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Rate-equation model of spin dynamics and polarized light emission for spin light-emitting diodes
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We measure the circular polarization of the electroluminescence of Co2FeSi/ 共Al, Ga兲As/ GaAs spin lightemitting diodes in magnetic fields up to 14 T. The observed polarization dependence varies greatly from
sample to sample and often eludes an intuitive physical interpretation. We analyze our experimental data by a
rate-equation model which explicitly takes into account the transport of carriers from the spin injector to the
quantum well and their recombination therein. We show that our experimental data can be understood as an
interplay of electron spin injection by the ferromagnetic overlayer and spin alignment in the layers the electrons are traversing before recombining in the quantum well. The main parameter controlling the electron spin
polarization is identified to be the ratio of the transit time through these layers to the spin-scattering time in
them.
DOI: 10.1103/PhysRevB.81.115302

PACS number共s兲: 72.25.Hg, 72.25.Dc, 72.25.Mk, 72.25.Rb

I. INTRODUCTION

The generation of spin-polarized carriers in semiconductors is an essential prerequisite for spintronic applications,
for which electrical spin injection from ferromagnetic metals
has been proven to be a viable method.1–5 For a quantitative
evaluation of the spin-injection efficiency, spin light-emitting
diodes 共spin-LEDs兲 are commonly utilized. In the limit of
negligible spin relaxation in the semiconductor structure, the
spin-injection efficiency equals the polarization degree C of
the electroluminescence 共EL兲 emitted by the spin-LED containing a quantum well 共QW兲 in the active region. In several
studies, the spin and recombination dynamics within the embedded QW were taken into account via the experimentally
determined exciton lifetime and spin-relaxation rates.4–7
However, what has been neglected in all previous studies of
actual spin-LEDs is the separate transport of electrons and
holes to the QW and the spin scattering of electrons on this
way. This transport process has been presumed to be sufficiently fast to bypass all spin-scattering events.
Recently,
we
have
investigated
Co2FeSi/ 共Al, Ga兲As/ GaAs spin-LEDs whose EL exhibits a
circular polarization of up to 17%, and an experimentally
confirmed injection efficiency of at least 50%. In the course
of this work,8 we have also obtained firm evidence demonstrating that the above assumption of negligible spin scattering of electrons on their way to the active region is not generally valid. Co2FeSi is 共in its ordered L21 structure兲 a
Heusler alloy, which is predicted to be a half-metal 共i.e.,
providing electrons with one definitive spin direction only兲,
and has the advantage to be closely lattice matched to GaAs
allowing for the synthesis of high-quality epitaxial layers on
共Al,Ga兲As.9,10 Indeed, in the meantime we have obtained devices exhibiting a circular EL polarization of up to 25%,
which together with the previously determined values for the
spin relaxation and exciton decay times in our structures8
amounts to an injection efficiency of 75% comparable to the
state of the art in this field.2,4,11 Still, the injection efficiency
is not close to the 100% expected when using a half-metallic
injector, but just on par with more conventional approaches.
Furthermore, the devices prove to be extremely sensitive to
1098-0121/2010/81共11兲/115302共6兲

subtle changes in preparation conditions and show a surprisingly wide variety in their electro-optical characteristics. Particularly, the dependence of c on the magnetic field B varies
widely from sample to sample.
The key for the understanding of the complex behavior
observed is the massive diffusion of Co and Fe into the topmost 共Al,Ga兲As layer as observed by secondary-ion mass
spectrometry 共SIMS兲, and as shown exemplary for two
samples of relevance for the present paper in Fig. 1.
Evidently, depending on the growth 共or annealing兲 temperatures, this diffusion process may result in the substitutional
incorporation of Co and Fe with a concentration exceeding
one percent, thus converting the topmost 共Al,Ga兲As layer
into a paramagnetic dilute magnetic semiconductor 共DMS兲.
Consequently, spin injection from the ferromagnetic
Co2FeSi layer may compete with ultrafast spin alignment in
the 共Al,Ga兲As:共Co,Fe兲 DMS.
Since diffusion is strictly thermally activated, the traditional remedy of diffusion-related issues is simply a reduction in the temperature used during the synthesis or processing of the structure under investigation. In the present case,
we went as far as growing the Co2FeSi layer without intentionally heating the substrate. Due to radiative heating from
the Co, Fe, and Si high-temperature effusion cells 共which are
typically set to a temperature of 1465, 1200, and 1295 ° C,

