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Direct measurement of the long-range p-d exchange coupling in a ferromagnet-semiconductor
Co/CdMgTe/CdTe quantum well hybrid structure
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The exchange interaction between magnetic ions and charge carriers in semiconductors is considered to be
a prime tool for spin control. Here, we solve a long-standing problem by uniquely determining the magnitude
of the long-range p-d exchange interaction in a ferromagnet-semiconductor (FM-SC) hybrid structure where a
10-nm-thick CdTe quantum well is separated from the FM Co layer by a CdMgTe barrier with a thickness on
the order of 10 nm. The exchange interaction is manifested by the spin splitting of acceptor bound holes in the
effective magnetic field induced by the FM. The exchange splitting is directly evaluated using spin-flip Raman
scattering by analyzing the dependence of the Stokes shift �S on the external magnetic field B. We show that in
a strong magnetic field, �S is a linear function of B with an offset of �pd = 50–100 μeV at zero field from the
FM induced effective exchange field. On the other hand, the s-d exchange interaction between conduction band
electrons and FM, as well as the p-d contribution for free valence band holes, are negligible. The results are well
described by the model of indirect exchange interaction between acceptor bound holes in the CdTe quantum well
and the FM layer mediated by elliptically polarized phonons in the hybrid structure.

DOI: 10.1103/PhysRevB.96.184412

I. INTRODUCTION

The integration of magnetism into semiconductor electron-
ics would initiate a new generation of computers based on
advanced functional elements where the magnetic memory
and electronic data processor are located on a single chip
[1–4]. One approach in this direction is based on hybrid
systems where a thin ferromagnetic film is placed on top
of a semiconductor. In such a system, one expects to detect
emergent functional properties, which appear and benefit
from bringing the primary constituents together, i.e., the
magnetism as in ferromagnets (FM) with the optical and
electrical tunability as in semiconductors (SC) [5–12]. For
that purpose, it is mandatory to establish a strong exchange
interaction between the charge carriers in the SC and the
magnetic ions in the FM. Control of the concentration of
the charge carriers and the penetration of their wave function
into the FM layer should consequently change the magnitude
of the exchange coupling between FM and SC [13]. As a
result of the coupling, the following interdependencies are
established: spin polarization of charge carriers in the SC by the
magnetized FM layer and inverse action of the spin-polarized
carriers to control the FM magnetization. Previously, it was
demonstrated that the stray fields of a FM layer influence
the spin polarization of conduction band electrons in bulk
GaAs [5,14] and diluted magnetic semiconductors [15,16]. In
turn, illumination of a GaAs SC changed the coercive force of
a nickel-based interfacial FM layer (photocoercivity), which
was attributed to optical control of the exchange coupling at
the interface between FM and SC [5].

A novel type of hybrid structure with a thickness of a
few tens of nanometers only is obtained by combining a

FM layer and a SC quantum well (QW) that are located in
close proximity of each other, separated by a SC barrier with
a few nanometer thickness [15–21]. Such structures with a
well-defined profile along the growth axis can be fabricated
with monolayer precision. The stray fields from the FM layer
are weak so that they contribute significantly to the carrier
spin polarization only in combination with a magnetic SC QW
[15,16]. For nonmagnetic SCs, the contributing mechanisms
are a direct exchange interaction generating an equilibrium
spin polarization [13,17–19] and a spin-dependent tunneling
into the FM layer [20,22]. In Ref. [20], it was demonstrated
that in hybrid structures based on combining a GaMnAs FM
with a InGaAs QW the conduction band electrons in the
QW are spin polarized due to spin-dependent capture into the
FM layer. Another mechanism leading to an equilibrium spin
polarization of a two-dimensional hole gas in an InGaAs QW
due to the p-d exchange interaction was reported in Ref. [18].
Also, the exchange fields in graphene layers coupled to yttrium
iron garnet were used to achieve a strong modulation of spin
currents [23].

Recently, a new type of proximity effect was observed in a
hybrid structure composed of a few nanometer thick Co layer,
which is deposited on top of a CdTe/CdMgTe semiconductor
QW structure. The proximity effect was manifested in a FM
induced spin polarization of holes bound to shallow acceptors
in the QW [21]. The polarization of the holes takes place
due to an effective p-d exchange interaction between the FM
(d system) and the QW holes (p system). In this case, the
FM produces an effective magnetic field, which acts on the
acceptor-hole spins and consequently leads to an equilibrium
spin polarization of the holes. The main feature of this indirect
exchange interaction is its long-range character, i.e., the
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proximity effect is almost constant with increasing thickness
of the CdMgTe spacer between the FM and the QW layers up to
30 nm. This length scale is significantly larger than the 1–2 nm
distance required for a significant overlap of wave functions
in the direct exchange interaction between the QW holes and
the magnetic ions in the FM. In Ref. [21], it was conjectured
that the long-range indirect exchange originates from exchange
of elliptically polarized acoustic phonons which exist in the
FM layer close to the magnon-phonon resonance [24] and
can penetrate into the SC layer. This mechanism was used
later to explain the influence of elliptically polarized optical
phonons on the magnetic properties of materials [25,26].
Currently, the role of phonons on the magnetization properties
of condensed matter systems attracts particular interest and is
actively discussed in literature [27,28]. However, in Ref. [21],
the spin polarization of the acceptors and the resulting circular
polarization of the photoluminescence (PL) depend not only on
the exchange splitting between the spin levels of the holes �pd

but also on other factors such as the temperature, the ratio of
lifetime and spin relaxation time of the holes, etc. Therefore the
polarization of the PL evaluated in Ref. [21] can be considered
only as rough estimate for the splitting �pd ≈ 50 μeV, and it is
necessary to perform a direct measurement of the spin splitting
of the acceptor holes using complementary techniques.

In this paper, we report on the investigation of the FM
induced spin splitting of the acceptor bound holes in a CdTe
QW located in close proximity of a Co layer. While previous
optical and electrical measurements were indirect requiring
additional model assumptions for analysis, here we perform
a direct measurement using spin-flip Raman scattering giving
the dependence of the Stokes shift �S on external magnetic
field B. In strong magnetic fields, �S(B) scales linearly with
B. Extrapolation of these data to zero magnetic field reveals a
finite offset of the Stokes shift due to the FM induced effective
exchange field with a magnitude of �pd = 50–100 μeV. This
offset varies only weakly on the CdMgTe spacer thickness also
in ranges where wave function overlap is negligible so that it
has to be attributed to a long-range p-d interaction. In addition,
we show that the s-d exchange interaction between conduction
band electrons and the FM as well as the corresponding p-d

contribution for free valence band holes are negligible. These
results are surprising from the viewpoint of standard theory
of exchange interaction which is proportional to the overlap
of the wave functions of the interacting particles. However,
they are in line with the conjecture of an indirect exchange
mediated by elliptically polarized phonons in FM-SC hybrid
structures [21] and therefore corroborate this model.

