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Dependence of multiple Mn?* spin-flip Raman scattering in quantum wells
on the magnetic field direction
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We show that the number 7,,,, of simultaneous manganese paramagnetic resonance spin flips observed in the
Raman spectra of a CdMnTe/CdMnMgTe quantum well monotonically decreases as the angle between the
external magnetic field and the quantum well growth axis is varied from 90° to 0°. The appearance of the
multiple spin flips is due to precession of the manganese spins about the resultant field formed by combining
the external magnetic field with the exchange field due to heavy-holes in the intermediate state of the scattering
process. In our experiments, the exchange field is well defined and this has enabled us to provide a test of a
model previously proposed for the process. We find good agreement between the experiment and the theoret-

ical predictions.

DOI: 10.1103/PhysRevB.77.115341

I. INTRODUCTION

The observation of multiple paramagnetic resonance
(PMR) spin-flip Raman scattering lines due to Mn?* ions in
CdMnTe-based quantum wells when a magnetic field B, is
applied perpendicular to the light propagation direction and
quantum well growth direction (z) has been well
documented.'~ In this Raman scattering process, the shift in
energy between incident and emitted photons is equal to an
integer multiple n of the basic PMR energy, AE= gy, pBes
where up is the Bohr magneton and where the gyromagnetic
ratio for the Mn?* 3d° electrons is gy, ~ 2. Frequently, PMR
signals with large values of n are observed (up to n=19); this
cannot be explained in terms of scattering processes involv-
ing the six [=(25+1), with §=5/2] spin states of a single
Mn2* ion! and, instead, the phenomenon must be a collective
effect involving several Mn?* ions.

One model for the process is as follows.! The intermedi-
ate state in the Raman scattering process consists of a local-
ized heavy-hole exciton. In the presence of an external mag-
netic field B, along the growth direction (the z axis), the
heavy-hole states are characterized by J,= = 3/2, being split
apart in energy by an amount we can write as 3g|’|’,u,BBZ,
where g"" defines the effective hole g value (in a magnetic
semiconductor, gﬁl is considerably enhanced by the exchange
interaction with the magnetic ions and, given our definition,
is itself field dependent).

When the external magnetic field B, is at an angle 6 to
the z axis, the states J,= =3/2 remain unmixed, provided
that these heavy-hole states are well separated in energy
from those of the light-holes (for example, as is the case
under very strong quantum confinement). In this approxima-
tion, J, remains a good quantum number and the manganese
ions in the vicinity of the exciton experience a strong ex-
change field B, directed along the z direction, in addition
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to the externally applied field. In the intermediate state, the
total magnetization of these manganese ions thus begins to
precess about the total field B ;=B +B.n With angular
velocity w; =gnnttsBesi/ i, as shown in Fig. 1. At time ¢ later,
recombination occurs; at this time, the magnetization has
precessed through an angle w;¢ and its projection in the di-
rection of the external field has decreased, so that the system
returns to a new ground state in which the magnetization is
less than its original value. This decrease in magnetization
corresponds to the multiple spin flips that are observed in the
Stokes spin-flip Raman (SFR) spectrum. The model also pre-
dicts that multiple spin flips will not be observed in the anti-
Stokes spectrum, in agreement with experiment. This model
was introduced in Ref. 1 to account for multiple Mn** SFR
signals observed with the field in the plane of the quantum
well and was also applied to the interpretation of femtosec-
ond time-resolved measurements of the induced Faraday
rotation*> and in a discussion of optically induced quantum
entanglement” in similar systems. However, a difficulty with
this simple viewpoint was highlighted in Ref. 6.

