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Second-harmonic generation (SHG) in magnetically ordered crystals is reviewed. The symmetry of such crys-
tals is determined by the arrangement of both the charges and the spins, so their contributions to the crystal-
lographic and the magnetic structures, respectively, must be distinguished. Magnetic SHG is introduced as a
probe for magnetic structures and sublattice interactions. The specific degrees of optical experiments—
including spectral, spatial, and temporal resolution—lead to the observation of novel physical effects that can-
not be revealed by other techniques of probing magnetism. These include local or hidden phase transitions,
interacting magnetized and polarized sublattices and domain walls, and magnetic interfaces. SHG in various
centrosymmetric and noncentrosymmetric crystal classes of antiferromagnetic oxides such as CryO3, hexago-
nal RMnO; (R = Sc, Y, In, Ho-Lu), magnetic garnet films, CuB,0,, CoO, and NiO, is discussed.

© 2005 Optical Society of America
OCIS codes: 190.4720, 160.3820, 190.4180.

1. INTRODUCTION

The invention of lasers has radically affected the field of
science and technology. Their development led to the in-
vention and rapid promotion of nonlinear optics.!® With
manifold applications, nonlinear optical phenomena play
a vital role in modern optics. Compared with linear op-
tics, nonlinear optical processes reveal novel information
about the electronic structure of solids because, based on
the involvement of more than a single light field, addi-
tional experimental degrees of freedom are accessible. In
the vast field of nonlinear optics second-harmonic genera-
tion (SHG), as the lowest-order nonlinear process, plays a
particular role. Since in the leading electric-dipole (ED)
order SHG is allowed only in noncentrosymmetric mate-
rials, great experimental efforts have been invested in the
search for new noncentrosymmetric materials with large
optical nonlinearities. On the other hand, SHG is sensi-
tive to surface and interface states of centrosymmetric
media owing to the breaking of inversion symmetry at the
boundary.

Similar to breaking of space-inversion symmetry, the
breaking of time-inversion symmetry by long-range mag-
netic ordering or an applied magnetic field leads to new
contributions to SHG. These contributions can be used
to probe the magnetic structure. In the 1960s nonlinear
optical phenomena related to magnetic fields were ana-
lyzed in theoretical studies by Pershan'® and Adler.!! Tt
was shown that breaking of space inversion by magnetic
order may result in ED contributions to SHG, and corre-
sponding point symmetry groups were given.'> In par-
ticular, antiferromagnetic SHG contributions were pre-
dicted for Cr,O;. Sadly, this work never received
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appropriate attention. Subsequent theoretical work was
devoted to the phenomenological approach to higher-
order magneto-optical tensors describing, e.g., harmonic
and sum- and difference-frequency generation.!3'4 ED-
type magnetic SHG was phenomenologically analyzed for
various magnetic systems.’® 17 The influence of an ex-
ternal or intrinsic magnetic field on the nonlinear optical
polarization'®22 as well as novel nonlinear magneto-
optical Kerr effects related to SHG?3-26 were studied theo-
retically.

The first attempt at experimental investigation of SHG
induced by magnetic ordering was probably carried out
with the ferroelectric antiferromagnet BiFeO;.%728
However, evidence for an antiferromagnetic contribution
to SHG remained ambiguous.?’ Search for magnetic
SHG in garnet films was reported in Ref. 30. A break-
through occurred when magnetic SHG, the sign of which
changed with the direction of magnetization, was unam-
biguously shown for ferromagnetic iron surfaces.?32
Subsequently, SHG in magnetically ordered substances
became a subject of intensive research. Magnetic SHG,
sometimes not quite adequately termed the nonlinear
magneto-optical Kerr effect, was successfully employed
for studying magnetic surfaces, multilayers, interfaces,
and nanoparticles.>**-37 It was further shown that spa-
tial resolution makes magnetic SHG a useful tool for
microscopy.?”*? Finally, magnetic SHG was applied as
probe for the ultrafast temporal evolution of magnetically
ordered systems after excitation with an intense ul-
trashort laser pulse.*> Demagnetization phenomena on
time scales far below that of spin-lattice relaxation were
observed. However, great care has to be taken in a

© 2005 Optical Society of America
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proper distinction between the dynamics of the magnetic
order parameter and the magneto-optical detection
process. 1442

This review is devoted to SHG in several classes of
magnetically ordered dielectrics.  Antiferromagnetic
chromium oxide CryO3 became the first crystal in which
ED SHG due to noncentrosymmetric antiferromagnetic
ordering was observed.® In contrast to metallic mag-
netic films, where SHG is usually studied at selected pho-
ton frequencies, the main emphasis of this review is
placed on spectroscopy. We show that magnetic SHG
provides access to electronic energy levels within the d-d
absorption bands or above the fundamental bandgap. It
can be used to discriminate among magnetic space groups
of magnetically ordered crystals, which are indistinguish-
able to diffraction methods. Magnetic SHG is especially
powerful in the case of antiferromagnets, where linear
magneto-optical methods such as the Faraday effect in
transmission and the Kerr effect in reflection*”*8 fail be-
cause of the absence of a macroscopic magnetization.
SHG reveals unusual hidden magnetic-field-induced
phase transitions in hexagonal manganites and provides
an unique opportunity to visualize antiferromagnetic
spin-reversal (180°) domains. The general nature of our
technique, which is based only on application of symme-
try arguments, allows us to observe the interaction be-
tween ferroelectric and antiferromagnetic domain walls.
Further, SHG provides access to the mechanisms and dy-
namics of nonlinear interaction of light with solids, thus
opening new degrees of freedom for studies of magneti-
cally ordered materials.

Section 2 of this review is devoted to the phenomenol-
ogy of SHG and derivation of nonlinear polarizations and
selection rules. In Section 3 the experimental setup for
SHG transmission measurements on magnetic com-
pounds will be introduced. Sections 4-7 are devoted to
SHG in different symmetry classes of magnetically or-
dered materials and is followed by conclusions in
Section 8.

2. PHENOMENOLOGY OF SECOND-
HARMONIC GENERATION

Electromagnetic waves traveling through a medium in-
duce an electric polarization P, magnetization M, or
quadrupole polarization Q at any frequency which is a
linear combination of the frequencies of the incident
waves. The induced multipole moments can be ex-
pressed as expansion with respect to the electric and mag-
netic fields E(w) and H(w) of the incident light waves:

P o y“:E + y*":H + y*“:EE + x*":EH
+ x"™:HH + O[(E, H)*], (1)
M o« y":E + x"™:H + x"*°:EE + y™*™:EH
+ x™™:HH + O[(E, H)?], (2)
Q = xE + y?:H + x?:EE + y?™:EH
+ x?"™:HH + O[(E, H)*]. (3)

The induced multipole moments compose the source term
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of a light wave. The ED term («P) is the leading contri-
bution to S. It exceeds the magnetic-dipole (MD) term
(M) and the electric-quadrupole (EQ) term (OCQ) by a
factor N/a, where \ and a are the wavelength of the light
and the lattice constant of the crystal, respectively. Lin-
ear contributions in relations (1-3) denote dielectric shift,
magnetic permeability, and the linear magnetoelectric
effect.*® 1In the case of the second-order nonlinearity, the
ED mechanism is only allowed in noncentrosymmetric
media.® The corresponding susceptibility x°¢¢ leads to
sum- and difference-frequency generation, SHG, and op-
tical rectification (dc effect).

For magnetically ordered materials the relation be-
tween the electric field E(w) of the fundamental light and
the induced nonlinear polarization P(2w) in the ED ap-
proximation is shown in Fig. 1 and is given by

P(20) = e(x" + x'):E(0)E(0), 5)

where the time-invariant (i-type®) tensor y* and the
time-noninvariant (c-type®®) tensor x'®’ are responsible
for crystallographic and linear spin-dependent contribu-
tions to the nonlinear polarization, respectively. The
c-type contributions are allowed only below the magnetic
ordering temperature where the time-reversal symmetry
is broken. The tensor components of '’ and !¢ are
uniquely defined by the crystallographic and magnetic
structure of the crystal. In the presence of absorption
both tensors are complex, thus allowing interference of
the form

I(20) « (XD + [x'9* = 2[x7||x'“|cos | ) E*(w),
(6)

with ¢ as phase between i- and c-type susceptibilities.
When the spin direction is reversed, ¢ changes by 180°,
and the sign of the interference term 2|x'||x'*|cos ¢ is
reversed so that the *= in Eq. (6) distinguishes opposite
180° domains. As is discussed in Ref. 51, the time non-
invariance of x(°) refers to noninvariance under spin re-
versal rather than time reversal. Application of time re-
versal to the SHG process denotes optical parametric
oscillation rather than harmonic generation, and the in-
volvement of dissipation does not allow application of

excited

o
state O
E(®) , £
sY20) S9|Qw) §
E(CO) ground %‘
state @2

Incident Crystallog. SHG Magnetic SHG

laser (constant) (domain dependent)

beam | itype o< x c type oc y©

Fig. 1. Electric-dipole-type SHG in magnetically ordered crys-
tals. A time invariant (i-type) source term, which is sensitive to
the spinless crystallographic lattice, and a time noninvariant (c-
type) source term, which is sensitive to the spin lattice, i.e. the
magnetic structure, interfere, thus constituting the total SHG
signal.
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time reversal in the first place. Note that the interfer-
ence of crystallographic and magnetic contributions to
SHG conserves both amplitude and phase of the involved
light fields, which will allow us to detect subtle nuances of
magnetic structure such as the distribution of 180° do-
mains.