The paper is organized as follows. First, in Sec. II, we
describe the proximity effect based on PL data recorded
in a wide range of magnetic fields up to 3 T. Next, we
present the results on spin-flip Raman scattering in Sec. III.
In Sec. IV, time-resolved data on pump-probe Kerr rotation
are given where we evaluate the influence of the FM on
the Larmor precession of the optically oriented holes and
electrons. Finally, the results are discussed in Sec. V.

II. FERROMAGNETIC PROXIMITY EFFECT

The studied CdTe/Cd0.8Mg0.2Te QW structures were grown
by molecular-beam epitaxy (MBE) on top of (100)-oriented
GaAs substrates. The subsequent deposition of Co at room
temperature was done without any intermediate contact to
ambient atmosphere. Details on growth and characterization
are given in Ref. [21]. A schematic presentation of the structure
and of the geometry for PL measurements is shown in Fig. 1(a).
The used gradient growth technique allowed variation of the
thickness of both the Co layer and the Cd0.8Mg0.2Te spacer
up to 10 and 30 nm, respectively. The 10-nm-thick CdTe QW
is sandwiched between Cd0.8Mg0.2Te barriers. The thickness
of the Cd0.8Mg0.2Te buffer is about 3 μm. Most of studies
are performed on samples with a Co layer thickness of about
4 nm and a spacer thickness of dS = 5–10 nm. The samples
are mounted in a split-coil helium bath cryostat with a variable
temperature insert. The magnetic field is applied in the Faraday
geometry parallel to the structure growth axis (B‖z). In the PL
measurements, excitation of electron-hole pairs in the QW
layer is accomplished by picosecond optical pulses emitted
by a tunable Ti:Sapphire laser at a repetition frequency of
75.75 MHz. The photon energy h̄ωexc is kept below the

FIG. 1. (a) Schematic presentation of the investigated structures and the PL excitation-detection geometry. Optical excitation is linearly (π )
polarized. Circularly polarized σ+ and σ− emission components are detected. The thickness of the Cd0.8Mg0.2Te buffer is 3 μm, the QW width
is 10 nm, the Co thickness dCo ≈ 4 nm and the spacer thickness is in the range of dS = 5–10 nm. In an external magnetic field BF � 50 mT, the
interfacial FM magnetization M is directed perpendicular to the sample surface. (b) Spectra of PL intensity (black line) and degree of circular
polarization (colored symbols). Excitation photon energy h̄ωexc = 1.7 eV. (c) Magnetic field dependence of FM induced circular polarization
ρπ

c (BF ). The polarization is averaged over the spectral range of the e − A0 PL band (1.57–1.62 eV). All measurements are performed at
Tbath = 2 K.
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band-gap energy of the Cd0.8Mg0.2Te barriers (∼1.9 eV) in
order to generate carriers in the QW layer only. The emission
is analyzed and detected by a spectrometer equipped with
a charge-coupled-device camera and a streak camera for
time-integrated and time-resolved measurements, respectively.

Figure 1 summarizes the time-integrated data on the
ferromagnetic proximity effect. These PL data are measured
in the Faraday geometry on the sample with dS = 10 nm
at a bath temperature of Tbath = 2 K. The total PL intensity
I0 = Iπ

+ + Iπ
− and degree of circular polarization ρπ

c spectra
are shown in Fig. 1(b). The degree of circular polarization
is defined as ρπ

c = (Iπ
+ − Iπ

− )/(Iπ
+ + Iπ

− ), where Iπ
+ and Iπ

−
are the σ+- and σ−-polarized emission intensities of the PL
under linear polarized excitation, as indicated with the π in the
superscript. Already in weak magnetic fields BF = ±40 mT, a
circular polarization of several percent appears in the spectral
range of the low-energy PL band from 1.57–1.62 eV, which
corresponds to recombination of conduction band electrons
with holes bound to acceptors (the e − A0 band). This
effect was studied in detail in our previous work where we
demonstrated that [21] (i) the circular polarization appears
due to a FM induced spin polarization of the acceptor bound
holes and (ii) the effect is induced by an interfacial FM which is
formed at the Co/CdMgTe interface with a magnetization M||z
and an out-of-plane (perpendicular) anisotropy (see Fig. 1). In
weak magnetic fields, the magnetization of the Co layer MCo

is located in the plane of the structure (MCo ⊥ z) and does not
contribute to the circular polarization of the PL.

Here, we extend the measurements of ρπ
c (BF ) to a larger

magnetic field range up to 3 T, where an out-of-plane
magnetization of the Co FM layer is present. Figure 1(c)
shows the FM induced dependence ρπ

c (BF ) averaged across
the spectral range from 1.57–1.62 eV as function of the
magnetic field BF in the Faraday configuration. In strong
fields, BF > 0.25 T, the polarization increases with BF and
changes its slope to a weaker dependence around 2 T, which
is close to the saturation field of Co 4πMCo = 1.7 T (see
Ref. [29]). At first glance, this behavior could be attributed to
a spin polarization of the holes due to exchange interaction
with the Co where the exchange constant Jpd has the opposite
sign as that of the interfacial FM. However, care should be
exercised here because there is a significant contribution of
magnetic circular dichroism (MCD) to the data as follows from
time-resolved photoluminescence (TRPL) measurements.

Figure 2(a) shows transients of the antisymmetric
term of the polarization degree ρ̄π

c (|BF |) = [ρπ
c (+BF ) −

ρπ
c (−BF )]/2. The data can be well described with the

following expression:

ρ̄π
c (t) = ρMCD + A(1 − e−t/τS ), (1)

where the instantaneous polarization degree ρMCD results from
the difference in absorption of σ+ and σ− polarized light in
the Co layer, the amplitude A corresponds to the equilibrium
polarization of the acceptor holes induced by the external
magnetic field BF and the FM induced effective exchange
field. τS is the spin relaxation time of polarized holes, during
which equilibrium populations of the spin levels are reached.
Equation (1) corresponds to the solution of the polarization
dynamics equation δρ̇c = (A − δρc)/τS for the case of a
Zeeman doublet (acceptor bound hole with angular momentum

FIG. 2. (a) Transients of circular polarization ρ̄π
c (t) for different

magnetic fields |BF | = 0.5, 1.7, and 2.5 T. Solid lines are fits to
the data with Eq. (1). (b) Magnetic field dependence of ρMCD and
A. Dashed line is a fit to the data for A using Eq. (2) with �pd =
50 ± 10 μeV, gA = 0.4 ± 0.1, and T = 5 K.

projections Jz = ±3/2 onto the quantization axis of the
QW) with the initial condition δρc(t = 0) = 0 (excitation of
unpolarized holes with a short optical pulse). Here, we assume
that the degree of circular polarization of the PL is equivalent
to the spin polarization of the holes bound to acceptors. In
addition, magnetic circular dichroism is taken into account as
an offset in the polarization degree of PL δρc = ρ̄π

c − ρMCD.
The magnetic field dependences of ρMCD and A evaluated

from fits to the ρ̄π
c (t) transients are shown in Fig. 2(b).