FIG. 1. Vector diagram of the externally applied and exchange
fields (B, and B, respectively) and the effective magnetic field
B.;; that is produced for an arbitrary orientation of the external field
to the quantum well growth axis (the latter lies in the direction of
the dashed line). Adapted from Ref. 1.
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The problem is as follows. If, as assumed above, the light-
hole states are energetically well removed from the heavy-
hole states, the heavy-hole spin states J,= = 3/2 become de-
generate when the external field is in the plane of the
quantum well (the effective heavy-hole g value g/i becomes
zero); J, nevertheless remains a good quantum number.
However, if the light-hole states lie close in energy to the
heavy-holes, they can be mixed with the heavy-hole states as
a result of the interaction with the external magnetic field.
This mixing can be significant since the effective g values
for the holes are very large (due to the enhancement of the
external magnetic field by the exchange interaction with the
magnetic ions). As a result, J, is no longer a good quantum
number [the heavy-hole states now involve the combinations
(|+3/2)+[-3/2))/\2 and g" becomes finite]. There is
therefore no net exchange field B,y in the intermediate
state, and multiple Mn?* SFR transitions would not at first
sight be expected. To account for this apparent conflict be-
tween theory and experiment, the theory was extended in
Ref. 6, where it was shown that, even in the presence of a
finite in-plane g factor g’i, multiple spin-flip scattering can
occur.

The investigations to date have involved magnetic fields
orientated either along the z direction (=0°) or perpendicu-
lar to it (#=90°). The purpose of the present paper is to
report experiments for which the magnetic field is at inter-
mediate angles, as illustrated in Fig. 1. Under these circum-
stances, the heavy-hole spin component in the z direction in
the intermediate state remains well defined and the data
present a direct test of the multiple spin-flip model in its
original simple form. At low temperature, the magnetization
of the manganese ions in the initial state is given by
—gvnMpl, where I=ny,S. For the manganese concentrations
in the present specimens, the number ny, of Mn>* ions
within the exciton volume is of order 20 and S=5/2, so that
I~50. The fractional changes in magnetization (correspond-
ing to Al in the range of 1-10) that we shall discuss are
therefore relatively small.

We also note that a recent study® showed multiple PMR
signals (n<7) with external fields parallel to the quantum
well normal (6=0), which the precession model outlined
above cannot explain; it was suggested that such an explana-
tion may be incomplete and that other mechanisms of
Mn-Mn interaction may also play a role. However, in the
present experiments, we find that no multiple (n>2) Mn2*
PMR transitions are seen for #=0 and find that additional
Mn?*-Mn?* interactions are not necessary to account for the
behavior, which we shall see that it can be satisfactorily ex-
plained in terms of the precession model.

II. EXPERIMENTAL DETAILS

The experimental arrangement for spin-flip Raman
spectroscopy is described in detail in Ref. 7. The excitation
source was a Ar*-ion pumped Ti-sapphire laser and the
excitation was resonant with the lowest-energy excitonic
state of the sample. This was a 45 A wide
Cd,_,Mn,Te/Cd,_,_,Mn Mg, Te quantum well; the well and
barrier compositions were given by x=0.0116 and y=0.12.
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FIG. 2. Spin-flip Raman spectra for a series of excitation
energies at a magnetic field of 6 T for a 45 A wide
Cd;_Mn,Te/Cd;_,_,MnMg,Te quantum well (x=0.0116 and
y=0.12). The excitation energies range in 0.92 meV steps from
1.6789 eV (bottom) to 1.6633 eV (top), and the positions of the X
and X~ PL bands are indicated for the bottom spectrum.

The Mn?* concentration x was chosen to be the same in the
well and in the barrier to avoid changes in the distribution of
magnetic ions at the interfaces. The sample was held inside a
split-coil superconducting magnet at a nominal temperature
of 1.5 K. The magnet could be orientated so that the propa-
gation direction k of the excitation beam corresponded either
to the Voigt (B, LK) or to the Faraday (B, llk) geometry.
The sample could be freely turned about the axis perpendicu-
lar to both k and B.,; such that the angle 6 between the
growth axis and (B.,,) could be continuously adjusted from
0° (Faraday) to 90° (Voigt).

III. RESULTS AND DISCUSSION

Figure 2 shows spectra exhibiting the multiple PMR sig-
nals at a magnetic field of 6 T in the Voigt geometry. The
excitation source was tuned from 1.6633 to 1.6789 eV, close
to the energy range of the photoluminescence (PL) bands
arising from the free (or weakly localized) heavy-hole exci-
ton (X, el-hhl in conventional notation) and, at lower-
energy, the donor-bound (D°X) or charged exciton (X~). The
identity of the lower energy band is not relevant to this work
since, as is seen in Fig. 2, excitation in resonance with it does
not lead to the observation of multiple (n>2) PMR signals;
however, on the grounds outlined in Ref. 8, we believe it to
be X~.

