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Third harmonic generation (THG) has been studied in europium selenide EuSe in the vicinity of the band gap at
2.1-2.6 eV and at higher energies up to 3.7 eV. EuSe is a magnetic semiconductor crystalizing in centrosymmetric
structure of rock-salt type with the point group m3m. For this symmetry the crystallographic and magnetic-field-
induced THG nonlinearities are allowed in the electric-dipole approximation. Using temperature, magnetic field,
and rotational anisotropy measurements, the crystallographic and magnetic-field-induced contributions to THG
were unambiguously separated. Strong resonant magnetic-field-induced THG signals were measured at energies
in the range of 2.1-2.6 €V and 3.1-3.6 eV for which we assign to transitions from 4 f7 to 4 f65d' bands, namely

involving 5d(t,,) and 5d(e,) states.
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I. INTRODUCTION

For many years the magnetic semiconductors EuX (X =
O, S, Se, and Te) have attracted interest due to their unique
physical properties. Their transport, magnetic, and magneto-
optical properties are determined by strongly localized 4 f7
electrons of Eu?* ions with spin S = 7/2." Most of the
early research in the 1960s and 1970s were performed on
bulk single crystals and noncrystalline thin films of EuX.
However, during the last decade high quality epitaxial thin
films were successfully grown on Si and GaN semiconductor
substrates, which opened new opportunities for applications of
these materials.*> For example, EuO has been suggested for
spin-filter devices,® ' and EuS,''"'7 as well as EuSe (Ref. 18)
for tunnel junctions.

Nonlinear magneto-optical properties of EuX remained
unexplored until recent studies on optical harmonics
generation.'*>* Using second harmonic generation (SHG) a
novel type of nonlinear optical susceptibility was discovered
in EuTe and EuSe.'” Spatially resolved SHG in EuO films
disclose a submicron size of ferromagnetic domains.>”> When
both SHG and third harmonic generation (THG) processes
are allowed in the same medium they can provide com-
plementary information on crystallographic, electronic, and
magnetic structures. It should be noted that THG spectroscopic
studies’! have been performed much more seldom than SHG
ones, 19:24-26

In this paper we report on a spectroscopic study of crystal-
lographic and magnetic-field-induced THG in the magnetic
semiconductor EuSe. We found that in EuSe the THG is
strongly enhanced in the vicinity of the band gap at 2.1-2.6 eV
and for several other resonances at higher energies. Strong
magnetic-field-induced contributions to the THG spectra
were revealed by temperature, magnetic field, and rotational
anisotropy studies.

The paper is organized as follows. Section II briefly
summarizes the details of the experimental technique and
properties of the investigated EuSe samples. Section III gives
the phenomenological description of crystallographic and
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magnetic-field-induced THG in EuSe. Experimental results
and discussion are presented in Sec. IV.

II. SAMPLES AND EXPERIMENTAL TECHNIQUE

The THG experiments were performed on (111)-oriented
EuSe layers grown by molecular-beam epitaxy. The EuSe
epilayers of 0.5 um thickness were grown on BaF, substrates
and capped with a 40-nm-thick (111) BaF, protective layer.
With a band gap of about 9.2 eV BaF, is fully transparent in
the spectral region of interest for our study. Measurements on
pure BaF, substrate showed no THG signals in this region.
X-ray analysis confirmed high structural quality. The EuSe
layer is nearly lattice matched to BaF,, so the magnetic
phase diagram should not be affected by strain.?’” The EuSe
crystallographic structure has rock-salt symmetry with the
centrosymmetric point group m3m (0y).>° The face-centered-
cubic lattice contains a two-atom basis with an Eu?* ion at
(1/2,1/2,1/2) and a Se®~ ion at (0,0,0). The divalent Eu**
ions are octahedrally surrounded by six Se’~ ions forming
a strong ionic binding, which results in empty 5d states of
europium and completely filled p orbitals of selenium. The
high quality EuSe epitaxial films used in this work allowed us
to study THG in a wide spectral range up to 3.7 eV.

