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Abstract: Using the microscopic s-f model and Green’s function theory, we study the temperature
dependence of the band gap energy E and the phonon energy w and damping 7 of ferro- and
antiferromagnetic semiconductors, i.e., with different signs of the s-f interaction constant I. The band
gap is a fundamental quantity which affects various optical, electronic and energy applications of
the materials. In the temperature dependence of Eg and the phonon spectrum, there is a kink at
the phase transition temperature T¢ or Ty due to the anharmonic spin—-phonon interaction (SPI)
R. Moreover, the effect of the SPI R and electron—phonon interaction (EPI) A on these properties is
discussed. For I > 0, R > 0, E¢ decreases with increasing SPI and EPI, whereas for I < 0, R > 0, there
is a competition; Eg increases with raising the EPI and decreases for enhanced SPI. For R < 0, in both
cases, the SPI and EPI reduce E¢. The magnetic field dependence of E for the two signs of [ and R is
discussed. The SPI and EPI lead to reducing the energy of the phonon mode w = 445 cm~! in EuO
(I >0, R < 0), whereas w =151 cm~! in EuSe (I > 0, R > 0) is enhanced with increasing EPI and
reduced with SPI. Both the SPI and EPI lead to an increasing of the phonon damping in EuO and
EuSe. The results are compared with the existing experimental data.

Keywords: magnetic semiconductors; band gap; phonon spectrum; electron- and spin—phonon

interaction; s-f model

1. Introduction

The Kondo lattice model, or s-d(f) exchange model, is widely used to describe the
correlation effects in metals (and their compounds) with unfilled d- and f-shells (tran-
sition or rare earth metals, for example, CdCr;Ses, HgCroSey or Eu, U chalcogenides,
respectively) [1-3]. The nature of the ground state in these systems is largely determined
by the result of competition between two interactions. On the one hand, the s-d(f) ex-
change coupling between spins of itinerant s- and localized d(f)-electrons, due to Kondo
fluctuations, screens the localized spins and tends to form a non-magnetic ground state.
In the opposite direction, an indirect exchange (RKKY) interaction takes place between
spins of d(f)-electrons, trying to set a long-range magnetic order which is not necessarily
ferromagnetic or antiferromagnetic.

Ferromagnetic semiconductors (FMS) which find applications in spin electronics and
informatics are materials exhibiting both ferromagnetic and semiconductor properties [1,4,5].
While traditional electronics are based on the control of charge carriers, FMS allow also
control of the quantum spin state, providing an almost complete spin polarization, an
important property for spintronics applications [4].

The fundamental element in the theory of the so-called s-f model which is widely
accepted as a good description of magnetic 4f- or 5{-systems is the exchange coupling (s-f
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coupling) between the conduction band electrons and the lattice of localized magnetic
moments [1,6-8]. The s-f coupling influences the optical, electrical, and magnetic properties
of these materials. As first pointed out by Shastry and Mattis [9], the physical properties
depend very strongly on the sign of the s-f exchange. In the Eu chalcogenides, the electron
spin couples ferromagnetically (FM) to the f spin [2], whereas in the uranium chalcogenides,
the s-f coupling seems to be antiferromagnetic (AFM) [10]. For I > 0, the localized-spin
magnetization and the electron-spin polarization increase, whereas for I < 0, they decrease
with increasing the conduction band width [11]. The temperature and carrier concentration
dependence of the conduction electron spin polarization for 4f and 5f compounds was
discussed in [12,13]. Woolsey and White [14] calculated the electron and magnon lifetime
as a function of the doping in the low-temperature spin wave approximation for the FM
s-f exchange.

The spin-phonon interaction (SPI) in FMS has been investigated by many authors.
Most works have considered the influence of the SPI on the phonon spectrum (but not on
the band gap energy), for example, in EuO and EuS [15,16]. Wesselinowa et al. [15] studied
the anharmonic spin—phonon and phonon-phonon interaction effects on optical phonon
modes and spin wave excitations in FMS.

