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Second harmonic generation is strictly forbidden in centrosymmetric materials, within the electric dipole
approximation. Recently, it was found that the centrosymmetric magnetic semiconductors EuTe and EuSe can
generate near-gap second harmonics, if the system is submitted to an external magnetic field. Here, a theoret-
ical model is presented, which well describes the observed phenomena. The model shows that second harmonic
generation becomes efficient when the magnetic dipole oscillations between the band-edge excited states of the
system, induced by the excitation light, enter the in-phase regime, which can be achieved by applying a
magnetic field to the material.
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I. INTRODUCTION

Europium chalcogenides �EuX, where X=O, S, Te, or Te�
are intrinsic magnetic semiconductors that have unique
magneto-optical properties, which have attracted continuous
attention ever since such pure compounds became available
in the middle of the 20th century. The very large S=7 /2 spin
stored at each crystal lattice site occupied by Eu, combined
with a transparency window in the visible range of the elec-
tromagnetic spectrum, motivated investigators to employ
EuX in magneto-optical devices.1 In more recent years, with
the advent of spintronics, highly efficient spin filters based
on EuX were developed.2 It has also been demonstrated that
EuX can be integrated into silicon technology,3 which en-
hances still further the prospects of employing EuX in future
spintronic devices.

In order to employ EuX in specific devices, it is beneficial
to have an understanding of their electronic energy structure,
and a good understanding of the optical band-edge states has
been gained over the years.4–10 Nonlinear optics is an impor-
tant tool to investigate the electronic structure, because such
effects as resonant multiple-order harmonic generation result
in sharp spectral features that furnishes detailed information
on the energy states accessible to the system under
investigation,11 as well as unique and fascinating imaging of
magnetic domains in solid-state crystals.12 The nonlinear op-
tical properties of EuX have been studied recently,13 and sec-
ond �and third� harmonic generations were observed when
the sample was submitted to a high magnetic field. This, at a
first glance, seemed surprising, because electric dipole
second-order harmonic generation �SHG� is strictly forbid-
den in centrosymmetric materials such as EuX; moreover, for
m3m symmetry, which applies to EuX, magnetic dipole in-
duced SHG vanishes.14 The purpose of this paper is to de-
velop a SHG theoretical model in EuX based on the well-
established band-edge states of EuX.

II. MODEL

In order to describe possible SHG mechanisms in eu-
ropium chalcogenides, we introduce very briefly SHG theory

applied to the specific scenario peculiar to EuX. Let us con-
sider an ensemble of identical independent centrosymmetric
electron systems of concentration N, each of which is de-
scribed by a Hamiltonian H0, with an energy spectrum
Ea ,Eb , . . . and corresponding wave functions �a� , �b� , . . .. The
interaction between each electron system and a monochro-
matic electromagnetic plane wave traveling along z with
wave vector kz, and polarization vector x̂, can be described
by the interaction Hamiltonian

Vx =
e

m0
A · p , �1�

where the vector potential is given by A= x̂A1�z�e−i�t+c.c.,
A1�z�=

Ex

2i�eikzz, and Ex is the amplitude of the electric field in
the light wave. Using the expansion

eikzz = 1 + ikzz + ¯ , �2�

and keeping only the first two terms, we obtain15 the matrix
elements Vab

x that will be needed below for the induced os-
cillating polarization calculation

Vab
x =

e

m0
�a�A1�z�px�b� =

eEabEx

2��
�a�x�b� + i

eEabkzEx

4��
�a�zx�b�

+
eBy

4m0
�a�Ly�b� , �3�

where Eab=Ea−Eb, By is the amplitude of the magnetic field
wave in the incoming light, and Ly is the y component of the
angular momentum operator. The first, second, and third
terms are denominated electric dipole �ED�, electric quadru-
pole �QD�, and magnetic dipole �MD� matrix elements be-
tween states �a� and �b�, respectively.

