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We model the fluorescence spectra of planar spin oscillators to find conditions that maximize spin resonance
fluorescence. Spin oscillators perform Rabi oscillations under the effect of a periodic effective magnetic field
caused by the winding motion of an electron in a gradient of magnetic field. We show that, despite the weak
coupling of the spin magnetic dipole to the vacuum, spin oscillators excited by a direct current output a few
nanowatts of microwave power, which is comparable to the best microwave sources. The large quantum
efficiency relies on the combination of two effects. On the one hand, the spontaneous emission rate is enhanced
by the synchronization of spin oscillators, which interact through the microwave field that they emit. On the
other hand, the huge Rabi frequencies experienced by spin oscillators promote spins into upper levels of
Zeeman transitions, from which a radiative cascade is triggered. We demonstrate different regimes of fluores-
cence which correspond to different values of the Rabi period relative to the spontaneous decay time and to the
oscillator dwell time in the gradient of magnetic field. We investigate the device parameters which make these
regimes experimentally accessible and find conditions that optimize microwave output. We find that microwave
emission is centered around the cutoff frequency of spin oscillators. This has the advantage that the peak
emission frequency may be tuned from zero continuously up to a few hundred gigahertz using an electrostatic
gate. Quite remarkably for a spintronics effect, electrically induced spin resonance fluorescence does not
require the injection of a spin polarized current. In fact, we show that microwave spectra are mostly indepen-
dent of the incoming spin polarization except for magnetic waveguides which are shorter than a certain critical
length, which we will specify.
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I. INTRODUCTION

Nanoscale microwave sources present great interest as a
novel experimental test bench for magnetodipole interactions
in quantum electrodynamics1 and for the integration of high
speed cellular networks in microelectronics.2 One path to-
ward microwave generation is to use current driven magne-
tization reversal3–5 to excite high frequency oscillations of
the magnetization. Recent work by Kiselev et al.6 has shown
that a spin polarized current traversing the free magnetic
layer of a spin valve propels high frequency oscillations of
the magnetization through the transfer of a magnetic torque.
Individual nanopillars have demonstrated a few nanowatts of
microwave output power. They have also shown that the
resonant frequency depends on the applied current, which
provides a useful means of controlling the oscillator fre-
quency. Synchronization between spin torque oscillators has
been investigated with the aim of enhancing the output
power.7–10 A tenfold increase in microwave intensity and co-
herence has been obtained by coupling two oscillators and
driving them in the phase locked mode. Theoretical investi-
gations of magnetic nanocontacts interacting via spin
waves11 or stimulated microwave currents12 have shown that
self-phase locking occurs because magneto-dipole interac-
tions are strongly nonlinear. It is also believed that the mag-
netization of the free layer follows complex trajectories
which are sensitive to the magnetic field and explain the
observation of distinct dynamic regimes in a narrow current
range.13–15 The generation of stable oscillations, therefore,
requires precise current conditions, which may complicate

the implementation of spin valves as broadband microwave
emitters.

Microwave emission has also been detected in molecular
magnets of manganese acetate.16,17 This system is well
known for its magnetization reversal dominated by quantum
tunneling of the magnetization. If, however, the magnetic
field is swept rapidly, the Zeeman energy levels of the mol-
ecule cross without coupling, leading to population inversion
in the spin ladder.18 The system then returns to equilibrium
by emitting a single burst of photons at a wavelength corre-
sponding to the Zeeman energy gap.19 Although the magne-
todipole emission rate of a single spin is quite small, the
coherent spontaneous emission of a large number of spins by
a crystal of magnetic molecules20–22 has produced micro-
wave bursts peaking at a few tens of femtowatts.23,24

Other magnetodipole microwave sources include notably
magnetic dust in interstellar clouds, which is responsible for
the so-called cosmic microwave foreground.25,26