Obviously, the MCD saturates at BF ≈ 1.7 T, while the
amplitude A continuously grows with BF . The increase of
A with magnetic field is related to an additional equilibrium
polarization of the holes due to thermalization between the
spin levels. For small splittings (A � 1) the field dispersion
of A can be approximated by

A = μBgABF − �pd

2kBT
, (2)

where μB > 0 is the Bohr magneton, kB is the Boltzmann
constant, and gA is the Landé factor of the acceptor which
determines the splitting of the heavy-hole states. The total
Zeeman splitting of holes � is determined by the external mag-
netic field through μBgABF and the effective exchange field
through �pd . The sign of the different contributions is opposite
as follows from Fig. 1(c). The absolute sign of the polarization
degree has been checked experimentally with a reference
sample (diluted magnetic semiconductor CdMnTe quantum
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well structure) where for B > 0 the magnetic field induced
equilibrium polarization of the PL is positive ρc > 0 [30].

Since the amplitude A does not saturate in magnetic fields
BF > 1.7 T [see Fig. 2(b)], we conclude that the contribution
of the Co film to the proximity effect is negligible. Using
Eq. (2), we obtain �pd = 50 ± 10 μeV and gA = 0.4 ± 0.1
[see the dashed line in Fig. 2(b)]. This evaluation depends,
however, sensitively on the actual temperature of the crystal
lattice T in the illumination area which we assumed to be
T = 5 K, i.e., about 3 K higher than the bath temperature of
Tbath = 2 K. Laser heating of the crystal lattice due to optical
excitation is in agreement with our previous studies on optical
orientation of Mn ions in GaAs [31].

Thus TRPL polarization measurements as applied up to
now can be used to estimate the exchange energy splitting
�pd but this requires an accurate knowledge of T . Such a
precise assessment is, however, hardly possible, but every
determination of the crystal temperature is subject of con-
siderable inaccuracies. In the following, we therefore present
other methods that can be used for a direct measurement of
the exchange energy, which does not require any estimates.

III. EVALUATION OF p-d EXCHANGE INTERACTION VIA
SPIN-FLIP RAMAN SCATTERING

Resonant spin-flip Raman scattering (SFRS) allows for
measuring the magnetic field induced splitting of the spin
levels of charge carriers in semiconductor QW structures
[31–34]; moreover, it can be also exploited to evaluate
exchange energies by which different spin configurations are
separated [35]. As we will demonstrate in the following,
in contrast to polarization-resolved PL measurements, SFRS
grants access to the effective p-d exchange constant in the
hybrid structures studied here. The physics of SFRS for a hole
bound to an acceptor is shown in Fig. 3.

Initially, the exciting photon in state |ω1,k1,σ
+〉 with

optical frequency ω1 and circular polarization σ+ propagates
along the magnetic field direction k1‖B. The |±3/2〉 ground
states of the heavy hole bound to an acceptor A0 in the QW
are the eigenstates of the angular momentum projection onto
the direction z perpendicular to the QW plane, Jz = ±3/2
[black bold arrows ⇑ and ⇓ in Fig. 3(a)]. In the absence of p-d
exchange interaction, the Zeeman splitting of the spin levels
is given by E±3/2 = ± 1

2μBgAB. In the intermediate SFRS
state, the A0X complex given by an exciton bound to a neutral
acceptor is created. For σ+ excitation, the angular momentum
projection of the heavy hole in the exciton is equal to +3/2
[red bold arrow ⇑ in Fig. 3(a)], while the spin of the acceptor
bound hole is equal to Jz = −3/2 [see Fig. 3(a)][32]. The
exchange interaction between the exciton heavy hole and the
acceptor bound hole can lead to a mutual flip of their spins
with conservation of the total angular momentum. In the next
step, the exciton is annihilated and a photon is emitted with
optical frequency ω2 and opposite circular polarization σ−.
Here, energy conservation is fulfilled only for the initial and
final states (photon and acceptor), but not in the intermediate
state (exciton bound to neutral acceptor). In the final state,
we obtain the emitted photon |ω2,k2,σ

−〉 and the acceptor
with Jz = +3/2. Thus, the energy of the emitted photon is
h̄ω2 = h̄ω1 − μBgAB, which is shifted into the Stokes region.

B

| 1, k1, +

| 2, k2, -

z

(b)(a)

+ 

|

Jz = -3/2

| Jz = +3/2
A0

B
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| 2, k2, -

z

(b)(a)

+

|

Jz = -3/2

| Jz = +3/2
A0

A0X

| + |

| 1, k1, +

| 2, k2, -

M

FIG. 3. Schematic presentation of (a) SFRS for acceptor bound
heavy hole; (b) geometry of SFRS experiment with 	 = 20◦. Black
bold arrows ⇑ and ⇓ correspond to z projections of angular momen-
tum of acceptor hole, Jz, equal to +3/2 and −3/2, respectively. Red
bold arrow ⇑ corresponds to z projection of angular momentum of
heavy hole in exciton, which is equal to +3/2. Thin arrows ↑ and
↓ correspond to electron spin projection on z axis, +1/2 and −1/2,
respectively. Coefficients α and β determine the mixing of electron
spin states in external magnetic field and depend on angle 	.