The magnetic properties of EuSe are determined by the
ground state of the Eu’>* ions in which the 4 f7 electrons
with spin S = 7/2 are involved."?®? EuSe can be classified
as Heisenberg magnet with two competing interactions: the
nearest-neighbor ferromagnetic exchange integral J; and the
next-nearest-neighbor antiferromagnetic exchange integral J,.
Ratios of the J; and J, integrals and their competition
with an external magnetic field result in a complicated
magnetic phase diagram including antiferromagnetic (AFM),
ferrimagnetic (FIM), and ferromagnetic (FM) ordering, as well
as a paramagnetic phase at elevated temperatures.'?’ EuSe is
metamagnetic with 7y = 4.6 K and shows a mixed AFM and
FIM ordering below 2.8 K.

THG was studied in transmission geometry using the
experimental technique described in Refs. 21 and 25. A tunable
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type-II optical parametric oscillator (OPO) pumped by the
third harmonic (3.49 eV) of a solid-state Nd:YAG laser was
used as a source of fundamental light in a wide spectral range.
The laser system generates pulses of 8 ns duration at 10 Hz
repetition rate with a typical pulse power of 15-60 mJ and a
linewidth of about 0.5 meV. The pulse power at the sample
was about 3-5 mJ. The required laser light polarization at
the fundamental frequency was set by a Glan-Thomson prism
and a half-wavelength plate. The resulting THG signal was
analyzed by polarization optics, filtered by a spectrometer
and detected by a cooled charge-coupled-device camera. The
sample temperature 7 was varied from 1.6 to 150 K. External
magnetic fields B up to 2 T were applied in the Voigt geometry,
perpendicular to both the EuSe layer growth axis [111] and the
light wave vector.

III. CRYSTALLOGRAPHIC AND
MAGNETIC-FIELD-INDUCED CONTRIBUTIONS
TO THG

Among different nonlinear optical phenomena related with
frequency conversion the third harmonic generation is the
simplest process that is allowed in the electric-dipole (ED)
approximation for any media. By contrast ED-SHG is only
allowed in noncentrosymmetric media. The relevant THG
crystallographic (CED) nonlinear polarization P°¥P(3w) can
be written as®*3!

PP (Bw) = X3 Bw) E; () Ex(@) Efw). )
where Xi(f,zl(3w) is the third-order nonlinear optical suscepti-

bility being responsible for the crystallographic contributions
to THG. E; ; ;(w) are the fundamental optical fields. The THG

process described by a polar fourth-rank tensor Xi(;lg , is allowed

in materials of any symmetry.3* Its relevant nonvanishing
tensor components can be found in Refs. 21,32 and 33.

In general, THG, being controlled by a higher-order
nonlinear susceptibility, extends significantly the application
range of the nonlinear spectroscopy.?! In materials without
space-inversion symmetry the THG susceptibilities are smaller
in magnitude than ED-SHG nonlinearities, and in this case
THG serves rather as a complimentary tool. However, THG
spectroscopy is really powerful for investigating materials
where ED-SHG is forbidden. The strong enhancement of
susceptibility in the vicinity of electronic resonances can
provide larger THG intensities, too. Further, THG allows
studies of hidden symmetries, which are modified by phase
transitions or broken by external fields via the interplay of
high-order nonlinearities.>*

Recent experimental studies of SHG in EuTe and EuSe,
and THG in EuTe' have shown that a ferromagnetic
component of the magnetic structure and a magnetic-field-
induced magnetization are responsible for the magnetic-
field-induced nonlinearities. In the ED approximation the
magnetic-field-induced (IED) nonlinear polarization PP (3w)
can be written as

PP (30) = {301,y B0) E (@) El(@)E/(@)My(0),  (2)

19,20

l.(;.‘]zlm@w) is an axial fifth-rank

tensor,*? and M,,(0) is a component of an axial magnetization

where THG susceptibility x
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vector. Below the Néel temperature Ty, this vector coincides
with the spontaneous or induced ferromagnetic vector for
AFM, FIM, and FM ordering. In the paramagnetic phase above
Tx the vector M corresponds to the magnetization induced
by the external magnetic field. Within the ED approximation
this magnetic-field-induced contribution to THG is allowed in
crystals of any symmetry, since the presence of M,,(0) does
not break the inversion symmetry. The nonvanishing tensor
components of Xi(f,flm can be found in Refs. 21 and 32.

