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Observation of the magnetic soft mode in (Cd,Mn)Te quantum wells
using spin-flip Raman scattering
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We report the experimental observation of a magnetic soft mode of collective spin excitations in (Cd,Mn)Te
quantum wells, containing a 2D hole gas interacting with magnetic ions. We found that with increasing hole
concentration the eigenfrequency of the paramagnetic spin resonance decreases, which is predicted to occur
prior to the ferromagnetic phase transition. Such a magnetic soft mode is detected in spin-flip Raman-scattering
experiments as a reduction in the Mn g factor. The results are described in terms of collective dynamics of
strongly coupled spin systems with positive feedback. Based on this approach the evolution of such excitations

with hole concentration is calculated.
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It is well established that ferromagnetic order of localized
magnetic moments can be mediated by free carriers through
indirect exchange coupling, known as Ruderman-Kittel-
Kasuya-Yosida (RKKY) interaction. This mechanism is con-
sidered to be responsible for the ferromagnetism of diluted
magnetic semiconductors (DMSs), such as (Ga,Mn)As and
(In,Mn)As,! (Pb,Sn,Mn)Te,?> (Zn,Mn)Te,?> and (Cd,Mn)Te.*
The Curie temperatures in DMS ferromagnets based on II-VI
semiconductors are rather low, 7-~1 K. While for practical
application T should be above 300 K, II-VI DMSs are at-
tractive objects to study the RKKY interaction because of
their bright magneto-optical characteristics and the possibil-
ity of varying in a wide range the carriers concentration in-
dependent of the concentration of magnetic impurities. In-
deed, DMS magnetic properties in the paramagnetic> and
ferromagnetic*!? states have been investigated in great de-
tail. However, the question of how spin excitations evolve
between these two phases was not addressed experimentally
so far.

A general property of phase transitions is a softening of
the corresponding oscillation mode. It has been shown theo-
retically that the exchange interaction between magnetic ions
and a two-dimensional hole gas (2DHG) results in a drastic
decrease in the Larmor precession (i. e., softening of the
magnetic mode) in the vicinity of the ferromagnetic phase
transition.'! By lowering the temperature or by increasing the
hole concentration the spin-resonance frequency w of Mn
ions decreases to zero according to

—_—

w=0\1-¢ (1)

Here, () is the unperturbed resonance frequency correspond-
ing to the Mn spin precession with the g factor g&%% 2 and &
is a parameter depending on the exchange integral and the
paramagnetic spin susceptibilities of Mn ions and 2DHG.
Hence, the crucial parameters allowing control of magnetic
softening are the temperature of the spin system and the
2DHG density. A temperature-dependent spin resonance was
observed by time-resolved Kerr rotation in p-type (Cd-
,Mn)Te QWs.!2 However, the high-temperature (paramag-
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netic) spin-resonance frequency from these experiments does
not agree with the “free” Mn precession frequency
(gf\%x 2), which is difficult to explain by the magnetic mode
softening. In our studies we use the alternative approach,
applying constant temperatures while we tune the hole con-
centration by varying the additional illumination power.

In this Rapid Communication, we report the observation
of the magnetic soft mode in (Cd,Mn)Te quantum wells
(QWs) with a 2DHG. It reveals itself in spin-flip Raman-
scattering (SFRS) experiments as a decrease in the Mn g
factor beyond 5% with increasing 2DHG concentration of up
to 10'" ¢cm™. The effect disappears with rising temperature
and provides a sensitive probe for spin excitation dynamics
and paramagnetic susceptibility in the vicinity of the ferro-
magnetic phase transition.

Single 120 A Cdyg93Mng o;Te QWs were grown by
molecular-beam epitaxy (MBE) on (001)-oriented GaAs sub-
strates with thick CdTe buffers and CdygMg,,Te barriers.
The QWs were covered by thin Cd,gMgj,Te cap layers.
Though these QWs are not specially doped, owing to the
surface states they contain a 2DHG.'3 To present our results
we choose a QW with a cap layer thickness of 175 A, where
the surface-state induced p-type doping is most effective.