Using Eq. �1� as a perturbation of H0, we can apply stan-
dard density-matrix theory to calculate the time-dependent
second-order dipole moment that light induces in the elec-
tronic system.16,17 Suppose that the system under consider-
ation is characterized by an energy gap, EG, between the
ground state and the excited ones, which are closely spaced
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together, i.e., the energy of the excited states �m� is much
larger than difference in energy between them. Then for pho-
ton energies of about ��� 1

2EG, the main contribution to the
second-order-induced polarization will come from terms in
which the difference Emg−2�� figures in the denominator.
Therefore, we may discard the small antiresonant
contributions16 to the induced second-order dipole moment.
Additionally, we shall assume that in our centrosymmetric
system all excited states involved in the SHG process have
the same parity, and an opposite parity in respect to the
ground state. Therefore the electric dipole matrix elements
between excited states vanishes. We also assume T=0 K,
meaning that every electronic system is in the ground state
�g� of energy Eg. Under these assumptions, the component of
the second-order polarization in the direction of the polariza-
tion vector of the exciting light is found to be

Px
�2��2�� = Px0

�2��2��e−i2�t + c.c., �4�

where the complex amplitude of polarization is given by

Px0
�2��2�� = N�

mn

�gn
x Vnm

x Vmg
x

�Emg − �� + i�ng��Eng − 2�� + i�mg�
,

�5�

�gn
x =e�g�x�n�, x is the x coordinate of the electron, Vnm

x is
given by the MD and QD terms in Eq. �3�, Vmg

x is given by
the ED term in Eq. �3�, and �T2�ab=� /�ab is a characteristic
relaxation time between states �a� and �b�.16,17

III. ELECTRONIC STATES IN EUROPIUM
CHALCOGENIDES

In the ground state of EuX, there are seven electrons with
parallel spins in the 4f shell of the Eu2+ ions in the crystal,
leading to a total spin S=7 /2 and angular momentum L=0.
Thus the ground state can be represented in standard spec-
troscopic notation by the term symbol 8S7/2. The seven 4f
electrons that compose the 8S7/2 state are strongly localized
at the Eu lattice sites, due to the strong nuclear Coulomb
attraction, and shielded from the environment by electrons
occupying 5s and 5p orbitals, therefore they can be described
by atomic orbitals that are unaffected by the rest of crystal.
In the lowest-energy excited states, one electron from the
Eu2+ is transferred to the lowest-energy conduction band,
which is built from 5d orbitals of the Eu atom. The crystal
field splits the 5d orbitals into a lower-energy threefold-
degenerate 5d�t2g� state and a twofold-degenerate 5d�eg�
state of an energy that is more than 1 eV greater.8 Due to the
resonance between 5d�t2g� orbitals at neighboring lattice
sites, the 5d�t2g� states broaden into the lowest-energy con-
duction band in EuX. Optical absorption measurements have
shown that this conduction band can be described in the
framework of tight-binding theory,18 and in EuTe displays an
energy width of about 100 meV width, and whose basis
states are built from the 5d�t2g� orbitals �dxy, dyz, or dzx�.10

The electronic states belonging to the 5d�t2g� conduction
band are henceforward denoted by X. Once an electron is
removed from the ground state, the orbital momentum quan-
tum number of the Eu atom becomes L=3, and the spin

quantum number becomes S=3. Therefore a strong spin-
orbit interaction, which was absent in the 8S7/2 ground state,
is switched on for the six electrons remaining in the 4f shell.
The new quantum numbers that describe the stationary states
of the Eu3+ remainder become the orbital momentum quan-
tum number L=3, the spin quantum number S=3, and total
momentum quantum number J=0, . . . ,6, therefore the spec-
troscopic notation for the Eu3+ core is 7FJ. Additionally the
projection M =−J , . . . ,+J of the total momentum of the Eu3+

spins on a quantization axis is defined, thus the complete
specification of the lowest-energy excited states of EuX can
be represented by the notation 7FJMX. It should be empha-
sized that in the excited states all seven electrons are de-
scribed by wave functions that differ from their ground-state
wave functions.