There is an enhancement of the Raman signal intensity
when the energy of either the ingoing or outgoing photon is
equal to that of one of the exciton states. Thus, for example,
the fifth spectrum from the bottom in Fig. 2 shows PMR
signals with low n (n=1,...,3), which are in ingoing reso-
nance, and with high n (n~9), which are in outgoing reso-
nance, while the signals with intermediate values of n are
much weaker. At the higher end of the laser tuning range, we
can observe up to the 13th PMR overtone in this way.
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FIG. 3. (a) Dependence of the photoluminescence spectra on the
angle 0 between the growth axis and the external magnetic field
ranging from 0° to 90° at a magnetic field of 6 T. (b) Transition
energies of the free exciton X as a function of #: PL data (solid
circles) and simulated data (solid lines). Also shown is the excita-
tion energy used at each angle to obtain the PMR Raman signals
(open circles). The transitions are labeled by the basis functions
|m;,mg) (quantized along the growth axis z) relevant strictly at
0=0° only.

Since resonant effects clearly influence the number of de-
tectable PMR overtones, it is essential to take them into ac-
count in studying the angle dependence of the PMR signals.
The energy of the excitonic transitions and, hence, that of the
optical resonance conditions is strongly dependent on 6. This
is shown in the angle-dependent PL spectra [Fig. 3 (upper
panel)]. As in Fig. 2, the PL spectra are made up of a strong
peak (X7) with a weak and unresolved shoulder on the high-
energy side (X). The angle-dependent energy position of the
latter (X) is plotted (filled circles) in Fig. 3 (lower panel).
The solid lines are the eigenenergies of the Hamiltonian,

H=pugg o-B+g,J-B)+Ac-J
1
+AH€X+D[J§—§J(J+1)] (1)

Here, the first and second terms are the electron and hole
Zeeman components with effective g factors g: and gZ, re-
spectively, and the third term represents the electron-hole
exchange interaction.

The single-particle confinement of electrons and holes in
the quantum well leads to an increase in the excitonic band
gap represented by the fourth term AH,, as well as a splitting
between light- and heavy-holes due to their confinement.
Here, this splitting (energy 2D) is represented in the simplest
possible model by the last term, which is diagonal and
equivalent in form to a term arising from a strain in the z
direction. Although one should, in principle, solve the 4 X4
Kohn—Luttinger Hamiltonian for the hole envelope wave
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functions including off-diagonal terms,” here, it has been pre-
viously shown that the model that we have used can give a
reasonable description of the magneto-optics of quantum
wells given a sufficiently large separation in energy of the
light— and heavy-holes.'®!! Here, a test of the validity of this
model is in agreement between calculated and experimental
data for the PL as a function of angle [shown in Fig. 3(b)]. In
this figure, we also show the higher-energy exciton states,
labeled by the spin quantum numbers |mj,ms> relevant to the
Faraday geometry #=0°. They demonstrate for this particular
quantum well that the zero-field splitting of the hole states is
sufficient for the exciton states to show clear light- or heavy-
hole character over the whole angle range.

The electron and hole Zeeman splittings (giving gj ,) de-
pend on the magnetic field and are described by a Brillouin-
function behavior whose parameters were experimentally de-
termined from observation of the conduction band electron
spin-flip Raman scattering (this signal is, in fact, present un-
der the conditions of Fig. 2, though it is not easily visible in
that figure). Other parameters were estimated from literature
values (e.g., effective masses,'®!> band gaps,'”> and
offsets®!4) or typical magnitudes (e.g., electron-hole ex-
change of 0.1 meV). In the absence of a magnetic field, the
calculated energies agreed well with experimental transition
energies for the el-hhl and el-Ih1 exciton states determined
via reflectivity measurements. Good agreement is then found
between the simulations and the experimental data for the
lowest-energy excitonic PL transition in a magnetic field, as
shown in Fig. 3(b), indicating only a small Stokes’ shift be-
tween emission and absorption (of order 1 meV). The calcu-
lation also provides insight into the degree of mixing of
light- and heavy-holes in this particular quantum well and, in
Fig. 4, we show the squared amplitudes of the joint electron-
hole states (in the basis quantized along the quantum well
normal, i.e., the z direction) that make up the lowest-energy
exciton state over the angle range 0° <#<<90°. Figure 4
shows that J, remains a good quantum number over the
range from 6=0 to 6~ 80°.