In the present paper, we model the microwave fluores-
cence emanating from electrons confined both by the elec-
trostatic potential of a quantum well and a gradient of mag-
netic field pointing out of the plane. The magnetic field
gradient channels electrons in open orbits,19,27–36 which sub-
ject the electron spin to a periodic effective magnetic field.
The frequency of this magnetic field is given by the electron
oscillations about the contour of zero magnetic field. It in-
creases with the angle at which the electron orbit cuts this
contour. Small angles, ��0, correspond to fast, small ampli-
tude oscillations, whereas large angles, ��180°, correspond
to slow, large amplitude, anharmonic oscillations. A homo-
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geneous magnetic field applied in the plane of the quantum
well—i.e., perpendicular to the ac effective magnetic field—
induces spin resonance when its Larmor frequency �0 equals
the oscillator frequency �. Under the drive of a current bias,
the spin flips back and forth between the ground spin state
and the excited state while drifting in the magnetic field gra-
dient. These Rabi oscillations are responsible for the fluores-
cence of the spin resonance because they periodically pro-
mote the spin into the excited spin state, from which
radiative decay occurs. Here, spin oscillators are excited by
the direct longitudinal current carried by open orbits. The
preceding paper37 has described in detail how photons are
sequentially emitted at time intervals correlated with the pe-
riod of Rabi oscillations, and how this triggers a radiative
cascade, enabling one spin oscillator to output a large num-
ber of photons. Here, we report numerical calculations of
spin resonance fluorescence that predict the microwave
power generated by real devices. We show that, among all
oscillators trapped in the gradient of magnetic field, some
will fulfill conditions for emitting in the exponential regime,
whereas others will fall in the Rabi regime and radiate effi-
ciently. Among the latter, those with the smallest amplitude
are prevented from radiating efficiently by the finite length of
the waveguide. This occurs when the Rabi period is larger
than the time span between the moment the spin enters the
waveguide and the time it exits. By contrast, orbits with large
oscillation amplitude will experience a large periodic mag-
netic field and complete hundreds of Rabi cycles before ex-
iting the waveguide. This third category of orbits will radiate
in the regime of radiative cascade, which is accompanied by
bright emission. We compute microwave emission spectra
for different initial conditions and device parameters. We
find that these parameters produce subtle changes in the deli-
cate structure of microwave output spectra, which results
from the competition and interplay between the three radia-
tive modes.

Microwave sources based on planar spin oscillators are
useful for generating continuous wave microwave power. We
find that the power is in the range of a few nanowatts, which
is comparable to the output of spin torque oscillators.6 Based
on our modeling, planar spin oscillators, however, require
hundred times less input current to generate the same amount
of output power. From a fundamental point of view, spin
oscillators are the first physical system for which a steady
state of super-radiant emission is stabilized by the constant
regeneration of top spin state. This is in contrast to optically
pumped masers20 and Rydberg atoms21 that radiate by short
bursts. Our results show that the output power can be ad-
justed with a great amount of flexibility through the choice
of material and structural parameters. The calculated spectra
show a single well defined emission line, which dominates
the microwave background and behaves as a monochromatic
source of linewidth �c /10 or �30 GHz. The peak frequency
is continuously tunable in the 0–500 GHz frequency range
by means of an electrostatic gate.

The paper is organized as follows. Section II describes the
radiative cascade at resonance. We discuss the asymptotic
behavior of the fluorescence when the electron dwell time in
the waveguide is much longer or much shorter than the ra-
diative lifetime. We discuss the saturation of the fluorescence

when the Rabi frequency is either much larger or much
smaller than the rate of spontaneous decay. We then detune
the photon frequency with respect to the Zeeman energy gap
to obtain the emission lines in the Rabi and exponential re-
gimes. Section III reports on the microwave spectra and the
microwave power emanating from open orbits trapped by
one line of zero magnetic field. We also describe their depen-
dence on the length of the magnetic waveguide, the magnetic
gradient, and the spin polarization of the incoming current.
Section IV discusses the influence of temperature and mate-
rial parameters on real devices. Section V summarizes our
findings and presents our conclusion.