The position of a 5d�t2g� conduction band is determined
by the Landé interval rule, and depends only on the quantum
number J �ignoring a comparatively small Zeeman energy
that arises if a magnetic field is switched on, see also discus-
sion below�. Measured from the ground state, it is given by

EJ = EG +
1

2
�4fJ�J + 1�, J = 0, . . . ,6, �6�

where EG is the band gap and �4f is the Landé spin-orbit
constant for the 7FJM state. The total energy of an electronic
excitation FJMX, in which the electron in state X is described
by a Bloch wave vector k, will be given by

EJX = EJ + �X�k� , �7�

where �X�k� is the dispersion of the 5d�t2g� conduction band
to which the X state belongs.

The energy-level scheme, displaying the ground state and
lowest-energy excited states of the system is shown in Fig. 1.
The energy scale applies to EuTe.

Of course, in the real EuX system, a continuous energy
band is present in the background of the 7FJMX states. In the
calculations described in this work, no account was taken of
the broad 6s and 6p bands that are estimated to overlap at
least partially with the 7FJMX states,7,8,20–22 however, since
we are concerned with the band-edge SHG intensity only, it
is justifiable to restrict ourselves to the electronic structure
shown in Fig. 1, because this level scheme has very success-
fully described the complex magneto-optical properties ob-
served at the absorption band edge in EuTe and EuSe.9,10

IV. SHG IN EUROPIUM CHALCOGENIDES

If the energy of the incident photon is about half of the
energy of the excited states, i.e., ��� 1

2EJX, then the theory
described in Sec. II applies, and Eq. �5� renders the expected
dominant contribution to SHG. Because of inversion symme-
try, the ED matrix element �see Eq. �3�	 is zero between
excited states 7FJM and 7FJ�M�X�. These states can be con-
nected by either the QD or MD matrix elements. Both QD
and MD elements arise from the same approximation order
in the expansion, Eq. �2�, i.e., by retaining only up to the
linear term in z, and therefore are often of the same order of
magnitude. However, in the specific scenario studied in this
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work, the QD matrix elements are much smaller than the MD
ones. This is because of the factor Eab in the quadrupole
matrix element, which is the energy difference between the
states involved in the matrix element, and given the small

energy spread of the excited states, the electric quadrupole
matrix element should be small in comparison to the mag-
netic dipole matrix element, which does not depend on Eab.
Indeed, from Eq. �3�, the ratio of the amplitude of the QD to
the MD second-order polarization can be estimated

QD

MD
= i

eEabkzEx

4��
�a�zx�b�
 eBy

4m0
�a�Ly�b��−1

= i
Eab

�
m0

�a�zx�b�
�a�Ly�b�

.

�8�

For allowed QD transitions, �a�zx�b��aB
2 , where aB is the

Bohr radius; for allowed MD transitions, �a�Ly�b���. Sub-
stituting these assumptions in Eq. �8� we get

QD

MD
� i

Eab

�
m0

aB
2

�
= i

Eab

2Ry
, �9�

where Ry= �2

2m0aB
2 =13.6 eV is the Rydberg. In our case, Eab

represents the energy difference between excited states
7FJMX, which are spread over an energy band of only a few
hundreds of meV �see Fig. 1�, thus we finally obtain an es-
timate for the ratio of the QD matrix element to the MD
matrix element

QD

MD
� 0.01. �10�

It is thus justifiable to include in the analysis MD matrix
elements only. Substituting the excited-states quantum num-
bers n and m by JMX and J�M�X� in expression �5�, the
induced second-order polarization component parallel to the
polarization vector of the excitation light will be given by

Px0
�2��2�� =

Ne3ExBy

8m0��
�

JMX

J�M�X�

EJ�X�

�8S7/2� � xq�7FJMX��7FJMX� � �Ly�q�7FJ�M�X���7FJ�M�X�� � xq�8S7/2�

�EJ�X� − �� + i���EJX − 2�� + i��
, �11�

where N=4 /a3 is the concentration of Eu2+ in the lattice, a is
the parameter of the face-centered cubic lattice of EuX, and
the relaxation between all excited and the ground state is
described by a common parameter �. In the above equation,
xq and �Ly�q represent the x coordinate and y component of
the angular momentum, respectively, of the qth electron, and
the sum is taken over all seven electrons involved in the
electronic transitions. The SHG mechanism described by Eq.
�11� is shown schematically in Fig. 2.