In the present experiments, the excitation energy for the
PMR Raman spectra was chosen to maximize the number of
detectable overtones and their strength while at the same
time preserving a monotonic decrease in the overtone inten-
sity where possible. In the range 75° < #<90°, higher-lying
exciton states are converging with the resonant intermediate
state selected for the experiment (see Fig. 3) and so the rela-
tive overtone intensities show a slight effect due to a second
resonance condition. Under these circumstances, values of n
up to 8 were observed for large values of 6 (signals with
larger values of n can be observed with different tuning of
the laser, but the variation in intensities is no longer mono-
tonic in n). Given these requirements, the resonant excitation
energy was found to follow the same trend with angle as the
PL energy, as shown in Fig. 3 (open circles), and is found to
lie between the two exciton states lowest in energy which
must, therefore, be the two states providing simultaneous
ingoing and outgoing resonances.'>"!” These two exciton
states have the same hole component at all angles and differ
only in the electron spin orientation (this can be recognized
in Fig. 3; the electron Zeeman splitting is isotropic and,
hence, the separation in energy of the two lowest-energy
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FIG. 4. Composition of the lowest-energy exciton wave function
(relevant to the resonant excitation of PMR signals) as a function of
the angle 6 between the external magnetic field (6 T) and the
growth axis. Left hand panel: the squared amplitudes of the basis
functions |m;,m,) (quantized along the growth axis z); right hand
panel: expanded view of the region close to the Voigt geometry,
labeled by the |m;,m) values.

states is independent of angle). The Raman scattering pro-
cess therefore involves a spin-flip only of the electron com-
ponent of the exciton, consistent with the experimentally ob-
served selection rules which are that, in the Voigt geometry,
the overtones are observed in the z(o)Z polarization con-
figuration (in conventional notation). Note that it is not a
requirement of this process that the electron spin splitting
should be identical to the change in energy of the Mn>* sys-
tem (experimentally, they are clearly not equal); a mismatch
between these energies is possible because of the finite
widths of the resonant intermediate X states.!>!”

In Fig. 5, we show a series of spin-flip Raman spectra for
0 varying from 0° (Faraday) to 90° (Voigt) with a magnetic
field of 6 T, with the excitation energies used being shown in
Fig. 3. There is a clear decrease in n,,,, with 6. This is ex-
pected on the basis of the existing model for the PMR over-
tones, which we now briefly summarize. The intensity P,(7)
of the nth peak can be calculated using a Poisson
distribution, -6-18

I N(1)"
P,(7)= —f dte‘”TLe‘N(t), (2)

TJo n!

where 7 is the lifetime of the exciton and N(z) is the average
change in the total spin of the Mn?* ions interacting with the
exciton of volume V. Note that, in Eq. (2), we omit a term
representing the polarization selection rules; this term leads
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FIG. 5. Spin-flip Raman spectra as a function of the angle 6
between the external magnetic field direction (6 T) and the growth
axis from a 45 A single wide Cd,_,Mn,Te/Cd;_,_,Mn,Mg,Te
quantum well (x=0.0116 and y=0.12). The angle 6 ranges from 0°
(top trace) to 90° (bottom trace) in steps of 5°.

to the prediction that odd- and even-numbered overtones
should be observed only in crossed and parallel light polar-
izations, respectively,!® but its effects are generally not ob-
served at low temperatures (here, ~1.5 K) and for magnetic
fields tilted by more than a few degrees with respect to the
growth axis.!®

In the above, N(r) is given by

N(1) = J dVnyy, S sin 81 — cos(w;1)]. (3)
%

Here, nl'vln is the density of Mn?* ions, S is the total angular
momentum of the ground state of Mn?*, and the angle & is
between B and B.,,. In terms of these fields, the precession
frequency of the manganese ions w; is given by

EMnMB

Wy = T \"'(BZXt +B%  + 2B exBexcn €0 ). (4)

exch

When the external field is not orthogonal to the quantum
well axis (which defines the direction of the exchange field),
the term By Beych cos 6 in Eq. (4) is nonzero and it appears
that the question of the sign of the exchange field with re-
spect to the external field would arise. However, since
By > Beyen (see below), the precession frequencies given by
Eq. (4) for the two possible orientations of the exchange field
only differ by about 30%.