In Faraday geometry (B‖z), the transition described above
is forbidden because the angular momentum of the hole in the
A0X complex should change by three quanta, �Jz = 3, while
the angular momentum of the photon �l in the backscattering
geometry (k1 = −k2) changes by 0 or ±2 only. For the
observation of an SFRS line corresponding to the transition
of the hole between its Zeeman levels, we use therefore an
oblique field geometry, namely an angle 	 between the z

axis and magnetic field B of 20◦ is chosen [see Fig. 3(b)].
In this geometry, the magnetic field induces a mixing of the
electron states with spin projections +1/2 and −1/2 along z

[thin arrows ↑ and ↓ in Fig. 3(a)], which allows for observing
SFRS in crossed circular polarizations [32]. For an efficient
SFRS process, it is necessary to tune the laser photon energy
into resonance with the A0X transition (1.610 eV). In case of
a noticeable p-d exchange interaction between the magnetic
ions in the FM layer (d system) and the holes bound to
acceptors in the QW (p system), the splitting �S(B) of the
A0 states is determined not only by the external magnetic field
B, but also by the additional contribution due to the effective
exchange field from the FM. Therefore, the resulting splitting
is given by

�S(B) = μBgAB − �pdmz, (3)

where mz is the z projection of the unit vector m along the
magnetization M. Equation (3) is valid for large magnetic
fields, when the first term on the right-hand side is larger
than the second one, i.e., �S(B) > 0. Here, we use the fact
that the p-d exchange interaction between the magnetic ions
and the heavy holes in a QW structure is strongly anisotropic,
i.e., it is described by the Ising Hamiltonian 1

3�pdmzJz [36].
In strong magnetic fields, the FM is fully magnetized along
the B direction and the dependence �S(B) is a straight line
with an offset given by the exchange constant �pd . For small
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FIG. 4. (a) Example of SFRS for excitation energy h̄ωexc = 1.610 eV measured in cross-polarized excitation/detection (σ+,σ−)
configuration. B = 10 T, Tbath = 5 K, and dS = 5 nm. Vertical arrow indicates peak position of the hole spin flip at the acceptor. Vertical
dashed lines in panels (a) and (c) correspond to laser cutoff energies, where a filter with 0.01% transmission was introduced in the detection
path in order to accurately measure the spectral position of laser line. (b) Magnetic field dependence of Raman Stokes shift �S of hole spin
flip line for various bath temperatures Tbath (symbols). Dashed arrows correspond to linear fits using Eq. (3) with gA = 0.4 and point to the
energy offset �pd . (c) Example of SFRS for h̄ωexc = 1.615 eV showing electron spin-flip line. B = 10 T, Tbath = 5 K, and dS = 7.5 nm.
(d) Temperature dependence of Raman shift �S at B = 10 T for the structure with dS = 7.5 nm. (e) Exchange energy �pd for various spacer
thicknesses dS . Tbath = 5 K. (f) Magnetic field dependence of Raman shift for electron spin flip �e

S . Dashed line is linear fit to data with
|ge| = 1.58. All SFRS data are measured for 	 = 20◦.

	, the projection mz = cos 	 ≈ 1 and gA corresponds to the
longitudinal acceptor g factor, which determines the Zeeman
splitting for B applied along the z direction. In our case, 	 =
20◦, which allows one to use cos 	 = 1 in the evaluation of
the exchange energy �pd with an accuracy of 7%.

Figure 4 summarizes the data on the SFRS corresponding to
the spin flip of the electron (e) and the hole bound to an acceptor
(A0). For B = 10 T, under resonant excitation of the A0X

transition with photon energy h̄ωexc = 1.610 eV, the spin flip
of the acceptor bound hole is observed for crossed orientations
of polarizer and analyzer (σ+,σ−) as shown in Fig. 4(a).
The signal is given by the broad line with a Raman shift of
�S = 160 μeV close to the laser line. Figure 4(b) shows the
magnetic field dependences of the Raman shift of the acceptor
bound hole �S for various temperatures Tbath. The data are well
described by Eq. (3) with the hole g factor gA = 0.4, which
determines the slope of the line. The offset �pd amounts to
approximately 50 μeV, for Tbath = 5 K, and depends weakly
on temperature. A weak dependence of �pd on Tbath follows
also from Fig. 4(d), where the temperature dependence of the
Raman shift �S for a fixed magnetic field B = 10 T is shown.
Such behavior cannot be attributed to an exchange interaction

with paramagnetic ions or FM Co clusters diffused into the
QW during the growth process. The magnetization of ions
should decrease strongly with increasing temperature from 2
to 25 K, which is in contrast to our observations [see Figs. 4(b)
and 4(d)]. Thus, we conclude that the SFRS demonstrates
the splitting of the acceptor bound hole in the FM induced
exchange field. The striking feature of this interaction is its
long range nature. Figure 4(e) shows the splitting �pd vs the
spacer thickness evaluated from magnetic field dependences
of �S(B) measured on corresponding samples. We observe a
splitting of about 100 μeV even for spacers as large as 10 nm.
This distance is significantly larger than the penetration depth
of electron and hole wave functions of maximum 1–2 nm into
a FM layer that would be required to obtain a considerable
direct exchange interaction [21].

The offset in the magnetic field dependence of the acceptor
bound hole Raman shift �S(B) has to be considered with
considerable care. Apart from the FM induced exchange field,
the offset may result from the energy splitting between the
heavy and light holes bound to an acceptor. The magnitude
of this splitting is about �lh ≈ 1 meV [32]. For the magnetic
fields, B � 10 T, used in our experiments, the Zeeman splitting
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2/3

2/3

2/1

2/1

h

BgAB

3/BgAB

B>0

FIG. 5. Scheme of optical transitions involved in SFRS of
acceptor bound hole (red arrows). Lower energy doublet with angular
momentum projections ±3/2 corresponds to heavy-hole states, where
splitting in magnetic field is depicted for the case of gA > 0.
Upper energy doublet with angular momentum projections ±1/2
corresponds to light-hole states. �lh is the energy splitting between
heavy and light holes bound to acceptor.

of the hole states μBgAB is clearly less than �lh, which results
in the transition scheme shown in Fig. 5. At low temperatures,
the lowest energy heavy-hole state with angular momentum
projection Jz = −3/2 is populated. From this state, there
are three possible transitions which are shown with the red
arrows in Fig. 5. It follows that a decrease of the magnetic
field leads to vanishing of the |−3/2〉 → |+3/2〉 spin-flip
transition energy. However, the transitions |−3/2〉 → |−1/2〉
and |−3/2〉 → |+1/2〉 have a positive offset corresponding
to �lh. We emphasize that our results cannot be attributed to
such behavior because (i) the offset in Fig. 4(b) is negative
and (ii) the magnitude of exchange energy �pd < 100 μeV is
significantly smaller than �lh. Moreover, the magnetic field
dependence of �S(B) in CdTe QW structures without Co
layer shows a linear behavior, which approaches zero when
extrapolated to zero field, i.e., no offset is detected in this case.

Therefore, the observation of SFRS on the acceptor bound
hole corresponds to the spin-flip transition |−3/2〉 → |+3/2〉
and the offset is related to the heavy-hole splitting in the
effective exchange field from the FM. Transitions to the
light-hole states with Jz = ±1/2 were not detected in the
investigated samples, which may be attributed to spectral
broadening of the Raman line due to fluctuations of �lh.