Fundamentally, the spin of the electron excited by light
from the 8S7/2 level into the X state is parallel to the spin of
the Eu2+ site in which the electron was initially located. This
is experimentally demonstrated by the quadratic dependence
of the band edge on the intensity of an applied magnetic
field.19 As demonstrated in Ref. 10, such spin conservation
simplifies the problem considerably, because a many-
electron matrix element of an operator acting only on the

electronic space coordinates between the ground state 8S7/2
and an excited state 7FJMX can be written in terms of the
matrix element of a single electron, for instance,

�8S7/2��
q=1

7

xq�7FJMX� = CJM�4fm�x�X� , �12�

where �4fm� represents an orbital of an electron in the Cou-
lomb field of the Eu3+ with principle quantum number 4,
angular momentum and magnetic quantum numbers f and m,
respectively; m=−M +3, the range of values that need to be
taken into account is reduced to M =0, . . . ,J, and CJM

= �LSMLMS �JM� is a compact representation of Clebsch-
Gordan coefficients with L=S=MS=3, ML=M −3.

Additionally,

FIG. 1. �Color online� Ground and lowest-energy excited states
in EuX. The distance between the center of the 7FJMX for J=0 and
the 8S7/2 state is taken as the band-gap value EG. The splitting
between the 7FJM manifold is due to the spin-orbit interaction with
a spin-orbit constant of �4f. The shaded area indicates the width of
the seven 5d�t2g� tight-binding overlapping bands. The energy scale
applies to antiferromagnetic EuTe at B=0, when EG=EG0

=2.321 eV �Ref. 10� and using �4f =9.6 meV �Ref. 10�. For B
above 7.2 T, the magnetic field imposes ferromagnetic alignment of
the spins, and the band gap shrinks to EG=2.19 eV, due to the d-f
exchange interaction, and all levels are assumed to redshift rigidly.
For intermediate fields, the band gap can be calculated by Eq. �21�
�Ref. 19�.
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�7FJMX��
q=1

7

�Ly�q�7FJ�M�X��

= �7FJM��
q=1

6

�Ly�q�7FJ�M���XX� + �X�Ly�X���JJ��MM�.

�13�

By the same procedure that lead to Eq. �12�, i.e., by per-
forming a Clebsch-Gordan expansion, and using spin conser-
vation, the six-electron matrix element
�7FJM��q=1

6 �Ly�q�7FJ�M�� in Eq. �13� can be substituted by a
single-electron leading matrix element

�7FJM��
q=1

6

�Ly�q�7FJ�M�� = CJMCJ�M��4fm��Ly�4fm� ,

�14�

where m=−M +3 and m�=−M�+3.
Substituting Eqs. �12�–�14� in Eq. �11�, we obtain the fol-

lowing explicit form for the second-order polarization ampli-
tude, now in terms of one-electron matrix elements

