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Coulomb-driven organization and enhancement of spin-orbit fields in collective spin excitations
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Spin-orbit (SO) fields in a spin-polarized electron gas are studied by angle-resolved inelastic light scattering
on a CdMnTe quantum well. We demonstrate a striking organization and enhancement of SO fields acting on
the collective spin excitation (spin-flip wave). While individual electronic SO fields have a broadly distributed
momentum dependence, giving rise to D’yakonov-Perel’ dephasing, the collective spin dynamics is governed by
a single collective SO field which is drastically enhanced due to many-body effects. The enhancement factor is
experimentally determined. These results provide a powerful indication that these constructive phenomena are
universal to collective spin excitations of conducting systems.
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An electron moving with momentum Kk in an electric field
E experiences an effective magnetic field Bgso(k) o E x k
that couples to its spin. In semiconductor nanostructures,
this spin-orbit (SO) coupling arises through internal electric
fields! and opens promising ways to manipulate the electronic
spin through, e.g., current-induced spin polarization,> spin
Hall currents,® or zero-bias spin separation.* However, SO
coupling generally causes also losses of spin memory: due
to the momentum dependence of SO fields, each individual
spin of an ensemble precesses with its own frequency and axis
(D’yakonov-Perel” decoherence’). In recent years, numerous
efforts have been made to overcome this decoherence, by
using structure engineering,® control by gate electrodes,’® or
spin-echo-type techniques.”!”

Recently, an alternative promising path was initiated!'
by discovering that a particular collective spin excitation,
the intersubband spin-plasmon of a GaAs quantum well, is
intrinsically protected from D’yakonov-Perel’ decoherence.
Indeed, Coulomb interaction rearranges the distribution of SO
fields, so that all electronic spins precess in synchronicity about
a single collective SO field.

In addition, this collective SO field was discovered to
be drastically enhanced with respect to the one acting on
individual electrons. Indeed, for noncollective spin excitations
such as a spin packet drifting with momentum ¢, the relevant
SO field is that which would act on a single electron of same
momentum, Bgo(q).>”'*12!3 By contrast, the SO field acting
on the intersubband spin-plasmon, Bg‘gl(q), is very strongly
enhanced: it was found in Ref. 11 that Bg‘gl(q) ~ 5 Bso(q).

This raises the important question whether these construc-
tive phenomena are bound to the peculiar nature of the inter-
subband spin-plasmon of a GaAs quantum well, or are fully
general to collective spin excitations of any conducting system.
Here, we evidence them in another configuration: we study the
intrasubband spin-flip wave (SFW) of a spin-polarized electron
gas confined in a diluted magnetic semiconductor (DMS).!4-1°
Thus we provide a powerful indication of the universality of
the immunity against dephasing, and giant enhancement of SO
effects at the collective level. In addition, as we shall see, the
system studied here allows for a much simpler demonstration
of these effects; here, in contrast to Ref. 11, direct observations
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of the SO fields at both the single-particle and the collective
level can be made. This allows for a fully experimental
determination of the SO enhancement factor, and shows that
DMS quantum wells are ideal systems for future study and
functionalization of collective SO effects.

We carry out inelastic light scattering (ILS) measure-
ments on an asymmetrically modulation-doped, 30-nm-thick
Cd;_,Mn, Te quantum well of high mobility, grown along the
[001] direction by molecular beam epitaxy. The electronic den-
sity is nop = 3.5 x 10" cm™2 and the mobility 10° cm?/Vs,
as determined from magnetotransport measurements. ILS is a
powerful tool to transfer a momentum q to the spin excitations
of the two-dimensional electron gas (2DEG).!*!” In our setup,
depicted in Fig. 1(a), q can be varied both in amplitude and
in-plane orientation. A magnetic field By is applied in the
plane of the well, always perpendicular to q. ¢ denotes the
angle between q and the [100] crystallographic direction of
the well. The incoming and scattered light polarizations are
crossed, which is the required selection rule to address spin-flip
excitations.'*!”

Figure 1(b) shows a typical ILS spectrum obtained for
q == 0, at superfluid helium bath temperature (7 ~ 2 K). Here
Bext =3 T and ¢ = 7 /4. The spectrum shows two kinds of
excitations:'*!> a narrow peak corresponding to the SFW
(energy Z) and, at higher energy, a broader line corresponding
to spin-flip single-particle excitations'® (SPE, of center energy
Z*). The energy of both excitations is plotted as a function of
By inFig. 1(c). The ¢ = 0 SFW involves a parallel precession
of all electron spins. Thus, its energy does not depend
on Coulomb interaction, owing to Larmor’s theorem,'* and
follows the giant Zeeman splitting of conduction electrons:'’

Z(Bexl) = _f-led (Sz(Bext))lh + gMBBexl- (1)