FIG. 1. 共Color online兲 Fe and Co depth profiles as measured by
SIMS for samples #2 and #3 in this paper. The Fe/ Si2 mass interference has been avoided by using an appropriate spectral
resolution.
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respectively兲, the minimum substrate temperature that can be
obtained in this way is about 100 ° C.
Lower substrate temperatures might be achieved with an
active cooling of the substrate, but would actually be counterproductive. In fact, our previous investigations have
shown that the desired L21 ordering of the Co2FeSi layer
requires a growth temperature of at least 200 ° C.9,10 At
lower temperatures, we observe a B2 ordering, naturally excluding any half metallicity of the material. Attempts to circumvent the diffusion of Co and Fe into 共Al,Ga兲As thus
require a radically different strategy possibly involving diffusion barriers and postgrowth annealing, both of which are
not subject of the present work.
In this paper, we analyze the complex polarization
response
observed
experimentally
for
Co2FeSi/ 共Al, Ga兲As/ GaAs spin-LEDs using a rate-equation
model which includes the transport of carriers, particularly
electrons, to the QW and their recombination therein, thus
taking into account both injection and alignment of electron
spins in the layers the electrons are traversing prior to recombination. This model allows one to easily categorize the variety of our experimental data which appears at first puzzling. The main parameter controlling the electron spin
polarization is identified to be the ratio of the transit time
through these layers to the spin-scattering time in them. The
discrepancy between the close to 100% spin injection efficiency we would expect from a half-metal and the 75% we
have obtained experimentally might thus originate from spin
scattering of electrons in transit to the QW. In other words,
our model shows that all of our data are still compatible with
Co2FeSi being a half-metallic injector providing a 100%
spin-injection efficiency.

tains only comparatively moderate amounts of Co and Fe
共1019 cm−3兲, while LED #2 and #3 contain these elements in
abundance 共cf. Fig. 1兲. The majority of the Co and Fe atoms
in sample #3 is likely to be not substitutional, but
agglomerated.8,14,15 LED #3 is exemplary for devices which
simply seem to “work,” while LEDs #1 and #2 represent the
cases of very low spin-injection efficiency and high spin
scattering, respectively.
As in our previous work,8 the EL measurements are performed in the Faraday geometry with the LEDs placed in a
superconducting magnet system. In the present study, all
measurements are done with a magnetic field ranging from
−14 to 14 T to enable the detection of both diamagnetic
and paramagnetic contributions. Furthermore, the circular
polarization degree of the EL is analyzed using gated photon
counting with the gate width set to match the frequency
of a photoelastic modulator. In comparison to lock-in
amplification, which we have used previously, the present
technique allows us to detect much weaker EL signals
共such as obtained at low forward bias兲 while retaining a high
accuracy in determining the degree of circular polarization
C = 共I+ − I−兲 / 共I+ + I−兲 关where I+共I−兲 is the intensity of right
共left兲 circularly polarized light兴.
III. THEORETICAL CONSIDERATIONS

We consider the injection of spin-polarized electrons from
the Co2FeSi layer into the upper 共Al,Ga兲As layer, their transport through this layer and the accompanying spin relaxation,
their capture by the GaAs QW and the spin relaxation
therein, and their recombination with holes as described by
the following equations:

II. EXPERIMENTAL

For the present study, we have used the same type of
spin-LEDs as in our previous work which were fabricated in
a dual-chamber molecular-beam epitaxy 共MBE兲 system.8
The semiconductor structure for all devices investigated here
is the same and is virtually identical to the structures used by
the group of Palmstrøm4 and very similar to those of the
groups of Parkin5,11,12 and Jonker.2,13 Specifically, these devices comprise the following layer sequence grown in the
semiconductor-MBE chamber on p-type GaAs共001兲 substrates: 400 nm p-GaAs 共p = 1 ⫻ 1017 cm−3兲, 200 nm
p-Al0.1Ga0.9As 共p = 1 ⫻ 1016 cm−3兲, 50 nm undoped material
containing a 10-nm-thick GaAs quantum well sandwiched
between 20-nm-thick Al0.1Ga0.9As barriers, 115 nm
n-Al0.1Ga0.9As 共100 nm with n = 1 ⫻ 1016 cm−3 and 15 nm
linearly graded from n = 1 ⫻ 1016 – 5 ⫻ 1018 cm−3兲, and 15–25
nm n-Al0.1Ga0.9As 共n = 5 ⫻ 1018 cm−3兲. We will focus on
three LEDs here: LED #1, which is special since the sample
has been exposed to air prior to the Co2FeSi growth for
measuring the polarization response of a bare LED. The
Co2FeSi layer was grown subsequently in the metal MBE
chamber at 300 ° C. For LED #2, this layer was grown immediately after transfer in ultrahigh vacuum to the metalMBE growth chamber at 200 ° C, and for LED #3, at
300 ° C. SIMS measurements have shown that LED #1 con-

n+ n+ n−
dn+b
= G+ − b − +b + −b = 0,
dt
t b b

共1兲

n− n− n+
dn−b
= G− − b − −b + +b = 0,
dt
t b b

共2兲

n+ n−
dn+q n+b
=
− brn+q p−q − +q + −q = 0,
dt
t
q q

共3兲

n− n+
dn−q n−b
=
− brn−q p+q − −q + +q = 0.
dt
t
q q

共4兲

Here, G⫾ = G0关1 ⫿ S tanh共B / B0兲兴 / 2 represent the injection of
spin-up/down electrons 共n⫾
b 兲 into the top 共Al,Ga兲As layer
with an efficiency S. B0 is chosen in such a way as to fit the
experimentally measured magnetization of Co2FeSi. The
transit time through the upper 共Al,Ga兲As layer is denoted by
t and the radiative recombination coefficient in the QW by
br. The spin-relaxation times for the barrier 共b兲 and the QW
共q兲 must obey 共+i − −i 兲 / 共+i + −i 兲 = tanh共⌬Ei / 2kBTie兲 and
1 / +i + 1 / −i = ⌫si with i = 兵b , q其 and the electron temperature
Te. The total spin-relaxation rate ⌫si has been separately determined for the QW by timed-resolved photoluminescence
共PL兲 共Ref. 8兲 and is treated as a free parameter for the barrier.
The energy splitting ⌬Ei reads16
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⌬Ei = giBB + xJN0␣BJ共z兲

共5兲

with i = 兵b , q其, the g-factors gi, and the Bohr magneton B. x
denotes the concentration of magnetic ions, J their angular
momentum J, N0␣ the exchange coupling between the magnetic ions and electrons, and BJ共z兲 is the Brillouin function
with z = g M JBB / kBT, where g M is the g-factor of the magnetic ions.
Spin relaxation of holes 共which are injected unpolarized兲
is assumed to be sufficiently rapid so that spin-up/down
holes in the QW attain their thermal equilibrium population
given by
p+q − p−q

冉 冊

⌬Ev
= tanh
2kBT
p+q + p−q

共6兲

with ⌬Ev = gvBB. The total number of electrons and holes is
equal for a perfect Ohmic contact, but for a Schottky contact
their relation is given by
n+q + n−q
p+q + p−q

=

共7兲

with  depending on the barrier height. Solving the Poisson,
drift diffusion, and continuity equations show  to be on the
order of 0.1 for a Schottky barrier of, e.g., 0.35 eV
height.17,18
Equations 共1兲–共7兲 are solved numerically to obtain

c =

n+q p−q − n−q p+q
n+q p−q + n−q p+q

.