II. RADIATIVE CASCADE

The intensity of the spin resonance fluorescence depends
on the frequency at which the spin occupies the high energy
level, since this is the one from which radiative decay occurs.
For Rabi oscillations to occur, two conditions must be real-
ized simultaneously. Firstly, the oscillator frequency must be
resonant with the Larmor frequency, which is the condition
for spin resonance. Secondly, the Rabi frequency �1 has to
be higher than the rate of spontaneous decay, �sr /2, other-
wise, the excited state would only decay by the spontaneous
emission of a photon. When both conditions are satisfied, the
probability of photon emission oscillates at the Rabi fre-
quency with some exponential damping due to the coupling
to the field. After a photon has been emitted, the phase
memory of previous Rabi oscillations is lost and a new series
of damped oscillations restart from the ground state. From
the time an electron enters the waveguide to the time it
leaves, its spin may have gone through this process many
times, each time emitting one photon. We have calculated the
probabilities for the sequential emission of one, two, up to an
infinite number of photons in Eqs. �45�–�50� of the preceding
paper.37 The power generated by this cascade emission �Eq.
�60�� grows rapidly because the probability of many photon
processes increases with the length of the waveguide, and
these add to the more likely processes involving fewer pho-
tons. An increase in Rabi frequency will amplify cascade
emission as a higher spin transfer rate into the excited state
makes radiative decay more likely. The efficiency of cascade
emission increases as the average time interval between ra-
diative events is shortened.

By contrast, if radiative emission is faster than the Rabi
frequency, �sr /2��1, spins prepared in the upper energy
level will decay exponentially to the ground state soon after
they have entered the magnetic waveguide. This decay takes
place on a time scale of 2 /�sr, during which spin flip oscil-
lations are strongly damped. This exponential radiative re-
gime is transient and non-self-regenerating, which generates
microwaves in a localized area at the entrance of the wave-
guide.

Figure 1 shows the fluorescence power generated by a
spin oscillator as a function of the dwell time in the magnetic
waveguide, �dwell. The power is normalized so as to give a
direct reading of the number of photons emitted per spin
oscillator. We introduce the dimensionless parameter r
=�1 / ��sr /2� to study the transition from the exponential re-
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gime �r	1� to the Rabi regime �r
1�. When r�1, the fluo-
rescence power increases from zero at small dwell times and
then saturates at a power level of n�� /2 when �dwell
�2/�sr. Beyond 2/�sr, the output power does not increase
further, demonstrating that microwave emission, in the expo-
nential regime, mostly takes place at the entrance of the
waveguide. Spins initially prepared in the excited state decay
radiatively, whereas spins prepared in the ground state do not
couple to the field and give no contribution to the fluores-
cence. To calculate the fluorescence power plotted in Fig. 1,
we have assumed that the current is injected into the wave-
guide with no spin polarization. This explains why the power
saturates at an average of 1 /2 photon emitted per spin as
only one spin out of two is prepared in the excited state. Our
model, therefore, predicts that fluorescence will be localized
within a length scale of �2vF /�sr at the entrance of the
magnetic waveguide.

When the Rabi frequency and the spontaneous rate of
decay become comparable, r=1, spins are more likely to flip
into the excited state within the radiative lifetime. This ini-
tiates the radiative cascade. Figure 1 shows that the fluores-
cence power increases rapidly with r and eventually reaches
a saturation value when r�1. This saturation corresponds to
the r=50 curve when the radiative cascade is fully developed
and multiple photons are emitted per spin oscillator. For ex-
ample, at �dwell=2�2/�sr�, the average spin oscillator emits
four photons. Unlike in the exponential regime, here both
spin up and spin down electrons participate in the radiative
cascade so that initial spin polarization is irrelevant. In addi-
tion, the number of photons emitted per spin oscillator in-
creases with increasing dwell time. This makes clear that
radiative emission delocalizes along the waveguide. Interest-
ingly, the superlinear increase in the r=50 curve suggests
that the photon emission rate per unit length of the wave-
guide actually increases. Fluorescence near the exit of the
waveguide will be brighter than near its entrance. This effect
is explained by the rising probability of multiple photon

emission processes when spin oscillators dwell longer in the
magnetic field gradient. Hence longer waveguides are desir-
able to maximize the output power from the radiative cas-
cade. The waveguide length L is related to the oscillator
dwell time through �dwell�L / �vF�.