The band gap is a fundamental quantity which affects various optical, electronic and
energy applications of the materials. FMS based on Eu chalcogenides are known for their
interesting and different magnetic properties. The band gap variation is from 1.12 eV for
EuO, 1.6 eV for EusS to 2.0 for EuTe [1]. Theoretically and experimentally, the influence of
the electron-phonon interaction (EPI) on the temperature dependence of the band structure
of semiconductors has been studied [17-21].

Raman spectroscopy is a very powerful tool for material analysis. It is used to perform
quality control, failure analysis, sample identification, materials characterization, and, in
general, to investigate physical and chemical properties. Therefore, it is important to study
the influence of different microscopic interactions, such as the SPI and EPI on the phonon
spectra. Raman scattering of Eu and U chalcogenides near the magnetic phase transitions
is investigated in [22-26]. The effect of the EPI on the temperature dependence of the
electronic and phonon spectrum in the FMS CdCr,S, is discussed in [27]. Zhou et al. [28]
have shown experimentally the impact of the EPI on the lattice thermal conductivity at
room temperature. The interaction between conduction electrons and localized moments
in FMS is investigated in [14,29]. The electron—phonon interaction and phonon frequencies
in two-dimensional doped semiconductors are studied by Macheda et al. using a linear-
response dielectric-matrix formalism [30].

To our knowledge, most articles consider the influence of the SPI only on the phonon
spectrum, whereas the influence of the EPI is studied theoretically and experimentally
only on the temperature dependence of the band structure of FMS. Therefore, in order to
correctly explain the experimental data, in this paper we investigate for the first time the
influence of both interactions, the competition between EPI and SPI, by their influence on
the band gap energy and on the phonon spectrum in magnetic semiconductors (FM and
AFM) using the s-f model and Green’s function theory.

2. Model and Green’s Functions

The magnetic semiconductors of the europium chalcogenide family, EuO, EuS, EuSe
and EuTe (where EuO and EuS are ferro-, EuSe meta-, and EuTe antiferromagnetic semicon-
ductors), are characterized by narrow 4f orbitals as degenerate levels. These materials all
show a strong coupling between the electronic and the magnetic properties so that the elec-
trical properties are greatly modified by a change of magnetic state. The ferromagnetism
of UTe is itinerant, i.e., the 5f electrons are not fully localized close to the atomic core. We
will consider mainly the band gap energy of magnetic semiconductors, such as EuO, EuSe
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(which are 4f systems) and UTe (5f systems). Therefore, we use the s-f model [2,3], taking
into account the spin—-phonon and electron—phonon interactions:

H=Hyu+ Hel =+ Hm—el- (1)

The Heisenberg Hamiltonian for the localized f spins, including the strong spin-
phonon interaction reported in FMS [31], is given by:

1
Hn = -3 Y JijSi-Sj—D:)_(S)* —gush-)_S;
i i i
1. 1 _o
- 5 L Fi0QiSiSi— 7 ) R(i,j7,5)QiQ;SiS: + he. @)
i,jk i,j,1,8

where S; and its z component S are spin operators for the localized spins at site i. Jj;
stands for the spin exchange interaction between the nearest neighbors. D, is the single-
site anisotropy parameter of the easy-axis type. h is an external magnetic field. The
normal coordinate Q; can be expressed in terms of phonon creation a* and annihila-
tion a operators: Q; = (2wp;)~/?(a; + ai). F(i,j) = F(i,j)/[(2wp;)'/?(2we;)'/?] and
R(i,j,r) = R(i,j, r)/[(Zwol-)l/z(Zwoj)l/z(ZwOY)l/z} designate the amplitudes for the cou-
pling of phonons to the spin excitations in the first and second order, respectively. And h.c.
represents the Hermitian conjugate.
The magnetization M for arbitrary spin S is given by:

M= (§%) = % Y [(s +0.5) coth[(S 4 0.5)BE,,i] — 0.5 coth(o.5/3Emi)], 3)

i
where E,,; is the spin wave energy, calculated from Green'’s function:

Gij(t) =< SF(1);S7 >= —i0(t) (57 (1),57]). @

The spin—phonon interaction renormalizes the exchange interaction constant | to
I = Jij+2F2/ (w, — MR), )

The Hamiltonian of the conduction band electrons H,;, taking into account the interac-
tion between the electron and phonon subsystems, is given by:

Hy = Y tijcicjo +i Y A(ijk)ctcio(af +a) + hec,, ©)

ijo ijko

where t;; is the hopping integral, and ¢} and cj, are Fermi-creation and -annihilation
operators. A(ijk) is the electron-phonon interaction constant.

The Eu and U chalcogenides show a strong coupling between the electronic and the
magnetic properties so that the electrical properties are greatly modified by a change of
magnetic state. The s-f coupling term H,,,_,; reads

Hy—e =Y _1iS;s;, (7)
i

where [ is the s-f interaction constant. The spin operators s; of the conduction electrons at
.. + o+ Z (ot h At
site i can be expressed as s;” = ¢ ¢;, 57 = (¢, ciy — ¢ ¢;)/2.
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In order to investigate the phonon spectrum, we need H,;,, which contains the lattice
vibrations, including anharmonic phonon—phonon interactions:

1
th = 21 Z((‘UOZ) aj a + 3 31 ZB Ljr QzQ]Qr
ijr
1
+ 4' 2 Aph(l ]/7’ S)Q Q]QrQs/ (8)
ijr,s

where Q; and wy; are the normal coordinate and frequency, respectively, of the lattice mode.
For the phonon properties, we introduce Green’s function

Gij(t) = <<ai(t)/'“f>>- )

The phonon energy, which is renormalized through the electron—phonon and spin-
phonon interactions, is observed as:

2 Njg — ﬁja
s = -2 A M:M:R::6::
wz; WO(N, Z l]k(eika — €jkr — WO) + M; jRijO6j
ph ph
_ 2N’ ZAW 2N, +1) - B (Qy)y), (10)

with .
M;M;F;;6i; — 4 ¥, BL (2N, + 1)

ijr

h
— MiM;R;j6;; + 77 &, AL (2N, + 1)

ijr

(Qij) = (11)

The correlation functions of the conduction electrons 7i;, = (ci c;,) and the phonons
N; = <al+a ;) are obtained via the spectral theorem. The phonon damping is also calculated
using the method of Tserkovnikov [32].

The band gap energy E, = et (k = 0) — e (k = ky) of FMS is defined as the
energy difference between the highest occupied state in the valence band and the lowest
unoccupied state in the conduction band. The electronic energies:

2A2
ez] = €jj — I(5%) — 70 ; ) (12)

are observed from Green’s functions g;jr =< Cig7 C; >> o = =£1. ¢j; is the conduction band

energy in the paramagnetic state, (71,,,¢) is the occupatlon number distribution, and (5%) is
the magnetization. The band gap energy is influenced by some interaction constants. It is
dependent on the sign of the s-f interaction constant I; it is positive or negative, for example,
for EuO or UTe, respectively. The SPI renormalizes the exchange interaction constant |
(see Equation (5)) and so modifies the magnetization (5*) = M in the second term of (12).
It must be noted that the anharmonic SPI R can be also positive or negative. The third
term describes the effect of the EPI A > 0, i.e., the influence of the lattice vibration of the
itinerant electrons.

3. Numerical Results and Discussion

For the numerical calculations, we use the following model parameters for EuO:
] =0.0001eV,I=02eV, Tc =69 K [2], Eg = 1.1 eV [1]. For UTe, we use | = 0.0001 eV,
I=-02eV, Tc =106 K [33], Eg = 0.6 eV [34].

