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Far-infrared (FIR) measurements of electric-dipole spin resonance (EDSR) of donor-bound elec-
trons in Cd;_,Mn,Se (x=0.10 and 0.20) are reported. The EDSR transition is allowed in
Cd;_,Mn,Se by the combined effects of spin-orbit interaction and the acentric uniaxial symmetry of
this wurtzite system. The far-infrared EDSR is observed at magnetic fields of the order of 1 T, in-
dicating extremely large effective g factors (in excess of 100) due to contributions from the exchange
interaction between the band electrons and the localized magnetic moments. Measurements as a
function of temperature and frequency reveal a strong temperature dependence of the g-factors, and
a dramatic increase in the strength of EDSR with frequency. Studies with linear and circular polar-
ization were used to determine the selection rules governing EDSR, as well as the sign of the ex-
change integral for the conduction band of Cd;_,Mn,Se. EDSR is observed only in samples
characterized by low resistivities (~1 Q cm at 77 K), with donor concentrations in the range of 10'
cm~3 In addition to EDSR, the FIR magnetotransmission spectra show several other interesting
features, which are interpreted in terms of conduction-electron cyclotron resonance and magnetic
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field dependence in the 15— 2p transitions of the donor levels.

I. INTRODUCTION

We report the observation and detailed investigation of
very strong electric-dipole-induced spin resonance (EDSR)
of donor-bound electrons in Cd;_,Mn,Se at far-infrared
(FIR) frequencies.! The study of this spin-flip transition
is motivated by several considerations.

First, as is well known, direct (one-photon) transitions
between two spin states are normally forbidden by
electric-dipole selection rules. However, in uniaxial acen-
tric crystals (such as the wurtzite systems CdS, CdSe, or
Cd,_,Mn,Se) with spin-orbit interaction, electron states
are described by a Hamiltonian

H=Hy,+H', 1

where H, is the unperturbed Hamiltonian, which in the
effective-mass approximation can be written as

H,= 7
2m

; k2—ﬁ+gu3‘§-§, 2)
Kr
and the perturbation term H’ has the form?
H'=A[&($XxK)]. 3)

Here ¢ is the unit vector along the ¢ axis, § and K are the
spin and momentum operators of the electron, respective-
ly, A is a constant, m* and g are the effective mass and
the g factor of the electron, respectively, k is the static
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dielectric constant, up is the Bohr magneton, and B is the
magnetic field. As will be shown below, the effect of Eq.
(3) is to admix a contribution from 2p and higher spin-
down states into the wave function of the 1s spin-up level,
thus allowing electric-dipole-excited spin-flip transitions
between | 1s,1), and | Is,1).

Second, it will also be shown that, since EDSR is made
possible by admixing contributions from |2p,l) states
into the | 1s,1) level, the strength of EDSR depends criti-
cally on the energy separation between the |2p,!) and
| 1s,1) levels. Now, Cd;_,Mn,Se is a diluted magnetic
semiconductor in which the spin splitting of donor levels
is dramatically enhanced (by some 2 orders of magnitude
compared to CdSe) through exchange interaction between
the localized magnetic moments (in this case Mn?*) and
band electrons.? It is this exchange-enhanced spin splitting
in Cd,_,Mn,Se which makes it possible for the |1s,1)
level to approach (and even to cross) the |2p,i) and
higher spin-down levels at fields of the order of 1 T, mak-
ing the EDSR unusually strong (and therefore experimen-
tally observable) under ordinary laboratory conditions. In
nonmagnetic semiconductors such as CdSe the observa-
tion of EDSR of comparable strength would require mag-
netic fields in the megagauss range.

Furthermore, it is also important to note that the phys-
ics of the spin splitting of electronic levels in a diluted
magnetic semiconductor such as Cd;_,Mn,Se is extreme-
ly interesting in its own right. Spin splitting in these ma-
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terials can be described by an effective g factor which, in
addition to being anomalously large, is temperature and
magnetic field dependent, as has been demonstrated by
spin-flip Raman scattering experiments in
Cd,_,Mn,Se.** The Raman work has also shown that in
diluted magnetic semiconductors the spin splitting of
donor states does not vanish even at zero magnetic field,
because of the bound magnetic polaron.*~¢ By providing
a direct experimental measurement of this magnetic split-
ting, far-infrared EDSR constitutes an excellent tool for
probing exchange-related phenomena in Cd;_,Mn,Se, in-
cluding the temperature dependence of the effective g fac-
tor, its sign, and other features characterizing a diluted
magnetic semiconductor.

In addition, in all samples displaying EDSR we have
also systematically observed several prominent features in
the FIR transmission at magnetic fields away from the
EDSR line. Although this aspect of the investigation is to
be regarded as preliminary, we find that some features of
the data can be explained both in terms of conduction-
electron cyclotron resonance and the magnetic field
dependence of the 1s—2p transition.

This paper is organized as follows. In Sec. II we for-
mulate the matrix elements and selection rules for the
electric-dipole transitions which arise as a consequence of
Eq. (3). In Sec. III we describe the details of the experi-
mental procedure. Finally, in Sec. IV, we discuss the re-
sults of the EDSR experiments, including the temperature
and frequency dependence of this spin-flip transition, po-
larization selection rules, the sign of the exchange in-
tegral, and the value of the parameter A in Eq. (3). In Sec.
IV we also describe the behavior of the transmission back-
ground away from EDSR, along with a brief discussion of
possible mechanisms responsible for the observed
behavior.