The resulting THG intensity, taking into account both
crystallographic and magnetic-field-induced nonlinear polar-
izations, can be written as

1(360) x |PCED|2 + |PIED|2 + 2|PCED||PIED| COS¢, (3)

where ¢ denotes a phase difference between CED and IED
contributions. The first term in Eq. (3) is a pure crystallographic
contribution. The second term is a pure magnetic-field-induced
contribution, which is proportional to M. The third interfer-
ence term is proportional to the axial vector M, where +
signs refer to opposite orientations of M. Neglecting energy
dissipation in the medium one can show that Xi(j3131 is a real

tensor, Xﬁ?,flm is a pure imaginary tensor, and the interference
term vanishes when ¢ = /2. In the case of energy dissipation
or the presence of resonance states the interference term
can appear similar to the interference of crystallographic and
magnetic contributions in the SHG process.?*?>

IV. EXPERIMENTAL RESULTS AND DISCUSSION

Figure 1 shows THG spectra of EuSe recorded for po-
larization geometries E(3w) || E(w) and E(Qw) L E(w) at
T = 1.6 K in the absence of an external magnetic field. In
the wide spectral range from 2.0 up to 3.7 eV two broad
bands centered around 2.2 and 3.4 eV are observed. The
THG spectrum in EuSe is qualitatively similar to the same
spectrum in EuTe, where also two bands separated by about 1
eV are detected.?! Obviously, the electronic band structure
of the europium chalcogenides is of key importance for
understanding their nonlinear optical properties. Its relation
with the microscopic model for the THG in EuTe was
thoroughly discussed in Ref. 21. In the vicinity of the band
gap of europium chalcogenides the electronic structure is
controlled by the levels of Eu?t ions, and therefore it is
similar in EuTe and EuSe. From the energy positions of
the THG bands in Fig. 1 we assign the low-energy 2.2-eV
band to 417 — 4 f65d1(t28) electronic transitions, and the
high-energy 3.4-eV band to 4 f7 — 4 f05d"(e,) transitions.*
The energy separation of 1.2 eV between the #,, and e, THG
bands in EuSe is larger by ~0.4 eV than the energy separation
between the two THG bands seen in EuTe, which is explained
by the larger crystal-field splitting in EuSe in comparison to
the same splitting in EuTe.*® Intensity and spectral shape of
the THG signals do not depend on the temperature in the range
1.6-50 K see inset in Fig. 1.

The isotropic angle distribution of THG intensity for
EQ(Bw) || E(w) shown in the inset of Fig. 1 is in agreement with
the phenomenological considerations leading to Eq. (1). For
EQGw) L E(w) configuration the THG signal is not expected
within the electric-dipole approximation. Only a very weak
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FIG. 1. (Color online) THG spectra of EuSe for two experimental
geometries. Solid lines give a guide for the eye and dashed
lines indicate zero level. Insets show the temperature and angular
dependences of the THG intensity at E(3w) = 3.42 eV; the latter is
measured at 7 = 1.6 K. In the rotational diagram the symbol color
indicates the configuration: blue closed circles located in vicinity of
black solid line represent E(3w) || E(w) and red open circles in the
very center represent EGQw) L E(w).

intensity of a residual signal of about 1% stemming from CED
contribution is observed in the perpendicular configuration,
which may come out from the leak of the parallel configuration.
Finally, rotational diagrams and temperature dependence lead
us to conclude that in the absence of external magnetic fields
the strong THG signal for the E(Gw) || E(w) configuration
has no magnetic contribution; it is rather controlled by
crystallographic ones.

