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We report on microwave power emission by ballistic electrons as they cross a region of spatially

inhomogeneous magnetic field. Magnetic finger gates were fabricated at the surface of high mobility

GaAs/AlGaAs Hall bars embedded in a coplanar waveguide. By modulating the current injected

through the Hall bar and measuring the second harmonic of the signal rectified by a Schottky

detector, we obtain the microwave power emitted by the superlattice. This power (�6 W m�2) is

compared to the fluorescence of electron spins that undergo spin resonance as they cross domains of

opposite magnetic field. VC 2011 American Institute of Physics. [doi:10.1063/1.3670400]

The scaling of integrated circuits has been accompanied

by a decrease in pitch and cross-sectional area of intercon-

nects to the point where today, the main limitation to the

increase in computer speed is the parasitic resistance, induct-

ance, and capacitance of metal wires. While state of the art

metal oxide field effect transistors operate above 100 GHz,1

metal interconnects exhibit losses of �60 dB/cm to �115

dB/cm at 100 GHz that are severe enough to cripple circuit

operation.2 To significantly increase system performance,

several groups have advocated building wireless inter-/intra-

chip interconnects as a substitute for physical wires.3,4 To

implement this vision, ultra-small microwave sources must

be conceived that are compatible with standard processing

techniques. Microwave emission on the nanoscale has al-

ready been demonstrated in spin valves5–7 and molecular

magnets.8,9

Here we demonstrate microwave emission from a two-

dimensional electron system modulated by a periodic mag-

netic field that varies on the scale of the mean free path. The

device is embedded in a coplanar waveguide that collects the

microwave signal, filters it and, using an integrated Schottky

diode, down converts it to a dc voltage. We verify that this

voltage is proportional to the second derivative of the

Schottky current-voltage (I-V) curve and obtain the micro-

wave power emitted per unit area by fitting the theory to the

experimental data. The dependency of the microwave emis-

sion on temperature, injection current and the magnetization

of the grating is reported. It is found to be consistent with the

fluorescence of electron spins that undergo spin resonance as

they travel ballistically through domains of opposite mag-

netic field.10,11

Arrays of cobalt finger gates were fabricated on two

types of Hall bars. Sample A incorporated a high mobility

2D hole gas grown on a (311)A GaAs substrate,12 whereas

sample B was a standard high electron mobility transistor

heterojunction. The carrier mobilities and densities were

l¼ 112 000 cm2 V�1 s�1, ps¼ 1.4� 1011 cm�2 (A) and

l¼ 925 700 cm2 V�1 s�1, ns¼ 1.27� 1011 cm�2 (B). The

cobalt fingers were 0.7 lm wide, 380 nm thick and pitched

every 1.5 lm over a 240 lm� 500 lm area at the centre of

the Hall bar—see Fig. 1(b). We magnetized the grating in

the plane and perpendicular to the stripes (B\) to modulate

the heterojunction with the stray magnetic field of the cobalt

stripes and obtain magnetic field domains that alternate in

sign. The modulation field profile Bm(x) was calculated using

FIG. 1. (Color online) (a) CPW detector circuit and (b) micrograph. Micro-

wave modes propagate from the magnetically modulated Hall bar at the left,

through series and shunt filter elements towards the Schottky diode at the

right. The stripes are magnetized by magnetic field, B, to modulate the

two-dimensional electron/hole gas with the stray field Bm. (c) Transmission

spectrum of the CPW structure that includes the filter elements.

a)Author to whom correspondence should be addressed. Electronic mail:

A.R.Nogaret@bath.ac.uk, Tel.: þ44 (0)1225 385609.
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magnetostatics13 and plotted in Fig. 1(a). Its amplitude is

0.15 T. The grating was then coated with a SiO2 film and

integrated in a coplanar waveguide (CPW)—see Fig. 1(b).

Microwave modes propagate from left to right passing

through series (CIN, CD) and shunt circuit elements (L)

before reaching the Schottky diode detector.14 The Schottky

diode was fabricated by etching a 2 lm2 tip of two-

dimensional hole/electron gas underneath the central strip of

the CPW to obtain a low capacitance/wideband detector with

excellent rectifying properties—see insets to Figs. 2(c) and

2(d). At microwave frequencies the shunt inductor acts as an

open switch while the cathode is effectively grounded. This

enables the microwave voltage v(t)¼ v0 cos(xt) to be

applied in full across the Schottky diode. The Schottky diode

down-converts this microwave voltage to a direct current,15

IDCðVDÞ ¼ v2
0

4
d2I
dV2 jVD

, which is proportional to the microwave

power and the second derivative of the Schottky I-V curve at

diode bias VD. We measure the voltage VOUT generated by

this current as it passes through the 1 MX resistors. Note that

the shunt inductor drains IDC to the ground, while CD acts as

an open switch enabling VOUT to be measured. The capacitor

CIN decouples the source from the detector at low frequency.

Fig. 1(c) plots the transmission spectrum of the CPW—

including filter elements—calculated using a three-

dimensional finite element solver. The bandwidth is 74 GHz

while the low attenuation (�0.01 dB) is optimum for meas-

uring low power levels.