II. THEORY

Direct transitions between two spin states in the 1s level
of a hydrogen donor in a semiconductor are forbidden by
electric-dipole selection rules. However, when spin-orbit
interaction is present, these selection rules can be relaxed
by two mechanisms: wave-function mixing through the
K-P interaction (sometimes called the “nonparabolicity”
mechanism),”® or by inversion asymmetry,”!° as a result
of which the spin-orbit divergence of the bands appears
already in the first order in k. The nonparabolicity mech-
anism is of little consequence for large-band-gap semicon-
ductors such as Cd;_,Mn,Se considered in this paper.
The influence of inversion asymmetry on spin-flip transi-
tions, on the other hand, is particularly prominent in
acentric uniaxial crystals, such as the wurtzite crystals
CdS, CdSe, or Cd,_,Mn,Se. As already pointed out, in
these materials the Hamiltonian describing electron states
contains a term given by Eq. (3). This term, regarded as a
perturbation, mixes states of different orbital angular
momentum with respect to the ¢ axis, but conserves total
(orbital plus spin) angular momentum about that axis.
Thus the perturbed conduction-band states (which also
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describe shallow donors) contain a mixture of “up” and
“down” spins, which, in turn, permits the electric-dipole
spin-resonance (EDSR) transition either for the conduc-
tion or for the donor-bound electrons. The resulting ab-
sorption then provides a direct means of determining A.

In discussing EDSR for Cd;_,Mn,Se, we will assume
that the electrons in question are bound in donor states.
The ground-state (1s) wave functions will be calculated
using first-order perturbation theory with H' of Eq. (3) as
the perturbing Hamiltonian. For clarity, we will consider
separately two distinct geometries which occur in our ex-
periments, B||¢ and BL&, where B is the dc magnetic
field.

A. B||¢ geometry

In the B||& geometry the linear-k perturbation H' takes
the form
H'=Msyk, —s,ky) , 4)
where we have chosen the coordinates such that B||£ and
C||z2. Rewriting Eq. (4) in terms of raising and lowering

operators, we can now immediately determine the effect
of the operator H' on the 1s donor levels,

H'| 1S,T>=%[(sx—isy)(kx+iky)

— (55 +isy ) ky —iky)] | 1s,1)

Al O . 0
7 3 +zay JIIS,i)
= 2t sin(@)e’® | 1s,1) , (5)

where aj is the effective Bohr radius of the donor state.
Here and in what follows we are considering the low-
magnetic-field limit, i.e., aj much smaller than the mag-
netic length Iy =(eH/#c)!/2. This condition is reasonably
satisfied in our experiments.

First-order perturbation theory then gives the wave
function for the 1s donor level in the form

H'|1ls,
¢1s,1=lls,r>+2i2>(§:,£)—g(sa)” ’

(6)

where a labels all other states admixing into | 1s,1). By
inspection of Eq. (5) it is readily seen that the only non-
vanishing contribution to the sum in Eq. (6) will come
from a=(np™*,l) (ie., from p states with the magnetic
quantum number m =+1 and spin |). Equation (6) can
thus be written

[np*,1){np™,1|px+ipy|1s,1)
E(1s,t)—E(np™,l)

’

(7)

where the summation is over all principal quantum num-
bers n >2, as well as states in the continuum.

Using the unperturbed Hamiltonian H,, Eq. (2), we ob-
tain the relation between the momentum and position ma-
trix elements

i\
Yis,1= | 15’”_—2;2
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+ . im* me
(np ,ilpx+zpy|1s,l)=7 E(np*,1)—E(1s,0)—ugB—/ ({np*,i |x+iy | 1s,1) , (8
m
where m, is the free-electron mass. We can thus rewrite Eq. (7) as
am* « E(1s,))—E(np*,1)+ugBm,/m*
=|1s,1)— npt, i) mpt,l | x+iy|1s,1) . 9
Yier=| 2 2 E(1s,1)—E(np™,1) (w1 np ™ot x4y [ 1s,0) ®

Assuming that the spin splitting of the ground and excited states are the same, we can write the eigenvalues of H, ap-
pearing in Eqgs. (7)—(9) in the standard form,

m*e* 1
2% n?

m,
gms+—-m
m

me
Enlmms= +[.LBB =En1 +,LLBB gms+7m , (10)

where m =+1,0 and m;=++ or — 3, corresponding to spins 1 or |, respectively. In Eq. (9) only the m=+1 term
contributes to the sum. Owing to the large value of g in diluted magnetic semiconductors (see below), in what follows we
will ignore, for the moment, the last term in Eq. (10) compared to the spin-splitting contribution m,gugB. We then have

wp—E1s) [ np 1) np*, 1 | x +iy | 1s,1)

* (E
Yis,0=| Is,1)— Am 2

282 E,, —E,—#io,

where E,, and E;; are the donor levels for B=0, and
fio;=gupB. Because—in comparison with the 1s
level—all excited states lie rather close together, we will
replace the difference E,, —E, in Eq. (11) by an average
effective excitation energy AE, independent of n. The
value of AE is expected to be somewhat—but not
much—Ilarger than the 1s—2p excitation energy. Sum-
mation over the complete set of eigenstates of H, then
gives

Am* AE
2ﬁ2 AE _hws

Vs, 1= | 1s,1) — (x+iy)|1s,4) . (12)

Similarly, the wave function for the (1s,!) state is found
to be

Am* AE
2#  AE +ioog
Using Eqgs. (12) and (13), one can now obtain the EDSR

matrix element for B||&. For this geometry the matrix
element has a finite value for one circular polarization,

L A AE#iw,
<¢IS,TI€+‘II¢ISA)=_‘/§R* AE2-‘—ﬁ2603 ’

V15~ | 1s, 1) + (x—iy)|1s,1) . (13)

(14)

where R* is the effective Rydberg constant, and €, is the
unit vector designating the polarization of incident light,

e =E+iP)/V2.