3.1. Dependence of the Band Gap Energy on Temperature, SPI and EPI

The temperature dependence of the band gap is one of the most fundamental proper-
ties for semiconductors and has a strong influence on many applications. Let us emphasize
that as the temperature increases, the band gap energy of the most semiconductors de-
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creases. But, for example, in lead chalcogenides (PbS, PbSe, PbTe), the direct narrow band
gap increases with increasing temperature [35]. Characteristic physical properties of the
FMS, for example, the europium chalcogenides mainly come from the s-f interaction from
the localized 4f electrons distributed between the conduction band (5d orbitals of Eu) and
the valence band (2p (O*7) or 3p (S*7) orbitals). At first, we calculated the temperature
dependence of the band gap energy E; of FMS for the case I > 0, which is appropriate, for
example, for EuO with a band gap of 1.12 eV. The results for E¢(T) are presented in Figure 1.
It can be seen that Eg decreases with increasing temperature T. The renormalization of the
band gap at finite temperatures is due to the lattice expansion and the phonon-induced
atomic vibrations. This is related to the renormalization of the magnetic interaction between
the magnetic moments due to the SPI and the change of ny — n| when changing the EPL
The band gap is the energy difference between the valence band and the conduction band
of a semiconductor. The band gap tends to decrease with increasing temperature because
the atomic vibrations increase and the interatomic spacing becomes larger. The interaction
between the phonons and the free electrons and holes also affects the band gap. It can be
seen from Figure 1 that there is a small kink at the phase transition temperature Tc = 69 K
due to the anharmonic spin—-phonon interaction R. For R = 0, the kink disappears. Both
interactions—EPI and SPI—lead to reducing the band gap energy. The effect of the SPI is
largest at low temperatures and vanishes at T because the magnetization is zero at T¢, i.e.,
the magnetic ordering cannot influence the band gap (see Equation (5) for | ¢ff), whereas
the EPI contributes also above T¢. Boncher et al. [36] reported that the band structure of
EuO and EuS is altered by magnetic ordering and is usually interpreted as conduction band
splitting of spin-up and -down electrons.

T, 1

Bang gap energy (eV)
o -
© o
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o
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: L ]
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07 L L L L L L
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Temperature (K)

Figure 1. Temperature dependence of the band gap energy E; of EuO with | = 0.0001 eV, I =0.2eV,
5$=7/2,Tc =69 K for different R > 0 and A values.

Moreover, we studied the temperature dependence of the band gap energy E, for the
case of I < 0, which can be appropriate for the antiferromagnetic semiconductor UTe. From
Figure 2, it can be seen that the band gap E; decreases again with increasing temperature.
But there is a competition between the SPI and EPI. With increasing the SPI, the band gap
energy E, increases, whereas increasing the EPI leads to reducing E,. The influence of the
SPI vanishes again at the phase transition temperature Ty = 106 K, whereas that of the
EPI remains finite above Ty. Unfortunately, there are no experimental data for UTe. Let
us emphasize that in the antiferromagnetic semiconductor, MnTe is reported by Bossini
et al. [37] to have an enhanced band gap E¢ with increasing the SPL

In [15], we investigated the anharmonic spin-phonon and phonon-phonon interaction
effects on optical phonon modes and spin wave excitations in FMS. It is shown that in order
to explain the softening of the phonon mode, the SPI constant R must be negative, whereas
for the hardening, R is positive. Therefore, we calculated the temperature dependence of
the band gap energy E, also for R < 0 for the two compounds EuO with I > 0 and UTe
with I < 0. The results are presented in Figure 3 and Figure 4, respectively. It can be seen
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that by both compounds, EuO (I > 0) and UTe (I < 0), the effects of the SPI and EPI are

nearly

Bang gap energy (eV)

the same.
,,,,:j:>_ 3
e m 1
L o. \\.\\
\\
L 2
UTe \
L1<0
1/ R = 1.67 meV; A = 0.55 meV \
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Figure 2. Temperature dependence of the band gap energy E¢ of UTe with | = 0.0001 eV, [ = —0.2 eV,

5=7/2, Tc =106 K for different R > 0 and A values.
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Figure 3. Temperature dependence of the band gap energy E¢ of EuO with | =0.0001 eV, I=0.2 eV,

5$=7/2,Tc =69 K for different R < 0 and A values.
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Figure 4. Temperature dependence of the band gap energy E¢ of UTe with | = 0.0001 eV, [ = —0.2 eV,

S=7/2, Tc =106 K for different R < 0 and A values.