The relation of SHG to ferroelectric or magnetic long-
range order is expressed by the expansion

X = x(0) + a:Pg + O[PZ], )

(c)

X B:Fy + v:PsFy + O[(Pg, FM)2]-(

8)

Py is a polar vector describing pyroelectric polarization,
and F), is an axial vector in the case of ferromagnetic or
ferrimagnetic crystals or a tensors of rank 1-3 in the case
of antiferromagnetic crystals.??

The leading-order contribution to SHG, the ED transi-
tion, is allowed only in noncentrosymmetric media. A
simple way to induce SHG in centrosymmetric media is
an electric field, which because of its polar nature breaks
inversion symmetry.®?®> Such an electric-field-induced sec-
ond harmonic (EFISH) was used to study, e.g. the space-
charge region of semiconductor heterostuctures or build
quasi-phasematching devices.’* 1In contrast, the axial
nature of a magnetic field breaks time-inversion symme-
try and should lead to new magnetic-field-induced second-
harmonic (MFISH) contributions, allowing one to probe
the spin (in contrast to the charge) of the electron. Simi-
lar to Egs. (7) and (8), the coupling of SHG to static exter-
nal electric fields E(0) or magnetic fields H(0) is written
as

(@)

7:E(0) + v:H(0)Fy + O[(E(0), H(0))*], (9)

(c)

o:H(0) + s:E(0)H(0) + =H(0)Pg
+ v:E(0)Fy, + O[(E(0), H(0))?]. (10)

The terms 7E(0) and o:H(0) describe pure EFISH and
MFISH contributions, respectively. The term 7E(0) was
first observed in Ref. 55. The term o:H(0) is discussed in
this review for the case of CuB,0,. The cross terms
v:H(0)Fy,, s:E(0)H(0), :H(0)Pg, and v:E(0)F;; in Egs.
(9) and (10) have not been observed yet.

Three types of MFISH can be distinguished®®: (A) dis-
ordered materials or sublattices, where the applied mag-
netic field reduces symmetry in a perturbative way, thus
inducing new contributions to SHG. The only known ex-
ample is a weak surface induced MFISH signal at a fixed
frequency for Si.57%® (B) Magnetically ordered materials,
where the magnetic field induces phase transitions, which
lead to new SHG components. Antiferromagnetic SHG
in the spin-flop phase of CryO3 (see Subsection 4.A.7.) and
hexagonal manganites may serve as examples. (C) Mag-
netically ordered materials, where the magnetic field in-
creases an existing SHG signal by creating a single-
domain state with maximum magnetization. New SHG
contributions are not induced. Processes of this type are
reviewed in Refs. 37 and 59 with emphasis on ferromag-
netic systems, whereas antiferromagnetic systems are
emphasized in the present review.
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A. Noncentrosymmetric Crystallographic Structure, No
Magnetic Order

The most important crystals for nonlinear optical applica-
tions are piezoelectrics. They possess noncentrosymmet-
ric crystallographic structure. Well-known examples are
crystalline quartz SiO, (with point group 32),
B-BaBy,0,(3m), BaTiO3(4mm), LiNbO3(3m) and
KH,PO, (42m), which are all used for optical harmonic
and parametric generation. For pyroelectric crystallo-
graphic structures the nonlinear susceptibility is an odd
function of the spontaneous polarization: x') « Pg.

B. Centrosymmetric Crystallographic Structure,
Noncentrosymmetric Magnetic Order

Inversion symmetry can be broken by noncentrosymmet-
ric antiferromagnetic order even in the case of centrosym-
metric crystallographic structure. The best example is
Cry0;.% Below the Néel temperature Ty = 307.6K,
Cr,05 is noncentrosymmetric (magnetic point group §_m ),
and c-type ED SHG is allowed. The nonlinear polariza-
tion is proportional to the antiferromagnetic order param-
eter ' « F);. SHG in CryO5 has been described phe-
nomenologically in Refs. 12 and 16 and observed
experimentally in Ref. 46. Above and below T’y magnetic
ED SHG is supplemented by crystallographic MD SHG,
which is described by M(2w) « xy"*“:E(w)E(w). The in-
terference of magnetic and crystallographic SHG in Cry04
will be discussed in Subsection 4.A.

C. Noncentrosymmetric Crystallographic Structure,
Centrosymmetric Magnetic Order
The term pB:Fy; in Eq. (8) is responsible for
magnetization-induced SHG in PtMnSb,?? magnetic gar-
net films,%' and GaFeO;.%2 Although the bulk garnet
structure is centrosymmetric (point group m3m), inver-
sion symmetry is broken in thin epitaxial garnet films.
This has been proved by observations of the linear mag-
netoelectric effect®® % and SHG in magnetic garnet
films, 30-61,66-68

The terms a:Pg and y:PgF;, have been studied in hex-
agonal  RMnOj; (R = Sc, Y, In, Ho, Er, Tm, Yb, Lu).5%-"2
At room temperature the compounds possess the ferro-
electric point group 6mm, which allows ED SHG. At
Ty = 70-123 K, triangular antiferromagnetic ordering of
the Mn®" spins occurs, which leads to eight different mag-
netic symmetries as subgroups of 6mm, three of which
are centrosymmetric. For such structures there are two
possible contributions to SHG. One contribution origi-
nates in the ferroelectric order, the nonlinear susceptibil-
ity being an odd function of the spontaneous polarization:
x? « Pg. The second contribution appears only in the
magnetically ordered phase and is a bilinear function of
the spontaneous polarization and antiferromagnetic order
parameter: x'© o« PgF,, .52 This topic will be discussed
in Subsection 5.A.

D. Noncentrosymmetric Crystallographic Structure,
Noncentrosymmetric Magnetic Order

In hexagonal manganites with R = Ho-Yb, antiferro-
magnetic Mn3" ordering is supplemented by ferromag-
netic, ferrimagnetic, or antiferromagnetic rare-earth or-
dering at ~5 K. Magnetic and magnetoelectric



Fiebig et al.

sublattice interactions that may be supported by applied
magnetic or electric fields lead to transitions into the
magnetic phases 6mm, 6mm, 6, 3, and 3. In these
groups both the charge and the spin lattices are noncen-
trosymmetric, so that i-type and c-type ED SHG with lin-
ear coupling to, respectively, the ferroelectric or the mag-
netic order parameter is allowed aside from the
aforementioned bilinear contribution. However, an ED
contribution x®’ o« F,, has not been observed yet.

Another compound with noncentrosymmetric crystallo-
graphic structure and noncentrosymmetric magnetic or-
der is CuB,0O4, in which both magnetic and crystallo-
graphic ED SHG have been observed. The
noncentrosymmetric structure is inherent to the crystal
lattice and therefore parameterized by x’(0), while the
antiferromagnetic order leads to a contribution x'¢
o« Fy, as is discussed in Subsection 6.A.

E. Centrosymmetric Crystallographic Structure,
Centrosymmetric Magnetic Order

SHG in centrosymmetric structures is forbidden in the
ED approximation but allowed as MD or EQ process.
Several theoretical®!31479-83 and experimental®*-%® stud-
ies take into account nonlocal nonlinear contributions to
SHG. In spite of their higher-order nature, MD and EQ
processes can be large enough to be detected in the region
of electronic transitions. It was shown that mag-
netic ED SHG [« x°°°‘“)] and crystallographic MD SHG
[ x™®] can be of the same order of magnitude. 3923
MD SHG in the centrosymmetric antiferromagnets CoO,
NiO, and KNiF3 was found to be very efficient because of
multiple resonance enhancement of the different single-
photon transitions making up the SHG process.?*®7 The
nonlinear polarization in these compounds is given by
P(2w) = x**™:E(w)H(w). Although the corresponding
SHG signal is observed only below Ty and is thus due to
magnetic ordering, the SHG susceptibility is nonetheless
time invariant because of quadratic coupling to the anti-
ferromagnetic order parameter: x'¥ « (Fy,)%. This will
be the topic of Subsection 7.A.

3. EXPERIMENTAL DETAILS

For SHG experiments (see Fig. 2) a transmission setup
with a two-stage B-BaB,0, (BBO)-operated optical para-
metric oscillator (OPO) pumped by the third harmonic of
a Nd:YAG laser was used as light source.”! In the first
stage emission from a BBO-operated seeder oscillator was
spectrally narrowed by passing it through a monochro-
mator. The light from the first stage was synchronized
spatially, temporally, and spectrally with the BBO OPO in
stage two in order to achieve seeded narrowband emission
with a width of AE = 0.02 meV from the power oscillator
at the wavelength of the seeder oscillator. Samples were
illuminated by 2-5-mdJ, 3-8-ns light pulses with a photon
energy of 0.6-1.6 eV and at a repetition rate of 10-40 Hz.
A Glan-Taylor prism, wave plates, and optical long-pass
filters were used to set the polarization of the incoming
light and to block higher harmonics generated in the op-
tical components. Short-pass and polarizing filters were
used to separate the fundamental and the SHG light be-
hind the sample and analyze the polarization of the SHG
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Fig. 2. Transmission setup for SHG spectroscopy and polarim-
etry. The laser source is a two-stage optical parametric oscilla-
tor pumped by the third harmonic of a pulsed Nd:YAG laser.
THG, third harmonic generation at 3.495 eV (3 ns pulses at
10-40 Hz); S- or P-OPO, seeder or power OPO; WP, wave plate;
LPF, SPF, long-, short-pass filter; PD, photodiode; CCD, camera;
PC, computer.

signal. A telephoto lens was used to project the signal
light onto a cooled CCD camera, where it was integrated
in spectroscopic or spatially resolved in topographic ex-
periments. In the case of 180° domains SHG from oppo-
site domains differs only by a 180° phase shift of the non-
linear polarization, and both the amplitude and the phase
of the signal wave have to be detected. This was
achieved by an interferometric setup with achromatic
beam imaging, which is described in Refs. 98 and 99.