This is the sum of two opposite contributions (one due to
the exchange field created by the polarized Mn, and one
directly due to Bey), explaining the non-monotonic variation
of Z with Bey. Jy_g = 0.22 eV is the exchange integral'®
for conduction electrons in Cd;_,Mn, Te, x the effective Mn
concentration (x 2~ x for low x), (S;(Bext))q, 18 the thermally
averaged spin of a single Mn?* ion (negative for Bey > 0),
up the Bohr magneton and g = —1.64 the electronic g factor.
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FIG. 1. (Color online) Intrasubband spin excitations of a CdMnTe
quantum well. (a) Scattering geometry: k; and kg are the incoming
and scattered light wave vectors; q is the transferred momentum,
of in-plane orientation ¢ measured from [100], and amplitude
lq| ~ 47” sin®@, where A >~ 771 nm is the incoming wavelength. An
external magnetic field B,y is applied perpendicularly to q (the
arrow defines Bey > 0). (b) Typical inelastic light scattering (ILS)
spectrum obtained at ¢ ~ 0 in cross-polarized geometry. Two lines
are observed, corresponding to the spin-flip wave (SFW, energy Z)
and to the spin-flip single-particle excitations (SPE, energy Z*).
(c) Magnetic dispersion of Z and Z*. (d) ILS spectra obtained for
Bey = 3 T and a series of transferred momenta ¢, at fixed in-plane
angle ¢ = /4.

A fit of the SFW energy to Eq. (1) yields x = 0.215 % and
T = 2.6 K. In contrast to the SFW, flipping the spin of a
single electron without disturbance of other spins costs an
additional Coulomb-exchange energy due to Pauli repulsion:
the center of the SPE line thus lies at a higher energy,'® the
Coulomb-renormalized Zeeman energy Z*.

We now turn to the wave-vector dispersion of both excita-
tions. In Fig. 1(d), we plot spectra obtained at fixed Bexy = 3 T
and ¢ = 7 /4, but various magnitudes of the transferred mo-
mentum q. The energy of the SFW decreases with increasing
q. Indeed, spins in a ¢ #0 SFW mode are periodically
antiparallel for each v /g: compared to the ¢ = 0 situation, this
induces a reduction in the Coulomb-exchange repulsion more
and more pronounced as /g is lowered, yielding a downward
dispersion. The interplay between Coulomb interaction and
the kinetic energy leads to a parabolic dispersion for the SFW
energy (to leading order in ¢):*°

1 zZ R

E@)=Z - —————
(q) gZ*_szbq

N=1Z-fe'l @
where ¢ = (mb/27rh2n2D)Z* is the spin polarization and m,,
is the band mass.

However, this expression ignores anisotropic effects stem-
ming from SO coupling. To investigate such effects, we plot
in Fig. 2 the SFW energy as a function of the in-plane
angle ¢, for By =3 T (a) and Bexy = —3 T (b), and for
three values of the momentum ¢. Several salient features are
observed: (i) the SFW energy shows a sine-type modulation
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FIG. 2. (Color online) Spin-orbit induced modulation of the spin-
flip wave energy, (a) for Beyy = 3 T and (b) Bexe = —3 T, and for three
amplitudes of the transferred momentum ¢. The modulation shows a
two-fold symmetry, and its amplitude increases with g. Furthermore,
as compared with B > 0, the modulation for By < 0 is out of
phase, and lies at higher energy. The lines reproduce Eq. (6).

with a twofold symmetry, analogous to the one found for
intersubband spin-plasmons'! as well as in Ref. 21 for similar
CdMnTe quantum wells. In addition, (ii) the amplitude of this
modulation increases with growing ¢; (iii) the modulations
obtained for Bex; > 0and Bexe < 0 are out of phase, and (iv) the
latter lies on average at higher energy than the former.

To understand these features, let us consider the total
Hamiltonian of the system, cggtainin/g kinet/i\c, Coulgmb,
Zeeman, and SO contributions: Hiot = Hxin + Heou + Hz +
Hso. The SO part reads Hso = Y Bso(k) - 0/2, where the
sum runs over all electrons of momentum k and spin &
(Pauli operators). Bso(Kk) is an in-plane field, whose magnitude
determines the SO-induced spin splitting at momentum k. It
arises from the asymmetry of the confining potential (Rashba
effect??) and that of the crystalline cell (Dresselhaus effect?):

Bso(k) = 2a (ky, — ky) + 2B (kx, — ky) 3

with £ || [100] and ¥ || [010], and with « and B the Rashba
and linear Dresselhaus coupling constants,' respectively.

