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The observation of strong electric-dipole spin resonance of donor electrons in Cd&

Mn Se in far-infrared magnetotransmission experiments is reported. The resonance is
shown to be allowed through corrections to the effective-mass Hamiltonian due to the uni-
axial and acentric crystal structure, and constitutes a powerful new tool for the study of
diluted magnetic semiconductors with uniaxial symmetry.

PACS numbers: 78.20.Ls, 75.20.Ck, 75.30.Et, 78.50.Ge

We report the first observation of the electric-
dipole spin-resonance (EDSR) transition of donors
in Cd, „Mn„Se in far-infrared magnetotransmis-
sion experiments. There are two reasons why
this spin-flip transition is of interest. First,
Cd, „Mn„Se is a diluted magnetic semiconductor
in which the Zeeman splitting of the 1s donor lev-
el is dramatically enhanced by the exchange inter-
action between the localized magnetic moments
(in this case Mn") and band electrons. ' This
Zeeman splitting can be described by an effective
g factor which, besides being extremely large,
is temperature and magnetic field dependent, as
has been demonstrated by spin-fl. ip Raman scat-
tering experiments in Cd, „Mn„Se reported by
Nawrocki et aE.' The Raman work has also shown
that in this material the Zeeman splitting of donor
states does not vanish at zero magnetic field be-
cause of the existence of the bound magnetic po-
laron.

Secondly, direct (one-photon) transitions be-
tween two spin states of the 1s ground level of
the donor are normally forbidden by electric-
dipole selection rules. ' However, in pyroelectric
crystals (uniaxial crystals without inversion sym-
metry such as CdS, CdSe, or Cd, „Mn„Se) in the
presence of spin-orbit interaction, electron

states are described by a Hamiltonian which con-
tains a term'

O' = X[c (s xk)],

where c is the unit vector al.ong the c axis, s and
k are the spin and momentum operator of the
electron, respectivel. y, and X is a constant. This
term, regarded as a perturbation, mixes states
of different orbital angular momentum with re-
spect to the c axis, but conserves total (orbital
plus spin) angul. ar momentum about that axis.
Thus, the perturbed conduction-band states in
such acentric uniaxial crystals contain a mix-
ture of up and down spin, thereby permitting
EDSR transitions. The resul. ting absorption pro-
vides a direct means of determining X.

In discussing EDSR for Cd, „Mn„Se, we will
assume that the electrons in question are bound
in donor states. We calculate ground-state wave
functions by using first-order perturbation theory,
with H' of Eq. (1) as the perturbing Hamiltonian.
It is convenient to perform the calculation for
two distinct geometries, B&c and B Ilc, where
B is the dc magnetic field. For example, for B
ac (and B Ili and c II x), perturbation theory gives
the first-order wave functions of 1s4 and 1s4
states in the form

imam* Xrn* AE

S
(2)

(3)

where
~
1s) is the unperturbed donor ground state

and S~, is the spin-flip energy. The sum over
states for the perturbed wave functions has been
reduced to the above form (exact at B =0) by using
the relation between the momentum and position
matrix elements. ~E =E„-E„is the excitation
energy between the 1s ground state and the ex-
cited donor states of higher angular momentum.

Equations (2) and (3) are also exact when', E is
constant which is a reasonable approximation be-
cause all excited states lie rather cl.ose to each
other compared to the 1s l.evel. In this formula-
tion we al.so assume that the spin splitting for all
donor l.evels is approximately the same. The
EDSR matrix element obtained with Eqs. (2) and
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FIG. l. Magnetotransmission of Cdo &Mno &Se in the
Faraday geometry at 4 K for different frequencies.

(3) has the form

A,ra*go* AE ke,
(~ ls I I ~is) ) @2 (~E )2 (g~ )2 (4)

where a,* is the effective Bohr radius. The ma-
trix element has onl. y a z component, i.e. , it is
excited by the electric field component parallel
to B.

A similar calculation for B II c leads to an iden-
tical matrix element (except for W2), which now
corresponds to excitation by one circular polari-
zation (in the x-y plane) of the incident electric
field. For the opposite circular polarization,
and for the linear polarization E IIB, the EDSR
matrix element vanishes.

Our experiments were performed on Cdo 9Mno
Se crystal. s grown by the Bridgman method.
Transport measurements on a specimen adjacent
to those used in the far-ir experiments show the
material to be n type, with an electron density of
1.4X10"jcm' and a mobility of 1600 cm'/V s at
77 K.' At 2 K the sample resistivity goes up to
-10' 0 cm and shows a negative magnetoresist-
ance' simil. ar to that previously observed. '

Magnetotransmission spectra observed at 4.2
K for several. discrete wavelengths are presented
in Fig. 1, showing a single wel. l-defined EDSR
line superimposed on a slowl. y varying back-
ground. The background, which is not directly
relevant to the EDSR, will be discussed else-
where. The EDSB positions are in excellent
agreement with the energies of the spin-flip
Baman lines observed by Heiman' on samples
from the same Cd, „Mn„Se ingot, and, like the
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FlG. 2. Magnetotransmission of Cdo BMno &Se in the
Faraday configuration at different temperatures. The
arrow marks the EDSB at low temperatures. At high
temperatures (7' &10 K), the line splits and the arrow
marks the peak associated with the low-field EDSH by
continuity.