Photoluminescence (PL) and Raman spectra were excited
by a tunable dye laser pumped by an Ar-ion laser and de-
tected by a charge-coupled device linked to a subtractive
triple spectrometer, providing a spectral resolution of about
0.5 cm™ (65 weV). The excitation and detection were lin-
early cross-polarized. We performed experiments in the two-
color mode; i.e., an additional above-barrier illumination by
means of light split off from the Ar-ion laser (2.41 eV) was
utilized to tune the hole concentration in the QW. We used
the same optical path to focus the dye laser and Ar-ion laser
beams onto overlapped spots. External magnetic fields of up
to 4.5 T applied in the sample plane Bllx (Voigt geometry)
were provided by a split coil magnet. The experiments were
performed in the temperature range between 7=1.7 K and
4.2 K.

A PL spectrum for below-barrier excitation
(hw,=1.6222 eV) in the low power limit (P,=0.5 uW)
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FIG. 1. (Color online) (a) PL spectra at B=0 for increasing
excitation power P, of the above-barrier excitation (upper curves).
Lower curve: PL spectrum for below-barrier excitation
P,=0.5 uW without additional illumination. The spectrum is mul-
tiplied by a constant and vertically shifted for clarity. (b) Spectral
separation between the exciton and trion lines (left axis) and the full
width at half maximum (FWHM) of the trion line (right axis) as
function of P,(P,=10 uW).(c) Raman spectra for various B fields
in the QW plane (Voigt geometry). Six Mn?* paramagnetic reso-
nance (PR) lines are marked for B=4.5 T. Excitation conditions
correspond to 7,=5.0X10'0 cm™2.

contains the neutral exciton (X) and the acceptor-bound ex-
citon (A°,X) lines [lower curve in Fig. 1(a)]. With increasing
illumination power an additional line labeled as T* appears
[upper curves in Fig. 1(a)]. The T* line represents the posi-
tively charged trion which is the fingerprint of the presence
of a 2DHG in the QW; the stronger T* line the higher the
concentration is.'®!” In further experiments we fixed the
below-barrier excitation P,=10 uW to keep the excitation
conditions unchanged, while the hole concentration is tuned
by an additional above-barrier illumination P,. With increas-
ing P, the T* line grows at the expense of the X line inten-
sity, and for sufficient P, the exciton line vanishes. Further
evidence of the presence of a 2DHG in the QW is the in-
crease in the trion line width. As shown in Fig. 1(b), the
FWHM of the T* line as function of P, increases from 1.4
meV at P,=0 uW to 6 meV at P,=600 uW. This is as-
cribed to the efficient scattering by resident carriers in the
QW. 1415

The mechanism of optical tuning of the carrier density in
QW heterostructures results from spatial separation of pho-
togenerated electrons and holes.'®!° When a nominally un-
doped QW is located close to the surface (as in our case), the
photogenerated electrons can tunnel through the barrier to
surface states, increasing the number of holes residing in the
QW. This surface p-type doping extremely depends on the
cap layer thickness and excitation conditions.'?
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FIG. 2. (Color online) (a) The first PR line in Raman spectrum
for n,=4x10'" cm2 (upper curve) and for n,=1.3x10"" cm™
(lower curve). B=3 T. (b) Raman shift of the first PR line vs mag-
netic field for two different hole concentrations as in panel (a).
Inset: overview of the three PR lines for 1,=4 X 100 cm™.

The spectral separation between the exciton and trion
lines depends on the carrier concentration as'®2°

EX_ET=E£+ Ep. (2)

Here, E}; is the “bare” trion binding energy and & is the
Fermi energy. Figure 1(b) shows the exciton-trion separation
as a function of the above-barrier excitation power P,. From
the spectrum in the low power limit (P,=0.5 uW and
P,=0 uW) we obtain E£=2.4 meV. This allows us to de-
termine the “nonequilibrium” Fermi energy &p=m#’n,,/ m;, of
the 2DHG according to Eq. (2) and with known in-plane
effective hole mass m;,=0.2m, (Ref. 21) to obtain the hole
density n,, as a function of illumination power. In particular,
for P,=10 uW and without above-barrier illumination we
find Ey—E;=3.1 meV, which yields n,=4X10' cm™,
With the strongest additional illumination P,=600 uW (P,
remains constant) we find n,=1.5X10"" cm™2. The two-
color experiment is required to study the collective Mn spin
excitations as function of 2DHG density: a dye laser of con-
stant intensity P, is used for the resonant spin-flip Raman
excitation, and the hole density is tuned continuously by the
additional illumination P,,.