The excitations of H, including the SFW, can in principle
be calculated in linear response theory.”* Instead, we will
propose a phenomenological model in line with the one
validated in Ref. 11 for the intersubband spin-plasmon. This
collective excitation was shown to behave as a macroscopic
quantum object of spin magnitude 1, subject to a collective SO
field proportional to the excitation momentum q:

B (q) = 23 (9y, — 1) + 2B (40, — q,) » )

where @ and E are the collective Rashba and Dresselhaus
coupling constants, respectively.

We will assume that the SFW also behaves as a spin 1
object, immersed in the above collective SO field, as well
as the Coulomb-exchange field leading to the dispersion of
Eqg. (2). Reducing the system to the SFW only, we are left to
study the following effective Hamiltonian:

Bext
| Bex|

Hspw = S - [|Z — f4* + Bg‘z;‘(q)} , (5)
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where S is the vector of spin matrices for a spin 1. Only
the eigenstate with positive energy, corresponding to a SFW
mode with spin projection +1, is addressable experimentally. >
Since the modulation of Fig. 2 does not exceed 10% of Z,
we consider this eigenenergy to leading order in &g/Z and
Bq/Z, yielding the SFW dispersion E(q,p) = |Z — fq* —
20q — 2Bq sin 2¢|. This expression reproduces the sinusoidal
modulation of the SFW energy with a two-fold symmetry, and
its increase in amplitude with g [properties (i) and (ii) above].
We further note that (Z — fg?) has the same sign as Bey; thus,
if E+ denotes the SFW energy for Bex 2 0,

E+(q.9) = |Z — fq*| ¥ 28q F 2Bq sin2¢. (6)

Hence E governs the amplitude of the SO modulation, with
opposite signs for Bey > 0 and Bgy < 0. This qualitatively
explains property (iii) above. As for @, it governs the energy
offset between the two situations, Bext > 0 and Bex < 0,
explaining property (iv).

In the following, we will consider four specific experi-
mental situations that allow us to extract & and B. These
are schematized in Fig. 3(a): for ¢ = 7 /4 and ¢ = 37/4,
the Rashba component of the collective SO field (BEY' ),

the Dresselhaus component (Bg‘é{D), and the external field are

collinear, yielding extrema in the SFW energy. Figure 3(b)
shows the corresponding experimental dispersions (the same
color code is used), obtained at |Bex| =3 T. For By >
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FIG. 3. (Color online) Extraction of the collective spin-orbit
coupling constants. (a) Schematics of the four experimental con-
figurations (¢, Bey) used to extract & and §. Bgl. is the Rashba
component of the collective SO field (blue), and B! |, the Dresselhaus
component (purple). (b) SFW dispersions obtained for the configura-
tions depicted above (same color code). Lines correspond to Eq. (6).
(c) For |Bext| =2, 3 and 4 T, plots of E. (¢,37/4) — EL(q,7/4).
Both quantities are linear in g. (d) For the same values of | By, plots
of the quantity (E_) (¢) — (E+) (¢).
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0, the energy difference between ¢ = /4 and ¢ = 37/4,
E,(q.37/4) — E1 (q,7/4), yields 484 according to Eq. (6).
Similarly, the same difference for By < 0 is —48¢g. We plot
the latter quantities in Fig. 3(c) for previous data (circles)
as well as for additional data taken at |Bey| =2 and 4 T
(squares and triangles). A linear behavior is indeed observed,
independent of the external magnetic field within the error,
in agreement with Eq. (6). Averaging over all magnetic field
values, we find 8 = 31.6 4.5 meVA.

The collective Rashba coefficient & can be extracted from
the energy offset between By > 0 and Bey < 0. Indeed, if
(E1) (@) =1E+ (gq,37/4) + E+ (q,7/4)]/2 denotes the angu-
lar average of the SFW energy, the difference (E_) (q) —
(E+) (q) equals 4ag according to Eq. (6). This quantity is
plotted in Fig. 3(d) for | Bex(| = 2,3 and 4 T. Again, very good
agreement is found with the predicted linearity, independent of
the applied magnetic field. We deduce @ = 19.9 £+ 2.5 meVA.

Finally, Z and the quadratic coefficient f of the disper-
sion are determined from the mean dispersion [(E_) (q) +
(E+) (g)1/2, where all SO terms are averaged out. The
consistency of the model defined by Eq. (5) is demonstrated
in Figs. 2(a)-2(b) and Fig. 3(b), where we plot the relation
of Eq. (6) (lines) using the above extracted parameters; the
experimental SFW energy is very well reproduced.