For the opposite sign of circular polarization, and for
linear polarization E||B, the EDSR matrix element van-
ishes. Which circular polarization induces EDSR depends
on whether the energy of the |1s,!) state lies below or
above the |1s,t) energy. When E(ls,!)< E(1s,1) (e,
when the spin splitting is described by a positive g factor),
the circular polarization producing EDSR is the same as
that which excites cyclotron resonance of free electrons.
We shall refer to this polarization as cyclotron-
resonance-active (CRA). When the situation is reversed
[E(1s,1)> E(1s,1), i.e., the g factor is negative], the
EDSR is excited only by the cyclotron-resonance-inactive

) (11)

polarization (CRI). This identification will be important
for determining the sign of the g factor in Sec. IV.

The form of the denominator of Eq. (14) is a conse-
quence of the fact that the | 1s,1) and |np*,1) levels are
approaching each other, while |1s,0) and |np—,1) are
moving further apart as the field increases, altering the
amount of p-state admixture into the ground donor state.

B. Bl geometry.

Next, we consider the second configuration, BLé& Tak-
ing B||£ and ¢||X, the perturbation Hamiltonian (3) has
the form

H'=Msyk, —s,k,) . (15)
Proceeding as before, we now obtain
iAm* Am* AE
~ |1 ——— 1, ’ ’
Pisp (14 Y | 1s T>+——2ﬁ2 —AE—ﬁw,zlls L)
(16)
iAm* Am* AE
~[1——+ Is,))—————2z|1s,1) .
¢1$,1 2h2 l s > 2%2 AE+ﬁCOSZ| s t>
17

The EDSR matrix element in this case has only a Z com-
ponent, i.e., it is excited by an electric field polarized
parallel to the dc magnetic field. Equations (16) and (17)
then lead to a matrix element for the spin flip transition,

A AE#iw,

ST 18
2R* AE?—#w? (18)

<¢'1s,1 ’Z I ¢'1s,1)=

C. Selection rules and absorption coefficient

The results in subsections A and B lead to the following
selection rules.

(a) Case B||&: EDSR is excited only by ELB. Further-
more, only one sign of circular polarization [see discus-
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sion following Eq. (14)] is active in exciting the spin-flip
transition.

(b) Case BL& EDSR is excited only by E||B.

Finally, in order to compare these results to experiment,
we relate the matrix element for EDSR to a corresponding
absorption coefficient agpsg in the standard manner,
through the imaginary part of the dielectric function
en( Cl)),

we'(w) 87w? Ne’o,I'

cn ficn (0?—0?)?+T0

QEDSR = 5 IX|%2. (19
Here N is the donor concentration, I' is the full width at
half-height, n is the refractive index, and |X | is the ma-
trix element given by Egs. (14) or (18), depending on the
experimental configuration. Thus at w=w; the absorp-
tion coefficient takes the form

2 2
—l—l—gm"]ﬁfn FX . (20)

For §| |¢ and ELB, substituting Eq. (14) for | X |, we ob-
tain an explicit form for the absorption coefficient at
EDSR,

[aEDSR]a)=ms =

2

387,292
4rficr°Ne A e

cnTR*?

AE
AE?—#0?

[aEDSR]w=ws =

and a similar expression [one-half of Eq. (21)] for the BLé
and E|[B geometry.

It is important to recall that in diluted magnetic semi-
conductors such as Cd;_,Mn,Se the value of #iw, can be
of the order of AE (i.e., 10—20 meV) in normal laboratory
magnetic fields (for instance, at 1 T). This leads to values
of a which in nonmagnetic semiconductors (such as CdSe)
could only be satisfied at megagauss fields. This feature
illustrates the magnetic field enhancement by exchange in-
teraction characteristic of diluted magnetic semiconduct-
ors. Thus the integrated intensity al" of EDSR has a very
sensitive frequency dependence: an w* dependence arising
explicitly from the numerator of Eq. (21) and, in addition,
a resonant behavior ensuing from the denominator of
| X |, which becomes extremely important when #iw ap-
proaches AE.

Finally, for comparison with the donor EDSR, we also
consider the EDSR of electrons in the conduction band.
In that case the perturbation Hamiltonian (3) mixes the
spin states of the adjacent Landau levels. For example,

for the B||é Faraday geometry, the [v+1,1) state is ad-
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mixed to the |v,1) state (where v designates the Landau-
level quantum number), permitting the EDSR transition
(v,l—wv,1). The resulting absorption coefficient for the
allowed polarization (CRA when the g factor is positive)
is calculated to be

_ 4nNeA: o}

a .= , (22)
[#zDsR lo=o, #HoenT (0, —og)?

where N is the conduction-electron density and w,. is the
cyclotron frequency. For this free-carrier case the in-
tegrated intensity oI is seen to be proportional to @™, in
distinct contrast to the donor case above. As will be seen
later, the sharp increase of EDSR intensity with frequen-
cy observed at liquid-helium temperatures closely follows
the behavior predicted by Eq. (21), providing strong sup-
port to the assumption that low-temperature EDSR is
taking place on donor-bound electrons.

II. EXPERIMENT

The Cd;_,Mn,Se crystals used in these experiments
were grown from the melt by the Bridgman method. The
composition of the samples was determined by electron-
microprobe analysis, which in all cases examined was very
close to the composition of starting materials used in
growing the crystal.

The EDSR was observed in samples cut from three dif-
ferent ingots of Cd;_,Mn,Se, two with x~0.1 and one
with x~0.2. All three ingots showed low resistivities
(below 1 © cm) and a high electron concentration (typical-
ly n=~10'® cm™3) at 77 K, with little change between 77
K and room temperature. This indicates the presence of
approximately 10'® cm~—3 donors in the specimens. The
origin of the donors has not been identified. Since the in-
gots were not intentionally doped, the donors may result
from defects associated with nonstoichiometry, common
in II-VI compounds. However, the presence of an ac-
cidental impurity has not been conclusively eliminated.