In order to study the magnetic-field-induced THG signals
one should focus on the E(3w) L E(w) configuration, where
CED s absent in the electric-dipole approximation. Figure 2(a)
shows THG spectra of the high-energy band associated with
47 — 4f95d'(e,) transitions in different magnetic fields.
Changing the magnetic-field strength switches EuSe between
different magnetic phases. In the FIM phase at B = —0.12 T
the observed THG spectrum does not change significantly
compared to the AFM phase at B = 0. In contrast, in the
FM phase two new pronounced features appear at 3.18 and
3.27 eV reflecting the complicated structure of the excited
state f65dl(eg).21

Figure 2(b) shows the integrated intensity in the spectral
range 3.1-3.7 eV. In the FIM phase the integral THG intensity
increases slightly. In the FM phase it increases further reaching
a saturation level for |B| > 1 T. It is already known from a
Faraday effect study,?’ that in EuSe the internal alignment of
spins reaches 80% of its saturation value at magnetic fields of
about 1 T and it is only weakly increased in higher fields up to
7 T. A good approximation for this behavior can be achieved
by a dependence [a + bM(B)]> witha & 1.3b and M(B) after
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FIG. 2. (Color online) (a) THG spectra of EuSe in the range
3.1-3.7 eV measured in E(3w) L E(w) || B(0) configuration in
different magnetic fields. Solid lines give a guide for the eye and
dashed lines indicate zero level. (b) The open circles show the
magnetic-field dependence of the THG intensity integrated over
the spectral range 3.1-3.7 eV. The solid line gives normalized
[a + bM(B)]? dependence with a ~ 1.3b and M(B) after Ref. 27.

Ref. 27. The nearly equal values of a and b demonstrate that in
the perpendicular configuration the IED and the residual CED
THG intensities are of the same order.

Figure 3 depicts the magnetic-field behavior for the lower
energy THG band assigned to 4 f7 — 4 f65d!(t5,) transitions.
At zero magnetic field there is a small CED contribution in the
AFM phase. In the FIM phase the new distinct feature appears
at2.35 eV, which can be attributed to the IED contribution. This
contribution increases further with growing field and saturates
for the FM phase; see inset of Fig. 3.

Figure 4 shows representative THG rotational anisotropies
recorded in a magnetic field of —0.5 T at E(3w) = 3.27 eV
for parallel and perpendicular polarization geometries. For
the parallel polarization geometry the isotropic diagram is
distorted by an elongation parallel and perpendicular to the
orientation of the external magnetic field. For the perpendicular
polarization geometry the rotational diagram has a pronounced
fourfold symmetry. This is in agreement with the symmetry
considerations for the CED and IED contributions accounting
for their interference; see Egs. (1)—(3). We would like to
remind that in the absence of external magnetic field the CED
contribution of THG signal has isotropic rotational anisotropy;
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FIG. 3. (Color online) THG spectra of EuSe in the range
2.1-2.7 eV measured in different magnetic fields. Solid lines give
a guide for the eye and dashed lines indicate zero level. The inset
shows the magnetic-field dependence of the THG intensity (open
circles) integrated over the spectral range 2.1-2.7 eV. Normalized
dependence [a + bM(B)]?, same as in Fig. 2(b), is shown by a solid
line.

see inset in Fig. 1. Therefore the magnetic-field-induced
changes in the pattern of the rotational anisotropy shown in
Fig. 4 highlight the role of the magnetic contribution to the
THG signal measured in external magnetic fields.

Figure 5 shows THG spectra of EuSe at different tempera-
tures measured in the range 3.1-3.7 eV for4 f7 — 4 £05d'(e,)
transitions. The polarization configuration is E(3w) L E(w)
and B = —2 T. One can see that the increase of the lattice
temperature from 1.6 to 145 K modifies significantly the THG
spectra and their integral intensity. Bands at 3.18 and 3.27
eV decrease in intensity and shift to higher energies with
the temperature increase from 1.6 to 6 K, and completely
disappear at temperatures exceeding 13 K. Such a behavior is
typical for magnetic-field-induced contributions. In contrast,