The decision of the choice of the sign of R has to be taken from the experimental data,
for example, from the magnetic field dependence of the band gap (see Figures 7 and 8).
From the results obtained for E¢ () by Wachter [38] and Heiss et al. [39], it follows that for
EuO (I > 0) and EuTe (I > 0), respectively, the positive sign R > 0 must be taken by the
calculation of the influence of the SPI on the band gap width E,. In order to observe correct
E¢ () behavior for the antiferromagnetic semiconductor MnTe (I < 0) [37], we have to take

a negative value of R, R < 0. This would be appropriate also for UTe.
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It can be seen from Figure 5, curve 1, that as the SPI value increases at a fixed tem-
perature for I > 0 (for example, for EuO) the band gap width decreases, i.e., a red shift is
observed at the optical absorption edge. We can conclude the following;:

1. For negative values of the SPI constant R < 0, an increase in its absolute magnitude
results in a decrease in the effective exchange interaction between the spins. This, at a
constant temperature, leads to a reduction in the magnetization value (5%) as indicated by
expression (12). Consequently, there is a shift towards lower energies of the valence zone
(VZ) peak and an upward shift of the bottom of the conductivity zone (CZ). This leads to
an increase in the width of the band gap E; with increasing | R |.

2. If R > 0, an increase in the spin—phonon interaction constant enhances the effective
exchange interaction between the spins. This, at a constant temperature, causes an increase
in the magnetization (S*) (see Equation (12)). Consequently, there is a downward shift of
the VZ peak and a shift towards higher energies of the bottom of the CZ. This results in a
reduction in the band gap E,.

From Figure 5, for curve 2, it can be seen that with increasing the SPI value at a fixed
temperature for I < 0 (for example UTe), the width of the band gap E, increases, i.e., a blue
shift is observed at the optical absorption edge. We have observed the following;:

1. For negative values of the SPI constant (R < 0), as previously noted, an increase in its
absolute magnitude will decrease the magnetization value (S*). According to Equation (12),
this results in a shift towards lower energies of the VZ peak and an upward shift of
the bottom of the CZ. This leads to a decrease in the width of the band gap E; with
increasing | R |.

2. If R > 0, as the value of the SPI constant increases, the magnetization value (5%)
increases, too. This leads to a shift towards higher energies of the bottom of the CZ and a
downward shift of the VZ peak. This results in an increase in the width of the band gap E¢
with enhancing R.

Figure 6 shows that by increasing the EPI constant A at a fixed temperature, the
band gap width E¢ decreases. From Equation (12), we can obtain the expression which
determines the influence of A on the band gap width Ej. It has the form (242 /wy) (n+ — 1),
where 74 and 1| are the number of conduction electrons in the spin-up and spin-down
bands, respectively. (14 — 1) as a function of A decreases with increasing the EPI constant
(see Inset in Figure 6), which explains the decrease in Eg as A increases. It is logical to
expect that the thermal fluctuations in the system would lead to a decrease in the energy
gap between the two subbands of the up and down spins.

It can be seen from Figures 5 and 6 that in the case of I > 0, the SPI and EPI have
the same influences on the band gap width. The increase in the values of R and A leads
to a decrease in Eg, i.e., to a red shift of the optical absorption edge. For I < 0, however,
the two interactions are in competition, and depending on which of them prevails, we can
expect both an increase and a decrease in E¢ with increasing the R and A values, i.e., the
possibility of both red and blue shift of the optical absorption edge.

