

1þ 3q

� �
: (8)

jFM=IMj of spin lasers is shown in Fig. 2. A choice of q
2 ½0:5; 2� is motivated by our preliminary microscopic

FIG. 1. (Color online) (a) Helicity-resolved photon density (S6) as a function of injection (J), normalized to ST ¼ Sð2JTÞ, and unpolarized injection threshold

JT , respectively. For spin-polarized injection, jPJ j > 0, there are two thresholds JT1;2 for S�, see Ref. 16. AM (harmonic curves) for J 2 ðJT1; JT2Þ yields modu-

lation of fully polarized light (spin-filtering, unshaded area). (b) Broadened electric field spectrum for AM. Conventional lasers (PJ ¼ 0) without (dotted line)

and with chirp (solid line), and spin-laser with PJ ¼ 0:5 (dashed line) are shown. Arrows indicate the chirp reduction by spin injection. Modulation amplitudes

for PJ ¼ 0:5 and PJ ¼ 0 are chosen to provide the same spectra when the chirp is switched off. The choice of colors reflects that an unpolarized S is an equal

weight superposition of Sþ and S�, while for PJ ¼ 0:5, the emitted light is S�.

FIG. 2. (Color online) jFM=IMj normal-

ized to the conventional value a0=2

for (a) AM and (b) PM, shown for q
� aþ=a� ¼ 2 (solid line) and q ¼ 0:5
(dashed line). For AM gray (green

online) curves reveal only a small

change for finite electron spin relaxa-

tion time (equal to the recombination

time), ss ¼ sr , see Ref. 27. The re-

gime of reduced chirp in spin-lasers

(darker regions) is delimited with dot-

ted lines for (c) AM and (d) PM.

The circle in (a) and (c) for q ¼ 0:5
represents the sampling point to gen-

erate Fig. 1(b). J0 ¼ 1:9 JT and PJ0

¼ 0:5 are used in (a)–(d).

121111-2 Boeris et al. Appl. Phys. Lett. 100, 121111 (2012)
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calculation (Kubo formalism) of aþ and a� for GaAs. The

normalized ratio jFM=IMj < 1 represents the chirp reduction

relative to conventional lasers. For AM, a change q ¼ 2 !
0:5 leads to a smaller chirp for all range of modulation frequen-

cies in Fig. 2(a). Black and gray (green online) curves show

only a small change in the results for electron spin relaxation

time ss,
31 being infinite and equal to the recombination time sr,

respectively. Since in spin-lasers at 300 K ss=sr � 10,15 it is

accurate to choose ss ! 1 in REs for the rest of our analysis.

For PM in Fig. 2(b), the same change q ¼ 2! 0:5
yields a non-monotonic effect on the chirp reduction which,

compared to the conventional lasers, is realized at �m. 16

GHz (q ¼ 2) and at �m& 16 GHz (q ¼ 0:5), respectively.

These trends for AM and PM are further shown in Figs. 2(c)

and 2(d) for a range of q, where the region of the favorable

jFM=IMj reduction is delimited with dotted lines. Consistent

with Eq. (8), jFM=IMj at q ¼ 1 yields the conventional value

a0=2, for both AM and PM. Since such a conventional value

is retained even for PM and dnðtÞ ¼ 0, there is a striking dif-

ference between the usual chirp in Eq. (1) and that for spin-

lasers in Eq. (5).

Our discussion of FM/IM shows that the chirp is not

completely removed using PM or AM. However, it is possi-

ble to achieve zero-chirp by introducing a scheme we term

complex modulation (CM): one of the spin-resolved injec-

tions (Jþ for PJ0 > 0) is the input signal, while the other is

used only to cancel the chirp. From Eq. (8), the zero-chirp

condition is dn�ðxmÞ=dnþðxmÞ ¼ �3aþ=a� ¼ �3q, which

can be satisfied by introducing a chirp-tailoring function

jðxmÞ obtained from SSA,

dJ�ðxmÞ ¼ jðxmÞdJþðxmÞ: (9)

Here, dJþ is the input modulation responsible for the modu-

lation of emitted light dS�, while the correction current dJ�
compensates the variation of the carrier density to reduce the

chirp.

We next use SSA to consider the implications of CM on

the modulation bandwidth, shown together with the chirp-

tailoring function j in Fig. 3. The CM relaxation oscillation

frequency, represented by the peak positions in Figs. 3(a)

and 3(b) for q � 1, can be expressed as

xCM
R ’ fCg0JTðJ=JT1 � 1Þð1� qÞg1=2; (10)

where JT1 ¼ JT=ð1þ PJ0=2Þ is the reduced threshold in a

spin-laser.12 The peak positions coincide for jjðxmÞj and for

the modulation response function16 RðxmÞ ¼ jdS�ðxmÞ=
dJþðxmÞj because the character of J�ðxmÞ / jðxmÞ propa-

gates through n6 and S� into RðxmÞ. For q > 1, jjðxmÞj

increases monotonically with xm showing no peak. Zero-

chirp is not feasible for q ¼ 1 since it is the same FM/IM as

in conventional lasers [Eq. (8)].