The SFRS signal related to the heavy-hole spin flip
disappears when the exciting laser photon energy is increased
and approaches the exciton resonance X [see the PL spectrum
in Fig. 1(b)]. In this case, the spin flip of the electron
dominates the SFRS spectrum, which is shown in Fig. 4(c)
for h̄ωexc = 1.615 eV. Figure 4(f) presents the magnetic field
dependence of the Stokes shift for the electron spin flip �e

S(B).
The shift follows a linear dependence with the electron g factor
|ge| = 1.58 and does not show any measurable offset [33].
This indicates that the effective s-d interaction between the
conduction band electrons in the QW and the FM layer is

negligibly small as compared with the p-d interaction of the
QW heavy holes.

We also note that we do not observe a SFRS signal related
to the free heavy hole, which is not bound to the acceptor. Its
absence may be due to strong fluctuations of the free hole g

factor leading to a significant broadening of the SFRS line. For
detecting the spin splitting of the unbound heavy hole h̄�h,
we use a transient pump-probe technique as described below.

IV. LARMOR SPIN PRECESSION OF VALENCE
BAND HOLES

Transient pump-probe Kerr rotation in the vicinity of
the exciton resonance allows us to measure the frequency
of the Larmor precession of electrons �e and holes �h in
CdTe/(Cd,Mg)Te QWs [37]. Thereby circularly polarized
pump pulses photoexcite carriers with optically oriented spin
polarization parallel to the growth direction (z axis). In a
transverse magnetic field B‖x the subsequent spin precession
leads to transient oscillations of the z component, Sz, of the
spin polarization which is detected by the Kerr rotation of
the linearly polarized probe beam when the delay between
the pump and probe pulses t is varied. The electron and hole
spins precess with different Larmor precession frequencies
due to the difference in their g factors. The electron g factor
in CdTe QW is close to isotropic, while the heavy-hole one
has a strong anisotropy.

Our experiment requires an oblique magnetic field since the
z component of magnetic field has to induce a magnetization of
the FM layer, while the x component is required to observe the
oscillatory precession signal. We stress that the pump-probe
signal is observed in the studied FM-SC hybrid structures only
when the excitation photon energy is tuned to the QW exciton
resonance. This indicates that the experimental data monitor
the spin dynamics of photoexcited carriers in the QW and not in
the FM. Moreover, we obtain exclusively access to the Larmor
precession of the conduction band electrons and valence band
holes because an efficient optical orientation of the photoex-
cited carriers occurs only for resonant excitation of the exci-
tons, whose oscillator strength is at least an order of magnitude
larger than that of the excitons bound to acceptors, as follows
from the sensitivity of our pump-probe experimental setup.

Figure 6 shows corresponding transient Kerr rotation sig-
nals in different magnetic fields. The inset shows schematically
the geometry of the experiment where the magnetic field
is tilted by an angle 	 = 70◦ with respect to the z axis.
The transient signals comprise two contributions. The first
one corresponds to a signal with high oscillation frequency
and is attributed to the electron spin precession. The second
contribution oscillates quite slowly and corresponds to the
heavy-hole spin dynamics with a small g factor. Each of these
oscillatory signals is well described with Ai cos(�it + φi),
which allows us to determine the magnetic field dependence of
the Larmor precession frequencies �i for the electrons (i = e)
and holes (i = h). The data are summarized in Fig. 7.

For the holes, �h(B) dependences are shown for 	 = 70◦
at two different temperatures, 2 and 12 K [Fig. 7(a)]. At
first glance, the dependences appear to be linear across the
whole range of magnetic fields with the corresponding g factor
|gh| = 0.17, which weakly depends on temperature. However,
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FIG. 6. Transient pump-probe Kerr rotation signal measured as
function of pump-probe delay for various magnetic fields. Photon
energy of pump and probe h̄ωp = 1.627 eV is tuned in resonance
with exciton transition. Tbath = 2 K, dS = 10 nm, and 	 = 70◦. Inset
shows schematically geometry of experiment.

a closer look shows that �h(B) shows small wiggles above
about B ≈ 1.5 T. One possible explanation for the nonlinear
behavior of �h(B) is the exchange interaction of the heavy
holes with magnetic ions in the FM layer whose magnetization
slowly varies with magnetic field. However, even if this effect
is present its magnitude is rather small. Therefore we conclude
that the valence band holes are weakly coupled to the FM
layer, which is in contrast to the strongly interacting holes
bound to acceptors as demonstrated in Sec. III. The value of
the heavy-hole g factor is determined from the relation |gh| =√

g2
z cos2 	 + g2

x sin2 	. Taking gx ≈ 0, we obtain |gz| ≈ 0.5
thereby. This value is slightly larger than the g factor of the
acceptor bound hole gA = 0.4 extracted from the SFRS data,
which indicates that indeed the pump-probe signal addresses
the spin dynamics of unbound, free valence band holes.

The Larmor precession frequency of the electrons �e(B)
depends linearly on magnetic field [Fig. 7(b))], from which
we evaluate the electron g factor to be |ge| = 1.31. The slight
difference between the values obtained from pump-probe and
SFRS is related to the anisotropy of the electron g factor [33].
Note that the magnetic field dependence of �e also does not
show any offset. Thus the electrons do not experience a s-d
exchange interaction which is in accord with the SFRS data.

FIG. 7. Magnetic field dependence of Zeeman splitting for
(a) holes h̄�h for two temperatures of 2 and 12 K and (b) electrons
h̄�e evaluated from pump-probe transients. Dashed lines are linear
fits to the data with |gh| = 0.17 in (a) and |ge| = 1.31 in (b). dS = 10
nm and 	 = 70◦.

V. DISCUSSION

The main result of our study is the direct measurement
of the exchange energy �pd = 50–100 μeV for the effective
p-d interaction between the magnetic ions in the FM layer
and the holes bound to acceptors in the semiconductor QW,
without involving any model. This energy splitting of the
hole spin levels is in agreement with our previous estimates
in Ref. [21], where �pd ≈ 50 μeV was evaluated from
polarization- and time-resolved PL measurements in weak
longitudinal magnetic fields in which the interfacial FM layer
resulted in a magnetization of the acceptor holes. Here, SFRS
measurements have been performed in strong magnetic fields
and, therefore, it is expected that an additional contribution
from the Co layer to the exchange interaction is expected. This
is because magnetic fields larger than 2 T are sufficient to satu-
rate the out of plane magnetization of the Co film. However, in
contrast to MCD, the amplitude of the proximity effect A(B)
in Fig. 2(b) increases linearly with magnetic field. Therefore
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we conclude that the main contribution to the p-d exchange
interaction comes from the interfacial FM. The origin of the
interfacial magnetic layer requires further studies. Currently, it
is reasonable to assume that its formation is caused by chemical
reaction of Co atoms with the Cd0.8Mg0.2Te material.