4. SHG IN CENTROSYMMETRIC
CRYSTALLOGRAPHIC STRUCTURES WITH
NONCENTROSYMMETRIC

MAGNETIC ORDER

A. Magnetoelectric Antiferromagnet Cr,0;

1. Crystallographic and Magnetic Structure of Cr,04
Cry04 crystallizes in the centrosymmetric point group 3m
with two formula units per unit cell'® (see Fig. 3). The
four chromium ions are at 4c sites of symmetry 3. Below
Ty = 307.6 K, the magnetic point group is é_m . In zero
magnetic field the four Cr®* spins are aligned along the
rhombohedral optical axis in an alternating sequence of
up and down spins.!’  Although space- and time-
reversal symmetry are broken by this antiferromagnetic
arrangement, the combined space—time reversal remains
a symmetry element. Figure 3(b) shows the two 180° do-
mains.

2. Electronic Structure and Linear Optical Properties

The electronic energy level diagram is shown in Fig. 4(a).
The ground state is “A5(¢3), in which each of the three d
electrons occupies three different ¢, orbitals with parallel
spins. The energy-level structure of Cr®* is derived from
Al,05:Cr3" (ruby) as a dilute paramagnetic isomorph of
Cry05.10%19  QOptical absorption in CryO5 is character-
ized by two intense broad bands, which are caused by
spin-allowed YA, (13) — Ty(t2e) and YA, (t3)
— 4T(t2e) transitions. Their oscillator strength is of
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the order of 102, which is approximately 2 orders of mag-
nitude higher than in the case of ruby. Breaking inver-
sion symmetry makes the electric dipole transitions be-
tween the 3d levels allowed. Therefore the octahedral
cubic terms are actually a set of levels located in the en-
ergy range AE < v = 0.1eV, where v is the characteris-
tic energy of the trigonal field. The broad bands are
supplemented by several sharp lines associated with spin-
forbidden “*A,(t3) — 2E(t3), *A,(t3) — 2Ty(t3), and
4A,(t3) — 2Ty(¢3) transitions. The lines represent
Frenkel excitons, Davydov splitting, and exciton-magnon
transitions.'%71%7  Although being less intense than the
spin-allowed transitions, they are characterized by rela-
tively strong absorption coefficients « ~ 10%cm™'.197
Charge transfer as measured by two-photon absorption
begins above 3.44 eV.1%8

3. Phenomenology of SHG
With 3m as magnetic symmetry, axial i tensors and polar
¢ tensors of odd rank are allowed in Cry05.%° This leads

Fig. 3.
distorted octahedral with site symmetry 3.

(a) Crystallographic and (b) magnetic structure of Cry,Oj.
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to two independent components each for MD SHG and ED
SHG which are given by ™ = X’"”m = —ymeeld)

Yyy yxx
_ mee(i) mee(i) mee(i) _ _mee(i) _ mee(L)
C Mmoo X e B
_ mee(i e(c) — eeelc) _ eee(c) _ eee c
- Xyzx and X - Xy - nyx T Xxyx
eee(c) eee(c) _ eee(c) _ eee(c) _ eee(c)
xxy Xxyz = Xxzy Xyxz “Xyzx s

respectively.’® For light propagating along the optical z
axis the induced source term in a circular basis is given
by46

S W2 [ LX)+ ix*OIE2
S2w)=|S-| = 4\/572 [x™) + iy*©E2
SZ c 0
(11)

For circularly polarized fundamental light at intensity
I(w) = |E.|? the SHG intensity I(2w) = |S|? as function
of circular polarization (0 = *=1) and direction of the an-
tiferromagnetic vector (I = +1)'% is given by

I1(20) « I()?[[x™7]2 + [}*“]2 = lo - A], (12)

(b)

(a) Cr®* ions (black) are surrounded by six O?~ ligands (white) in a
(b) Two antiferromagnetic 180° domains with a + — + — or — + — + sequence of spins along

the trigonal axis are formed, thus defining the antiferromagnetic vector 1.
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Fig. 4. Energy levels, linear absorption, and SHG spectra of CryOg.
(b) Linear absorption spectrum of CryO3 at 77 K; lines 1-5 from Ref. 106, line 6 from Ref. 105. (c)

octahedral ligand field of CryO5.

SHG spectrum at 10 K for light incident along the trigonal z axis.

SHG energy (eV)
(a) Energy levels of Cr®*(3d?) electrons in the trigonally distorted

(d), (e) SHG spectra of CryO3 on different locations on the sample.

Filled and open squares refer to, respectively, right and left circularly polarized light which is incident along z.
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Fig. 5. Temperature dependence of SHG for light incident along
z. (a) Interference between c-type ED SHG and i-type MD SHG
with circularly polarized light for SHG at 2.1 eV. (b) Corre-
sponding contributions from c-type ED SHG and i-type MD SHG.
The curves are fits of x¢¢ « I(T) and x™* « b + ¢I(T)? to the
temperature dependence (see text).

where A = sgn@[)" @' " — @\ #©"] The sign of the
interference contribution /o - A can be changed either by
reversing the circular polarization o or the antiferromag-
netic vector 1.

4. Spectroscopy

Figure 4(c) shows the SHG spectra at 8 K in the region of
the “A, — 2E, 2T, transitions. Whereas in the linear
absorption spectral®®104106.107 the intensities of lines 1-5
are of the same order of magnitude, line 1 at 1.704 eV re-
veals a SHG intensity that is 2-3 orders of magnitude
higher than for the other lines. The 1.704-eV line is o po-
larized and has a spectral width of only 40 ueV. Weaker
SHG lines correspond to o-polarized lines 4 and 5. No
SHG was detected for 7-polarized lines 2 and 3. Lines 1,
4, and 5 obey the selection rules of an ED transition.
There was no dependence of SHG intensity on the circular
polarization of the incoming light, which means that only
the | x*‘“’|? contribution to SHG is effective in this part of
the spectrum.

Figures 4(d) and 4(e) show the polarization-dependent
SHG spectra at 7' = 10K in the range 1.8-2.9 eV. Ac-
cording to Fig. 4(a) this range includes the spin-allowed
‘A, — 4T, and %A, — *T; transitions as well as the
spin-forbidden %A, — 2T, transition. As expected from
Eq. (11), the SHG light is circularly polarized but with op-
posite helicity with respect to the incoming light. In con-
trast to the SHG spectra of the *A, — 2E, 2T transi-
tions, a pronounced polarization dependence is observed.
Figure 5(a) shows that the total SHG intensity decreases
with temperature until a stable nonzero value is reached
at T,y = 307.6 = 0.1 K and also shows the disappearance
of the circular polarization dependence. Above T, SHG
in the region of the “A, — *T, transitions obeys the se-
lection rules of MD SHG.

The rather spectacular behavior is fully explained by
relation (12). Above Ty only |x™"|? contributes to the
SHG signal. Because A = 0, no polarization dependence
is expected. Below Ty x*‘® also contributes to SHG.
The pronounced polarization dependence points to an in-
terference between magnetic ED and crystallographic MD
SHG contributions of approximately equal amplitude. To
model the temperature dependence of the interference
contribution, we assume that the ED contribution de-
pends linearly on the order parameter, x¢ o« [(T),
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whereas the MD contribution consists of a constant term
and a term with quadratic coupling to the order param-
eter: ™9 o« b + ¢l(T)2. The quadratic term is due to
secondary effects such as magnetostriction. From the
temperature variations of the order parameter in
Cry05,1° the temperature dependence of the electric and
magnetic dipole contributions was calculated as shown in
Fig. 5(b).

5. Discussion and Microscopical Models

Microscopic models for x*©) and y™*) that explain the in-
terference and approximately equal amplitude of mag-
netic ED and crystallographic MD contributions to SHG
were developed by two groups.?® In both theories cal-
culations are based on the orbital d wave functions of free
Cr®" ion, which are perturbed and mixed by the trigonal
distortion of the octahedral ligand field exerted on the
Cr’" ion by the next O?~ neighbors, which can be de-
scribed by the twisting term y(3x2 — y2).93  Spin-orbit
interaction mediates the coupling between the Cr®* spins
and the light waves at w and 2w. One of the theories??%
goes further and takes excitonic exchange between neigh-
boring Cr®* ions into account.