共8兲

Prior to the discussion of experimental results, let us comment on two important parameters introduced above, namely,
共i兲 the spin-scattering time in the 共Al,Ga兲As layer and 共ii兲 the
transit time.
ad (i): The spin-scattering times of electrons is determined by material parameters such as the strength of the
spin-orbit coupling. For a given material, doping density and
temperature, the spin-scattering time s = 1 / ⌫sb can be safely
regarded to be invariant. Since all of our LEDs have an essentially identical design, we would expect an identical spinscattering time. However, as already reported in Ref. 8 and
shown exemplary for two of the present structures in Fig. 1,
the top 共Al,Ga兲As layer contains sizable amounts of both Co
and Fe due to in-diffusion of these elements during growth of
the Co2FeSi layer. Because of their magnetic nature, substitutionally incorporated Fe and Co atoms act as a supremely
efficient spin-scattering center, thus drastically shortening the
spin-scattering time.
ad (ii): The injection of electrons in an LED under forward bias occurs, in general, not ballistically, but under thermalized conditions at small fields. For this simple, classical
case, the drift velocity v is well defined as v = E with the
mobility  and the electric field E, and the transit time t is
simply given by d / v with the distance d being equal to the
thickness of the top 共Al,Ga兲As layer. The transit time thus
strongly depends on the potential profile and the electron
mobility in the top 共Al,Ga兲As layer.19 In the present case, 
is expected to be sharply reduced and the potential profile
strongly altered by the high concentration of incorporated Fe

FIG. 2. 共Color online兲 Conduction-band profiles of the top
300 nm of the present LEDs calculated by solving the Poisson, drift
diffusion, and continuity equations for a forward bias of 1.5 eV and
assuming either an Ohmic or a reversely biased Schottky contact
with a barrier height of 0.35 eV. Recombination is assumed to be
bimolecular throughout the structure. The dashed lines show the
quasi-Fermi levels for electrons.

and Co atoms, which besides their magnetic nature may also
act as deep, doubly charged acceptors when incorporated
substitutionally. The decreased mobility facilitates the relaxation of injected electrons to the band edge via a vastly increased chance for inelastic scattering. In addition, the
Co2FeSi layer is certainly not a perfect Ohmic, but rather an
imperfect and reversely biased Schottky contact. As a consequence, electrons may have to overcome a potential barrier
as illustrated by Fig. 2, and the transit time is thus expected
to depend on the bias and to vary strongly from sample to
sample as it depends on diffusion rather than drift.
Next, let us consider the limiting cases for the ratio between the spin-scattering time and the transit time.
s / t Ⰷ 1: in this case, spin scattering in the top 共Al,Ga兲As
layer can be neglected, and the nonequilibrium spin polarization due to spin injection is thus fully preserved during the
transit to the QW.
s / t Ⰶ 1: under this condition, the spin polarization of the
electrons will reach thermal equilibrium according to the
Zeeman splitting in the top 共Al,Ga兲As layer, inhibiting the
observation of spin injection. As a consequence, the polarization of the EL reflects the spin splitting in the conduction
band, which is characteristic for the respective material and
is described by the Brillouin function term in Eq. 共5兲 for the
case of a paramagnetic DMS.

IV. RESULTS AND DISCUSSION

We first analyze the polarization response of a bare LED
structure 共LED #1兲 before deposition of a spin-injection layer
共i. e., G+ = G− = 0.5 and x = 0兲, but instead with an Ohmic
contact 共i.e.,  = 1兲 for electron injection. The dependence of
the polarization degree on magnetic field for this reference
LED is displayed in Fig. 3共a兲. The shape of this polarization
response is solely determined by the g-factors gb, gq, and gv.
The fit of Eq. 共8兲 yields gb = −0.1, gq = −0.2, and
gv = 0.065共1 + 兩B / B1兩兲 with B1 = 1 T. These values are similar
to g-factors reported in the literature.20,21 The latter two of
these values will be kept fixed in all that follows. For the
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FIG. 4. 共Color online兲 Degree of circular polarization C of the
EL at different temperatures from LED #2. The open symbols indicate experimental data, while the solid lines represent the results of
simulations according to Eq. 共8兲. The solid symbols denote the results obtained after etching the Co2FeSi layer off.