The fluorescence plot shown in Fig. 1 is a universal result,
where the only arbitrary input is the spin polarization of the
incoming current. In a gradient of magnetic field, oscillators
swing with different amplitudes depending on the angle � at
which the open orbit cuts the contour of zero magnetic field.
Their spins experience different magnetic field amplitudes,
hence different strengths of the Rabi coupling. The fastest
oscillators, for which ��180°, sense a small effective mag-
netic field and radiate in the exponential regime. By contrast,
slower oscillators, with wider swing, sense a larger ac mag-
netic field, and hence, radiate in the Rabi regime. The bound-
ary between the exponential regime and the Rabi regime �r
=1� gives the following criterion on the amplitude of oscil-
lations:

Z1 =
�sr

2�blb
. �1�

Here, � is the gyromagnetic ratio of the electron spin, lb is
the maximum amplitude of oscillations, and Z1 is the maxi-
mum swing of exponentially decaying oscillators expressed
in units of lb. At 500 GHz �least favorable conditions for
Rabi oscillations�, �sr=3.93�106 s−1, and lb=323 nm, we
find Z1=1.7�10−5. Using Z=cos�� /2�,27 we find �1

=179.998° to be the angle separating Rabi oscillators at
small values of � from exponential oscillators at �
�1.
From this result, we conclude that the majority of spin oscil-
lators radiate in the Rabi regime.

Figures 2 and 3 map the spin resonance fluorescence in
the Rabi and exponential regimes, respectively, when the
photon frequency is detuned from resonance. The fluores-
cence peaks in these plots have different linewidths and am-
plitudes, which we now discuss. In Fig. 2, the resonance is
Lorentzian, with a linewidth given by ��2 /4+�1

2. For r�1,
this approximates to the Rabi frequency �1. At resonance,
�eg=0, the fluorescence power shows a superlinear increase,

FIG. 1. �Color online� Electromagnetic power radiated at reso-
nance as a function of the electron dwell time in the gradient of
magnetic field for different values of r=�1 / ��sr /2�, i.e., the Rabi
frequency to the spontaneous decay rate. The power is expressed in
units of the photon energy, ��, times the rate n at which electrons
are injected in the device. The plot is for resonant conditions when
the detuning of the photon frequency to the Larmor frequency is
�eg=�−�0=0 �e, “excited state;” g, “ground state”�. The direct
current passing through the waveguide has no initial spin
polarization.

FIG. 2. �Color online� Fluorescence power plotted as a function
of the oscillator dwell time in the magnetic field gradient and the
detuning �eg of the photon frequency relative to the resonant fre-
quency. The calculation is done in the Rabi regime: r=5.
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which is the signature of the radiative cascade, and at �dwell
=5�2/�sr�, each oscillator emits an average of 14 photons. If
we turn to the off-resonance fluorescence power and follow
its variation along the edge of the plot at �eg=−20, we ob-
serve an initial increase in fluorescence power up to 2/�sr.
For longer dwell times, the output power increases very little
and saturates at a value of 0.8 photons per oscillator. This
can be explained in the following way. At off-resonance, the
occupancy of the excited state decreases despite spin flip
attempts being made at a faster rate. As a result, the fre-
quency of spontaneous decay decreases, which has the effect
of switching off the radiative cascade. The fluorescence
power emitted off-resonance in the Rabi regime, therefore,
appears similar to the power emitted in the exponential re-
gime even though the underpinning physical mechanisms are
different. Namely, the off-resonant decay of Rabi oscillations
will occur whether radiative coupling is present or not,
whereas exponential decay requires radiative coupling. Fig-
ure 3 shows the fluorescence in the exponential regime. The
linewidth now approximates to the rate of radiative decay,
�sr /2, while the off-resonance power shows a saturation pla-
teau at 1 /2. The resonant power at �eg=0 is 12 times weaker
than the resonant power in the Rabi regime of Fig. 2. If one
calculates the fluorescence power for r�1, we find the reso-
nant peak to be absorbed by the nonresonant background.
The comparison of Figs. 2 and 3 hence demonstrates the
power amplification and bandwidth of the radiative cascade.