The electron concentration, resistivity, and mobility for
the Cd; _,Mn,Se ingots used in the EDSR measurements,
obtained by the van der Pauw method, are collected in
Table I. The values of x indicated in the table are the
electron-microprobe results.

Detailed transport measurements were also performed
on a sample from ingot A4 at low temperatures. Briefly,
the sample resistivity increases to over 10* Q cm at 4.2 K
and shows a rather dramatic negative magnetoresistance,!!

TABLE I. Electrical properties of Cd;_,Mn,Se samples.

Temperature Ingot designation: A B o}
and properties Mn concentration: x=0.10 x=0.097 x=0.22
T=236 K p (Qcm) 0.83 0.62 0.69
fn (cm?/V sec) 370 510 420
n (cm™?) 2.0 10 2.0x 10! 2.0x 10
T=77 K p (Qcm) 0.37 0.32 0.34
Hn (cm?/Nsec) 1410 1820 1870
n (cm™3) 1.2x 10 1.1x10% 9.9 10"
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similar to that previously observed by others.!?

We have also carried out FIR magnetotransmission
measurements on several Cd,_,Mn,Se samples having
high resistivity (of the order of 10* Q cm or higher at 77
K). All such samples were much more transparent to
FIR than those cut from ingots 4, B, and C, and none
showed EDSR or any of the other FIR magnetotransmis-
sion features mentioned earlier.

The far-infrared magnetotransmission experiments were
carried out on two different experimental setups (at Pur-
due University and at the University of Maryland), giving
identical—and very reproducible—results. The FIR radi-
ation was generated by either an optically pumped or by
an electrical-discharge FIR laser, and measurements were
performed at a series of fixed wavelengths between 96.5
and 337 pm, in the temperature range between 2 and 35
K, and in magnetic fields up to 8 T. We used oriented
single-crystal specimens in the form of plane parallel
slabs, about 1 mm thick, oriented with the c axis either in
the plane of the sample or normal to the sample face. The
experiments were performed in both Voigt and Faraday
geometries. Measurements in the Faraday configuration
were carried out using either unpolarized or circularly po-
larized incident FIR. In the Voigt geometry, linear in-
cident polarization was used, either parallel or perpendic-
ular to B.

IV. RESULTS

A. Electric-dipole spin resonance

Magnetotransmission spectra observed at 4.2 K on a
sample with x =0.1 (ingot 4) in the Faraday geometry

T T T T T T T
CdygMng, Se
Faraday
_ | quBné
£ | T=4.2K
Cc
>
T A= 25| um
z
o
(2]
2]
=
%]
4
<
@
-
1

MAGNETIC FIELD (T)

FIG. 1. Magnetic field and frequency dependence of magne-
totransmission in CdgoMny ;Se (ingot A) at 4.2 K for unpolar-
ized FIR in the Faraday geometry. The c axis is normal to the
face of the sample. EDSR is clearly seen as the prominent ab-
sorption dip, superimposed on the slowly varying magnetic-
field-dependent background.
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(4||B||#), using unpolarized incident FIR, are shown in
Fig. 1 for several wavelengths. The most striking feature
of the data is the single well-defined resonance line, which
we identify as the EDSR transition of electrons in the 1s
donor level. Another characteristic feature clearly shown
in Fig. l—and common to all samples exhibiting
EDSR—is that the resonance line occurs on a strongly
magnetic-field-dependent background. The third feature
we would like to point out is the broad dip in the 251-um
data, seen in Fig. 1 at about 5.2 T, which we attribute to
free-carrier cyclotron resonance. We will return to these
features of the transmission background at the end of the
paper.

Figure 2 presents magnetotransmission spectra observed
at 4.5 K in a sample with x=0.2 (ingot C), with the c axis
parallel to the sample plane. The data were taken at two
wavelengths (118.8 and 96.5 um), using linear polarization
in the perpendicular Voigt geometry (§| |€J.E). As in Fig.
1, the EDSR line is superimposed on a varying back-
ground and shifts to higher fields as the frequency in-
creases.

Figure 3 shows the magnetic field dependence of the
EDSR energy observed on samples with x=0.10 (ingots
A and B) at several fixed temperatures. At higher tem-
peratures (7 > 10 K) the EDSR splits into a doublet. The
lower- and higher-field positions of the doublet are shown
as solid and open circles, respectively.

The results are compared with the energies of the spin-
flip Raman lines observed by Heiman et al.,> who per-
formed their measurements on samples with x =0.1 taken
from the same ingot A as one of our samples (see Table I).
The Raman data for T=4.6 and 19 K are presented as
dashed lines. The EDSR and Raman data are in good
agreement, as would be expected, since the two phenome-
na involve the same spin-flip transition.

An important feature of EDSR in Cd,_,Mn,Se is its

CdggMng,Se  Voigt qLBICLE
T=45K
b= A=118.8 um
g I
w0
<2
=
[92]
=
<
o
[
A=965pum
1 | | | |
0 | 2 3 4 5

MAGNETIC FIELD (T)

FIG. 2. Magnetotransmission in Cdg gMn, ,Se (ingot C) at 4.5
K in the perpendicular Voigt geometry for two FIR frequencies.
The c axis is in the face of the sample.
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|5 1 I T ' T I T I T
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o
(b) IOK (f) 19K .
(c) 15K )
(d) 20K
0 1 ] 1 | L ] L | L
0 2 4 ) 8 10

MAGNETIC FIELD (T)