6. Antiferromagnetic Domain Structure

Since the sign of the antiferromagnetic order parameter
corresponds to the sign of the interference term in rela-
tion (12), opposite 180° domains are recognized by their
different brightness. Figure 6 shows a CryO5 sample at
295 K imaged with SHG light at 2.16 eV. Two regions
with different brightness corresponding to the opposite
domains are visible. Domains have a lateral size of ~100
pum. A discontinuous change of brightness occurs at the
domain boundaries, which do not follow any of the princi-
pal crystallographic directions. As expected the domain
structure vanishes at 7y. Reversing the sample showed
that on the opposite surface the same distribution of do-
mains is observed, which confirms that domains extend
along the z axis all through the sample.

7. Magnetic Field Dependence

In a magnetic field Bgp = 5.8 T, spins in CryO3 flop from
the trigonal z axis into the xy plane, in which they may be
oriented along the x, the y, or some in-between p direction,
each case corresponding to a different magnetic symme-
try. Since there are three sets of x and y axes for the

Fig. 6. Antiferromagnetic 180° domains in Cry,O3 exposed to cir-
cularly polarized light for SHG at 2.1 eV. Exposure time was 35
min but was reduced to 1-5 min in subsequent experiments.
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Fig. 7. (a) SHG spectrum of Cry05 in the spin-flop phase taken
with circularly polarized light incident along the z axis. (b) Dis-
tribution of the six orientational domains, {1, that exist in the
spin-flop phase.

trigonal crystal, six possible orientational domains can be
realized. The analysis of selection rules shows that with
magnetic SHG (MSHG) all 18 resulting magnetic struc-
tures can be distinguished.!™ Figure 7(a) shows the
SHG spectrum of CryO3 at B > Bgp. The circular polar-
ization dependence that is characteristic for CryO4 in zero
field is absent which, according to the MSHG selection
rules, can be expected only if the Cr®* spins are aligned
along the y axes of the crystal, corresponding to the point
symmetry 2/m.""! Images of the sample in the spin-flop
state and further polarization analysis reveal all six ori-
entational domains for the Slly case as shown schemati-
cally in Fig. 7(b). In preceding publications, that were
based on the determination of magnetic symmetry from
the components of the magnetoelectric tensor,"'2-115 do-
mains were always neglected, which led to contradictory
results. Spatial resolution thus proves to be indispens-
able for a correct symmetry analysis.

5. SHG IN NONCENTROSYMMETRIC
CRYSTALLOGRAPHIC STRUCTURES WITH
CENTROSYMMETRIC MAGNETIC

ORDER

A. Ferroelectric Antiferromagnets

RMnO; (R = Sc, Y, In, Ho, Er, Tm, Yb, Lu)
Transition metal oxides, and among them the rare-earth
manganites RMnOgs, form a very broad class of materials
exhibiting a wide range of exotic structural, magnetic,
electronic, and optical properties. Attention has been fo-
cused on the doped orthorhombic perovskite manga-

(a) paraelectric

N

e R*

Fig. 8. (a) Stereographic view of the ferroelectric RMnOj lattice. (b), (c) Relation of the R*" and Mn®" cations and the position of the
oxygen ligands for the paraelectric and ferroelectric case. Arrows denote the movement of ions in the course of the two-stage!?* ferro-
electric ordering; dashed lines indicate weakened interaction. (d) Electronic levels of the fivefold coordinated Mn®*(3d*) ion.
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nites, '® which exhibit negative and unusually large mag-
netoresistance. In terms of their chemical composition,
undoped hexagonal and orthorhombic manganites are
identical. However, differences in crystal structures and
in the symmetry of the local environment of the manga-
nese and rare-earth ions lead to radically different physi-
cal properties.

1. Crystallographic and Magnetic Structure

The crystal structure of the hexagonal manganites was
first studied in Ref. 117 and then refined in a number of
subsequent publications."'®12° The hexagonal unit cell
is shown in Fig. 8. The R3®" ions occupy 2a positions (lo-
cal symmetry 3m) and 4b positions (local symmetry 3).
All the magnetic Mn3"(3d*) ions occupy 6¢ positions (lo-
cal symmetry m), which are characterized by an unusual
distorted bipyramidal coordination to the nearest 02~
neighbors. The space group P65cm is noncentrosymmet-
ric and pyroelectric, and all compounds are ferroelectric
with T ~ 500-1000 K. 217124 Ferroelectric ordering oc-
curs in two steps at different temperatures with, respec-
tively, tilting and distortion of the MnOj; bipyramids.?*
Ferroelectricity is neither of the BaTiO3 type nor of the
lone-pair type but geometrically driven, which explains
the otherwise unfavorable coexistence of ferroelectricity
and magnetic ordering.'?

The magnetic properties arise primarily from the man-
ganese ions Mn®"(8d*) in the high-spin state with S
= 2. The possible magnetic structures of the Mn?®* lat-
tice and the magnetic phase transitions connecting them
are shown in Fig. 9. The magnetic order is dominated by
antiferromagnetic in-plane Mn-O-Mn superexchange
and is supplemented by a 2-order-of-magnitude weaker
interplane Mn-O-O-Mn exchange in the stacked trian-
gular lattice.'?%127 Below Ty = 73-124K, the strong
superexchange leads to a 120° arrangement of Mn®*
spins in the basal plane, which breaks the triangular
frustration. This leaves the spin angle ¢, between the
Mn?* magnetic moment and the local x axis as degree of
freedom in the manifestation of the magnetic structure.
With | ¢/ equal to 0° or 90° and two opposite relative
orientations of Mn®" spins in adjacent planes at z = 0
and z = ¢/2 along z, the four principal magnetic struc-
tures denoted A;, Ay, B;, By are derived. The symbols
refer to the one-dimensional representations of the crys-

ferrcelectric CF §
=P- s—rl-qr
H A

D

3d' Bm2 m
Free Trigonal
e Mn* O O* ion  bipyramid
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Mn3+
at z=¢/2
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P6,cm (B,) P3c (A,) P6,cm (A,)

Fig. 9. Magnetic structures of hexagonal RMnO;. Two types
of triangular antiferromagnetic ordering with opposite orienta-
tion of Mn®" spins in adjacent planes along z for A, A} and B, A,
representations and two types of spin rotation with an equal (+,
in phase) or opposite (—, antiphase) sense of rotation in adjacent
planes along z lead to a total of eight different magnetic struc-
tures. For each structure the magnetic point group and the one-
dimensional representation describing the transformation prop-
erties of the Mn®" spins are given. Neighboring structures at
the corners differ by =90° in ¢4, . They are interconnected by
an in-phase or antiphase spin rotation, which leads to the inter-
mediate structures depicted for an (arbitrary) rotation of spins by
+15° or =75°.

tallographic space group, which describe the transforma-
tion properties of the spins.'?® Phase transitions be-
tween the principal structures can occur through an in-
phase or an antiphase rotation of the Mn®" spins, for
which the sense of rotation is, respectively, equal or oppo-
site in adjacent basal Mn3" planes. The rotation leads to
the intermediate magnetic structures denoted A, B, A],
A). The rare-earth ions Ho3"(4f1%), Er**(4f1h),
Tm?3"(4f£'?), and Yb®*(4f13) also contribute to the mag-
netic properties. Below T = 5-6 K, long-range order-
ing of the two rare-earth sublattices occurs,”>""® which
may be ferromagnetic, ferrimagnetic, or
antiferromagnetic.'?°

2. Electronic Structure and Linear Optical Properties

The first experimental studies®®!3° revealed strong opti-
cal absorption in YMnO; above 1.28 eV at 295 K and
above 1.55 eV at 4 K supplemented by transitions within
the Ho®", Er®*, Tm?*, and Yb®* multiplets.’®! Thin-film
absorption spectra of YMnO;'32 suggested 4.2-4.3 eV as
the fundamental absorption edge. Other linear and
third-order spectroscopy data were reported.'®-137 The
electronic transitions start at ~1.1 eV, and the lowest ex-
citation with an optical conductivity o of =1100-1500
O lem™!is centered at ~1.6 eV. Another strong broad
band is observed near 5 eV. The band at 1.6 eV was con-
tradictorily assigned to a symmetry-allowed on-site Mn
d-d transition'®® or to charge transfer from oxygen to
manganese.'3® The electronic structure of the hexagonal
manganites became a subject of theoretical studies only
very recently. 25138139 The 5D gstate of the Mn®* ion
splits into a °T'; ground state and the excited °T'5 and °Tg
states under the influence of a crystal field with trigonal
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bipyramidal symmetry 6m2. Local distortions lead to
further reduction of symmetry as shown in Fig. 8(d).
SHG opens a new possibility to probe hidden localized
d—d transitions that overlap with much stronger charge-
transfer or interband transitions beginning above 1.4 eV,
because at the frequency of the fundamental beam crys-
tals are transparent, while only the SHG frequency falls
into the spectral region of high absorption.