We observe no FM induced splitting of the spin levels of the
valence band holes which are not bound to acceptors as well as
of the conduction band electrons. The splitting of valence band
holes has been evaluated from degenerate pump-probe Kerr
rotation measurements under resonant excitation of excitons
in the QW structure. This experiment differs significantly from
SFRS, which probes the acceptor bound holes under resonant
excitation of excitons bound to neutral acceptors A0X.
Figure 7(a) demonstrates that the magnetic field dependence
�h(B) does not show a detectable offset and a deviation from
a linear behavior. Thus the pump-probe measurements clearly
demonstrate that the exchange interaction between the valence
band holes in the QW and the FM layer is small. The same
result is obtained for the conduction band electrons where as
well no offset in the magnetic field dependence of their Zeeman
splitting is detected, both in SFRS and pump-probe.

A further result obtained from SFRS is that the exchange
energy �pd does not decrease with increasing spacer thickness
for dS � 10 nm [see Fig. 4(e)]. This is in accord with our
previous studies in Ref. [21], where the suppression of PL
intensity with decreasing dS gives a characteristic length
of 1–2 nm for the wave-function penetration into the Co
layer. This distance is much smaller than the spacer range
of dS = 5–10 nm addressed in the present study. Also, the
FM induced polarization of the PL depends only weakly on
dS = 5–30 nm [21]. Therefore we conclude that the effective
p-d exchange interaction between the Co ions in the FM and
the holes bound to acceptors in the QW is not determined by
their wave-function overlap. These results are surprising from
the viewpoint of the standard theory of exchange interaction
whose strength is proportional to this overlap [38,39]. Note,
however, that this does not represent a contradiction because
the exchange reported here is observed for holes bound to
acceptors but is absent for conduction band electrons and
valence band holes.

In Ref. [21], we proposed that this kind of long-range
interaction can be mediated by elliptically polarized acoustic
phonons. The latter are strongly polarized in the vicinity of
the magnon-phonon resonance in the FM [24]. In addition,
phonons do not experience the electronic barrier between the
QW and the FM layer. The characteristic frequencies of these
elliptically polarized phonons (about 1 meV) are close to the
energy splitting between the acceptor bound heavy |±3/2〉
and light |±1/2〉 holes (quasiresonant case) and significantly
smaller than the corresponding splitting between the confined
valence band states in the QW with 10-nm width. For example,
if the phonons are mainly σ+ polarized (with positive z

projection of angular momentum) the interaction with the holes
couples the ground state |−3/2〉 with the excited state |−1/2〉,
which consequently leads to an energy shift of the levels. This
results in lifting of the Kramers degeneracy of the |±3/2〉
doublet in zero external magnetic field, which is the phonon
analog of the optical ac Stark effect and the inverse Faraday
effect which occurs in case of illumination with elliptically
polarized light in transparency region.

En
er

gy

+
phot

+
phon

-1/2 +1/2

(b)(a)

-3/2 +3/2

CB

VB

Eg

Neutral acceptor A0

-3/2 +3/2

-1/2 +1/2

hh

lh

FIG. 8. Optical (a) and phonon (b) ac Stark effect in semicon-
ductors with σ+ photons and phonons (blue arrows), respectively.
In (a), the energy of photons is tuned below the band gap energy
Eg of semiconductor and results in a shift of electronic states in
the conduction band (CB) with spin projection Sz = −1/2 and the
valence band (VB) with angular momentum projection Jz = −3/2.
In (b), phonons couple to transitions between between heavy (hh) and
light (lh) hole states, which are split by �lh. For σ+ polarized phonons,
the energy shift occurs for the heavy-hole state with Jz = −3/2 and
the light-hole state with Jz = −1/2. The z axis is dictated by the
photon or phonon propagation direction. The repulsion of energy
levels is indicated with dashed lines. Both ac Stark effects result in
a splitting of spin states and can be considered as generation of an
effective dc magnetic field.

The optical Stark effect is a well established phenomenon
in semiconductors [40–42]. It takes place when an electromag-
netic wave with σ+ polarization couples the electronic states
with angular momentum projection −3/2 in the valence band
and −1/2 state in the conduction band as shown in Fig. 8(a).
Due to the interaction with light these states experience an
energy shift � ∝ P 2/δ, where δ = Eg − h̄ω. Here, h̄ω is the
photon energy and Eg is the energy gap of the semiconductor,
P is the dipole matrix element of the optical transitions
between valence and conduction bands. For photons with
h̄ω < Eg , repulsion between the electronic states takes place,
i.e., � > 0. Similarly, in the case of the phonon Stark effect
[21], a circularly polarized phonon couples the heavy (hh)
and light (lh) hole acceptor states with angular momentum
projections −3/2 and −1/2, respectively [see Fig. 8(b)]. The
spin-phonon interaction for holes occurs due to the spin-orbit
coupling of hole states in the valence band. In this case, the
level shift is proportional to the square of the matrix element
of the spin-phonon interaction divided by the detuning of the
phonon frequency at the magnon-phonon resonance in the
FM relative to the energy separation between the heavy- and
light-hole acceptor levels in the QW.

In conclusion, our results are in agreement with the pro-
posed model of an effective p-d exchange interaction mediated
by elliptically polarized phonons. Here the energy splitting
of the acceptor bound holes has been measured directly and
amounts to �pd = 50–100 μeV. This model explains the
absence of a long-range s-d exchange interaction because the
spin-orbit interaction in the conduction band is much smaller
than the one in the valence band. In addition, our results
demonstrate that spin flip Raman scattering spectroscopy can
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be applied to a broad range of materials and can measure the ex-
change coupling strength in various magnetic hybrid systems.

ACKNOWLEDGMENTS

We acknowledge the financial support by the Deutsche
Forschungsgemeinschaft through the International Collabo-
rative Research Centre 160 (Projects C2, B2, and B4). For the
luminescence studies we acknowledge the support through the
program “Forschungsgroßgeräte Art. 91b” (INST 212/312-1)

coordinated by DFG. The partial financial support from the
Russian Foundation for Basic Research Grant No. 15-52-
12017 NNIOa and the Russian Ministry of Education and Sci-
ence (Contract No. 14.Z50.31.0021) is acknowledged as well.
N.E.K. acknowledges support from RFBR (Grant No. 15-52-
12019). The research in Poland was partially supported by the
National Science Centre (Poland) through Grants No. DEC-
2012/06/A/ST3/00247 and No. DEC-2014/14/M/ST3/00484,
as well as by the Foundation for Polish Science through the
IRA Programme co-financed by EU within SG OP.