Raman data, extrapolate to a finite energy at B
=0, because of the existence of the bound mag-
netic polaron, as already established by Nawrocki
e$ gl. 2

Selection rules for EDSR were determined by
transmission of polarized far-ir radiation in
various configurations through oriented single-
crystal slabs with the c axis either normal to the
face or in the plane of the sample. The results
obtained with linearly polarized far-ir radiation
can be summarized in a single statement: The
EDSR transition occurs only when

(Exc)xBw 0. (5)

It is easy to show that Eq. (5) follows from the
form of the Hamiltonian, Eg. (1). We also meas-
ured magnetotransmission of circular pol. ariza-
tion in the Faraday geometry using samples cut
with the c axis normal to the face. In this case
EDSR is observed for the same sense of circular
polarization that couples to cyclotron resonance
of elect~ons, and not for the opposite sense. Thus
the sign of the g factor for the conduction band of
Cd, „Mn„Se is positiue. This measurement also
determines the sign of the exchange constant o.'

which governs the exchange interaction in the I',
conduction band in diluted magnetic semiconduc-
tors. '

A further important feature of EDSB in Cd, „-
Mn„Se is its temperature dependence, shown in
Fig. 2. The Zeeman splitting can be described
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QE~ = (dE ((d)/cn = (8n &uNe'/cnSI')1x1' (6)
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FIG. 3. Frequency dependence on the integrated ab-
sorption o I' for the EDSR. Because of the distorted
line shape at 96.5 pm only a lower limit to er' could be
determined. The solid line is the theoretical curve
[Eqs. (4) and (6)] with parameters determined by least-
squares analysis.

by an effective g factor which includes a term
proportional to the magnetization of the paramag-
netic sample through the s-d exchange interac-
tion. ' ' Consequently, the eff ective g factor is
very l.arge, e.g. , 110+2 at 4.2 K and 1.1 T, and
it decreases rapidly as the temperature rises,
as can be seen in Fig. 2. As this figure also
shows, the EDSR splits into a doublet at high
temperatures T ~ 10 K. This splitting is seen at
all frequencies at which the EDSR is observed
and it corresponds to a new line appearing on the
low-field side of EDSR for Lu~ 9 meV and on the
high-field side for @~& 9 meV. We believe that
this new line represents optical processes which
involve the exchange interaction between the do-
nor electron and the Mn ions within its Bohr orbit.
However, this high-temperature l.ine is not com-
pletely understood at present.

The intensity of EDSR is seen in Fig. 1 to in-
crease dramatically with frequency. In Fig. 3 we
plot the frequency dependence of the absorption
strength eI", obtained from the data, where n is
the peak absorption coefficient due to the EDSR
and I' is its full width at half maximum. To under-
stand the dependence of nEDSR on frequency, we
relate the absorption coefficient to the dipole ma-
trix element in the standard manner through the
imaginary part of the dielectric function e "(~):

is the peak value, where N is the number density
of electrons, n the refractive index, and 1x1
= ($,&1x1(„&)with v the orbital quantum number.

We now compare the frequency dependence of
EDSR of electrons in the donor ground state and

in the conduction band. For the donor electrons,
the EDSR intensity is given by Eq. (4). For elec-
trons in the conduction band' the result is 1x1 = X/

k~, (1 r-), where' =&a, /~, and ~, =eB/m+c is
the cyclotron frequency. The details of this cal.-
culation will. be presented elsewhere.

Since for our experiments hem, «k~, ~~E, the

frequency dependence predicted for the two cases
is quite different. For conduction-band electrons
eI" depends on ~ ' whereas for donor electrons
there is an +' dependence and a resonant behavior
ensuing from the denominator of 1x1 which be-
comes appreciable when k~, -~E. The data are
in agreement with the donor model and they are
sensitive to AF. A best fit gives NA. '=0.0106 eV
cm ' and AE = 15.4 meV which compares favor-
ably with E» -Z „=-4R*=—15 meV (R* is the ef-
fective Rydberg constant) estimated from the
band mass and dielectric constant in pure CdSe."
In the determination of A the value of N, the num-
ber of occupied donors, is the largest uncertainty
at this point. Estimation of N as the room-tem-
perature Hall density (3&&10" cm') should be ac-
curate to within a factor of 2. Therefore we find
A. = 6 && 10 "eV cm with an uncertainty of perhaps
30/o. These results give strong evidence for the
conclusion that the EDSR is occurring at donor
sites. They also indicate that donor levels in

Cd, „Mn„Se do not differ significantly from those
in CdSe. The solid line in Fig. 3 shows the ab-
sorption coefficient calculated with these param-
eters. The parameter X is close to the value of
1.6&&10 "eV cm for CdS,' and is expected to be
larger for CdSe because of the larger spin-orbit
splitting in the latter.

Note also in this context that the overall spec-
trum for 96.5 pm (12.9 meV) differs qualitatively
from the data for longer wavelengths in Fig. 1.
At 84 pm (K&u =14.7 meV) the transmission is even
smaller at low fields and remains near zero until
7 T, where it rises abruptly and increases con-
tinuously to our maximum field (10 T). We be-
lieve that the l.ow-field transmission is so weak
at 96.5 and 84 p, m because we are on the tail of
the 1s-2p absorption line, estimated earlier as
15.4 meV at 8 =0. As the magnetic field is
raised, however, the 2p energy level. s become
perturbed by the orbital. Zeeman effect, so that
the ls —2p' splitting increases while the 1s —2p
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splitting decreases, and the sample then should
become more transparent (to one circular polari-
zation) at high magnetic fields, as observed.

The donors in CdMnSe clearly provide a novel
system for atomiclike spectroscopy. The spin
splitting can be made as large as the Rydberg
spacings for small. magnetic fields (he, &R *) and
the uniaxial acentric crystal symmetry, through
H', couples these spin and orbital level. s which
can then resonantly interact. Studies on thinner
samples or ones with lower donor concentrations,
transparent to the shorter wavelengths, should
display an exotic spectroscopy. But perhaps more
importantly, these spectroscopic measurements
provide a highly sensitive probe into the el.ectron-
ic structure of these interesting new magnetic
and semiconducting materials. '
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