FIG. 3. 共Color online兲 Degree of circular polarization C of the
EL at 20 K from LED #1. The symbols indicate experimental data,
while the solid lines represent the result of a simulation according
to Eq. 共8兲. Plot 共a兲 shows the device prior to deposition of a
Co2FeSi injection layer, 共b兲 after, and 共c兲 after etching this layer off.
The inset in 共b兲 shows a comparison of C with the actual magnetization of Co2FeSi at 5 K 共solid line兲.

comparison of LEDs before and after removal of the
Co2FeSi injection layer, the experimental data are fit with the
same parameters, but using 兩S兩 = 0 for the LED after removal
of the Co2FeSi layer. In this way, we have been able to
reproduce all experimental results in a consistent manner using reasonable parameters.
Figure 3共b兲 shows the polarization response of the same
LED with a subsequently deposited Co2FeSi injection layer.
Evidently, the overall shape of the curve is similar, although
a much higher bias is required for attaining the same current
level 共the higher bias is due to the reversely biased Schottky
characteristics of the electric contact provided by the
Co2FeSi injection layer as visualized by Fig. 2兲. Most important, however, is the ferromagnetic signature at small magnetic fields, as highlighted in the inset. The polarization response 共symbols兲 and magnetization of this Co2FeSi layer at
5 K 共solid curve兲 match exactly, demonstrating that the
small-field behavior is indeed due to spin injection from the
ferromagnetic injector.
Evidently, the polarization of about 1% measured at the
saturation field of about 1.5 T is comparatively small. Two
mechanisms may be responsible for this result: first, the spininjection efficiency itself may be low and second, spin flip
may occur during transport of electrons to the QW. We stress
that, strictly speaking, our model cannot be used for distinguishing these two different scenarios, as it can fit the experiment equally well for either mechanism. However, it is

evident that the shape observed in Figs. 3共a兲 and 3共b兲 is
basically identical at large magnetic fields, reflecting a negligible spin scattering during transport to the QW. In fact,
SIMS depth profiles for this sample 共not shown here兲 reveal
a comparatively low 共1019 cm−3兲 concentration of Co and
Fe. Moreover, this particular sample has been exposed to air
prior to the growth of the Co2FeSi layer to obtain the data
displayed in Fig. 3共a兲. Although we have taken precautions
for regrowth, we cannot exclude a residual oxide at
the interface that promotes spin flip. We thus believe that this
sample is a likely candidate for an inherently low
spin-injection efficiency and a long spin-relaxation time
共s / t = 2.0 for 兩S兩 = 0.03兲. Figure 3共c兲 shows the polarization
of LED #1 after the Co2FeSi layer has been etched off, and
an electric 共Schottky兲 contact has been made by Ti. The electric characteristics is thus virtually identical to that shown in
Fig. 1共b兲, but the ferromagnetic component has disappeared
entirely, confirming the interpretation above. Note that we
have only changed the value of  and x for the simulations
displayed in Figs. 3共a兲–3共c兲.
Figure 4 shows the polarization response of LED #2 for
three different temperatures. Obviously, the behavior observed is a purely paramagnetic one, suggesting a complete
realignment of the spin-polarized electrons injected from the
Co2FeSi layer. This realignment is a result of an ultrashort
spin-relaxation time 共s / t = 0.002 for 兩S兩 = 1.0兲. In fact, we
obtain exactly the same result after the removal of the
Co2FeSi layer 共solid symbols兲, demonstrating the transformation of the top 共Al,Ga兲As layer into a paramagnetic DMS
by Co and Fe in diffusion. In other words, the memory of
spin injection is erased entirely by spin realignment in the
paramagnetic DMS. The value assumed for 兩S兩 is thus arbitrary and may lie between 0 and 1. The signature of spin
alignment in such DMS-type layers can be immediately recognized by the positive slope in the magnetic field dependence of C for 兩B兩 ⬍ 8 T. The negative slope at larger B
fields reflects the contribution of the spin alignment in the
QW, resembling the behavior of the bare LED #1. The fits of
the experimental results as shown in Fig. 4 are performed
with a lattice temperature T as indicated in the figure, but
with an electron temperature Te of 50 共100 for T = 100 K兲
and 100 K for the QW and the barrier, respectively. Consid-
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FIG. 5. 共Color online兲 Degree of circular polarization C of the
EL at 20 K from LED #3. The symbols indicate experimental data,
while the solid lines represent the results of simulations according
to Eq. 共8兲. Plot 共a兲 shows the EL polarization at two different voltages. For the measurements taken at 1.7 V, two sets of experiments
are shown 共open and solid squares兲. The dotted line displays the
magnetization of this sample. Plot 共b兲 shows the results after etching the Co2FeSi layer off. Plot 共c兲 summarizes the peak polarization
of this sample as a function of the bias. The solid line is a guide to
the eyes and the dashed line denotes zero.