[1] T. Dietl, A ten-year perspective on dilute magnetic semiconduc-
tors and oxides, Nat. Mater. 9, 965 (2010).

[2] I. Zutic, J. Fabian, and S. Das Sarma, Spintronics: Fundamentals
and applications, Rev. Mod. Phys. 76, 323 (2004).

[3] B. P. Zakharchenya, and V. L. Korenev, Integrating magnetism
into semiconductor electronics, Usp. Fiz. Nauk 175, 629 (2005)
[Phys. Usp. 48, 603 (2005)].

[4] M. Johnson, in Spin Physics of Semiconductors, edited by M.
Dyakonov (Springer, Berlin 2008), Chap. 10.

[5] R. I. Dzhioev, B. P. Zakharchenya, and V. L. Korenev, Optical
orientation study of thin ferromagnetic films in a ferromag-
net/semiconductor structure, Fiz. Tverd. Tela 37, 3510 (1995)
[Phys. Solid State 37, 1929 (1995)].

[6] R. K. Kawakami, Y. Kato, M. Hanson, I. Malajovich, J. M.
Stephens, E. Johnston-Halperin, G. Salis, A. C. Gossard, and
D. D. Awschalom, Ferromagnetic imprinting of nuclear spins in
semiconductors, Science 294, 131 (2001).

[7] A. T. Hanbicki, O. M. J. van’t Erve, R. Magno, G. Kioseoglou,
C. H. Li, B. T. Jonker, G. Itskos, R. Mallory, M. Yasar, and A.
Petrou, Analysis of the transport process providing spin injection
through an Fe/AlGaAs Schottky barrier, Appl. Phys. Lett. 82,
4092 (2003).

[8] S. A. Crooker, M. Furis, X. Lou, C. Adelmann, D. L. Smith,
C. J. Palmstrøm, and P. A. Crowell, Imaging spin transport
in lateral ferromagnet/semiconductor structures, Science 309,
2191 (2005).

[9] X. Lou, C. Adelmann, S. A. Crooker, E. S. Garlid, J. Zhang,
K. S. M. Reddy, S. D. Flexner, C. J. Palmstrøm, and P. A.
Crowell, Electrical detection of spin transport in lateral ferro-
magnet semiconductor devices, Nat. Phys. 3, 197 (2007).

[10] B. T. Jonker, G. Kioseoglou, A. T. Hanbicki, C. H. Li, and
P. E. Thompson, Electrical spin-injection into silicon from a
ferromagnetic metal/tunnel barrier contact, Nat. Phys. 3, 542
(2007).

[11] M. Ciorga, A. Einwanger, U. Wurstbauer, D. Schuh, W.
Wegscheider, and D. Weiss, Electrical spin injection and
detection in lateral all-semiconductor devices, Phys. Rev. B 79,
165321 (2009).

[12] C. Song, M. Sperl, M. Utz, M. Ciorga, G. Woltersdorf, D. Schuh,
D. Bougeard, C. H. Back, and D. Weiss, Proximity Induced
Enhancement of the Curie Temperature in Hybrid Spin Injection
Devices, Phys. Rev. Lett. 107, 056601 (2011).

[13] V. L. Korenev, Electric control of magnetic moment in a
ferromagnet/semiconductor hybrid system, Pis’ma Zh. Éksp.
Teor. Fiz. 78, 1053 (2003) [JETP Lett. 78, 564 (2003)].

[14] S. P. Dash, S. Sharma, J. C. Le Breton, J. Peiro, H. Jaffrès,
J.-M. George, A. Lemaître, and R. Jansen, Spin precession and

inverted Hanle effect in a semiconductor near a finite-roughness
ferromagnetic interface, Phys. Rev. B 84, 054410 (2011).

[15] P. A. Crowell, V. Nikitin, D. D. Awschalom, F. Flack, N.
Samarth, and G. A. Prinz, Magneto-optical spin spectroscopy in
hybrid ferromagnetic semiconductor heterostructures, J. Appl.
Phys. 81, 5441 (1997).

[16] S. Halm, G. Bacher, E. Schuster, W. Keune, M. Sperl, J. Puls,
and F. Henneberger, Local spin manipulation in ferromagnet-
semiconductor hybrids, Appl. Phys. Lett. 90, 051916 (2007).

[17] R. C. Myers, A. C. Gossard, and D. D. Awschalom, Tunable
spin polarization in III-V quantum wells with a ferromagnetic
barrier, Phys. Rev. B 69, 161305 (2004).

[18] M. A. Pankov, B. A. Aronzon, V. V. Rylkov, A. B. Davy-
dov, E. Z. Meı̆likhov, R. M. Farzetdinova, É.M. Pashaev,
M. A. Chuev, I. A. Subbotin, I. A. Likhachev, B. N.
Zvonkov, A. V. Lashkul, and R. Laiho, Ferromagnetic transi-
tion in GaAs/Mn/GaAs/InGaAs/GaAs structures with a two-
dimensional hole gas, Zh. Éksp. Teor. Fiz. 136, 346 (2009)
[JETP 109, 293 (2009)].

[19] S. V. Zaitsev, M. V. Dorokhin, A. S. Brichkin, O. V. Vikhrova,
Yu. A. Danilov, B. N. Zvonkov, and V. D. Kulakovskii,
Ferromagnetic effect of a Mn delta layer in the GaAs barrier
on the spin polarization of carriers in an InGaAs/GaAs quantum
well, Pis’ma Zh. Éksp. Teor. Fiz. 90, 730 (2009) [JETP Lett. 90,
658 (2010)].

[20] V. L. Korenev, I. A. Akimov, S. V. Zaitsev, V. F. Sapega,
L. Langer, D. R. Yakovlev, Yu. A. Danilov, and M. Bayer,
Dynamic spin polarization by orientation-dependent separation
in a ferromagnet-semiconductor hybrid, Nat. Commun. 3, 959
(2012).

[21] V. L. Korenev, M. Salewski, I. A. Akimov, V. F. Sapega, L.
Langer, I. V. Kalitukha, J. Debus, R. I. Dzhioev, D. R. Yakovlev,
D. Müller, C. Schröder, H. Hövel, G. Karczewski, M. Wiater, T.
Wojtowicz, Yu. G. Kusrayev, and M. Bayer, Long-range pd
exchange interaction in a ferromagnet-semiconductor hybrid
structure, Nat. Phys. 12, 85 (2016).

[22] I. V. Rozhansky, K. S. Denisov, N. S. Averkiev, I. A. Akimov,
and E. Lähderanta, Spin-dependent tunneling in semiconductor
heterostructures with a magnetic layer, Phys. Rev. B 92, 125428
(2015).

