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The first optical detection of microwave cyclotron resonance via band-gap luminescence
is reported. The method is based on the measurement of resonant heating of the carriers
by monitoring shapes and intensities of low-temperature photoluminescence lines. As an
example, electron and hole resonances in GaAs and CdTe are studied. Mobilities of up
to 1.9x10% em? V! s™! have been observed. The method should be applicable to a wide

range of compounds and alloys.

PACS numbers: 76.40.+b, 71.25.Jd, 78.20.Ls

The determination of the Luttinger parameters
of the valence and conduction bands of semicon-
ductors usually relies on two types of experi-
ments, magneto-optics of interband transitions®
and cyclotron resonance® (CR). In this Letter we
demonstrate the feasibility of an optical detection
of CR, which like the well-known optical detection
of magnetic resonance,® appears to be very sensi-
tive. Optical excitation of carriers by light ex-
ceeding the gap energy allows to detect CR on
both types of carriers by the following mecha-
nism: The absorption of microwave power occur-
ing at the CR of either type of carrier increases
the energy of both the electron and hole gases.
The resulting carrier heating can be observed di-
rectly by measuring the effective temperature via
the shape of optical emission lines or indirectly
by monitoring luminescence line intensities. The
measured values of the hole masses in GaAs and
electron masses in CdTe and GaAs are in good
agreement with standard CR measurements. The
mobilities deduced from the cyclotron linewidth
are the highest reported up to now for these com-
pounds.* This is due to the neutralization of ion-
ized impurities by photoexcited carriers. Final-
ly, we obtain a first value for the (110) hole mass-
es in CdTe: m,, =(0.12 +0.02)m, and m,, =(0.81
£0.05)m,.

One might wonder why it is useful to develop a
new method of detection of cyclotron resonance in
semiconductors more than twenty-five years after
its first observation,? Microwave CR has been
very successful as an experimental tool, in par-
ticular for the detailed analysis of the band ex-
trema in Ge® and InSb.® However, only few semi-
conductors have been measured by this technique,
either for electrons or holes, seldom for both.

© 1980 The American Physical Society

This is largely due to the constraints of the mi-
crowave detection, which requires large mono-
crystals having low conductivity to maintain good
cavity qualities. The optical excitation and de-
tection scheme has several advantages over the
standard CR scheme: The condition w 7>1 is
satisfied at lower fields because of the light-in-
duced impurity neutralization. In this way, the
field dependence of the cyclotron-resonance line
shape, which is still a matter of controversy®®
can be studied in detail over an extended range of
magnetic field. In particular, the low-field limit
where standard methods cease to fulfill the w7
requirement becomes accessible. Also, the opti-
cal scheme allows to investigate spotlight-size
samples, single crystallites of polycrystalline
material or inhomogeneous samples like epilayer
alloys. Impurity distribution can be tested via
mobility variations down to a scale unattainable
by standard transport measurements. Finally,
the new scheme should provide new insights in
microwave—carrier-heating studies thanks to the
direct determination of the carrier distribution
functions in the same way as optical studies of
hot electrons™? have revived dc—carrier-heating
studies.

To perform the experiment, high-purity GaAs
or CdTe samples are mounted in a cylindral mi-
crowave cavity (TE,,, mode) which is immersed
in superfluid helium (7=1.5 K). The maximum
microwave power at 70 GHz is ~200 mW (0 dB).
A superconducting magnet creates the dc magnet-
ic field. Free carriers are photoexcited by the
light from an Ar-ion laser focused onto the sam-
ple through a small hole in the cavity. The photo-
luminescence light emerging from the sample is
analyzed with a 0.75 m grating spectrometer

2067



VoLUME 45, NUMBER 25

PHYSICAL REVIEW LETTERS

22 DECEMBER 1980

CdTe
X-LO

GaAs
e-A°
DA

g

LUMINESCENCE (A.U)

(b) (d)

/\\ﬁ_\m

L 1 1 1 | Il /L 1
1.492 1.494 1.496 1574

PHOTON ENERGY (€V™)