By comparing xCM
R in Eq. (10) for q � 1 to xAM

R and

xPM
R from Ref. 16, xAM;PM

R ’ fCg0JTðJ=JT1 � 1Þg1=2
; we

see that CM has narrower bandwidth than AM and PM (esti-

mated by xR), for the same PJ0. While CM provides a path

for removing chirp, it may come at the cost of a reduced

bandwidth. However, an optimized value of q ¼ 0:5 in

Fig. 3(b) yields simultaneously zero chirp and bandwidth

enhancement, as compared to conventional lasers.

What about experimental feasibility to control chirp in

spin-lasers? While CM has yet to be attempted, it can be

viewed as a combination of AM and PM which individually

already lead to an improved chirp (Figs. 1 and 2) and have

been demonstrated in spin-lasers. Slow PM has been real-

ized8 using a Soleil-Babinet polarization retarder at a fixed

J 2 ðJT1; JT2Þ. Fast PM (�m � 40 GHz) can be implemented

with a coherent electron spin precession in a transverse mag-

netic field7 or a mode conversion in an electro-optic modula-

tor.32 Recent advances in using birefringence for PM

(Ref. 33) suggest that chirp reduction in spin-lasers could be

feasible at higher injection, beyond the spin-filtering regime

we have considered.

To further enhance the opportunities in spin-lasers, it

would be helpful to utilize other gain media and achieve

technologically important emission at 1.3 and 1.55 lm. We

expect that our proposals will stimulate additional work

towards understanding the spin-dependence of refractive

index (already used for fast all-optical switching34) and its

implications for spin-lasers.

We thank H. Dery, R. Oszwałdowski, A. Petrou, and

N. Tesařová for discussions. This work was supported by the

NSF-ECCS, AFOSR-DCT, U.S. ONR, NSF-NRI NEB 2020,

and SRC.
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11S. Hövel, A. Bischoff, N. C. Gerhardt, M. R. Hofmann, T. Ackemann, A.

Kroner, and R. Michalzik, Appl. Phys. Lett. 92, 041118 (2008).
12C. Gøthgen, R. Oszwałdowski, A. Petrou, and I. Žutić, Appl. Phys. Lett.
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045314 (2012).
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Hofmann, Appl. Phys. Lett. 99, 151107 (2011).
34Y. Nishikawa, A. Tackeuchi, S. Nakamura, S. Muto, and N. Yokoyama,

Appl. Phys. Lett. 66, 839 (1995).

121111-4 Boeris et al. Appl. Phys. Lett. 100, 121111 (2012)

Downloaded 26 Mar 2012 to 147.231.127.63. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions

http://dx.doi.org/10.1063/1.2146064
http://dx.doi.org/10.1063/1.2146064
http://dx.doi.org/10.1103/PhysRevLett.98.146603
http://dx.doi.org/10.1063/1.2839381
http://dx.doi.org/10.1063/1.2967739
http://dx.doi.org/10.1063/1.2957656
http://dx.doi.org/10.1063/1.2883953
http://dx.doi.org/10.1063/1.2883953
http://dx.doi.org/10.1063/1.3112576
http://dx.doi.org/10.1063/1.3112576
http://dx.doi.org/10.1063/1.3473759
http://dx.doi.org/10.1103/PhysRevB.82.205309
http://dx.doi.org/10.1063/1.3554760
http://dx.doi.org/10.1109/JPHOT.2011.2165205
http://dx.doi.org/10.1109/JPHOT.2011.2165205
http://dx.doi.org/10.1109/JQE.2009.2013107
http://dx.doi.org/10.1109/JQE.2009.2013107
http://dx.doi.org/10.1103/PhysRevA.52.1728
http://dx.doi.org/10.1103/PhysRevB.83.125309
http://dx.doi.org/10.1063/1.3556959
http://dx.doi.org/10.1103/PhysRevB.85.045314
http://dx.doi.org/10.1103/RevModPhys.76.323
http://dx.doi.org/10.2478/v10155-010-0086-8
http://dx.doi.org/10.2478/v10155-010-0086-8
http://dx.doi.org/10.1063/1.3624923
http://dx.doi.org/10.1063/1.95974
http://dx.doi.org/10.1103/PhysRevB.56.7574
http://dx.doi.org/10.1002/pssc.200303218
http://dx.doi.org/10.1002/pssc.200303218
http://dx.doi.org/10.1063/1.1536270
http://dx.doi.org/10.1117/12.567640
http://dx.doi.org/10.1063/1.3651339
http://dx.doi.org/10.1063/1.113439