Let us emphasize that in a previous paper [40], we discussed the influence of the
Coulomb interaction v on the band gap width and observed that increasing v E¢ decreases.
Within the framework of this article, this means the following;:

1. When I > 0 and R < 0, they will still have the same influence on the width of
the band gap, i.e., an increase in | R | and v will result in a blue shift of the absorption
edge. Conversely, when R > 0, with its increasing, both mechanisms will be in competition,
leading to the observation of both blue and red shifts.

2. For I < 0, regardless of the sign of the SPI, both mechanisms will contribute to an
increase in the width of the band gap and to the appearance of a blue shift.
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Figure 5. (Color online) Dependence of the band gap energy E; on the spin—phonon interaction
constant R, T =30 K for (1) EuO, [ =0.2 eV, and (2) UTe, I = —0.2 eV.
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Figure 6. (Color online) Dependence of the band gap energy E¢ on the electron—phonon interaction
constant A for T = 30 K. Inset: The number of conduction electrons in the spin-up (114) and spin-down
(1)) bands as function of A for T =30 K.

3.2. Magnetic Field Dependence of the Band Gap Energy

The difference between ferro- and antiferromagnetic semiconductors can be seen also
in the magnetic field dependence of the band gap energy E,. Let us emphasize that the
effect of a magnetic field on the energy band gap of an ordinary semiconductor is probably
negligible, but for a FMS it is not so. This can be seen from Figures 7 and 8. The results are
in full agreement with the conclusions made above and show the importance of accounting
for the SPI for the behavior of E¢ applying an external magnetic field. We observe that the
band structure is altered by the magnetic ordering and can be interpreted as conduction
band splitting of spin-up and -down electrons. For R > 0, the magnetization increases with
increasing the magnetic field &, but due to the different sign of the s-d interaction constant I
in Equation (12), we observe a decrease in Eg with increasing / for the case I > 0 (Figure 7,
curve 1, EuO) and an increase for I < 0 (Figure 8, curve 1, UTe). For the case of negative
SPI R, we obtain the opposite result (see curve 2 in Figures 7 and 8). Heiss et al. [39] have
reported that in EuTe (I > 0 [41]), at low temperatures, the band gap energy E. decreases
with increasing magnetic field &, which is in agreement with our result for EuO and the
experimental data of Wachter [38] (Figure 7, curve 1). Let us emphasize that in EuTe, the
ferromagnetic s-f interaction I competes with the antiferromagnetic super-exchange | which
is very small, nearly negligible [41]. Bossini et al. [37] have reported a blue-shift of the band
gap in the antiferromagnetic semiconductor MnTe (I < 0) due to the establishment of the
magnetic order, which could be explained with a negative R value. This could be valid also
for UTe (Figure §, curve 2).
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Figure 7. (Color online) Magnetic field dependence of the band gap energy for (1) EuO (I = 0.2 eV)
and (2) UTe (I = —0.2) for R >0, T=2K.
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Figure 8. (Color online) Magnetic field dependence of the band gap energy for (1) EuO (I = 0.2 eV)
and (2) UTe (I = —0.2) for R < 0, T=2K.

3.3. Influence of the SPI and EPI on the Phonon Spectrum of FMS

As a next step, we will study the influence of the EPI and SPI on the phonon spectra.
Therefore, we have calculated from Equation (10) the temperature dependence of the
phonon energy of the phonon mode w = 445 cm™! for EuO [42]. It can be seen from
Figure 9, curves 1 and 2, that the phonon energy decreases with increasing temperature in
accordance with the experimental data [42,43]. We have taken for EuO the SPI R < 0 [15].
At the Curie temperatures T¢ = 69 K, there is an anomaly due to the anharmonic SPI R. We
have studied the phonon energy changing both interactions. Increasing the SPI and EPI
leads to reducing w (see Figures 9 and 10, curves 1 and 2). The contribution from the SPI is
largest at low temperatures and vanishes near the phase transition temperature T (where
the magnetization M is zero), whereas the EPI remains finite for temperatures above T¢,
T>Tc.