FIG. 3. Magnetic field dependence of the EDSR energy for
Cdo osMny ;Se as a function of temperature. Solid and open cir-
cles show the doublet structure observed at high temperature,
the solid circles corresponding to the new line which emerges
above 10 K and grows stronger as the temperature continues to
increase. The dashed lines are the Raman spin-flip scattering
taken from Ref. 5.

temperature dependence, shown in Fig. 4, which can be
understood as follows. The Zeeman splitting can be
described by an effective g factor which, in a diluted mag-
netic semiconductor such as Cd;_,Mn,Se, can be written
in the form®

Nsa(sz> _g* aM
psH gvntipH

8ett=8"+ (23)

T T T I T I T [
Faraday qliBII¢
A=118.8 um
42K

/\/\ o
'/\/\@K “
/\”/E?K |
ﬂK :
30K

MAGNETIC FIELD (T)

TRANSMISSION

FIG. 4. FIR magnetotransmission in Cdy¢Mny ;Se (ingot 4;
same sample as in Fig. 1) in the Faraday configuration at
several temperatures. As the temperature increases above 10 K,
a new line appears on the low-field side of the original resonance
and grows in intensity.

where g* is the g factor as determined by band parame-
ters of Cd;_,Mn,Se alone (i.e., in the absence of exchange
interaction), a=(S |J|S)/Q, is the exchange integral,
N; is the number of Mn?* ions per unit volume, M is the
dc magnetization, gy, is the g factor for Mn?* ions
(gmn=2.0), and pp is the Bohr magneton. The last term
is dominant and varies with temperature (and B) as the
magnetization of the sample. Thus, for a fixed wave-
length, the resonance moves to higher fields as the tem-
perature increases, because the magnetization decreases.
The effective g factor itself is very large, having, e.g., a
value of 115 at 4.2 K, and it decreases rapidly with rising
temperature, as can be seen from Fig. 4.

This figure also shows the splitting of EDSR at higher
temperatures, 7> 10 K. The splitting is seen for #w > 6
meV and it corresponds to a new line (solid circles in Fig.
3) appearing on the low-field side of the resonance. This
lower-field EDSR line becomes dominant at higher tem-
peratures. The origin of the new line is not understood at
present. It is possible that this line corresponds to EDSR
of conduction electrons being excited by the increasing
temperature. We note in this regard that in InSb the g
factors of donor-bound and conduction electrons are
slightly different, giving rise to a similar pair of lines.!?
However, a more systematic study of this high-
temperature line—including the frequency dependence of
its intensity—will be required to support or exclude this
possibility.

When the magnetization is far from saturation
(fiw << E ., =26 meV; see Ref. 5), Eq. (23) can be approxi-
mated by’

35 Niogwm
12 kg(T+Tap) ’

where N is the effective Mn’*-ion density (which is
smaller than N;), and Tsr is an effective Weiss tempera-
ture.> Both of these modifications to the Curie law are
due to antiferromagnetic (AF) interactions between the
Mn?* ions. Therefore, for small g* (in our case, g* is not
more than 2.0), g is proportional to (T +Tsg)~'. The
experimental value of g. can be obtained from the slope
of the spin-resonance frequency versus magnetic field
(Fig. 3) in the range of photon energies 3.5 <#iw <7.25
meV, where the curves are reasonably linear. In this
range we have Epyp <<fiw << Ey,; (where Epgyp is the
zero-field splitting due to the bound magnetic polaron),
so that Eq. (24) should adequately describe the EDSR po-
sition. In Fig. 3 we see that the EDSR appears to be
saturating at a lower energy than is observed in the Ra-
man data. In fact, we are probably seeing the breakdown
in the line-shape theory due to the near degeneracy of the
| 1s,1) and the |2p*,1) donor states as #iw approaches
15 meV. These states, which are coupled by the linear k
perturbation [Eq. (3)], should exhibit the usual degenerate
perturbation-theory mode-repulsion effects for i,
=E'2p+——E1s. Figure 5 shows the temperature depen-
dence of ge_ffl, which is seen to be accurately proportional
to T+ T sp, with Thg=~2.7 K. This agrees well with the
Raman experiments by Heiman et al.’ (dotted line in Fig.
5). The slope of Fig. 5 yields the value N«
=(—11.9£1.0) meV.

getr=8" (24)
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FIG. 5. Temperature dependence of gz obtained from
EDSR (open circles in Fig. 3). The dashed line represents the
Raman scattering results from Ref. 5.

Selection rules for EDSR were determined by transmis-
sion of polarized FIR in various configurations involving
the relative orientations of _]§, ¢, and the electric field Eof
the wave. Table II summarizes the EDSR experiments
with linear polarization.

There are five independent configurations involving
mutual combinations of vectors ﬁ, E, and ¢, identified in
the first column in the table. These configurations can be
achieved in eight distinct experimental geometries. For
example, B||¢ and ELé are satisfied in the Faraday
geometry for q||¢ (where § is the wave vector of the
propagating FIR), and also in the perpendicular Voigt
geometry (ELB) when the c axis is in the face of the sam-
ple (4L¢) and Bis along the ¢ axis. The results collected
in Table II can be summarized in the following simple
statement: The EDSR transition is observed only when

-

BX(Ex#&)50 . (25)

TABLE II. Selection rules for EDSR.

Field Experimental EDSR
configuration geometry observed
B||é, ELé G||é, Faraday Yes

q4lé, B||é, Voigt E,B
Bl1é, E||B q||é Voigt E|[B Yes
qlé, BLé, Voigt E||B
Blé, ELB, ELé q||é, Voigt ELB No
qLlé, Faraday
E|| BLé 4Lé BLé Voigt ELB No
qLlé, Faraday
E(|6, Blle GLé, BJ[é Voigt E|[B No
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This is in complete agreement with the selection rules ob-
tained in Sec. IIC.