E(30)||E(o) E(30) = 3.27 eV E(30)LE(0)
=-05T 0°
T=16K
60° 300°
B(0)
—
120° 240°

180°

FIG. 4. (Color online) THG rotational anisotropies for E(3w) ||
E(w) and E(Bw) L E(w) geometries. Open circles show measured
data and solid lines represent best fits performed with the use of
Eq. (3) and also Egs. (10) and (11) from Ref. 21.
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FIG. 5. (Color online) THG spectra of EuSe in the range
3.1-3.7 eV measured at different temperatures. Solid lines give a
guide for the eye and dashed lines indicate zero level. The inset
shows the temperature dependence of THG intensity integrated over
two spectral ranges.

the THG signal intensity at energies exceeding 3.4 eV are
quite stable against temperature increase up to 145 K, which
is characteristic for CED contribution; compare with the inset
of Fig. 1. This behavior is quantified in more detail in the
inset of Fig. 5, where the temperature dependencies of the
THG intensity integrated over two spectral range 3.1-3.3 eV
and 3.45-3.6 eV are shown. It therefore becomes clear that

E(3w)LE(0)I[B(0) ’
B=1T
T=16K
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o

o

22 24 26 28 30 32 34 36
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FIG. 6. (Color online) Comparison of magnetic-field-induced
THG and SHG spectra of EuSe. Solid lines give a guide for the
eye and dashed lines indicate zero level. SHG spectrum is multiplied
by a factor of 8 for better visibility.
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temperature variation is a very valuable tool for separating
CED and IED contributions in THG spectra.

It is instructive to compare THG and SHG signals induced
by an external magnetic field. Such comparison for a wide
spectral range is presented in Fig. 6 for B =1 T. Most
of the experimental data are shown for the EQ(Qw,2w) L
E(w)||B(0) configuration, while the SHG signal in the spectral
range 3.2-3.6 eV is detectable only in the EQw)||E(®)||B(0)
configuration. The good agreement in energy positions of
observed bands in the THG and SHG spectra confirms that
the origin of the both processes is related to the electronic
structure of EuSe. However, the intensity of the THG signal
is much stronger than that of the SHG signal. Such a behavior
has been already reported for EuTe.?' The fact that in EuX the
magnetic-field-induced THG process is of the electric-dipole
type but the SHG process is attributed to nonlinearities of
the magnetic-dipole type'®? explains why SHG and THG
intensities differ so much in magnitude.

V. CONCLUSIONS

We have shown that particular features of the crystallo-
graphic structure and the electronic band structure of the
centrosymmetric EuSe allow crystallographic and magnetic-
field-induced third harmonics generation. We have studied
THG spectra and observed several resonances in the vicinity
of the band gap at 2.1-2.6 eV and at higher energies up to
3.7 eV. In contrast to the SHG studies,'*2%%° the electric-
dipole-type THG signal was found at zero magnetic field. The
observed resonances were assigned to electronic transitions
of Eu’* ions involving the ground 4 f7 states at the top of
the valence band and excited 4 f°5d" states, which form the
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conduction band in EuSe. Strong resonant magnetic-field-
induced THG signals at 2.1-2.6 eV and 3.1-3.7 eV were
assigned to the 5d(t5,) and 5d(ey) bands, respectively. This
is qualitatively similar to the THG spectrum seen in EuTe,
but the e, — #,, emissions are more widely separated in EuSe
than in EuTe, because of the larger 5d crystal-field splitting in
EuSe. Temperature, magnetic-field, and rotational anisotropy
studies allowed us to distinguish between crystallographic
and magnetic-field-induced contributions to the THG signals.
A strong modification of the THG intensity was observed
in applied magnetic fields at particular resonances due to
interference of crystallographic and magnetic-field-induced
contributions. The magnetic-field dependence of the THG
spectrum reflects the complicated magnetic phase diagram of
EuSe, and THG intensity steps could be seen at the boundary
between AFM, FIM, and FM orderings. We foresee that
THG spectroscopy can be extended to other centrosymmetric
magnetic bulk semiconductors and insulators, as well as to
thin films and artificial structures, where SHG processes of
electric-dipole type are forbidden, but ED THG processes are
allowed.
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