Px0
�2��2�� =

Ne3ExBy

8m0��
�

JMX,J�M�

EJ�X�CJMCJ�M�	2

�
�X�x�4fm���4fm��Ly�4fm��4fm�x�X�
�EJ�X − �� + i���EJX − 2�� + i��

+
Ne3ExBy

8m0��
�

JMX,X�

EJX�CJM	2

�
�4fm�x�X��X�Ly�X���X��x�4fm�

�EJX� − �� + i���EJX − 2�� + i��
, �15�

where m=−M +3 and m�=−M�+3.
In the tight-binding approximation, the 5d�t2g�

conduction-band Bloch state X, of energy �X�k�, is given by

X�k,r� =
1

�N�
R

eiR·k	�r − R� , �16�

where 	�r� represents one of the 5d�t2g� europium orbitals
�dxy, dyz, or dzx�, R is the position vector of an Eu atom in the
lattice, and N is the number of lattice sites inside the Born-
Karmán volume. The energy corresponding to the excitation
from the ground state into the FJMX state, EJX, is given by
Eq. �7�. However, it can be anticipated that a rigorous ac-
count of the conduction-band energy width will ultimately
lead to broadening of the resonances that are characteristic of
Eq. �15�. In support of this approach is the fact that k is not
conserved in the matrix elements, given that the �4fm� states
are spatially localized at an Eu site, hence matrix elements of
X from all over the Brillouin zone will have an equal weight
in Eq. �15�. We therefore choose a heuristic approach in
which in a first step we ignore the conduction-band disper-
sion. In this first step, the second-order polarization is calcu-
lated with a substitution of X, X�, EJX, and EJ�X� by 	, 	�,
EJ, and EJ� in Eq. �16�, i.e., from

Px0
�2��2�� =

Ne3ExBy

8m0��
�

JM	,J�M�

EJ��C
JMCJ�M�	2

�
�	�x�4fm���4fm��Ly�4fm��4fm�x�	�

�EJ� − �� + i���EJ − 2�� + i��

+
Ne3ExBy

8m0��
�

JM	,	�

EJ�CJM	2

�
�4fm�x�	��	�Ly�	���	��x�4fm�
�EJ − �� + i���EJ − 2�� + i��

, �17�

where m=−M +3 and m�=−M�+3. The conduction-band en-
ergy width is taken into account in a second step, by convo-
luting the second harmonic generated intensity correspond-
ing to Eq. �17� with a density of states characteristic of a
5d�t2g� conduction band

ISHG�2��� 
 dE D�E − 2����Re
Px0
�2��E

�
���2

.

�18�

To calculate matrix elements �4fm�x�	�, �4fm��Ly�4fm�,
and �	�Ly�	��, that appear in the expression �17�, it is first
required that the wave functions for the atomic �4fm� state
and for the �	� state be expressed in the coordinates of the
reference frame that is used to describe the propagating light,
in which operators Ly and x are defined. This can be done
using Wigner rotation matrices Dm1m2

�j� �� ,� ,� �explicit
forms of these matrices are given in Ref. 23�. For instance,

�4fm1� = �
m2=−3

+3

Dm1m2

�3� ��S,�S,S��4fm2� , �19�

where �S, �S, and S are the Euler angles that transform the
reference frame used to describe the �4fm� state �in which z
direction the is angular momentum quantization axis for the
8S7/2 state� into the reference frame for light propagation �in

FIG. 2. �Color online� SHG scheme in EuX. The matrix
element—electric or magnetic dipole �ED or MD�—involved in the
process is indicated.
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which light travels along z�. Similarly, the 	 states must be
Euler rotated.

Any orbital �	� can be expressed as a linear combination
of �5dm1� orbitals, i.e., �	�=�B�	 ,m1��5dm1� �for instance,
if 	=dxy, then B�	 ,2�=−B�	 ,−2�= 1

�2
, all other

B�	 ,m�=0	. Therefore in the coordinate frame of the propa-
gating light �	� is given by

�	� = �
m1,m2=−2

+2

B�	,m1�Dm1m2

�2� ��c,�c,c��5dm2� , �20�

where �c, �c, and c are the Euler angles that transform the
reference frame of the crystal structure �in which the z direc-
tion is parallel to the crystal direction of Miller indices
�001	� into the frame for light propagation. �For example, if

�1̄10	 polarized light travels along �111	, and the Eu2+ spins

are oriented along �112̄	, then �c=� /4, �c=arctan�2, c
=� /2, �S=0, �S=� /2, and S=−� /2�.

If we now consider the application of an external constant
magnetic field on our EuX system, then the Zeeman interac-
tion will perturb the energy-level scheme shown in Fig. 1.
However, we shall disregard any effect the magnetic field
may have on the energy levels described in Sec. III, except
for a rigid redshift of all excited states in Fig. 1, caused by B
dependent the d-f exchange interaction.19 The Zeeman en-
ergy is orders of magnitude smaller than the energy-level
splitting of the 7FJM manifold, the characteristic energy
width of the 5d�t2g� tight-binding band, and the magnetic
field dependent d-f exchange interaction energy.9,10,18,24 For
example, in EuTe the shrinkage of the band gap, due to the
d-f exchange interaction energy is �15 meV /T,19 whereas
the electronic Zeeman interaction is only 30 �eV /T, which
we will therefore disregard.