III. MICROWAVE EMISSION SPECTRA

The fluorescence spectrum of a magnetic waveguide is a
superposition of the electron spin resonance lines calculated
in the previous section. For an individual spin oscillator,
these lines are centered on the fundamental frequency and
each of its harmonic frequencies. A spin oscillator is part of
a bundle of orbits which are parametrized by angle �. The
bundle cover a continuous range of fundamental frequencies,
0–�c, where �c is the frequency of the fastest orbits.27

Therefore the microwave emission spectra of real
waveguides will appear as the frequency dispersion curve of

the bundle, with satellite curves at odd multiples of the fun-
damental frequency. The spectra in Fig. 4 display the fluo-
rescence power output by individual orbits as a function of
the Larmor frequency. The numerical model assumes an
InAs quantum well, with the parameters given in the caption
of Fig. 4. Based on these values, we calculate �sr, �1, and
�dwell to relate the various modes of emission to actual physi-
cal quantities.

At frequencies between 100 and 500 GHz, the wave-
length is in the millimeter range. This defines an area of the
two-dimensional electron system containing N�1010 elec-
trons, where their magnetic dipoles radiate simultaneously
through coherent spontaneous emission or super-radiance.
Coherent emission enhances the bare radiation rate, �
=3.93�10−4 s−1 �500 GHz�, by a factor equal to the number
of coupled oscillators38 to �sr=N�=3.93�106 s−1. The N
oscillators have the same frequency and move at the same
velocity, which maintain their coherence.20 It follows that the
time scale of exponential decay is 2 /�sr=250 ns, which cor-
responds to a decay length in the waveguide of approxi-
mately 35 mm. Spin oscillators experience magnetic fields
ranging between 0 and 0.65 T, hence have Rabi frequencies
between 0 and 110 GHz. We already know from Eq. �1� that

FIG. 3. �Color online� Fluorescence power plotted as a function
of the oscillator dwell time in the magnetic field gradient and the
detuning �eg of the photon frequency relative to the resonant fre-
quency. The calculation is done at the threshold of the exponential
regime: r=0.5.

FIG. 4. �Color online� Microwave power emitted by individual
open orbits ��� as a function of the Larmor frequency ��0�. The
Larmor frequency is expressed in units of the cutoff frequency of
spin oscillators, which is �c=2.5�1012 s−1 or 400 GHz. �a� and �b�
show the same plot with different vertical scales and under different
angles. The former gives the peak power and linewidth, while the
latter shows the finer structure, which is discussed in the text. Pa-
rameters: current I=10 �A, electron effective mass m*=0.023m0

�InAs�, Landé factor g=−15 �InAs�, electron density ns=1
�1011 cm−2, magnetic gradient b=2�106 T/m, length of mag-
netic waveguide L=1000 �m, no incoming spin polarization ng�t
=0�=ne�t=0�=0.5, and number of spins oscillating in phase N
=1010.
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most oscillators within this range belong to the Rabi regime,
r
1. One must also keep in mind that the waveguide has
finite length, which limits the number of cycles of Rabi os-
cillations effected within the region where the magnetic field
gradient is applied. Because the radiative decay length of
35 mm exceeds the device dimensions, a fraction of the or-
bits in the Rabi regime are unable to complete one full Rabi
cycle before exiting the waveguide. This can be seen in the
following example. In the 1000 �m long waveguide, the av-
erage dwell time is �dwell�8 ns. Within this time, oscillators
with maximum amplitude, lb, flip �1�dwell=880 times. At the
other end of the spectrum, an oscillator will complete at least
one Rabi cycle if its amplitude is larger than

Z2 =
1

�blb�dwell
. �2�

This corresponds to �2=2 arccos�Z2�=179.87°. Hence, still a
majority of spin oscillators—0	�2	179.87°—have enough
time to complete more than one spin flip. The above esti-
mates have given us an order of magnitude of the length
scales of the problem and will enable us to interpret the
microwave emission spectra, which we are now going to
present.

