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Magnetic-Field Induced Second Harmonic Generation in CuB2O4
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Three types of optical magnetic-field induced second harmonic (MFISH) generation are observed in
CuB2O4. Unusually sharp and intense electronic transitions in MFISH and linear absorption spectra
provide selective access to the two nonequivalent Cu2� sublattices. The magnetic phase diagram for
both sublattices is determined by MFISH. Magnetic structure is dominated by antiferromagnetic order
at the 4b site. Sublattice interactions transfer it to the 8d site where it coexists with a discoupled
paramagnetic component.
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frequency from Si [9]. (B) Magnetically ordered mate- derived on the basis of Ref. [18]. Note that the original
Nonlinear optics has been a thriving field of research
since the 1960s with second harmonic generation (SHG)
as the simplest nonlinear optical process playing a par-
ticular role [1,2]. With its larger number of degrees of
freedom SHG reveals new and complementary informa-
tion in comparison to linear optics [3–5]. The leading-
order contribution to SHG, in which interaction of light
and matter is described as electric-dipole transition, is
allowed only in crystals where space inversion symmetry
is broken by the distribution of charges or spins [1,3,6].
However, a simple way to induce SHG in centrosymmet-
ric media is an electric field which due to its polar nature
breaks inversion symmetry [7]. Such electric-field in-
duced second harmonic (EFISH) was used to study the
space-charge region of semiconductor heterostructures,
build quasi-phase-matching devices, etc. [8]. In contrast,
the axial nature of a magnetic field breaks time-inversion
symmetry 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.
With the contemporary interest in spintronics devices,
complementary use of MFISH and EFISH as a sensor
to spintronics properties is self-evident.

In this Letter we report three types of ‘‘giant’’ MFISH
effects in the antiferromagnetic two-sublattice compound
CuB2O4. MFISH intensities allowing naked-eye obser-
vation were employed for a detailed comparative analysis
of linear and SHG spectra which revealed sublattice
selective as well as resonance enhanced contributions.
Using MFISH as a probe for the magnetic structure we
distinguish between magnetic sublattices, identify their
interaction and respective order, and construct the mag-
netic phase diagram.

Three types of MFISH can be distinguished. (A)
Disordered materials or sublattices where the applied
magnetic field reduces symmetry in a perturbative way,
thus inducing new contributions to SHG. The only known
example is a weak surface induced MFISH signal at fixed
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rials, where the magnetic field induces phase transitions,
which lead to new SHG components. Only antiferromag-
netic SHG in the spin-flop phase of Cr2O3 [10] and the
system of hexagonal manganites [11] can serve as ex-
amples. (C) Magnetically ordered materials, where the
magnetic field increases an existing SHG signal by creat-
ing a single-domain state with maximum magnetization.
New SHG contributions are not induced. Processes of this
type are reviewed in Ref. [12]. They can be counted as
MFISH contributions only in a broader sense since the
intrinsic magnetic order, not the applied field, is the
original source of SHG.
CuB2O4 belongs to the class of noncentrosymmetric

magnetically ordered materials for which unusual
coexistence of ‘‘weak’’ Dzyaloshinskii-Moriya–type
ferromagnetism and inhomogeneous (incommensurate)
magnetic ordering attracts a lot of attention [13,14].
Unfortunately analysis of magnetic structure in these
materials is difficult because of their complexity.
Simplified models for the interpretation of diffraction
data lead to the proposition of contradictory magnetic
structures [14–16]. Therefore, CuB2O4 is an ideal candi-
date material for demonstrating the potential and effec-
tiveness of MFISH. It will be seen that all three MFISH
mechanisms are observed with unprecedented clarity and
intensity, thus allowing us to determine the magnetic
structure.
CuB2O4 crystallizes in the tetragonal space group I42d

[17]. Cu2� ions at 4b sites are surrounded by four oxygen
atoms in planar quadratic coordination so that local sym-
metry is 4. Cu2� ions at 8d sites occupy distorted octahe-
dral positions with an exceptionally large separation of
3.069 Å from the two apical O2� ions [17]. Local sym-
metry is 2. In the ligand field degeneracy of the Cu2�

(3d9) eigenstates is lifted. Assuming that (i) energy scales
with the degree of overlap between the wave function of
the Cu2� and O2� ions, and (ii) influence of the remote
apical O2� ions is small the energy levels in Fig. 1 are
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FIG. 1. Electronic states, local symmetry, and coordination
of Cu2��3d9� ions at 4b and 8d sites in CuB2O4. Wave functions
are given in terms of the local coordinate system whose axes
are defined by the connections between the central Cu2� ion
and the square or undistorted octahedron of O2� ligands at the
respective sites. Local symmetry is given in bold italics. The
sequence of levels is discussed in the text. Coordination is
shown for the Cu2� ion (black spheres) with the nearest O2�

ligands (gray spheres). Axes are those of the global coordinate
system.
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FIG. 2. MFISH spectra of (010) oriented CuB2O4 in a static
magnetic field applied along the x axis. Insets show (b) the
magnetic-field dependence of SHG, and (c) the spectral depen-
dence of crystallographic SHG for a (110) oriented sample.
Susceptibilities �ijkl refer to Eq. (1).
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Cu2� d-wave functions are mixed with O2� p-wave
functions because of broken centrosymmetry. Magnetic
properties of CuB2O4 originate from the Cu2� spin 1=2
and interaction of 4b and 8d sublattices. Above TN �
21 K it is paramagnetic. At 10< T < 21 K the 4b site
exhibits commensurate easy-plane antiferromagnetism
with weak Dzyaloshinskii-Moriya–type ferromagnetic
components [14–16] while the 8d site remains disordered
according to contemporary belief [14,16,19,20]. Below
T� � 10 K incommensurate antiferromagnetism with
possible 8d-site ordering was found. Another phase tran-
sition at & 2 K was reported [21].

CuB2O4 bulk single crystals were grown [22], cut, and
polished into (110), (010), and (001) platelets with a
thickness of 60–100 	m. Absorption was measured in
the 1.3–2.5 eV range using a Cary 2300 spectrophotom-
eter and a 0.85 m SPEX monochromator. SHG was inves-
tigated in transmission in the 1.2–3.0 eV range using the
setup described in Ref. [23].

SHG in the presence of a static magnetic field ~HH0 is
described by

Pi�2!� � �0i�ijklEj�!�Ek�!�H
0
l ; (1)

with �̂� as MFISH susceptibility which is time invariant
(T̂T �̂� � ��̂� with T̂T as time reversal) in the case of A-type
MFISH or time noninvariant (T̂T �̂� � ��̂�) in the case of
B-type MFISH [24]. ~EE�!� and ~PP�2!� represent the elec-
tric field of the incident fundamental light and the SH
polarization induced in the crystal. Note that a field
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independent contribution Pi�2!� � �0�
0
ijkEj�!�Ek�!� is

also allowed. However, in general its selection rules are
different so that it is suppressed by a suitable choice of
polarizations for ~EE�!� and ~PP�2!� [see inset in Fig. 2(c)].

Figures 2 and 3 show polarization dependent SH and
absorption spectra of CuB2O4. The inset in Fig. 2(b)
shows an increase of SH intensity in the magnetic field
from � 1 at H � 0 (1 defining the detection limit) by
3 orders of magnitude. At 	0Hx � 7 T this, according to
Fig. 4(d), A-type MFISH signal is of the order of magni-
tude as SHG in crystalline quartz, thus exceeding the
only reported effect [9] by many orders of magnitude.
The MFISH spectrum displays sets of narrow zero-pho-
non lines ( < 1 meV) corresponding to d-d transitions of
the Cu2��3d9� ions. They are accompanied by phonon-
assisted transitions forming a broadband ( > 100 meV)
background. The absorption spectra in Fig. 3 are remark-
able: In most wide-gap transition-metal oxides with d-d
transitions below the band gap absorption bands are broad
and featureless [25–27]. However, in CuB2O4 they repro-
duce the same coexistence of narrow and broad transi-
tions as in the MFISH spectra with up to 70 well-resolved
phonon sidebands.

Comparison of MFISH spectra from �xxxx, �zxxx, and
�zzzx reveals three sets of zero-phonon transitions. We
observe (i) lines at 1.410, 1.675, and 1.910 eV; (ii) lines
at 1.575, 1.875, and 2.120 eV; (iii) a line at 2.820 eV. Set (i)
037204-2
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FIG. 3. Linear absorption spectra of (a) (100) oriented and
(b),(c) (010) oriented CuB2O4 at H � 0. k and E denote wave
vector and polarization of the incoming light wave at fre-
quency !.
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is associated with transitions of the Cu2�f4bg ion. They
are reproduced by the �xxxx and �zxxx components and by
� and � polarized light in absorption. However, they are
absent in the� spectrum because the Cu2�f4bg ion and its
four O2� ligands form a planar structure in the xy plane
which does not couple to z polarized incident light. Set
(ii) is associated with transitions of the Cu2�f8dg ion.
They are reproduced by the �zzzx and �zxxx components,
and because the Cu2�f8dg ion and its six O2� ligands
FIG. 4. Temperature dependence of MFISH intensity at
(a),(b) 4b and (c),(d) 8d sites in static magnetic fields applied
along the z axis of (010) oriented CuB2O4. Inset of
(b): temperature dependence of linear absorption (Abs.) for
k k y, E k x.
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form a tilted three-dimensional unit, light with any po-
larization is absorbed. Set (iii) contains a sole line at
twice the photon energy of the 1.410 eV line from set
(i). It originates in a two-photon transition which is
enhanced by a resonant single-photon transition to the
state at 1.410 eV [23] and does not indicate an electronic
state. Note that the spectra in Figs. 2 and 3 are in full
agreement with Fig. 1. For both Cu2� sites three transi-
tions from the x2 � y2 ground state to the xy, yz=xz, and
3z2 � r2 states are observed. Transition energies at 4b and
8d sites are similar because of the small influence of the
remote apical O2� ions. Splitting of the yz and xz states at
the 8d site is not resolved because it is determined by the
variation of Cu2�-O2� in-plane distances which is only
2.6% [17].