Nonetheless, a magnetic field has a profound effect on the
matrix elements that determine the SHG intensities in EuX
because it reorients the spins at the Eu2+ lattice sites. At a
given field, at T=0 K the orientation of the Eu2+ spins is
found by minimizing a molecular-field Hamiltonian that in-
cludes the superexchange interaction that favors antiferro-
magnetic �in EuSe and EuTe� or ferromagnetic �in EuO and
EuS� arrangement, the Zeeman interaction which favors
alignment of the Eu2+ along the magnetic field direction, and
the anisotropy energy which favors the formation of oriented
domains at B=0.24 As the Eu2+ spins are reoriented by the
magnetic field, this has a direct and dramatic impact on the
matrix elements.18 As described above, the reference frames
in which the Eu2+ and 5d�t2g� angular momentum quantiza-
tion axes are defined, and the quantization frame in which
the photon travels, are connected through Euler rotations.
The required Euler rotations evidently depend on the spatial
orientation of the Eu2+ spins, and this explains why the ma-
trix elements are so sensitive on the direction and intensity of
a magnetic field applied externally.

V. RESULTS AND DISCUSSION

Using the SHG model described in the previous section,
the SHG at T=0 K spectrum was investigated theoretically
as a function of an applied magnetic field, B, in the Voigt

geometry �when B is perpendicular to the exciting light wave
vector�. Calculations were performed using the well-known
energy structure parameters of EuTe, obtained from earlier
optical-absorption measurements,10,18,19,24 and all parameters
were fixed accordingly, as follows. As a function of magnetic
field below the saturation value �B�BSAT=7.2 T�, the band
gap EG was taken to follow a quadratic decrease, and above
the saturation it becomes constant19

EG = EG0 − JdfS � �� B

BSAT
�2

if B � BSAT

1 if B � BSAT,
� �21�

where EG0=2.321 eV is the zero-field band gap. The d-f
exchange constant, JdfS, which determines the band-gap de-
pendence on B,19 was taken to be JdfS=130 meV; this is the
average maximum shift of the absorption lines that compose
the dichroic doublet seen in high magnetic fields.9,10 The 4f
spin-orbit interaction constant was fixed at �4f =9.6 meV.10

The density of states of a given 5d�t2g� conduction band was
taken to be a Gaussian of full width at half maximum of 100
meV, which approximately corresponds to the energy width
of a 5d�t2g� conduction band.10,18 The only unknown param-
eter entering the theoretical model is the damping parameter
� �see Eq. �11�	, which was taken to be �=10 meV, which
gives an approximate fit to the experimental SHG line
shape.13

As discussed in the previous section, the orientation of the
Eu2+ spins in the crystal play a decisive role on the SHG
spectrum, through the matrix elements involved in the pro-
cess. At T=0 K and in the absence of a magnetic field, the

Eu2+ spins lie in �111� planes and are aligned along the �112̄	
directions. Since there are four equivalent �111� planes, four
equivalent so-called T domains may be formed. Within each

T domain, there are three equivalent �112̄� directions, and
hence three isoenergetic so-called S domains are formed
within each T domain. However, our target was to compare
the theory with experiments performed on EuTe thick layer
samples �about 1 �m thickness� grown by molecular-beam
epitaxy �MBE�, and therefore only a single T domain parallel
to the �111� substrate was included in the calculations, be-
cause the other domains of equivalent energy present in iso-
tropic samples are suppressed in MBE samples due to re-
sidual strains.25 Within the existing T domain, all three S
domains are found experimentally to be present in samples
grown by MBE,26 thus three S domains were included in the
calculations.

The orientation of Eu2+ spins in every S domain, for a
given magnetic field, was calculated by solving the
molecular-field Hamiltonian which included superexchange,
Zeeman and anisotropic interactions, as described above and
in detail in Refs. 18 and 24. The amplitude of the second-
order-induced polarization generated by every Eu2+ spin ori-
entation was calculated using Eq. �17�. The total polarization
was obtained by averaging over all three S domains and both
spin sublattices. The SHG intensity was calculated using Eq.
�18�.