A. Fan structure

Figure 4�a� shows the spectrum emitted by a 1 mm long
waveguide. This depicts a fan structure for which each
branch corresponds to the excitation of a mode of the spin
oscillator by the Larmor frequency. Each mode is labeled by
an index k in Fig. 4�b�. The k=0 branch corresponds to the
resonance with the fundamental mode of the individual os-
cillators: �0=����. The k=1,2 ,3 , . . ., branches show succes-
sive resonances with odd oscillator harmonics as the Larmor
frequency increases. The resonant condition here is �0= �2k
+1�����, each branch de facto maps the ���� dispersion
curve of the spin oscillators.27 The k=0 branch terminates at
�0=�c at the frequency of the fastest oscillators. Similarly,
the k=1 branch terminates at 3�c, etc.

The main feature of interest in the spectrum is the large
peak centered at coordinates �150° ,�c� near the top end of
the k=0 branch. At this point, the power peaks at
3.1 nW/rad and the half width at half maximum is
�30 GHz. The bandwidth is sufficiently narrow to be con-
sidered as quasimonochromatic. Emission localizes at the top
end of the k=0 branch, because oscillators near �c are sup-
ported by fast drifting open orbits, which carry a large frac-
tion of the excitation current. The second reason is the mag-
netodipole radiative rate growing as the cube of the photon
frequency, enhancing the fluorescence in each branch as �
increases. The drop in power from the peak at ��150° to the
edge of the map at 180° is the radiative cascade switching
off, following the argument that we have developed above.
Namely, we know that orbits above �
179.87° do not radi-
ate efficiently either due to evanescent decay in the exponen-
tial regime �Eq. �1�� or due to the finite length of the wave-
guide �Eq. �2��.

The fan structure in Fig. 4�b� vanishes at �=49.3°, be-
cause this angle corresponds to the formation of “8” shaped

orbits, which are stationary. For �
49.3°, microwave emis-
sion is excited by a positive current, whereas for �	49.3°, it
is excited by a negative current.

B. Variation of the waveguide length

The effect of increasing the length of the magnetic wave-
guide is shown in Fig. 5. The plot demonstrates the evolution
of the system from a regime of weak fluorescence at short
dwell times to a regime of intense fluorescence supported by
the onset of the radiative cascade. With a length L
=1000 �m, the waveguide is sufficiently long for the spin to
flip hundreds of times before exiting. By contrast, the output
power of the 5 �m long waveguide is negligible despite the
system being tuned at resonance. This dependence empha-
sizes the importance of the electron dwell time in the wave-
guide for generating large fluorescence power.

C. Dependence on the magnetic gradient

We next turn to the dependence of the output power on
the gradient of the magnetic field, b, which is shown in Fig.
6. The effect of increasing the gradient of magnetic field is to
reduce the amplitude of electron oscillations as b−1/2 and to
increase the amplitude of the effective periodic magnetic
field27 as b1/2. The range of curvature radii at different points
of an electron orbit widens. As a result, the anharmonicity of
oscillations increases, which enhances the intensity of the
harmonic peaks relative to the main peak. The k=1,2 ,3 , . . .,
branches, which are very faint in Fig. 6�a�, become compa-
rable to the k=0 resonant peak in Fig. 6�b� after a fourfold
increase in the magnetic field gradient.

The magnetic field gradient also modifies the cutoff fre-
quency �c, which varies as �b1/2. This explains why the
peak frequency increases from 275 GHz in Fig. 6�a� to
550 GHz in Fig. 6�b�. Another notable feature is the shift in
fluorescent emission toward the top end of the k=0 branch as
the magnetic field gradient becomes steeper. The peak is dis-
placed from �=153° to �=160°, while its amplitude in-
creases fivefold from 0.47 to 2.89 nW rad−1. These changes
are caused by the increase in Rabi frequency. On the one
hand, an increase in b increases r, with the effect of increas-

FIG. 5. �Color online� Microwave emission spectrum calculated
as a function of the length of the magnetic waveguide. We have set
�0=�c to show the dependence of the peak power. Other param-
eters are the same as those in Fig. 4.
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ing the power emitted at resonance as shown in Fig. 1. On
the other hand, the conditions stipulated by Eqs. �1� and �2�
are relaxed when the product blb�b1/2 increases. Conse-
quently, oscillators with � closer to 180° move into the Rabi
regime with the effect of shifting the peak to higher �.