We also measured magnetotransmission of circular po-
larization in the Faraday geometry using samples cut per-
pendicular to the ¢ axis (4||¢). In this case, EDSR is ob-
served for the same sense of circular polarization as that
which produces cyclotron resonance of electrons, and not
for the opposite sense. This determines the sign of the g
factor for the conduction band of Cd;_,Mn,Se as posi-
tive. The determination of the sign of g also constitutes
a direct and unambiguous determination of the sign of the
exchange constant a in Eq. (23), which governs the ex-
change interaction in the conduction band of wide-gap di-
luted magnetic semiconductors.!*

The strength of EDSR increases with frequency, as can
be clearly seen from the progression of observed resonance
intensities for 251, 171, and 118.8 um in Fig. 1. In Fig. 6
we plot the frequency dependence of the absorption
strength (integrated intensity) aI" obtained from the data
for a sample with x=0.10 (ingot B) for two temperatures,
T=4.7 and 9.8 K, where « is the absorption coefficient at
the peak of EDSR, and I is the full width of the reso-
nance at half maximum. The solid line of Fig. 6 shows
the absorption strength aI” calculated using Eq. (21). The
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FIG. 6. Dependence of the integrated absorption aI" for
EDSR on the photon energy. Open and solid circles show ex-
perimental data obtained on Cdy¢Mny ;Se (ingot B) in the CRA
polarization at 4.7 and 9.8 K, respectively. The solid curve is
the best theoretical fit, obtained using Eq. (20) with
N=2.0%x10* cm~3, AE=15.5 eV, and A=6.05X10"1° eV cm.
(N is determined by Hall measurements; AE and A are fitting
parameters.)
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good agreement between the observed sharp increase of
EDSR intensity with frequency and the behavior predict-
ed by Eq. (21) supports the validity of the theoretical
model, and corroborates the assumption that the reso-
nance observed at these low temperatures involves donor-
bound electrons.

It is clear from Eq. (21) that when i, is not negligible
relative to AE (as is the case in diluted magnetic semicon-
ductors even at moderate magnetic fields), the frequency
dependence of al is highly sensitive to the value of AE.
Taking N =2X10'® cm~3 (see Table I) and the index of
refraction n =3, we obtain the best fit for all x =0.1 sam-
ples (ingots A and B) using A=6.05X10"1° ¢V cm and
AE=15.5 meV. The solid line in Fig. 6 shows the absorp-
tion strength calculated with these parameters. For the
x=0.2 sample the best fit to the experimental data gives
A=5.6X10"1 eVcm and AE=21 meV. According to
Romestain et al.,'> the parameter A should scale as
A/(m*Egz), where A is the spin-orbit splitting and E, is
the energy gap. Since the ratio Egz(x =0’2)/E§<x —o.1)=1.16
(Ref. 16), the above difference in A appears reasonable.
Both values of A are of the same order of magnitude as
the value of 1.6X107!° eVcem for CdS." The value of
this parameter is expected to be larger for CdSe because of
the larger spin-orbit splitting in CdSe than in CdS. In the
determination of A the value of N (the number of occu-
pied donors) is the largest uncertainty at this point. The
estimate of N as equal to the room-temperature electron
concentration (measured by the room-temperature Hall ef-
fect) should be accurate to within a factor of 2. Therefore
the above values of A should be viewed as having an un-
certainty in accuracy of perhaps 30%.

The value of AE=15.5 meV (found for samples with
x=0.1) compares favorably with E,,—E,= 2R*=15
meV (R* is the effective Rydberg constant), estimated
from the effective mass of the conduction band and the
dielectric constant in pure CdSe.!” For the sample with
x=0.2, a similar analysis of the data yields the value of
AE =21 meV. Arguing purely on the basis of the energy
gaps corresponding to the x=0.1 and 0.2 samples, this in-
crease of AE with x appears rather high (although it is
qualitatively in the right direction). We should point out,
however, that our 96.5-um (12.8-meV) transmission ex-
periments show a much stronger zero-field absorption for
x=0.1 than for x =0.2, suggesting again that the value
of AE is larger for the latter concentration, i.e., that for
x =0.2 we are further away from ls—2p transitions, as
will be discussed below.

B. Magnetic-field-dependent background

It is clear from the observed spectra (see, e.g., Figs. 1, 2,
and 4) that, in addition to EDSR, the magnetotransmis-
sion shows a magnetic-field-dependent background which
also varies with frequency and temperature. This back-
ground has only been seen in the samples displaying
EDSR, and not in the high-resistivity materials. Thus, al-
though the purpose of this paper is to describe the spin-
flip transition in Cd;_,Mn,Se, we shall briefly describe
the variation of the overall spectrum, which appears to be

an inseparable companion feature of EDSR, and can
probably be traced to the presence of donors.

There are three identifiable features in the observed
background: low-frequency CRA absorption, which can
be explained in terms of conduction-electron . cyclotron
resonance; high-frequency CRI absorption which we as-
cribe to the magnetic field dependence of the 1s—2p
transition; and the sharp dip in transmission at low fields.
We shall discuss them in turn.

1. Cyclotron resonance

As already mentioned, the broad dip in the 251-um
data at about 5 T in Fig. 1 can be explained as cyclotron
resonance of conduction electrons. This interpretation is
supported by measurements using circularly polarized
light at 251 um, as shown in Fig. 7. The strong absorp-
tion line is observed -only in the CRA polarization, and
there is no trace of it in the opposite polarization. Mea-
surements as a function of temperature show that, unlike
EDSR, the position of cyclotron resonance shows no tem-
perature variation, as would be expected for this transi-
tion.