The above determination of @ and B highlights the
key advantage of the spin-polarized 2DEG to study collective
SO effects. In contrast to the intersubband spin-plasmons
studied in Ref. 11, collective SO effects here directly show up
as a modulation of the SFW energy [see Eq. (6)]. In addition,
as we shall now see, SO effects at the single-particle level can
here be experimentally resolved. Figure 4(a) shows spectra
obtained at B =3 T and ¢ = 0.6 um™', for a series of
equally spaced orientations between ¢ = 7 /4 (bottom curve)
and ¢ = 37 /4 (top curve). A strong in-plane modulation of
the SPE line occurs, as a result of the interplay between the
external magnetic field and the internal SO fields. The latter
modulate the Fermi contour of each spin population, with

(b) a=3.3meV.A
f=4.6 meV.A
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FIG. 4. (Color online) Extraction of the individual spin-orbit
coupling constants. (a) Experimental ILS spectra obtained at Bey =
3T and ¢ =0.6 um™!, for a series of equally spaced in-plane
orientations between ¢ = 7 /4 (bottom curve) and ¢ = 37/4 (top
curve). (b) With the same color code, calculated imaginary part
of the Lindhard polarizability of Eq. (7) using « = 3.3 meVA and
B = 4.6 meVA. The grey points are guides to the eye.
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a twofold in-plane symmetry.>> Van Hove-type singularities
in the joint density of states appear when both contours
are locally parallel.?® This gives rise to the two shoulders
observed in the SPE line.?” The separation between both
shoulders reflects the spread of single-particle SO fields due
to their momentum dependence, in strong contrast with the
SFW, which produces a sharp line. This provides a clear
manifestation of the organization of SO fields at the collective
level.

To extract o and B [see Eq. (3)], we calculate the spin-flip
Lindhard polarizability®

d’k  n(exy) — n(exiqr)
(27‘[)2 €k| — €k+qt +how + l'ﬂ’

HH(q,w) = (7)

whose imaginary part describes the shape of the spin-flip SPE
line?® at transferred momentum q. n denotes the Fermi occupa-
tion function, €y, is the energy of a single-particle state of mo-
mentum k and spin o = 1 or |,?° and 1 accounts for the finite
lifetime 71 /n of quasielectrons due to scattering off disorder and
other electrons. In the approximation of strong external field
used above [see Eq. (0)], exs =~ 2m +o sgn(Bext)(Z /2 —
[a cos (¢ — ¢x) + B sin(p + gok)] ), where sgn(Bey) is the
sign of Bex, 0 = %1 and ¢ is the angle between k and the
[100] direction of the well.

Figure 4(b) shows the calculated imaginary part of IT 4
for the experimental parameters of Fig. 4(a) (same color
code). The main experimental trend is well reproduced by
using o = 3.3 meVA, ,8_46meVA and 7 = 0.05 meV.
Note that the fitted disorder parameter n (which affects the
softening of the line shape, but not the magnitude of the
splitting) is at least three times lower than for previously
investigated samples,'>'%% confirming a very high sample
quality. Indeed, Fig. 4(a) is to our knowledge the first ILS
observation of a SO splitting in the SPE line of a DMS quantum
well.

The measured o and B can be compared to theoretical
estimates. The Rashba coefficient can be calculated from
a =ri®e(E,), with e the electronic charge and (E,) the
average electric field along the growth axis. Assuming that
the electrons experience the delta-doping layer as an infinite
sheet of positive charge, and using r2® = 6.93 A2 calculated
by k-p perturbation theory' for CdTe, we obtain Qpp =
2.2meV A. The Dresselhaus coefficient reads B = y (k2).
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Using y =43.9 eVA3 fromk - p theory' and estimating (k?)
for a square well, we find By, = 4.7 meV A. Hence, the above
experimental determination of @ and 8 is very well supported
by these simple estimates.

We are now in a position to make a direct comparison
between the magnitude of SO effects at the individual and at
the collective level. We find @ ~ 6 and ,3 ~ 78, so that
B2l(q) > 6.5Bso(q). Thus, the interplay of Coulomb and
SO interactions produces a striking boost of the Rashba and
Dresselhaus effects at the collective level, while preserving
the balance between both. This organization and enhancement
arises mainly from Coulomb-exchange interaction, which
naturally tends to align spins: it gives rise to an additional
k-dependent magnetic field** that exactly compensates the
k-dependence of SO fields, together with enhancing their
common component aligned with by Bso(q).

In conclusion, using a test-bed spin-polarized 2DEG, we
have carried out direct optical measurements of SO fields at
the individual and at the collective level. The broad, split line of
single-particle excitations reflects the spread of individual SO
fields due to their momentum dependence. In strong contrast,
the SFW remains a sharp line reflecting the precession of a
macroscopic spin in a single collective SO field proportional
to the excitation momentum q. Due to many-body effects, this
field is drastically enhanced with respect to the one acting on
individual electrons. Together with the findings of Ref. 11,
these results provide a powerful indication that the observed
phenomena are universal to collective spin excitations in
conducting systems. This remarkable behavior provides a
strong incentive for studying these effects in other helical
liquids®! such as in topological insulators, where SO coupling
is very large.?
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