A critical limitation of linear optics is revealed by the
inset in Fig. 4(b). While absorption displays the lines in
Fig. 2 as electronic transitions, thus corroborating their
site selectivity, it is nonetheless insensitive to magnetic
ordering. As shown in the following, magnetic structure
is revealed only by MFISH.

SHG from �xxxx, �zxxx, and �zzzx is allowed in the
magnetic point groups 1, 1, 2, m, 2=m, and eight trigonal
or hexagonal groups [24]. The latter are incompatible with
the tetragonal lattice, and groups 1 and 2=m do not allow
a ferromagnetic moment. Excluding monoclinic symme-
try, only groups 2 and m remain. Group m points to a
magnetic structure with twofold [110] axis and ferromag-
netic moment parallel to this axis whereas group 2 points
to a magnetic structure with mirror plane (100), (010), or
(001) and in-plane ferromagnetic moment. Figure 4 and
the ensuing discussion will show that the ferromagnetic
moment can be oriented along the x or z axis by an
external 50 mT field without further reduction of mag-
netic symmetry. This leaves 2 as magnetic symmetry with
mirror plane xz and in-plane magnetic moment.

Using the lines at 1.410 and 1.875 eV as sublattice
selective probes for the 4b and 8d sites, dependence of
the MFISH signal on temperature and magnetic field is
shown in Fig. 4. For the 4b site the MFISH intensity at
10< T < 21 K is saturated at 50 mT which indicates
saturation of the weak ferromagnetic moment accompa-
nying antiferromagnetic order. Consequently the inten-
sity of the line at 1.410 eV reproduces the temperature
dependence of the magnetic order parameter. For the 8d
site, however, the line at 1.875 eV indicates abnormal
behavior because both ferromagnetic and paramagnetic
behavior are observed depending on choice of, respec-
tively, x or z as detected polarization of the MFISH
signal. Obviously the Cu2� ions at 4b sites impose their
magnetic order onto the Cu2� ions at 8d sites where it
coexists with a disordered paramagnetic component.
Contrary to contemporary belief [14,16,19,20] the 4b
and 8d sublattices are therefore strongly coupled even
above 10 K.

At 	0H & 1 T only A- and C-type MFISH are ob-
served. However, at 	0H > 1 T Fig. 4 shows B-type
037204-3



FIG. 5. Phase diagrams of CuB2O4 in the magnetic field/
temperature plane for (a) in-plane (H k  with  � x� y)
and (b) uniaxial (H k z) magnetic fields. Insets: SH intensity
ISH or magnetization M / �I0:5SH in dependence of the magnetic
field for selected points in the phase diagram.

P H Y S I C A L R E V I E W L E T T E R S week ending
16 JULY 2004VOLUME 93, NUMBER 3
MFISH from field induced phase transitions. Two plots
with H ? z and H k z complete the magnetic phase
diagram of CuB2O4 in Fig. 5 because dependence of
phase boundaries on the direction of H in the xy plane
was found to be negligible. In the magnetic field the
incommensurate purely antiferromagnetic phase I is en-
gulfed by the weakly ferromagnetic commensurate phase
with a different direction of magnetization in phases II
and III. At 0 K quenching occurs at the extrapolated field
	0Hx � 1:6 T (I ! II) or 	0Hz � 30 T (I ! III), the
transitions being, respectively, of second or first order
with gradual or abrupt reorientation of spins (see insets).
Recent neutron diffraction data [28] revealed a magnetic
phase transition for 	0H � 1:3 T with H k �110� at 4.2 K
in excellent agreement with our data.

In conclusion, observation of the giant MFISH genera-
tion opens new degrees of freedom for probing the mag-
netic and electronic properties of matter. Using the
two-sublattice compound CuB2O4 as a model system we
detect unusually sharp and intense spectral lines both in
linear absorption and MFISH spectra which provide site
selective access to the electronic and magnetic structure
of CuB2O4 by the appropriate choice of photon energy.
However, only the MFISH signal is sensitive to magnetic
structure and reveals commensurate and incommensurate
antiferromagnetic ordering with or without a weak fer-
romagnetic component for the 4b site. Strong intersublat-
tice coupling imposes this order onto magnetic moments
at the 8d site where it coexists with a discoupled para-
magnetic component of the Cu2� moment. Spontaneous
and magnetic-field induced phase transitions are ob-
served and magnetic phase diagrams are derived. A
highly anisotropic behavior with generally low stability
of the incommensurate phase is observed.
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