In Fig. 4�b�, we see up to two additional sidebands above
and below the k=0 branch. These are fingerprints of damped
Rabi oscillations performed by the spins injected from the
top energy level. For these spins, interactions with the elec-
tromagnetic field confer a higher amplitude to off-resonant
Rabi oscillations than to resonant ones. This effect is shown
clearly in Fig. 7 of the preceding paper.37

In summary, increasing the magnetic field gradient
changes the emission spectra in subtle ways. Its main effects
are to shift the peak emission to higher frequency and to
increase the peak amplitude.

D. Effects of spin polarization

The fluorescence spectra that we have calculated so far
have assumed a driving current without spin polarization.
Here, we investigate spin polarized currents and show that
microwave emission rapidly becomes independent of the ini-
tial spin polarization on distance shorter than the exponential
decay, 2v f /�sr.

Figure 7 shows the dependence of the microwave spec-
trum of the injected spin polarization for two lengths of
waveguide, respectively, 1000 and 10 �m. In Fig. 7�a�, the
emission peak at ��150° drops from 2.97 nW/rad at ne
=1 to 2.74 nW/rad at ne=0, and is quasi-independent of the

initial spin polarization. This indicates that almost all spin
oscillators have decayed radiatively at least once and, by the
time electrons exit the waveguide, the memory of the initial
spin polarization is almost completely lost. After the first
radiative event, spins injected from either state of the elec-
tronic transition restart their oscillations at random times and
from the same low energy state; consequently, they contrib-
ute equally to the fluorescence signal.

In contrast, Fig. 7�b� shows the power output by the short
waveguide to be proportional to the spin polarization. The
output power is zero at ne=0, and this increases to
0.026 mW/rad at ne=1 and �=180°. The explanation is
simple. Spins prepared in the top spin state before entering
the waveguide are the only ones decaying radiatively. Spin
prepared in bottom energy state cannot radiate nor have
enough time to flip into the top energy state. We, therefore,
estimate that the length scale over which spin memory is lost
in the radiative cascade is intermediate between the two
plots, that is, of the order of 100 �m. This is much less than
the length of radiative decay, 35 mm. It is, therefore, an at-
tractive aspect of this spintronics effect that no initial spin
polarization is required, nor is it desirable for maximizing
the output power.

E. Power output

Figure 8 shows the power output, integrating the contri-
bution of all oscillators as a function of the Larmor fre-
quency. For positive currents, the power peaks at 1.2 nW.

FIG. 6. �Color online� Dependence of fluorescence on the gra-
dient of magnetic field. The magnetic field gradient is b=1
�106 T m−1 in �a� and b=4�106 T m−1 in �b�.

FIG. 7. �Color online� Dependence of the fluorescence spectrum
on the spin polarization of the incoming current. ne represents the
fraction of spins prepared in the high energy level. �a� is calculated
for a 1000 �m waveguide and �b� for a 10 �m waveguide.
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The peak position is centered on the cutoff frequency of
oscillators and has half width at half maximum of ��
�0.12�c. For negative current, the power peaks at a lower
frequency, �0�0.5�c, because spin oscillators are slower for
smaller values of �. For this reason also, magnetodipole cou-
pling is weaker, which explains why the peak power output
is more than a magnitude smaller than for positive current.
Higher harmonics contribute to the satellite peak seen at
�0�1.8�c.

We have, therefore, shown that peak output power of the
order of nanowatts is theoretically possible. The emission
line is well resolved and the peak frequency is centered on
�c. Since the peak frequency is �ns

1/4, magnetic waveguides
present the advantage of generating frequencies in the range
of 0–500 GHz, which one controls with an electrostatic gate.

IV. DISCUSSION

Electrically induced spin resonance fluorescence is ob-
servable in any material system provided it hosts a two-
dimensional electron system immersed in the appropriate
magnetic field profiles. Maximizing the power of spin reso-
nance fluorescence requires materials with high Landé g fac-
tor. This is, firstly, because the rate of spontaneous decay
depends on the square of the magnetic dipole moment. Sec-
ondly, large Landé g factors allow spin resonance to be ob-
served at moderately small magnetic fields. This is the reason
why we have modeled magnetic waveguides based on InAs
quantum wells.