A current I(f)¼ 0–20 lA was injected through the mag-

netic superlattice [Fig. 1(a)]. This current was modulated at a

frequency f¼ 13 Hz to enable us to distinguish the down-

converted current component from the finite dc current flow-

ing through the diode due to the applied bias VD. The dc

component was filtered out using a lock-in amplifier. We

found VOUT to be largest at twice the modulation frequency

as expected from the relation IDC / v2
0ðf Þ. We then studied

the dependency of VOUT on the static bias voltage VD of the

Schottky diode—see Fig. 2. In Figs. 2(c) and 2(d) this de-

pendency (red/green lines) is fitted with the theoretical curve

VOUTðVDÞ ¼ ð1MXjj1MXÞ � v2
0

4
d2I
dV2 jVD

(blue lines) using v0

as the adjustment parameter. The second derivative d2I
dV2 jVD

was obtained by numerically differentiating the Schottky I-V
curves which were measured separately—see inset. Figs.

2(c) and 2(d) thus demonstrate the proportionality of the rec-

tified output signal to the second derivative of the I-V curves

of the detector. The fit gives v0¼ 6.7 6 0.5 mV (A) and

v0¼ 1.3 6 0.07 mV (B). The flux of microwave energy radi-

ated perpendicular to the surface of the grating follows as

S ¼
ffiffiffiffiffiffiffi
1þer

2

q
e0c
2

v0

d

� �2
where er¼ 10.89 is the relative dielectric

constant of GaAs, e0 is the permittivity of the vacuum, c is

the speed of light, and d¼ 150 lm is the gap between copla-

nar strips. Using the above values for v0, one obtains

SA¼ 6.4 W m�2 and SB¼ 0.34 W m�2. In other words, the

integral power emanating from each device is 570 nW (A)

and 30 nW (B).

When the cobalt stripes are magnetized parallel to their

long axis (Bjj), no magnetic modulation is applied and

we observe that VOUT is small and independent of VD—see

Fig. 2(c). We also find that VOUT decreases when the

FIG. 2. (Color online) Magnetic field dependence of VOUT in (a) sample A

and (b) sample B. I¼ 10 lA (A), 7 lA (B). The curves are parametrized by

the Schottky diode bias VD. (c and d) Dependence of VOUT on VD measured

with B in the plane of the heterojunction and perpendicular to the stripes

(B\ dots - red online) or parallel to the stripes (Bk squares - green online)

compared to the second derivative of the Schottky I-V curves (full lines -

blue online).

FIG. 3. (Color online) (a) Temperature dependence of VOUT. (b) Depend-

ence of VOUT on the current I injected through the magnetic superlattice

(B¼ 0 T).
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temperature increases from 1.3 K to 20 K. Above 20 K, VOUT

has almost vanished. Magnetotransport experiments on device

B show that from 1.3 K to 20 K, the electron mean free path

drops from 12 lm to 2.3 lm which is only slightly larger than

the period of the superlattice. This indicates that microwave

emission is dependent on having a magnetic field varying spa-

tially on the scale of the mean free path. Lastly, we measured

the dependence of VOUT on the injection current and found the

linear dependence shown in Fig. 3(c). This dependence has

been predicted for microwave generation via the mechanism of

electrically induced spin resonance fluorescence.10,11

Electrically induced spin resonance fluorescence occurs

when carriers cross domains of positive and negative magnetic

fields such as those realized by placing micromagnets at the

surface of a two-dimensional electron system. For ballistic

electrons that travel near the Fermi velocity the inhomogene-

ous magnetic field effectively behaves as a radio frequency

(RF) magnetic field. This RF field, combined with the static

in-plane magnetic field can induce spin resonance under con-

ditions examined in Refs 10,11. Theoretical estimates of the

microwave power emitted by magnetic edge states11 give �2

nW for an area 1 mm long and 500 nm wide. This corresponds

to an energy flux of �8 W m�2 which is comparable to the

power we obtained experimentally. The theory also provides

an explanation as to why the microwave power emitted by the

electron gas is lower than that emitted by the hole gas.

The spin resonance fluorescence peaks at frequency

fc ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
�hkFeb
p

=ð2pm�Þ, where kF ¼
ffiffiffiffiffiffiffiffiffi
2pns

p
is the Fermi wave-

vector, b� 1 T/lm is the magnetic field gradient at the do-

main boundary, and m* is the effective mass.10 The peak

frequency being inversely proportional to the effective mass,

we find fc¼ 15.4 GHz for sample A (m*¼ 0.45m0) and

fc¼ 101.3 GHz for sample B (m*¼ 0.067m0)—see Fig. 1(c).

Peak A is thus well within the 74 GHz bandwidth of the CPW

whereas peak B is outside the bandwidth and is attenuated by

at least �13 dB. This explains the lower power measured for

sample B.

In summary, on-chip power measurements provide evi-

dence of microwave emission by magnetic superlattices. The

experimental data are consistent with the mechanism of spin

resonance fluorescence.
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