The cyclotron-resonance interpretation implies that
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FIG. 7. Magnetotransmission in Cdy ¢Mny ;Se in the Faraday
geometry (4 ||B|¢, ingot B; same sample as in Fig. 6) at 251 um
at T=4.6 K for both circular polarizations. The broad CRA
dip near 5 T is identified as cyclotron resonance. Note also that
EDSR occurs only in the CRA circular polarization. The cy-
clotron resonance for this sample occurs at a slightly lower field
than for ingot A; see Fig. 1. While we cannot account for this
shift quantitatively, we point out that ingot 4 has a slightly
higher value of x (see Table I), and that the data in Fig. 1 are
obtained using unpolarized FIR. Either of these could con-
tribute to a small relative shift of the transmission minimum be-
tween Figs. 1 and 7.
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there are some free carriers in the conduction band at
cryogenic temperatures. A possible explanation for the
existence of free carriers has been given by Ichiguchi
et al.'® Briefly, it is argued that local fluctuations of
composition in the ternary compound Cd;_,Mn,Se can
lead to spatial fluctuations (on a submicrometer scale) of
the energy gap. Fluctuations in x of 0.001 are not un-
reasonable, and this would correspond to local energy-gap
fluctuations of the order of 20 meV. This is the ioniza-
tion energy of the donors. With the chemical-potential
constant on a macroscopic scale, it is not unreasonable to
expect a small fraction of donor-bound electrons to “spill
over” to the regions of lower-energy gaps. With 2 10'¢
cm~3 donors in the material, it is possible that about
0.5% of the donors are ionized in this manner. We recog-
nize that this interpretation is highly conjectural. It is,
however, the only mechanism that we can invoke to ex-
plain the strong CRA absorption systematically observed
at the lower FIR frequencies.

Assuming that a fraction of the donors are ionized in
this manner, cyclotron-resonance absorption in the Fara-
day- geometry can be analyzed in terms of the dielectric
response function

dmn.et/m* 26)
€1 =€y— ,
S o[lotw,)+ir™!]

where the upper and lower signs refer to the two opposite
senses of circular polarization, and € is the static dielec-
tric constant (which for pure CdSe equals 9.4, and should
be close to that value for our sample”), n. is the concen-
tration of the free electrons, m* is their effective mass, 7
is the relaxation time, and w,=eB/m*c is the cyclotron
frequency.

We have used Eq. (26) to analyze the far-infrared
transmission data, using n, and 7 as fitting parameters.
The position of the cyclotron resonance,  =w,, gives the
value of the effective mass, m*=0.12m,, in close agree-
ment with the value 0.13m, for CdSe.!” The best-fit
curves are shown in Fig. 8 (dashed lines) for n,=1.3
% 10" cm~3 and #/7=1.7 meV. The calculated spec-
trum is seen to agree well with the experimental trace
above 10 kG. Below 10 kG the dielectric function given
by Eq. (26) predicts a flat transmission spectrum (dashed
curves in Fig. 8), while the experiments systematically
display a dip, which must therefore be ascribed to a dif-
ferent mechanism (see below). We should add that the
above relaxation time 7 is about an order of magnitude
longer than that obtained from the dc mobility (1, ~1800
cm?/V sec at 77 K, and expected to be considerably less at
4.6 K because of ionized-impurity scattering). This, how-
ever, does not weaken our assumption. In our model the
carriers spill over to regions away from the ionized parent
donors, i.e., precisely where their mobility would not be
impeded by scattering on ionized impurities.

2. Tail absorption of the 1s — 2p transition

As was shown in Fig. 7, at 251 um the absorption of
one sense of circular polarization can be explained in
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FIG. 8. Magnetotransmission in CdyoMng ;Se at 4.2 K. The
dashed line is the calculated transmission using the free-carrier
dielectric function, Eq. (26), with m*=0.125m,, n,=1.3x 10"
cm~3 and %/r=1.7 meV.

terms of cyclotron resonance. This situation changes
drastically at shorter wavelengths. Figure 9 presents the
magnetotransmission spectra taken at 118.8 um in the
Faraday geometry for both circular polarizations. For
this frequency the selective absorption of circular polari-
zation is opposite, i.e., the CRA transmission (the one
displaying EDSR) is higher than CRI. This behavior can
be explained by the fact that, with increasing frequency,

CdogMng,Se
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FIG. 9. Magnetotransmission in CdggMng Se (ingot B,
G||B||&; same sample as in Fig. 7) observed at 118.8 pm and
T=4.6 K for both circular polarizations. The EDSR is present
only in the CRA polarization, as expected. Note, however, that
in contrast to Fig. 7 the sample is now less transparent to CRI
than to CRA at high fields, indicating the presence of a new,
high-frequency absorption mechanism.
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we approach the vicinity of the 1s—2p absorption (es-
timated earlier to occur at 15 meV at B =0), which even-
tually overshadows other mechanisms of absorption, and
dominates the response of the sample at high fields.

The effect of the 1s—2p mechanism can be understood
with the aid of Fig. 10. The inset of the figure shows a
schematic diagram of the magnetic field dependence of
1s, 25, and 2p states of a hydrogenlike donor. For clarity,
we neglect the spin splitting of these states here, and we
also ignore the higher excited states. In the presence of a
magnetic field, the 2p hydrogenic state is split into three
components, corresponding to the orbital angular momen-
tum magnetic quantum numbers m=+1,—1,0, and
marked by superscripts +, —, and O, respectively. The
electric-dipole selection rules for the 15— 2p transition are
then

Is—>2ptT(Am=+1),
for the CRA polarization,

ls—2p (Am=-1),
for the CRI polarization, and

1s—2p%Am =0) ,

for the E||B polarization, with spin conserved.