3. Phenomenology of SHG

According to previous work!26:127140.141 1]y B_type mag-
netic structures from Fig. 9 are expected for RMnOg3 in
the absence of applied fields. For the magnetic space
group P6scm, Table 1 leads to the time-invariant contri-
bution P(2w) « Pg with

2X\LE (0)E (0)
P(i)(zw) = € 2Xxx2 y(w)Ez(w)

XELE2(0) + EX )] + X\LEX(0)

(13)

and to the time-noninvariant contribution P(2w)
« (Pg-1) with

’

x;iﬁx[E%w) — EX(0)]
PO(20) = €| 2X%E(0)E (0) |, (14
0

with Pg as the ferroelectric and 1 as the antiferromagnetic
order parameters. Observation of crystalline SHG is
possible only with participation of z-polarized fundamen-
tal or SHG light. In contrast, observation of magnetic
SHG spectra depends on the presence of only x- or
y-polarized fundamental and SHG light, for which light
propagating along the z axis is the most favorable con-
figuration.

4. Spectroscopy 4
Figure 10 shows the crystallographic spectra of y.)

xxz ?
(i)

Xass » and ¥ in the 1.2-3.0-eV range of YMnO; at T

zZxx .

= 6K. The strongest SHG signal stems from the x...
component, for which the position of the observed transi-
tions are shifted by ~0.2 eV toward higher energies in
Table 1. Nonzero Tensor Components x\2)

ijr for
ED-SHG in Hexagonal RMnO,

Space
Group Tensor Components

Crystalline SHG (@ type)

@ — O — &) — @) @ — ) (i)
P63(:m Xxlxz - Xxlzx - nyyz - Xylzy7 lexx - Xzfyy > lezz
Magnetic SHG (c type)
(c) — (c) — (c) — (c)
P§30ﬂ Xycyy - Xycxx - XxLyx - Xxny
(c) _— (¢) _— (¢) _— (c)
P§3gm Xxicx - Xngy - Xyicy - nyvx
P63 P63cm © P6scm
() — o) — (e) _— (c)
P63% chyz chzy - Xyicz - Xyczx
e — o — (o — () () — (o) (c)
P63(:m xcxz - Xxnzx - y;z - yczy7 Xzicx - zg/y > chzz
P63 P63cm @& P6scm
P3c P63cm @ P6scm
P3c P6scm © P6secm

?See Ref. 50. The @ indicates that the tensor components of the two
structures connected by it are allowed simultaneously.
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Fig. 10. i-type crystallographic SHG spectra of YMnO;3; mea-
sured at 6 K. The direction of the incident light was parallel to
the y axis of the crystal (klly).
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Fig. 11. Magnetic SHG spectra and temperature dependence of
SHG in YMnO; and ErMnOj3 with light incident along the z axes
(klz). Asharp dip marked * is due to the absorption by the fun-
damental beam in the *Iyy lines of the Er®* ion. The dashed
line points out the correspondence between the maximum of the

X<ycy)y spectrum and the minimum of the X;iy)y spectrum at 2.46 eV.

comparison with the x' and x'’. components. The
strong bands at 1.74 and 2.70 eV in the ') spectrum can
be assigned to the °T';(°T';) — °T';(°T';) and the
5T'1(°T'y) — °T'1(°T'¢) transitions in Fig. 8(d), respectively,
because these transitions are allowed both as one- and
two-photon ED transitions. In turn, the slightly lower
lying weak bands in the ") and x!. spectra have to be
assigned to the °T';(°T';) — °T'y(°T';) and the °T';(°T';)
— ST'5(°T'g) transitions, respectively. Although these
transitions are ED forbidden, SHG is observed owing to
admixtures from other wave functions as a result of the
low local symmetry of the Mn®* ion.

Figure 11 shows the magnetic SHG spectra of YMnOq
and ErMnOj; in the 1.5-2.9-eV spectral range. In
YMnO; the SHG spectrum is observed for the X;;)y com-
ponent of the nonlinear susceptibility tensor both for the
high-energy transition with a peak at 2.46 eV and for the
much weaker low-energy transition at 1.74 eV. The mag-
netic SHG spectrum of ErMnOj is observed only for the
X9 component of the SHG tensor, and no SHG intensity
could be detected in the region of the low-energy transi-

tion. The strongest SHG signal is observed at 2.42 eV,
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whereas the SHG intensity drops almost to zero at 2.46
eV, where, on the other hand, the SHG signal has a maxi-
mum value in YMnOs. There is a strong broad SHG
band in the region of 2.5-2.8 eV, where the SHG signal in
YMnO; vanishes. Just as in the case of the crystalline
SHG contributions, the resonances in the 1.5-1.7-eV
range and in the 2.4-2.8-eV range can be assigned to
transitions between the °T';(°T";) ground state and the
5I'1(°T'y) and °T';(°T) excited states, respectively. The
inset in Fig. 11 shows that the SHG signal vanishes at
T, which confirms its relation to the antiferromagnetic
order parameter. The analysis of the temperature de-
pendence of the antiferromagnetic signal below T’y on the
basis of the power law I*™(2w) o (1 — T/T,)?# reveals
B = 0.38 = 0.02 as critical exponent of the antiferromag-
netic order parameter. The spectra in Figs. 10 and 11 are
universal to the hexagonal manganites. Although a
phase with P63 symmetry and 0° < ¢g,;, < 90° was ob-
served for R = Sc¢, Ho, Lu, new spectral components to
SHG were not detected. Instead, the spectra in Fig. 11
were observed simultaneously with mutually perpendicu-
lar polarization of the corresponding SHG light.

5. Discussion and Microscopical Models

A microscopic theory of SHG spectra in hexagonal man-
ganites RMnO; was developed by two groups.!#2143 A
single-ion approach that is supplemented by an exciton
theory'*? explains the spectral dependence of X;cy)y and
X;‘;)x with good qualitative agreement with experimental
data. For the low-energy band around 1.6 eV the rela-
tion X(ycy)y « (S,) was derived, where (S,) is an averaged z
component of the Mn3" spins. This prediction agrees
with the observation of SHG spectra of Xﬁcy)y type in
YMnO;, where a weak antiferromagnetic z component of
the Mn®" moments does not lower the magnetic symme-
try P6scm. In contrast, weak antiferromagnetism or fer-
romagnetism is forbidden in ErMnO;. Consequently,
SHG from ¢\, = 0 was not observed at 1.6 eV.

6. Magnetic Field Dependence

Figure 12 shows the SHG intensity’s dependence on a
magnetic field Hllz for an YbMnOg crystal that was cooled
to 6 K in zero magnetic field. Between 1.5 and 3.0 T the
SHG intensity gradually decreases to zero over the whole
investigated spectral range and does not recover upon
field removal or reversal. This points to a transition
from B-type to A-type ordering of the Mn®* spins, since
for A-type ordering no magnetic SHG signal is allowed for
light incident along the hexagonal axis. In spite of the
SHG signal’s being quenched, distinction between A;-type
and A,-type ordering is possible on the basis of the spin-
rotation occurring in the process of the magnetic
reorientation”™® and reveals that the structure encoun-
tered by the magnetic reorientation is of the A, type.
Figure 12(b) explains the presence of the B, — A, transi-
tion of the Mn®" sublattice in YbMnO;. It shows the
Faraday rotation (®z) in YbMnOj at 1.4 K for a magnetic
field Hlz. The rotation consists of a linear contribution
Op(H) « H from the applied field and a hysteresis
o« M(H) that is due to an Ising-like magnetization of the
Yb sublattices along z. The slopes near 0 and at 2.3 T
correspond to formation of a, respectively, ferrimagnetic
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and ferromagnetic single-domain state of the two Yb3*
sublattices. A calculation of the Mn-O-Yb superex-
change contributions reveals that a large magnetoelectric
effect, which is allowed for A-type ordering but forbidden
for B-type structures, lowers the ground-state energy,
which is the reason for the By — A, transition in applied
magnetic'** (or electric'?®) fields.

Figure 13 shows the magnetic phase diagram of the
hexagonal RMnO; compounds. In zero magnetic field all
compounds exhibit B-type antiferromagnetic ordering
with a clear correlation between the Néel temperature
and the in-plane lattice constant. Upon a temperature
decrease the small in-plane anisotropy leads to in-phase
spin rotation and phase coexistence. Below 5 K and in
applied magnetic fields Hllz, B — A transitions with a
broad hysteresis and ferrimagnetic, ferromagnetic, or an-
tiferromagnetic R®* ordering are observed for those com-
pounds with partially filled 4/ shell.

7. Antiferromagnetic Domain Structure

In Fig. 14 the spatially resolved SHG light at 2.46 eV re-
veals the ferroelectric and antiferromagnetic domain
structures. Dark and bright regions correspond to do-
mains with opposite orientation of the order parameter
Pg or 1. The ferroelectric domain structure was imaged
by interference of the SHG signal wave from y,,,(Pg)
with a planar reference light field. Since regions with
+Pg differ by 180° in the phase of the signal wave, the
interference with the reference field can be constructive
or destructive, which leads to the different brightness of
opposite domains.?®% In a similar way the antiferro-
magnetic domain structure was imaged by interference of
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Fig. 12. Dependence on a magnetic field applied along the z axis
of (a) SHG intensity at 2.44 eV and (b) Faraday rotation (FR) at
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Fig. 14. Coexisting (a) ferroelectric and (b) antiferromagnetic
domains in YMnO; exposed to SHG light at 2.46 eV.

the SHG waves from y,,,(PgD) and x.,,(Pg). Depending
on the orientation of 1, the interference is constructive or
destructive, this time leading to a different brightness for
opposite antiferromagnetic domains. The comparison be-
tween Figs. 14(a) and 14(b) shows that any reversal of the
ferroelectric order parameter is accompanied by a simul-
taneous reversal of the antiferromagnetic order param-
eter. Consequently two types of antiferromagnetic do-
main wall are found in Fig. 14(b): clamped walls at any
location of a ferroelectric domain walls in Fig. 14(a), and
additional free walls within one ferroelectric domain.
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The clamping cannot originate in a bulk coupling between
P and 1, since a linear magnetoelectric coupling is forbid-
den in YMnO3;. However, it was shown that piezomag-
netic interaction between strain induced in the ferroelec-
tric domain walls and the magnetization inherent to the
antiferromagnetic = domain  walls explains our
observation.!#? The size of the free domains was found to
be controllable by temperature annealing. A cycle
through T > Ty with T > Ty produces domains with a
lateral size of 1-10 wm, whereas for 7'~ T domains
with a lateral size of 0.1-1 mm are observed.!4

B. Noncentrosymmetric Magnetic Garnet Films
Magnetic bulk garnets and garnet films are two well-
known groups of materials characterized by very useful
magnetic, acoustic, optical, and magneto-optical
properties.*’"1%°  For more than four decades they have
constituted one of the most actively studied groups of
magnetic dielectrics.