UH.F. MODULATION

1
1576

1
1.490 1675

FIG. 1. Photoluminescence [(a), (c)] and its micro-
wave-induced changes at cyclotron resonance of elec-
trons [(b), (d)]: (a) Electron-acceptor (zv~ 1.493 eV)
and donor-acceptor (v~ 1.490 eV) recombination bands
in GaAs. (b) Lock-in detected intensity change induced
by a square-wave (on-off) modulation of the micro-
wave power, the magnetic field being set at the electron
CR (microwave power: —15dB). Note the sign in-
version in the intensity of the e-A° band, characteristic
of an effective temperature change according to the
line-shape function. (¢) LO-phonon—assisted recom-
bination of free excitons in CdTe. (d) Same as (b) on
the LO-phonon line (- 15 dB).

equipped with a GaAs-cathode cooled photomulti-
plier. Measurements were made at low light in-
tensities (7 <300 mW/cm?) to minimize line broad-
ening due to carrier-carrier collisions.

When the CR condition w,=eB/m* (where m*
stands for either the electron, light-hole, or
heavy-hole effective mass) is fulfilled, resonant
absorption of microwave energy occurs. Under
our optical excitation conditions (7 ~100 mW/
cm?), this excess energy is distributed over the
carrier gases through electron-electron, electron-
hole, and hole-hole collisions.” The carrier effec-
tive temperatures are thus resonantly increased,
influencing photoluminescence lines. The change
in carrier temperature is directly evidenced on
the electron-to-acceptor line ¢-A°" whose line
shape is given by

f(w)=[hv = (E; - E,)"? exp[- (kv — E,+ E,)/RT,].

Here kv is the luminescence energy, E;and E ,
the band-gap and acceptor energies, respectively,
and T, is the electron temperature. Figures 1(a)
and 1(b) show the differential change in the e-A°
line of GaAs at the electron CR when the micro-
wave power (- 15 dB) is modulated. We find that
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FIG. 2. Cyclotron resonance detection in CdTe: (a)
D-X recombination line (1.5938 eV) only shows the
electron CR (- 20 dB). (b) D*-X recombination line
(1.5925 eV) shows electron and hole resonances (only
the low field region is shown, displaying the electron
and light-hole resonances). Because of the proximity
of the two CR lines, the light-hole mass determination
is unprecise (0 dB). (c) X-LO line at 1.576 eV showing
the heavy-hole CR (note the signal sign corresponding
to an intensity increase) (0 dB).

the electron effective temperature increases from
~8 K without microwaves to ~11.5 K.° Free exci-
ton lines also show CR carrier heating since col-
lisions are very efficient in transferring energy
between free carriers and excitons.!® This is
evidenced in Fig. 1(c), 1(d) for CdTe: Electron
CR is detected on the LO-phonon-assisted exci-
ton recombination line (X-LO), whose line shape
is'! ~VEexp(- E/kT,), where T, is the exciton
effective temperature.

The two lines e-A° and X-LO are found to be
rather insensitive to hole CR which occurs only
at the highest microwave powers'? [ Fig. 2(c)].
However, there exist other luminescence lines
which are more sensitive to the hole temperature
T,, such as those due to excitons bound on ion-
ized donors D *-X and free holes recombining on
neutral donors D°-k, the former because of D*-
X formation through the capture of a free hole by
a neutral donor, the latter because of its intensi-
ty and line shape dependence on T,. The lines at
1.5133 eV in GaAs and 1.5925 eV in CdTe are at-
tributed to one or the other of these two process-
es, but at present we are not able to differentiate
between the two unambiguously.'? It suffices for
our purpose to know that both are sensitive to T,.
The hole CR in CdTe measured on such a line is
shown in Fig. 2(b). Experimentally, we find that
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CR can also be observed on all other lumines-
cence lines, such as exciton bound to neutral do-
nors (D°-X) [Fig. 2(a)] or acceptors (A°-X), do-
nor-acceptor pairs (D°-A°). All these lines ap-
pear to be sensitive to carrier temperature, ei-
ther through line shape, capture probabilities, or
impact ionization.