Figure 3 shows the calculated SHG spectra as a function
of magnetic field, at 0.5 T intervals, for a magnetic field
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vector B � �1̄10	, light wave vector k � �111	, excitation light
E��� � �112̄	, and SHG E�2�� polarization component along
the direction of polarization of the excitation light. Theory
predicts a drastic increase in the SHG intensity when the
applied magnetic field increases, and a saturation of the SHG
intensity at 7.2 T when the magnetic field imposes full fer-
romagnetic alignment of the lattice spins. Above the satura-
tion field, the SHG intensity does no longer change; the
maximum SHG intensity is expected at a photon energy 2.38
eV, which is about 200 meV greater than the EuTe band gap,
since EG�B�7.2 T�=2.19 eV, as given by Eq. �21�. The
calculated integrated intensity dependence on B is plotted in
Fig. 4. In Ref. 13 the SHG intensity, ISHG, dependence on the
magnitude of the applied field was examined in the frame-
work of an empirical phenomenological model, in which no
specific electronic energy structure is examined, which leads
to an SHG intensity proportional to the magnetization
squared, ISHG�M2. Since below saturation in EuTe M 
B,27

the phenomenological model gives ISHG�B2. This contrasts
to a more complex theoretical dependence predicted by the
microscopical model developed in this work, in which a spe-
cific electronic energy structure �Fig. 1� was taken into ac-
count. The microscopical model predicts ISHG remaining
nearly zero for up to B�4 T, and a very steep ISHG rise
above that. Both models fairly describe observations within
experimental error, although the phenomenological model is
in slightly better quantitative agreement with the data,
whereas the microscopic model overestimates the steepness
of the ISHG rise seen in the experimental data.

The estimated position of the SHG maximum above the
saturation field, as well as the line shape of the SHG spec-
trum, can be explained by the electronic structure �Fig. 1�

underlying the theoretical spectra. It so turns out that the
SHG signal is most intense when twice the energy of the
excitation light is resonant with the states of J=6 �see Fig.
1�, which are the highest energy levels in the model. On the
low-energy side, levels with lower J values also contribute to
the SHG intensity, although not as strongly as the J=6 lev-
els, which explains the line shape obtained.

As a final result, the calculated rotational anisotropy of
the SHG intensity for any magnetic field greater than the
saturation value of 7.2 T is shown in Fig. 5. This picture
shows that the maximum intensity of the SHG signal is gen-
erated at 90° to the direction of the magnetic field. This
result indicates that in the Voigt geometry presently investi-
gated the largest magnetic dipole oscillating vector that ex-
citing light may induce between excited states FJMX and
FJ�M�X� is oriented along the direction of the external mag-
netic field.

The theoretical results shown in Figs. 3–5 are in very
good agreement with recent experimental results for EuTe.13

The calculated position of the SHG maximum signal is at

FIG. 3. �Color online� Modeling of magnetic field induced SHG

in EuTe at T=0 K. Calculations were done for E�2�� �E��� � �112̄	,
B � �1̄10	, and k � �111	.
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FIG. 4. �Color online� Normalized SHG integrated intensity as a
function of the magnetic field �full line�. The dashed line shows the
band-gap dependence on field in EuTe, as given by Eq. �21�.

FIG. 5. �Color online� Polar plot of the calculated SHG aniso-
tropic intensities in EuTe. The angle shown is measured between

the �112̄	 crystalline direction and the polarization vector of the
incoming light, which traveled along the �111	 direction. The mag-

netic field was directed along �1̄10	 . The calculations shown were
done for the SHG intensity polarized parallel to the incident light.
The distance from the origin represents the intensity of the signal
for a given angle.
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2.38 eV, whereas experimentally it is seen at 2.40 eV.13 The
width at half maximum of the theoretical line is �160 meV,
which compares to the experimental result of �100 meV.13