[23] S. Singh, J. Katoch, T. Zhu, K.-Y. Meng, T. Liu, J. T. Brangham,
F. Yang, M. E. Flatté, and R. K. Kawakami, Strong Modulation
of Spin Currents in Bilayer Graphene by Static and Fluctuating
Proximity Exchange Fields, Phys. Rev. Lett. 118, 187201
(2017).

[24] C. Kittel, Interaction of spin waves and ultrasonic waves in
ferromagnetic crystalls, Phys. Rev. 110, 836 (1958).

184412-9

https://doi.org/10.1038/nmat2898
https://doi.org/10.1038/nmat2898
https://doi.org/10.1038/nmat2898
https://doi.org/10.1038/nmat2898
https://doi.org/10.1103/RevModPhys.76.323
https://doi.org/10.1103/RevModPhys.76.323
https://doi.org/10.1103/RevModPhys.76.323
https://doi.org/10.1103/RevModPhys.76.323
https://doi.org/10.3367/UFNr.0175.200506d.0629
https://doi.org/10.3367/UFNr.0175.200506d.0629
https://doi.org/10.3367/UFNr.0175.200506d.0629
https://doi.org/10.3367/UFNr.0175.200506d.0629
https://doi.org/10.1070/PU2005v048n06ABEH002200
https://doi.org/10.1070/PU2005v048n06ABEH002200
https://doi.org/10.1070/PU2005v048n06ABEH002200
https://doi.org/10.1070/PU2005v048n06ABEH002200
https://doi.org/10.1126/science.1063186
https://doi.org/10.1126/science.1063186
https://doi.org/10.1126/science.1063186
https://doi.org/10.1126/science.1063186
https://doi.org/10.1063/1.1580631
https://doi.org/10.1063/1.1580631
https://doi.org/10.1063/1.1580631
https://doi.org/10.1063/1.1580631
https://doi.org/10.1126/science.1116865
https://doi.org/10.1126/science.1116865
https://doi.org/10.1126/science.1116865
https://doi.org/10.1126/science.1116865
https://doi.org/10.1038/nphys543
https://doi.org/10.1038/nphys543
https://doi.org/10.1038/nphys543
https://doi.org/10.1038/nphys543
https://doi.org/10.1038/nphys673
https://doi.org/10.1038/nphys673
https://doi.org/10.1038/nphys673
https://doi.org/10.1038/nphys673
https://doi.org/10.1103/PhysRevB.79.165321
https://doi.org/10.1103/PhysRevB.79.165321
https://doi.org/10.1103/PhysRevB.79.165321
https://doi.org/10.1103/PhysRevB.79.165321
https://doi.org/10.1103/PhysRevLett.107.056601
https://doi.org/10.1103/PhysRevLett.107.056601
https://doi.org/10.1103/PhysRevLett.107.056601
https://doi.org/10.1103/PhysRevLett.107.056601
https://doi.org/10.1134/1.1641485
https://doi.org/10.1134/1.1641485
https://doi.org/10.1134/1.1641485
https://doi.org/10.1134/1.1641485
https://doi.org/10.1103/PhysRevB.84.054410
https://doi.org/10.1103/PhysRevB.84.054410
https://doi.org/10.1103/PhysRevB.84.054410
https://doi.org/10.1103/PhysRevB.84.054410
https://doi.org/10.1063/1.364564
https://doi.org/10.1063/1.364564
https://doi.org/10.1063/1.364564
https://doi.org/10.1063/1.364564
https://doi.org/10.1063/1.2436652
https://doi.org/10.1063/1.2436652
https://doi.org/10.1063/1.2436652
https://doi.org/10.1063/1.2436652
https://doi.org/10.1103/PhysRevB.69.161305
https://doi.org/10.1103/PhysRevB.69.161305
https://doi.org/10.1103/PhysRevB.69.161305
https://doi.org/10.1103/PhysRevB.69.161305
https://doi.org/10.1134/S1063776109080159
https://doi.org/10.1134/S1063776109080159
https://doi.org/10.1134/S1063776109080159
https://doi.org/10.1134/S1063776109080159
https://doi.org/10.1134/S0021364009220056
https://doi.org/10.1134/S0021364009220056
https://doi.org/10.1134/S0021364009220056
https://doi.org/10.1134/S0021364009220056
https://doi.org/10.1038/ncomms1957
https://doi.org/10.1038/ncomms1957
https://doi.org/10.1038/ncomms1957
https://doi.org/10.1038/ncomms1957
https://doi.org/10.1038/nphys3497
https://doi.org/10.1038/nphys3497
https://doi.org/10.1038/nphys3497
https://doi.org/10.1038/nphys3497
https://doi.org/10.1103/PhysRevB.92.125428
https://doi.org/10.1103/PhysRevB.92.125428
https://doi.org/10.1103/PhysRevB.92.125428
https://doi.org/10.1103/PhysRevB.92.125428
https://doi.org/10.1103/PhysRevLett.118.187201
https://doi.org/10.1103/PhysRevLett.118.187201
https://doi.org/10.1103/PhysRevLett.118.187201
https://doi.org/10.1103/PhysRevLett.118.187201
https://doi.org/10.1103/PhysRev.110.836
https://doi.org/10.1103/PhysRev.110.836
https://doi.org/10.1103/PhysRev.110.836
https://doi.org/10.1103/PhysRev.110.836


I. A. AKIMOV et al. PHYSICAL REVIEW B 96, 184412 (2017)

[25] T. F. Nova, A. Cartella, A. Cantaluppi, M. Först, D. Bossini, R.
V. Mikhaylovskiy, A. V. Kimel, R. Merlin, and A. Cavalleri,
An effective magnetic field from optically driven phonons,
Nat. Phys. 13, 132 (2017).

[26] D. M. Juraschek, M. Fechner, A. V. Balatsky, and N. A. Spaldin,
Dynamical multiferroicity, Phys. Rev. Mat. 1, 014401 (2017).

[27] T. Dietl, K. Sato, T. Fukushima, A. Bonanni, M. Jamet, A.
Barski, S. Kuroda, M. Tanaka, P. N. Hai, and H. Katayama-
Yoshida, Spinodal nanodecomposition in semiconductors doped
with transition metals, Rev. Mod. Phys. 87, 1311 (2015).

[28] D. M. Juraschek and N. A. Spaldin, Sounding out optical
phonons, Science 357, 873 (2017).

[29] Sóshin Chikazumi, Physics of Ferromagnetism (Oxford Univer-
sity Press, New York, 1997).

[30] J. A. Gaj, J. Ginter, and R. R. Gałązka, Exchange Interaction
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