ering the comparatively high voltage applied and the rather
high resulting currents, these values do not appear unreasonably high. Note that the complete absence of any ferromagnetic signature in Fig. 4 demonstrates that artifacts resulting
from magneto-optic effects due to the transmission of the EL
through the ferromagnetic injector are entirely negligible in
our experiments.
Figure 5 shows the same measurement for LED #3, for
which the Co2FeSi layer has been deposited in situ at
300 ° C. Figure 5共a兲 displays the data for two different voltages. At low voltage 共1.7 V兲, the behavior observed reflects
the situation of strong spin scattering and thus exhibits qualitatively the same characteristics as LED #2. For just slightly
higher voltages 共⬎1.9 V兲, the polarization response is reversed and at low fields dominated by a ferromagnetic signal
as evidenced by the agreement with the magnetization of this
Co2FeSi layer at 5 K 共dotted line兲. For this particular sample
and bias, the polarization degree has an absolute value of
about 12%, corresponding to a minimum spin-injection effi-

ciency of 36% considering the exciton and spin lifetimes
deduced from time-resolved PL measurements. Tuning the
bias voltage hence allows us to reach a regime of mediumstrength spin scattering 共s / t = 0.42 for 兩S兩 = 1.0兲 for which
spin injection prevails. The fit of the experimental data is
compatible with a spin-injection efficiency between
0.36ⱕ 兩S兩 ⱕ 1. Figure 5共b兲 shows the response obtained from
the same sample after the Co2FeSi layer has been etched off.
Evidently, the results obtained are very similar to those presented in Fig. 5共a兲 at 1.7 V. In particular, the small-signal
response is still paramagnetic, evidencing an irreversible
change in the top 共Al,Ga兲As layer upon growth of the
Co2FeSi layer. Furthermore, we can exclude any contribution
of the 共Fe,Co兲 agglomerates in the top 共Al,Ga兲As layer to the
ferromagnetic signature in Fig. 5共a兲.
In Fig. 5共c兲, we show the dependence of the peak EL
polarization 共at a fixed magnetic field of 1.5 T兲 on bias for
sample #3. We observe a paramagnetic behavior up to 1.8 V,
but an abrupt change to a ferromagnetic one for higher voltages, as it is evident from the sign reversal in the EL polarization. The maximum polarization of 14% is reached at 2.1
V 共the reduction observed for even higher voltages is caused
by heating, which manifests itself in a redshift of the emission wavelength兲. The bias voltage influences essentially the
transit time, whereas the impact on the spin-scattering rate
can be neglected.19 Within our model, the abrupt transition
from a paramagnetic behavior 共induced by spin alignment兲 to
a ferromagnetic one due to spin injection is determined by
the ratio of the transit time through the barrier 共t兲 and the
spin-relaxation time 共s兲.
V. CONCLUSION

In conclusion, taking into account spin alignment in the
topmost layer of our spin LEDs, the rate-equation model
presented above reproduces our experimental results in a
consistent manner using physically reasonable parameters.
Due to the very high concentration 共up to, effectively, 1%兲 of
magnetic impurities in this layer, spin scattering may be up
to three orders of magnitude faster than the transit time.
Since diffusion of Co and Fe is most likely not only a problem for the growth of Co2FeSi but also for other 共Co,Fe兲
compounds grown on n-type 共Al,Ga兲As, spin scattering in
the topmost layer of spin LEDs cannot be neglected a priori
when evaluating the spin-injection efficiency.
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