Classically, the momentum collision time 7 can
be deduced from a line shape analysis of the CR
absorption curve. In the CR scheme developed
here, the observed CR curve is not directly re-
lated to the absorbed power P, as it depends on
the relationships between 7, , and P, and between
the luminescence intensities and T, ,. However,
at small differential temperature changes these
relations can be taken as linear functions and the
signal is expected to have approximately the clas-
sical shape. The values for w_7, the mobilities
deduced from there and the various effective
masses are listed in Table I. The mobilities are
significantly higher than the best Hall mobilities
ever measured in GaAs and CdTe samples. The
reason is that, under light illumination, ionized
shallow impurities are partially photoneutralized
or screened,'® thus reducing ionized impurity
scattering. At such low temperatures, phonon

TABLE 1. Comparison between parameters deduced
from the optically and classically detected cyclotron
resonance in GaAs and CdTe.

m;/m, wTy Hi

b-type GaAs [100]?

electron (i = e) 0.066+0.001 32 1.9x108

0.0665= 0,0002°

light hole (i =1h) 0.086+0.010 1.4 6x104
0.082+ 0.004°
heavy hole (i = kh) 0.47+0.01 7.2 6x10*
0.45+ 0.02°
n-type CdTe [110] ¢
electron (i =e) 0.096+0.003 8 3.5x10°
0.0963+ 0.0008°
light hole (i =lh) 0.12+0.02 ~4 ~10°
0.102f
heavy hole (i = hh) 0.81ft 0.05 9 4.5x10*
1.31

2Hall measurements: p sk = 1.3X 10! em™3, py,, 1x
(Hall) = 9500 cm? V™! g71,

PRef. 14.

°Ref. 15.

dHall measurements: 7y = 1.3X 10 em™, 4, 55y
=91000 cm? V!l

°Ref. 16.

fRef. 17.

scattering can be neglected and we expect the
mobility to be limited by neutral-impurity scat-
tering. The measured electron mobility in GaAs,
le =1.9%X10% cm? V™! 8”1, is in good agreement
with the calculated value.*

Resonant carrier heating by CR absorption is a
general phenomenon, allowing the technique to be
applied to other materials. The microwave power
requirements are low and can be met by standard
equipment. From considerations regarding the
field distribution in our cavity we can estimate
the power absorbed per carrier to be ~107'% W at
resonance, resulting in an effective temperature
increase ~2-3 K, in accordance to dc carrier
heating measurements.® Similar temperature
changes should be attained in other materials, as
carrier relaxation rates are quite the same for
various semiconductors.’® As most luminescence
lines are sensitive to such temperature changes,
we therefore expect optical detection of CR to be
feasible in a variety of materials. Moreover, the
universal requirement of CR, namely w 721, is
more easily met because of the neutralization ef-
fect of the optically excited carriers.
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A superconducting spin-glass is studied as an example of how magnetic ordering is re-
flected in the superconducting density of states Ny (w). Of particular interest is the pre-
diction of a large “magnon” associated peak in dN /dw for w near the magnetic ordering
temperature. This effect may have been observed in (gapless) superconducting spin-
glasses. It is expected that this effect will also be present in antiferromagnetic super-

conductors.

PACS numbers:

One of the greatest successes of the micro-
scopic theory of superconductivity was the de-
tailed understanding it yielded of superconducting
tunneling experiments, Rowell and McMillan®
showed how, by using the measured supercon-
ducting density of states N (w), one can accurate-
ly extract an (averaged) phonon state density. In
view of the recent excitement concerning intrinsic
magnetic superconductors (RRh,B, and RMoS,,
where R =rare-earth element) it is clearly of
interest to look for magnetic-excitation—induced
structure in N (w). The hope is that one can ex-
tract detailed information about the dynamical
form factor S(g, w), in analogy with what was
successfully done for the phonon case. As yet,
no tunneling experiments in the coexistent phase
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have been done in these materials. There have,
however, been successful measurements on an
extrinsic (i.e., induced) superconducting spin-
glass AgMn in proximity with Pb,2

Since the spin-glasses are also of considerable
current interest and since tunneling measure-
ments can help elucidate their magnetic proper-
ties, in this Letter we address these experi-
ments, We predict features in the fine structure
of N (w) associated with the magnetic excitations,
which may have been observed® experimentally.
Our immediate goals are threefold:

(1) To set up the theoretical framework, and
solve the resulting equations numerically, for
computing N (w) as a function of both frequency
w and T for magnetically ordered superconduc-