First, we describe the Raman spectra without additional
illumination [Fig. 1(c)]. In external B fields applied in the
Voigt geometry up to n=6 equidistant Raman lines occur,
shifting linearly with increasing field. This multiple PR pro-
cess originates from the strong exchange interaction between
the heavy-hole (hh) exciton and Mn ions.® In the QW this
interaction is strongly anisotropic: in the extreme case the hh
spin components in the QW plane (x-y plane) vanish
(szly:O). Hence, in an external field Bllx, the exciton with
J.# 0 induces transitions among states with different projec-
tions of the Mn spin on the field direction, resulting in PR
Raman lines.

The n=1 PR Raman line obtained at B=3 T is shown in
Fig. 2(a) in the enlarged scale (solid squares). These data are
obtained without additional illumination (P,=0) correspond-
ing to the hole density n,=4 X 10'® cm™2. The Gaussian fit
(solid line) allows the accurate determination of the Raman
shifts £, of the PR lines. Its application to the first three PR
peaks yields their linear shift with growing B field, as shown
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FIG. 3. (Color online) (a) Mn g factor as function of 2DHG
density obtained in the B-field ranges of 2.25-3 T (solid squares)
and 3-3.5 T (open circles). Solid lines: calculations for B=2.6 and
4 T (see text for details). T=1.7 K. (b) gy, as function of tempera-
ture. Solid line: calculation for B=2.6 T. (c) Diagram of the col-
lective spin excitations. B,, denotes the exchange field of spin-
polarized holes creating an additional torque acting on the magnetic
moment M of Mn ions. (d) and (e) Oscillations of M in the y-z
plane in case of the paramagnetic phase and the soft mode,
respectively.

in the inset of Fig. 2(b). From the linear fits according to
E,=ngynmpB (solid lines)® the Mn-g-factor is determined as
gvin=1.998 +0.001. This value is close to g\»=2.010 ob-
tained in CdTe:Mn bulk crystals.??

The lower part of Fig. 2(a) shows the PR Raman line
(n=1) with additional illumination (P,# 0) and thus for in-
creased hole density n,=1.3X 10" ¢cm™ (open circles). Its
intensity is reduced by about an order of magnitude due to
photomodulation of the Raman process.”> Note that the
Gaussian fit yields a 10 ueV energy downshift with respect
to the upper curve. A systematic downshift of the first PR
line in the presence of a dense 2DHG is clearly seen in the
enlarged scale of Fig. 2(b). From the linear fit E;=gy,usB
we evaluate g,,=1.93+0.01, which is 4% smaller than the
one without additional illumination.

By varying the above-barrier illumination power P, we
measure the concentration dependence of the Mn g factor
summarized in Fig. 3(a). Solid squares (open circles) corre-
spond to gy, obtained from the linear fit in the B-field range
2.25-3 T (3-3.5 T). Obviously, the decrease in gy, is B-field
dependent, high B fields lead to its suppression. The
low-field value reduces down to gy,=1.89%£0.02 for
n,=1.4x10"" cm™2. The change Agy,~-0.05 (as com-
pared with g&%) is larger and of opposite sign compared to
the Knight shift of gy, (for the given concentration it is in
the order of 1073).2* Furthermore, we find that the g decrease
is suppressed with increasing temperature [Fig. 3(b)].

We now present a theoretical description of the effect.
Qualitatively, the frequency shift of Mn spin precession was
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predicted earlier.!! It arises due to an additional torque ex-
erted on the Mn spins by the hole spins [Fig. 3(c)]. Because
of the g-factor anisotropy, the Mn spin component perpen-
dicular to B induces a predominant polarization of hole spins
along the structure axis z. The oscillating exchange field of
spin-polarized holes, applied to Mn spins, makes them cir-
cumscribe elliptic rather than circular, trajectories around B,
which slows down their Larmor precession [Figs. 3(d) and
3(e)].