We have calculated from Equation (10) also the temperature dependence of the phonon
energy of the phonon mode w = 151 cm~! for EuSe [44] for R > 0 [15] and observed a
different contribution of the SPI and EPI compared to EuO. The results are presented in
Figures 9 and 10, curves 3 and 4. It can be seen that the phonon energy increases with
increasing temperature T. At the phase transition temperature T¢ = 4.6 K, there is a kink
due to the anharmonic SPI. Decreasing the SPI leads to increasing the phonon energy w,
whereas increasing the EPI reduces it. This can be seen also from the analytical expression
for the phonon energy (see Equation (10)). The SPI contribution is important at lower
temperatures; it vanishes at the phase transition temperature Tc. The EPI is small at
low temperatures but remains finite at higher temperatures as well as above T¢. Let us
emphasize that our results are in very good agreement with the experimental data of Safran
et al. [23]. This is evidence that our model and method are appropriate for describing the
properties of FMS.
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In systems with strong SPI, an anomalous temperature behavior of the phonon modes
is characteristic. In the Inset in Figure 9, we present the dependence of the renormalized
phonon modes for T = 30 K. For R < 0 with increasing | R | at a fixed temperature, a
hardening of the phonon mode is observed, i.e., the phonon energy increases, whereas for
R > 0 with increasing R at fixed temperature, a softening of the phonon mode is obtained,
i.e., it decreases. The SPI renormalizes the phonon mode (see Equation (10)).

The increase in the value of the EPI A leads to a softening of the phonon mode (see
Inset in Figure 10). Thus, in the case of R < 0, the two mechanisms are in competition in
order of their influence on the lattice oscillations. By R > 0, both mechanisms lead to the
softening of the phonon mode.

In the last Figure 11, the temperature dependence of the phonon damping vy for EuSe is
shown, which represents the full width at half maximum (FWHM) of the Raman line. It can
be seen that the damping 7 increases with increasing temperature T. Let us emphasize that
the damping v increases with T for both cases R > 0 and R < 0 because it is proportional
to R2. There is again a kink at T¢ due to the anharmonic SPI R. The SPI and EPI contribute
additively to the damping v, i.e., both contribute to the broadening of the Raman lines, the
SPI more at low temperatures, vanishing at the phase transition temperature T, and the
EPI more at higher temperatures and above T¢.
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Figure 9. (Color online) Temperature dependence of the phonon energy for the mode w = 445 cm ™!
for EuO for different spin-phonon interaction constants R < 0 (curves 1,2) and for w = 153 cm ! for
EuSe for different R > 0. Inset: Dependence of the phonon energy on R for T =30 K.
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Figure 10. Temperature dependence of the phonon energy for the mode w = 445 cm ™! for EuO for
different electron-phonon interaction constants A (curves 1,2) and for w = 153 cm ! for EuSe (curves
3,4). Inset: Dependence of the phonon energy on A for T = 30 K.
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4. Conclusions

The influence of the SPI and EPI on the band gap energy E; and the phonon energy
w and damping v of Eu and U chalcogenides is discussed for different temperatures. For
I > 0,R > 0 Eg decreases with increasing SPI and EPI, whereas for [ < 0,R > 0, there
is a competition; E¢ increases with raising the EPI and decreases for enhanced SPI. The
magnetic field dependence of E, for ferro- and antiferromagnetic semiconductors and
different signs of R is observed.

The temperature dependence of the phonon energy and damping is calculated for
the phonon modes w = 445 cm ™! in EuO (R < 0) and w = 151 cm~! in EuSe (R > 0).
By softening the phonon mode, the SPI and EPI lead to reducing w in EuO, whereas by
hardening w, EuSe is enhanced with increasing EPI and reduced with SPI. Both the SPI and
EPI lead to the increasing of the phonon damping -y in EuO and EuSe.

It should be noted that, recently, two-dimensional magnetic semiconductors such as
iron and ruthenium trihalides were determined to be important for application in spin-
based devices.The effects of SPI and EPI on the properties of these 2D systems will be
considered in a future paper.
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