1. Crystallographic and Magnetic Structure

The prototype magnetic garnet material for both bulk
crystals and thin films is yttrium iron garnet,
{Y}3[Fely(Fe)3045 (YIG). The rare-earth ions R** enter
24c dodecahedral positions 8{...}5, and the Fe?" ions en-
ter 16a octahedral positions 8]...], and 24d tetrahedral
positions 8(...)s. Bulk crystals belong to the centrosym-
metric cubic point group m3m (space group Ia3d).
However, in thin films observation of the linear magneto-
electric effect proved the breaking of
centrosymmetry.®-% SHG in magnetic garnet films pro-
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vides unambiguous proof that the crystal structure of
films is noncentrosymmetric and noncubic.30:66.67.151

2. Electronic Structure and Linear Optical Properties
The magnetic iron garnets are transparent in the range
0.2-1.0 eV.1®2  Above 1.0 eV absorption increases pro-
gressively because of the intrinsic localized electronic
transitions between the Fe®*(3d)% levels. Above 3.2 eV
a further increase of absorption occurs owing to charge-
transfer and interband transitions, finally approaching
values upto 5 X 10° cm ™' above 5 eV.!%%  Garnets, and in
particular, bismuth-substituted garnets, attracted a lot of
interest because of the very large Faraday rotation of up
to 10° deg/cm at room temperature.

Optical absorption and reflection spectra of concen-
trated and diluted iron garnets are summarized in Ref.
150. In spite of the large number of publications, the as-
signments of spectral features are ambiguous because of
the complexity of the spectra. Experimental data and
crystal field calculations are summarized in Fig. 15. In
its middle part Fig. 15 shows transitions in YIG that are
in agreement with those reported in several papers.152-160
The electronic structure of iron garnets has been a subject
of calculations based on crystal field theory and molecular
orbital theory.5%155:159,161-163  ioyy1e 15 shows the local-
ized states of the Fe?" ions in the tetrahedral and octahe-
dral sublattices. The derivation takes tetragonal distor-
tions in the tetrahedral sublattice and trigonal distortions
in the octahedral sublattice into account.'®® Below the
bandgap the electronic transitions could be studied by op-
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Fig. 15. Left two columns, crystal-field energy states of the Fe?" ion in the distorted tetrahedral and octahedral positions in the garnet
structure.'® Middle column, experimentally observed electronic transitions and the continuous absorption at higher photon energy.
Right-hand columns, energy range of the pump beam and that of the second- and third-harmonic (THG) spectra.}”%172
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tical transmission methods, whereas for transitions above
the charge-transfer gap reflection methods are in general
more favorable,153154.156,157

Optical absorption of YIG begins at ~1.2 eV and is due
to the localized electronic transition SA 1g — 4T1g be-
tween the Fe37(3d)® levels in the octahedral
sublattice.®® Figure 15 shows that at higher energy the
transitions in the octahedral and tetrahedral sublattices
are overlapping, which complicates the assignment of
states. Aside from their dependence on crystal field pa-
rameters the positions of electronic levels are subject to
parameters like interatomic interaction parameters,
spin-orbit coupling, exchange interaction, etc. In
strongly correlated systems such as iron garnets, paired
transitions (as, e.g., around 2.5 eV) may lead to additional
absorption bands.

The bandgap is usually assumed to lie near 3.2-3.4
eV.1%2  Substitution of Bi** for Y?* in iron garnets leads
to a shift of the absorption edge to lower energy and to a
huge increase of magneto-optical effects in the visible and
ultraviolet spectral range. The enhancement is assigned
to an increase of spin-orbit interaction owing to forma-
tion of a molecular orbit between the 3d orbitals of Fe?*
and the 2p orbitals of O?~. Further mixing occurs with
the 6p orbitals of Bi®", which has a large spin—orbit in-
teraction coefficient. According to recent analysis, elec-
tronic transitions at 2.6, 3.15, and 3.9 eV dominate the
Faraday rotation in bismuth-substituted garnets.'%*

3. Phenomenology of SHG

In magnetic garnet films the relation between the induced
polarization P(2w) and the electric field E(w) of the funda-
mental beam and the spontaneous magnetization M(0)
can be written as

P2w) = ¢g(x:E(w)E(w) + B:E(w)E(0w)M(0)), (15)

where the crystallographic and magnetic contributions
are described by the polar tensor y and the axial tensor 8
[see Eq. (8)], respectively. In the ED approximation, ten-
sors y and B are allowed only in noncentrosymmetric me-
dia. Nonzero components of y and B are determined by
the crystallographic point group and given in Ref. 68.
The SHG intensity is given by”®

I(20) = [[x> + |BM(0)[* = 2|x||BIM(0)cos <P]E4(w()i6)

where ¢ is the phase difference between the SHG waves
of crystallographic and magnetic origin with = referring
to opposite orientations of M. As in the case of Cry03,
interference in Eq. (16) leads to different brightness in op-
positely magnetized regions. Magnetization-induced
SHG in garnet films was studied in several works.!65-17!
Nonlinear optical rotation of SHG light was observed in
one-dimensional magnetophotonic microcavities.!”

4. Spectroscopy and Anisotropy

Subsequent to experiments with no or
limited®1-68:165-168 yariation of photon energy we investi-
gated SHG spectra of epitaxial magnetic garnet films in
the range 1.7-3.2 eV.1%1" Figures 16(a) and 16(b) show
SHG spectra of a YIG/GGG(111) film in transverse geom-
etry. Different spectra are obtained when SHG is emit-
ted directly from the free film surface (film to detector) or
from the surface of the film attached to the substrate
(substrate to detector). In particular, a split transition
near 2.4 eV is well resolved for the free film surface and
smeared out for the strained surface attached to the sub-

30,66,67,151
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The high magnetic visibility of the spectra was
used for visualization of magnetic domain
structures.?®3%41  According to Fig. 15, some features in
the SHG spectrum can be assigned to the crystal field
transitions in the two iron sublattices. Two sharp ab-
sorption lines near 2.58 and 2.64 eV, which are presum-
ably due to the A, — “E, *A; transition in the tetrahe-
dral sublattice and the 64, — *E, *A; transition in the
octahedral sublattice, respectively, are also reproduced by
SHG. Further, features in the absorption spectrum at
2.9 and 3.2 eV, whose oscillator strength is an order of
magnitude higher than those for the tetrahedral transi-
tions, are visible in the SHG spectrum with the same or-
der of magnitude as for the transitions with lower absorp-
tion.

As a rule, bismuth-substituted films show the strongest
SHG signals.®® Figures 16(d) and 16(e) show the SHG
spectra of a bismuth-substituted Bi-YIG/SGGG(210) film.
A well-resolved structure with five strong bands of vary-
ing magnetic contrast is observed. As in the case of YIG/
GGG(111) films, the spectra for two sides of the film are
different, and an increase of linear optical absorption does
not lead to a noticeable increase of SHG intensity.

Figure 17 shows rotational anisotropies of SHG signals
that were gained by projecting the component of the SHG
light oriented parallel to the polarization of the incident
light while rotating this polarization by 360°. The de-
picted anisotropies for Bi-YIG/GGG(111) and Bi-YIG/
SGGG(210) films clearly reflect the crystallographic and,
by field reversal, magnetic symmetries of the surfaces.
Different types of rotational anisotropy in (001), (110),
(111), and (210) films were studied in Ref. 68.

strate.

5. Temperature and Magnetic Field Influence on SHG
in Magnetic Garnet Films

The temperature dependence of SHG in Bi-YIG/GGG(111)
film is shown in Fig. 18. The crystallographic contribu-
tion decreases linearly with temperature. The interfer-
ence term « M shows a (1 — T/T)*5%® dependence,
whereas the pure magnetic part « BM? vanishes with a
(1 = T/T)'® dependence. For the ratio between
crystallographic and magnetization-induced contribu-
tions at room temperature we get |x/x'”| ~ 0.4 or
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Fig. 17. Rotational anisotropies of SHG for Bi-YIG/GGG(111) and Bi-YIG/SGGG(210) films.!™
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magnetization-induced, and interference terms of the SHG inten-
sity of the Bi-YIG/GGG(111) film.5!