The theoretical line shape, described by a slow onset of SHG
at the low-energy side, and a well-defined cutoff at the high-
energy side of the maximum SHG, is also in good agreement
with the experimental one.13 Finally the directional depen-
dence of the SHG found by the model is in almost perfect
agreement with measurements.13

It should be noticed, however, that although the coinci-
dence between SHG theory and experiment in EuTe is strik-
ing, the agreement is not complete. The theoretical spectrum
shows a number of sharp lines at the low-energy side of the
SHG maximum that are not observed experimentally. This
discrepancy can be attributed to the simplicity of the theory
used here. For example, we have neglected the spin-orbit
interaction within the 5d�t2g� levels,21 which should contrib-
ute to washing out the finest theoretical features seen in Fig.
3�a�. We have also disregarded a background density of
states, which is observed, for instance, in absorption mea-
surements, which display an increasing optical density to-
ward increasing energies.9 Nevertheless, because of the good
agreement between the model and the experiment, which
shows no SHG at the high-energy side of the maximum, it
follows that the background density of states effectively ir-
relevant in the SHG process in EuTe, at least in the photon
energy range investigated in this work.

Another aspect that deserves to be commented upon is the
evident correlation between the SHG intensity and the mag-
netization in EuTe. The magnetization of EuTe increases lin-
early with applied magnetic field,27 whereas the SHG inten-
sity increase is superlinear,13 which is well reproduced by the
model presented in this work �see Fig. 4�. The correlation
between magnetization and SHG intensity is explained in the
framework of the present model as follows. As discussed
above, as far as SHG is concerned, it is sufficient to assume
that the sole effect of an external magnetic field on the
sample is to reorient the Eu2+ spins, and ultimately align
them with the external magnetic field, which is when both
SHG and magnetization are largest. The model predicts a
SHG intensity that increases superlinearly with B, which
agrees with experiment13 and which contrasts to the linear
increase in the magnetization.

VI. CONCLUSION

In conclusion, we have developed a theoretical model to
describe the magnetic field induced SHG process in EuX,

which is a centrosymmetric system that under usual circum-
stances does not generate second harmonic light. Calcula-
tions were presented for EuTe. In the Voigt geometry, theory
predicts a steep superlinear dependence of SHG intensity on
magnetic field. The SHG process is explained by a magnetic
dipole coupling of the excited states. For antiferromagnetic
alignment, when the two sublattice spins point in opposite
directions, the two sublattices contribute with roughly oppo-
site phases to the second-order polarization, and SHG is very
weak. However, if the lattice spins can be made to become
aligned with each other, and this can be achieved by applying
an external magnetic field, then the magnetic dipole coupling
contributions from the two sublattices become in phase with
one another, which causes a drastic increase in the SHG in-
tensity. From the symmetry point of view, it is reasoned that
when an external magnetic field causes full alignment of the
Eu2+ spins with itself, although the crystallographic point
group of the structure remains m3m,14 the symmetry of the
electronic charge distribution that gives rise to the SHG pro-
cess is lowered, and magnetic dipole induced SHG becomes
allowed.

These results are in agreement with SHG experiments in
EuTe.13 Theoretical calculations describe faithfully the ex-
perimental data in respect to the position of the SHG maxi-
mum, the SHG spectrum line shape, the intensity depen-
dence on external magnetic field, and in respect to the
rotational anisotropy of the SHG signal.

The model was based on a simple energy-level scheme
that is common to all europium chalcogenides. The same
electronic structure has very successfully described such a
fundamental property as the absorption band edge in EuTe
and EuSe, including a huge magnetic circular dichroism in
an energy interval of about 400 meV near the band gap.9,10,24

Obviously, due to the similarity of their band-edge
optical-absorption9 and SHG spectra,13 the same theoretical
modeling used here for SHG in EuTe is applicable also to
EuSe, and could be extended to the complete family of eu-
ropium chalcogenides, given the similarity in their band-
edge optical properties,8 which are associated to the same
near-gap electronic structure as the one used in this work,
despite the fact each member of the EuX family have quite
different magnetic properties.
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