The main body of Fig. 10 shows the energy dependence
of the imaginary part of the dielectric constant_’e” _}n an
applied dc magnetic field for CRA, CRI, and #(E||B) po-
larizations. The dashed vertical line in the figure indi-
cates the energy of an incident photon in the vicinity of
the 1s—2p transition. When the magnetic field intensity
is increased, the energy of the ls—2p™ transition in-

m

Is—~2p°

—-2p Is —2p"
IsCRI2p j 1 ‘_-SCRAP
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FIG. 10. Schematic presentation of the energy levels of a hy-
drogenlike donor in the presence of a magnetic field, and the re-
sulting behavior of 1s—2p absorption. The inset shows the 1s,
2s, and 2p levels of the donor, with the arrows indicating the
electric-dipole-allowed transitions between 1s and 2p levels for
CRI, CRA, and parallel Voigt (7) polarizations. The main body
of the figure shows the energy dependence of the absorption for
each of these normal modes in a finite magnetic field. The
dashed line indicates the energy of the incident FIR photon.

creases while the 1s—2p ~ energy decreases. With the en-
ergy of the incident photon below the 1s—2p transition,
the sample should then become more transparent to the
CRA polarization, while for CRI polarization the
transmission should strongly decrease.

In Cd;_,Mn,Se the spin splitting of each level is much
larger than the orbital m splitting. In this case the
ground state is spin polarized at low temperatures, and the
1s—2p transitions can occur only between the spin-down
levels. In this sense the situation in Cd;_,Mn,Se is
unique compared to a nonmagnetic semiconductor, but
this does not alter the conclusions illustrated by Fig. 10.

The circular dichroism associated with selective absorp-
tion of the CRI polarization should become increasingly
pronounced as the photon energy approaches the energy
of the 1s—2p transition. The magnetotransmission spec-
trum in Cd;_,Mn,Se (x=0.1) taken at A=96.5 um
(E=12.8 meV) for both circular polarizations and for the
parallel Voigt geometry is presented in Fig. 11. The
transmission at zero magnetic field is already quite weak
because of the proximity of the 1s—2p transition (es-
timated to be about 15 meV at B=0). As expected for
the parallel Voigt geometry (the 7 polarization), the
transmission remains at about a constant level—except in
the very-low-field region, which is due to another interac-
tion (see below), and near EDSR (about 2.4 T), which is
allowed for this geometry. For CRI, on the other hand,
the transmission drops even further (as the 1s—2p ~ split-
ting decreases and approaches the incident-photon energy
fio with increasing B), while for CRA it shoots up
dramatically as the energy of the 1s—2p* splitting
moves away from 7iw.

Figure 12 presents the magnetotransmission for 103 um
(12 meV) and 96.5 um (12.8 meV), observed on the same
sample as in Fig. 11, but with much lower sensitivity.
Only transmission for the CRA polarization is shown in

CdogMng,Se

CRA A=96.5um

TRANSMISSION

L | | | L |
0o [ 2 3 4 5 6

MAGNETIC FIELD (T)

FIG. 11. Magnetotransmission in CdygMng ;Se (ingot B, c
axis normal to sample face) at 96.5 um for the Faraday (CRA
and CRI), and for parallel Voigt (E| |§) geometries. The “wig-
gle” in the E|[B is due to EDSR, which is allowed in this
geometry, but not in CRI (see Table II). The same CRA data

(here mostly off scale) are also shown in Fig. 12, with much
lower gain.
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FIG. 12. CRA magnetotransmission in CdyoMny ;Se (ingot
B) observed at 96.5 and 103 um at 4.6 K in the Faraday
geometry, q||B||&. The data are taken at a much lower gain
than in Fig. 11 (at this gain, the CRI and Voigt signals shown in
Fig. 11 would not be visible). The figure illustrates the fact that
the effect of magnetic field is to “open” the sample to CRA
transmission.

Fig. 12. On the scale of this figure the CRI and Voigt
signals are practically indistinguishable from zero. It is
indeed a fortunate coincidence that the CRA transmission
(in which EDSR occurs) is the one which “opens up” as a
function of B, thus making it possible to observe EDSR in
samples which are opaque at B =0.

Although we cannot reach the 1s—2p energy with FIR
energies available to us, we can use the dichroism just
described as a source of information about the 1s—2p ab-
sorption line, i.e., the line shape and its width. We are
presently attempting to analyze the dichroism data to ob-
tain quantitative information about this transition.

3. Low-field background

In addition to the CRA absorption which we ascribe to
cyclotron resonance, and the magnetic effects of the
1s—2p transition, all samples displaying EDSR also ex-
hibit a striking dip in transmission at low fields. This
low-field absorption is present in all polarizations, as can
be seen in Figs. 7 and 9, and it becomes stronger with in-
creasing frequency (Fig. 1). As a function of temperature,
the width of the low-field dip appears to scale in a manner
qualitatively similar to the EDSR field, as in Fig. 4, sug-
gesting that the effect involves the magnetization or the
effective g value. It is interesting to note that, in the pa-
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FIG. 13. Transverse magnetoresistance of CdyoMng ;Se (in-
got A) at 4.3 and 9.1 K.

rameter range in question (below 1 T at 4.2 K),
Cd,_,Mn,Se also displays strong anomalies in magne-
toresistance, as illustrated in Fig. 13. Some of the present
authors'® have suggested an interpretation of this low-
field feature in terms of a condensation of the free carriers
responsible for the cyclotron resonance into a D~ band at
low magnetic fields (where D~ binding energy is larger
than the Zeeman splitting). However, the physics of the
impurity band for these donor densities (afN}/3~0.1)—
especially for the unknown impurity and/or defect species
involved—is rich with other possible interpretations. For
this very reason the behavior of the transmission back-
ground described above (the low-field dip and the cyclo-
tron resonance) are of great interest and deserve further
systematic study.
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