IO/ ~ 0.16. The dependence of magnetic SHG on the
applied magnetic field is shown in Fig. 19 for a Bi-YIG/
SGGG(210) film.

6. SHG IN NONCENTROSYMMETRIC
CRYSTALLOGRAPHIC STRUCTURES
WITH NONCENTROSYMMETRIC
MAGNETIC ORDER

A. Pyroelectric Antiferromagnet CuB,0,

In recent experiments copper metaborate was found to be
a model system for nonlinear magneto-optics because it
displays the complete variety of different types of mag-
netic SHG as defined in Section 2. The compound will
therefore be discussed in detail in this section.

1. Crystallographic, Electronic, and Magnetic Structure

CuB, 04 belongs to the class of noncentrosymmetric crys-
tals in which SHG due to charge and spin ordering is al-
lowed. Recently this class of materials attracted a lot of
attention because of an unusual coexistence of weak
Dzyaloshinskii—Moriya type ferromagnetism and inhomo-
geneous (incommensurate) magnetic ordering.!”>174
CuB,0, crystallizes in the tetragonal space group
142d.'™ Figure 20(a) shows that Cu®* ions are found at
4b and 8d sites with fourfold and sixfold coordination, re-
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spectively. Assuming that (i) the energy of these states
scales with the degree of overlap between the wave func-
tions of the Cu?" ions and their O?~ ligands and that (ii)
the influence of the remote apical O ions is small, the
energy levels of the Cu?" ions in Fig. 20(b) are derived
from the eigenstates of the free Cu?"(3d®) ion. The
original Cu?* d-wave functions are mixed with (parity
breaking) 0%~ p-wave functions because of the broken
centrosymmetry. The absence of the apical oxygen ions
on the 4b positions requires the I'y(3z% — r2) state to
have the highest energy.!”®7" Above Ty = 21K,
CuB;0, is paramagnetic. In the range 10-21 K com-
mensurate easy-plane antiferromagnetism with a weak
Dzyaloshinskii—Moriya-type ferromagnetic component is
present in the 4b sublattice. Below 10 K the magnetic
structure in zero field becomes incommensurate along the
tetragonal axis.}"*17817  According to contemporary be-
lief, long-range ordering at the 8d site does not occur.
Magnetic frustration implies complicated magnetic struc-
tures that necessitate the use of simplified models for the
interpretation of diffraction data and thus yield ambigu-
ities in the proposed magnetic structure.!”4178:179

2. Linear Optical Absorption and SHG Spectroscopy

Figures 21 and 22 show SHG and absorption spectra of a
(010) cut CuB,04 sample for various polarizations of the
incoming and outgoing light waves. The inset in Fig.

21(b) shows that in the magnetic field the SHG intensity
increases from 1 at H = 0 (1 defining the detection limit)
by at least 3 orders of magnitude, allowing naked-eye ob-
servation at uoH, = 7T. Therefore, according to Fig.
23(d), this A-type MFISH signal exceeds the only reported
effect®”®® by many orders of magnitude. The MFISH
spectrum displays sets of narrow lines (<1 meV) corre-
sponding to transitions of the Cu®" ions between the elec-
tronic levels shown in Fig. 20. This is quite unusual for
wide-gap transition-metal oxides.!8°"1%2 The lines are
accompanied by phonon-assisted transitions, forming a
broadband (>100 meV) background.

Comparison of the MFISH spectra from o,,.,, 0sppx»
and o,,,, [with y = 0:H(0) as in Eq. (10)] reveals three
different sets of zero-phonon transitions.?® We observe
(1) lines at 1.410, 1.675, and 1.910 eV; (ii) lines at 1.575,
1.875, and 2.120 eV; and (iii) a line at 2.820 eV. Set (i) is
associated with transitions at the 4b site. They are re-
produced by the o,,,, and o,,,, components and by «- and
o-polarized light in absorption. Set (ii) is associated with
transitions at the 8d site. They are reproduced by the
0, @nd o, components and by light with any polar-
ization in absorption. Set (iii) contains a sole line at
twice the photon energy of the 1.410 eV line from set (i).
This line originates in a type of two-photon transition
that is enhanced by a resonant single-photon transition to
the state at 1.410 eV and is discussed in Section 7.
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3. Magnetic Structure

Observation of SHG light from o,y , 0., and o,,,, is
allowed in the magnetic point groups 1, 1, 2, m, 2/m, and
eight trigonal or hexagonal groups.’® The latter are not
compatible with the crystallographic lattice, and groups 1
and 2/m do not allow a ferromagnetic moment. Exclud-
ing monoclinic symmetry, only groups 2 and m remain.
Group m points to a magnetic structure with twofold [110]
axis and ferromagnetic moment parallel to this axis,
whereas group 2 points to a magnetic structure with mir-
ror plane [100], [010], or [001] and in-plane ferromagnetic
moment. Figure 23 and the ensuing discussion show
that the ferromagnetic moment can be oriented along the
x or z axis by an external 50-mT field without further re-
duction of magnetic symmetry. This leaves 2 as the mag-
netic symmetry with the mirror plane perpendicular to y
and the magnetic moment in the xz plane.

Using the lines at 1.410 and 1.875 €V, respectively, as
probes for the 4b and 8d sites shows the dependence of
the SHG signal on temperature and magnetic field (Fig.
23). For the 4b site the MFISH intensity at 10K < T
< 21K is saturated by a 50-mT field, which points out
the weak ferromagnetic moment accompanying antiferro-
magnetic order in this phase as its origin. For the 8d
site, however, the line at 1.875 eV indicates both ferro-
magnetic and paramagnetic behavior, depending on the
respective choice of x or z as the detected polarization of
the MFISH signal. Obviously the Cu?" ions at 4b sites
impose their magnetic order onto Cu®" ions at 8d sites,
where the magnetic order coexists with a disordered para-
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magnetic component. Contrary to contemporary
belief, 174179183184 t} o 4 and 8d sublattices are therefore
strongly coupled even above 10 K.

At uoH < 1T only A- and C-type MFISH are observed.
The applied field mainly acts as catalyst, enhancing the
intensity of the SHG signal probing the magnetic struc-
ture. New SHG contributions with a different polariza-
tion, which would point to a reduction of magnetic sym-
metry, are not observed. However, at uoH > 1T Fig. 23
shows B-type MFISH from field-induced phase transi-
tions, which are summarized in the phase diagrams in
Fig. 24 for HLz and Hllz. In magnetic field the incom-
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mensurate purely antiferromagnetic phase is engulfed by
the weakly ferromagnetic commensurate phase. At 0 K
quenching occurs at the extrapolated field woH,
= 1.3TJ— ID or ugH, = 30 T — III), the transitions
being, respectively, of second or first order with gradual or
abrupt reorientation of spins in the increasing field (see
insets).

7. SHG IN CENTROSYMMETRIC
CRYSTALLOGRAPHIC STRUCTURES
WITH CENTROSYMMETRIC
MAGNETIC ORDER

Until now we restricted ourselves to discussion of systems
with at least one noncentrosymmetric subsystem, allow-
ing a treatment within the ED approximation. Since
most magnetically ordered compounds are centrosymmet-
ric, we conclude our review by demonstrating that the po-
tential of SHG remains almost unimpaired by the restric-
tions on SHG from the point of view of behavior under the
spatial inversion operation.

A. Centrosymmetric Antiferromagnets NiO and CoO
Recently an increased interest in antiferromagnets for
practical applications was triggered by the development
of spin-valve devices as a basis for magnetic read heads.
One of the most promising compounds in this sense is
NiO, which combines a simple crystallographic structure
with the technically advantageous high Néel temperature
of 523 K. It is further expected that SHG can give valu-
able information about the magnetic excitations and spin
dynamics in this compound down to the femtosecond time
scale.!85186  We therefore discuss novel methods for SHG
in centrosymmetric compounds, using NiO and CoO as
examples.