Two main issues which are specific for SFRS experiments
have to be addressed here: (i) spin oscillations are excited by
localized excitons and therefore can have nonzero spatial fre-
quencies and (ii) experiments are performed in strong B
fields, and therefore the Zeeman splitting of the holes in
Voigt geometry is comparable to their Fermi energy. Resi-
dent 2D holes, as well as the localized exciton that initiates
SFRS, interact with a large number of Mn>* ions:
4Lk Nox> 1 and wLR*Nyx> 1 (where L is the QW width
and R is the exciton localization radius). For this reason it is
convenient to write the Hamiltonian of the spin system in
terms of spin-density components S,

PP N Bg N
HASi) = = gvapn 2] SiB = 5012 Wi@)Sio
/ I /
81
- TMBAJxB + OE,,. (3)

The subsequent terms represent (i) the Zeeman energy of the
Mn spins (Sj, is the spin density of the /th monolayer), (ii)
the exchange interaction energy (for Mn spins along x); J, is
the x component of the hole spin density, (iii) the hh Zeeman
energy (where A is the area of the structure). The exchange
energy correction OE,, is due to deflection of spin-density
components from x [Fig. 3(c)], B is the B field along x; g
and g, are the longitudinal and transversal hh g factors, re-
spectively.

Since in equilibrium the mean spin direction is along x,
OE,, is quadratic in the y and z components of the spin den-
sity: these energy corrections arise because of the interaction
of the Mn ion spins with the induced 2DHG polarization,
perpendicular to x, and are proportional to the 2DHG suscep-
tibility. We calculated y;, the transversal 2DHG spin suscep-
tibility to the exchange field of magnetic ions at the spatial
frequency k, using perturbation theory. At low temperature
(kgT<<Ay, where Ay is the hole spin splitting in Voigt geom-
etry) it is given by:

m [
Xi= M[sk +Ay— (g +Ay)? - dge] )
k
and
m
Xk=M[8k+Av—|8k—Av|] (5)

at ep=A, and gp=A,, respectively. Here s,;%, and
8F=277Th2nh is the 2DHG Fermi energy.

Spins of different monolayers are coupled by indirect ex-
change via the 2DHG. The coupling strength is determined

by the 2DHG spin susceptibility and by the mutual orienta-
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tion of spins in different monolayers. Orthogonal linear com-
binations of spin densities of the monolayers form oscillatory
modes corresponding to certain eigenfrequencies of the
coupled spin system. As discussed in Ref. 11, the pulsed
exchange field of the photoexcited hole induces oscillations
of the mode, most strongly coupled with the 2DHG
<f>0,;=21‘1f12§1,g/ E,\I’IZ. Its eigenfrequency can be obtained by
solving Hamiltonian (3) for ®;, where JE,, is calculated
using Egs. (4) and (5). Then, the eigenfrequency can be pre-
sented as Qg =gompB/h, with the effective g factor

2
* XiPB
800 = 8\n \/ 1- o ar —Nox(s,). (6)
Iu’BgMnBL

Here, (s,) is the mean spin of a Mn ion, Z:a(E,‘I’?)‘l =~ _%L,
where L is the QW width and « is the lattice constant. The
dominating mode in SFRS is the one with |k|=1/r,, where
1y, is the localization radius of the photoexcited hole. As seen
from Eqgs. (4)—(6), Q decreases with n,, for e = Ay, (besides
the slope and shape of the curve depend on k) and does not
depend on n,, for ez=A. We performed theoretical calcula-
tions using the experimentally obtained ratio g;/g, =10
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(which defines Ay). Their results with r,=10 nm [shown by
solid lines in Figs. 3(a) and 3(b)] describe all tendencies
observed in our experiments.?’ Note that the g-factor shift is
larger for lower B fields. The theory predicts that at very low
B fields, inaccessible in SFRS experiments, g should turn to
zero. This behavior, high-field traces of which we detect in
our experiment, is a fingerprint of the transition to the ferro-
magnetic phase.

In conclusion, we observed the softening of the paramag-
netic resonance in (Cd,Mn)Te QWs. The effect, detected as a
decrease in the Mn g factor in SFRS experiments, is caused
by the collective character of spin excitations in 2DHG. We
calculated the dispersion of such excitations, which is in
agreement with experimental data. We believe that our find-
ings can be used as a sensitive tool to study the dynamics of
spin excitations and paramagnetic susceptibility in the vicin-
ity of the ferromagnetic phase transition.
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