In fact, once precession of the hole spin becomes possible
(because of the development of a finite in-plane hole g factor
g.), an equally important question concerns the rate of the
hole spin reorientation with respect to the other relevant time
scales. Similar questions arise in the interpretation of quan-
tum beats (QBs) in excitonic luminescence where, if the hole
reorientation is fast, its exchange field is effectively zero and
the quantum beats arise at the Larmor frequency of the elec-
tron in the exciton alone.!” On the other hand, if the hole
orientation is stable on the time scale of the recombination
process, then the QB frequency gains a contribution from the
electron-hole exchange energy and is characteristic of the
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FIG. 6. Intensity (simulated) of n simultaneous spin flips
(B =6 T) relative to the n=1 signal. The angle between B, and
B, ranges in 10° steps from 6=10° to #=90° [the relative inten-
sity tends to zero for 0° (Faraday)]. The inset shows the number of
peaks above the detection threshold intensity (the dashed line in the
main figure) as a function of 6.

exciton.?’ The hole spin-flip rate has recently been shown to
be crucial in the exciton spin decay process by a rather simi-
lar mechanism in nonmagnetic quantum well structures.’!
These issues have been considered in Ref. 6 where, as noted
earlier, it was shown that multiple overtones can still arise
even in the presence of hole precession.

Using Eq. (2), therefore, we have calculated the relative
intensities of the Raman peaks (n=1,...,10) for a given
angle 6, assuming B.,,=6 T (Fig. 6). The following param-
eter values have been used based on those of Ref. 1 for
similar quantum wells: 7=0.3 ps, (a,),,=30 A (exciton cen-
ter of mass localization radius), and B, ,=+2 T. When B,,,
is aligned along the quantum well growth axis (#=0°), the
probability P,(7)—0, and hence this condition is omitted
from the figure. We also note that Eq. (3) involves an integral
over the exciton volume; we have investigated the conse-
quences of changes in the exciton volume V as the angle 6 is
varied and find them to be small. For instance, a variation of
the exciton wave function from a spherical shape to a shape
with a cosinusoidal dependence on z gives a 20% variation in
the number of Mn?* ions within the exciton volume and a
variation of less than 5% in the intensity of each overtone;
the intensities of all overtones are reduced by similar factors,
and our conclusions on the dependence of the number of
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overtones on angle, described in the following, are not sig-
nificantly affected. We have therefore taken the exciton vol-
ume to be independent of angle in the evaluation of P, (7).

In order to make a quantitative comparison of this calcu-
lation with the experimental data, we count the overtones
experimentally observed and compare to the number pre-
dicted to lie above a cut-off intensity corresponding to our
practical sensitivity limit (represented by the horizontal
dashed line in Fig. 6, which, under the resonance conditions
described earlier, corresponds to a cutoff after the n=8 signal
at large values of 6). The number of PMR overtone signals
above this line as a function of # is shown in the inset of Fig.
6. The number of overtones above the sensitivity threshold
steadily increases with 6, reaching a constant value (n=8) at
70°. This is in satisfactory agreement with the spin-flip Ra-
man spectra in Fig. 5 and verifies the simple theory outlined
in Sec. L. Strictly, this theory should hold only for values of
0 in which J, remains a good quantum number, i.e., for 6 in
the range from 0° to 80° (see Fig. 4), but good agreement
with experiment is obtained even for values in the range of
80°-90°, for which the more complicated theory of Ref. 6
might have been expected to be required.

IV. CONCLUSIONS

In summary, we have shown for a quantum well which
contains magnetic ions that the number of multiple spin-flip
Raman PMR signals monotonically decreases as the angle
between the external magnetic field and the growth axis de-
creases. This observation, and even the actual number of
overtones observed, is entirely consistent with the predic-
tions of the simple theory in which precession of the mag-
netic moment of the manganese ions occurs about an effec-
tive magnetic field caused by combination of the external
field with the exchange field that exists in the intermediate
state. In order to understand the behavior, we have shown
that proper account must be taken of the resonance enhance-
ment of the scattering processes and, in particular, of the
dependence of the resonance energies on the direction of the
magnetic field.
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