1. Crystallographic and Magnetic Structure
NiO and CoO crystallize in the cubic rock-salt structure
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experimental'® 1% and theoretical'®"199-19  gtudies.
Below Ty = 523 K the Ni®" spins are ordered ferromag-
netically in {111} planes, where they lie along (112)
axes.!?19  The sign of the ferromagnetic order is re-
versed in adjacent {111} planes, which establishes the an-
tiferromagnetic order and leads to four types of T domain,
corresponding to the four (111) axes. The T domains are
contracted along the (111) axes,'?® which reduces the sym-
metry to 3m. To each T domain six types of S domain
with three possible orientations of spins within the {111}
planes are associated.'®*1% In CoO the Co®" ions are or-
dered antiferromagnetically below T = 292 K, pointing
along the (117) axes.!®” This leads to three types of
T-domain for which a small tetragonal distortion reduces
the symmetry to 4/mmm. In both compounds small dis-
tortions along the spin direction further reduce the sym-
metry, but the crystals remain centrosymmetric.'%®

2. Resonance-Enhanced MD SHG
Figures 25 and 26 show the SHG and linear absorption
spectra of NiO and CoO. In spite of inversion symmetry,
SHG with distinct spectral features is observed. NiO ex-
hibits a doublet of sharp lines. In CoO this doublet is
less pronounced but nevertheless present. The compari-
son with the absorption spectra reveals that the SHG sig-
nal projects the electronic transitions of the fundamental
wave at the energy fiw on the intensity dependence of the
SHG wave at the energy 27w rather than reproducing the
excitation of the electronic states at 24iw. Temperature-
dependent measurement of the SHG intensity show that
all signals vanish at Ty, which confirms their magnetic
origin. Note that, in contrast to previous examples, cou-
pling to the SHG field is quadratic in 1 and thus is related
to magnetostrictive lattice distortions.*®

According to relations (1)-(3) and Ref. 46, MD SHG of
the type

P(20) « x**"(—2w; 0, 0)E(0)H(w) (17
Other con-

(point group m3m).'8" The electronic structure of, in is compatible with the observed SHG signal.
particular, NiO was subject to intensive tributions, and among them especially those that are of
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Fig. 25. (a) SHG spectra and (b), (c) linear absorption spectra of
a multidomain (001)-oriented NiO crystal in the region of the
lowest (3d)® single-ion transitions. The spectra were gained
with linearly polarized incident light.
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Fig. 26. (a) SHG spectra and (b), (c) linear absorption spectra of
a multidomain (111)-oriented CoO crystal in the region of the
lowest (3d)” single-ion transitions. The spectra were gained
with linearly polarized incident light. Vertical arrows indicate
the position of narrow lines in the slope of the *I'y — *I'; peak.

the same order of magnitude in the multipole expansion
of the light field as the process in relation (17), can be ex-
cluded on the basis of their different selection rules. The
microscopic expression for the nonlinear optical suscepti-
bility 3™ can be written ag®139293
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0
+ ...p;),

(18)

X > Pen(Pidnn Mi)nrg
ij

gnn' (20 — wpg)(0 = wy1g)

where #w,, and fiw, , refer to the energy difference for
the transfer from the ground state | g) to the excited state
|n) and the intermediate state |n'), respectively. M, and
P, ; are the vector components of the MD and ED moment
operators, respectively; pg)) describes the thermal distri-
bution in the ground-state multiplet.

Although in the multipole expansion of the light field
the MD contribution is 2 orders of magnitude weaker
than the ED contribution, relation (18) shows that this ra-
tio can be counterbalanced if the two-photon transition is
resonant not only at the SHG frequency 2w but also for
the absorption of the first photon at the frequency w.
Figure 27 shows that for Ni?*(3d®) and Co®>"(3d") inter-
mediate levels between the ground state and the excited
state can contribute to such twofold resonance enhance-
ment. Therefore the distinct sequence of transitions at
the energy of the fundamental wave dominates the SHG
spectrum and leads to its peculiar single-photon-like spec-
tral dependence. In NiO the narrow lines correspond to
the transition from the lowest ®I'y substate to the two
lowest °T'5 substates of the Ni?*(3d®) after taking into
account spin—orbit and exchange interactions.*® In CoO
a transition to the 2I's5 or 2I'; level of the 2G orbital may
also contribute to the doublet. MnO does not display any
detectable SHG signal below Ty because for Mn?*(3d)°
no intermediate states exist at the energy of the single-
photon transition.

3. Distinction between Antiferromagnetic Domains

Figure 28 shows the anisotropy of the SHG signal that
was gained from different regions of (111)-oriented NiO
and CoO samples by projecting the component of the SHG
light oriented parallel to the polarization of the incident
light while rotating this polarization by 360°. If the sig-
nal from the whole sample with a statistical distribution
of domains is integrated, a sixfold symmetry is observed
that reflects the symmetry of the paramagnetic crystal.
Whereas the SHG intensity in NiO drops to zero every

T, DT, DT,
A
;‘1 41—|2 ;3 \
4 ;: 4 3 I; 3
L EIE f 20
.'.. I... m
Co*(3d) Ni*(3d)? Mn*(3d)’

Fig. 27. Schematic splitting of the Hund-coupled orbitals of the
free Co?", Ni2*, and Mn?" ions in the octahedral crystal field.
The SHG process with excitation at energies iw and 2fiw is indi-
cated by the arrows.
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Fig. 28. (a), (b) Anisotropy of the SHG intensity from multido-
main regions of a NiO and a CoO sample. (c), (d), (e) Anisotropy
for three different regions of a (111)-oriented T domain in NiO.
The polarization dependence of the SHG signal reveals the three
differently oriented S domains. Solid curves, fits of the nonzero
tensor components xi7;" to the data. The center of each polar
diagram corresponds to zero SHG intensity.

SZ'(TI) Sz'(Tl) SI(TI)—

Fig. 29. S and T domains in NiO taken with SHG light at 2.05
eV. Incident fundamental and detected SHG light is polarized

along the [011] axis.

60°, the polarization dependence in CoO is almost isotro-
pic. This reflects the different orientation of the Ni?*
and Co?" spins, which corresponds to different magnetic
symmetries with a different set of components x;7;" # 0
in relation (17). Figures 28(c)-28(e) show the polariza-
tion dependence of SHG on a single (111)-oriented T do-
main. SHG clearly distinguishes three different regions
in which the maximum intensity is observed with light
polarized along the (211), the (121), or the (112) axis.
The twofold rotational anisotropy of the SHG signal and
the 120° shifts between the polarization diagrams show
that the three regions correspond to the different S do-
mains inside the T domain. The contrast between the S
domains is as high as 3:1, whereas it is hardly noticeable
in a linear optical experiment.'® Only opposite 180° do-
mains that differ in the sign of the antiferromagnetic or-
der parameter 1 cannot be distinguished by SHG owing to
the quadratic coupling to 1.

Figure 29 shows the image of a (111) oriented sample
obtained by SHG in transmission. Before the experi-
ment, four types of T domains could be identified by linear
birefringence. Although in a linear transmission experi-
ment no difference is observed between the regions as-
signed to T domain 1, a distinct difference in the bright-
ness of the SHG signal is obvious and points to different
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types of S domains within T domain 1. Again, the non-
linear experiment can reveal important information
about the details of the magnetic structure that are im-
perceptible by linear optics.

8. CONCLUSIONS

Spectroscopic SHG experiments in magnetically ordered
dielectrics show that nonlinear magneto-optics is a pow-
erful complement to existing techniques for the investiga-
tion of magnetic symmetries, structures, and interactions.
The simplest example is SHG in the ED approximation,
which is expressed by the equation P;(2w)
= €eXijtE(0)EL(w). According to the von Neumann
principle the components ;;, of the nonlinear susceptibil-
ity are determined by the magnetocrystalline symmetry.
Crystallographic and magnetic contributions to SHG can
be separated on the basis of their different spectral and
polarization dependence. In the present case ED SHG
was applied for the investigation of various compounds
with noncentrosymmetric crystallographic or magnetic
structure, such as CryO3, hexagonal manganites, thin
garnet films, and CuB,O4. Contributions of higher order
than ED SHG were employed for investigation of systems
with a center of inversion. For example, MD SHG with
enhanced efficiency because of the involvement of mul-
tiple resonant electronic transitions was introduced with
antiferromagnetic NiO and CoO as model systems.

The relative amplitude of magnetic contributions in
comparison with the nonmagnetic background exceeds
that of linear optical experiments by several orders of
magnitude. In the case of antiferromagnets, linear optical
phenomena coupling to a macroscopic magnetization fail
entirely, so that nonlinear optical techniques become es-
pecially useful. Consequent use of spectroscopy and to-
pography as characteristic degrees of freedom of optical
experiments revealed novel and, in many cases, surpris-
ing results. It was shown that for a solitary crystal
structure a broad variety of magnetic structures with
subtle differences were distinguished with a high degree
of discrimination. Hidden phase transitions in frus-
trated compounds and sublattice interaction in systems
with multiple-order parameters were visualized. Inter-
face contributions to magnetic order in thin garnet films
were identified. Magnetic phase diagrams were estab-
lished for all hexagonal manganites, a long-standing task
until the introduction of magnetic SHG. In spatially re-
solved measurements antiferromagnetic 180° domains
were observed in CryO3 in a few minutes with high con-
trast and diffraction-limited spatial resolution. With an
experimental setup for the determination of both ampli-
tude and phase of a SHG wave, several unexpected phe-
nomena were revealed for the system of hexagonal man-
ganites. A possibility for controlling the size of
antiferromagnetic domains through annealing above the
Néel temperature was found. An interaction of antifer-
romagnetic and ferroelectric domains at their walls,
which represents a higher-order magnetoelectric effect in
nonmagnetoelectric materials, was observed and theoreti-
cally explained on the basis of piezomagnetic interaction.
S domains were distinguished in NiO.
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We believe that the possibilities of nonlinear optical
spectroscopy in general and SHG spectroscopy in particu-
lar are far from being fully explored. In this review we
discussed only a few specific examples that demonstrate
the high potential of SHG for the study of known and un-
known physical phenomena in magnetic materials. Un-
doubtedly SHG can be applied to many other magnetic di-
electrics, semiconductors, and metals with few
requirements for the crystallographic and magnetic sym-
metry. Besides that, future experiments on nonlinear
magneto-optics will undoubtedly focus on systematic ex-
ploitation of the temporal degree of freedom in optical
pump-and-probe experiments on magnetically ordered
systems, and, in particular, antiferromagnets, in continu-
ation of introductory experiments reported in Refs. 9 and
200.
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