The power output may be enhanced by embedding the
magnetic waveguide in an electromagnetic cavity.24,39 On the
one hand, a discrete photon density of states would enhance
magnetodipole coupling for specific frequencies. On the
other hand, photons present in the cavity would augment the
ac effective magnetic field and enhance the efficiency of the
radiative cascade.

Our calculation was done at zero temperature and as-
sumed the system of spins to be in thermal equilibrium when
they are all condensed in the ground energy level. At finite
temperature, the smaller difference in occupancy of the
ground and excited levels will attenuate radiative relaxation

in the exponential regime. In contrast, the radiative cascade
will be unaffected as it is insensitive to initial spin condi-
tions. One expects the nonradiative relaxation rate to broaden
the main emission line if it becomes larger than the Rabi
frequency. Room temperature spin relaxation times for the
following quantum wells: InAs �5.2 ps�,40 GaAs �32 ps�,41

ZnCdSe �300 ps� �Ref. 42� are generally larger than the
smallest Rabi period �2.5 ps. Spin relaxation is, therefore,
likely to broaden the fluorescence peak of InAs quantum
wells at 300 K, but its effect will be less important in GaAs
and ZnCdSe. Hence, our model should make reasonably ac-
curate predictions of the peak power and the emission line-
width.

Planar spin oscillators have reminded several people of
undulators which were proposed as x-ray sources in the
1980s.43 For the sake of putting spin oscillators in context,
we now compare and contrast the properties of both systems.
Undulators are multipole magnetic devices inserted in syn-
chrotron rings that bend the electron beam in sinusoidal tra-
jectories. The resulting bremsstralung radiation produces a
bright coherent emission cone in the forward direction along
the beam.44 Common to both undulators and spin oscillators
is that both use inhomogeneous magnetic fields to produce
oscillatory trajectories. For spin oscillators, a magnetic po-
tential alone is not sufficient. A two-dimensional electrostatic
confinement is essential to prevent the deflection of electrons
by the Larmor field. In undulators, the Larmor magnetic field
is zero �by symmetry�, hence spin resonance does not occur.
If one such field were applied, its primary effect would be to
deflect the electron beam off its axis. A three-dimensional
system such as an undulator cannot support the formation of
spin oscillators. We also believe that the fluorescence of spin
oscillators is unlikely to lead to lasing according to the
model of the free electron laser �implemented by
undulators�.44,45 Lasing would require commensurability of
the orbit wavelength to the wavelength of the electromag-
netic radiation to sustain constructive interferences in the
manner of a periodic diffraction grating.45 Instead, we have
shown that bursts of spontaneous emission are correlated
with the period of Rabi oscillations rather than the period of
spin oscillators. Unlike undulators which require beams of
relativistic electrons, spin oscillators function well at the
more moderate Fermi velocities of semiconductors and met-
als. The flexibility in tuning electronic and photon cavities in
semiconductor heterostructures holds an infinite potential for
probing magnetodipole emission processes and for making
nanoscale microwave sources.

V. CONCLUSION

We have numerically calculated the fluorescence of spin
oscillators excited by a direct current flowing through a gra-
dient of magnetic field. The efficiency of the microwave
power depends on a subtle interplay between the Rabi fre-
quency, the magnetodipole radiative rate, and the electron
dwell time in the magnetic waveguide. We have found spin
resonance fluorescence to be considerably enhanced by
super-radiant coupling and by radiative cascade. The later
effect requires strong Rabi coupling, which is easily obtained

FIG. 8. �Color online� Microwave power emitted by the whole
distribution of open orbits as a function of the Larmor frequency.
Positive currents flow with open orbits for which 49.3° 	�
	180°, whereas negative currents correspond to 0	�	49.3°. De-
vice parameters are the same as in Fig. 4.

ELECTRICALLY…. II. FLUORESCENCE SPECTRA PHYSICAL REVIEW B 76, 075312 �2007�

075312-7



in real devices, and sufficiently long waveguides to let Rabi
oscillations develop. Our results predict power output of
−60 dB m, which is superior to the Johnson noise
�−174 dB m� and makes this microwave source an attractive
proposition for broadcasting.
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