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Optical second harmonic spectroscopy is introduced as a powerful supplement for the determination of
complex magnetic structures. Experimental efforts are simplified and new degrees of freedom are opened.
Thereby, some principal or technical restrictions of neutron or magnetic x-ray diffraction experiments
are overcome. High spatial resolution leads to additional information about magnetically ordered matter.
As an example, the noncollinear magnetic structure of the hexagonal manganites RMnOs; (R = S, Y,
Ho, Er, Tm, Yb, Lu) is analyzed. The results show that some earlier conclusions on their magnetic

symmetry and properties should be revised.

PACS numbers: 75.25.+z, 42.65.Ky, 75.50.Ee, 78.20.Ls

The determination of symmetry is a prerequisite for any
detailed evaluation of phononic, electronic, and magnetic
properties of matter. From symmetry, fundamental selec-
tion rules and conservation laws are derived which are then
applied in the microscopic description of many-body sys-
tems. Diffraction experiments with the use of x rays, elec-
trons, and neutrons have proved to be powerful tools for
studying the symmetry and structure of matter. In general,
however, diffraction experiments do not allow the com-
plete determination of the crystallographic point and space
groups. Auxiliary macroscopic techniques are therefore
required [1]. The determination of the magnetic structure
is an even more challenging task. Apart from recent mag-
netic x-ray diffraction experiments [2], neutron diffraction
has remained the only practical method for deriving the
magnetic point and space groups [3,4].

In practice, neutron diffraction experiments are subject
to severd restrictions [3]. Large samples have to be used
which ideally should not only bein asingle-crystalline but
aso in a magnetic single-domain state. These criteria are
often difficult to meet, and powdered samples are used.
Datatreatment becomes even more complicated in the case
of complex noncollinear arrangements of spins. Different
magnetic structures may be indistinguishable, particularly
if unpolarized neutron beams are applied. Again, auxiliary
information is indispensable. In many cases, magnetic,
magnetoel ectric, and magneto-optical measurements can
be employed, but dueto their integral character conclusions
on the microscopic magnetic structure remain difficult.

Recently, nonlinear optical methods, and in particular
second harmonic generation (SHG), have been applied in
magneto-optics. In most cases, SHG was used for study-
ing the static and dynamic properties of specific ferromag-
nets and antiferromagnets with ssmple crystallographic and
magnetic structures [5—8]. However, a profound investi-
gation of the applicability of nonlinear spectroscopy to a
broad range of magnetically ordered materials of poten-
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tially different structure is still overdue. In this Letter we
show that nonlinear optical spectroscopy meets this pur-
pose and therefore qualifies as an important supplement to
neutron experiments for the study of magnetically ordered
materials. Principal or technica restrictions of the diffrac-
tion experiments are overcome, which can simplify the de-
termination of magnetic structure, and may even lead to
results which cannot be gained by the existing techniques.
New degrees of freedom are opened which provide addi-
tional information about magnetic phases.

The hexagonal manganites RMnO; (R = Sc, Y, Ho, Er,
Tm, Yb, Lu) provide a very instructive example to test the
method and to disclose its advantages. At room tempera-
ture, the structure of these compounds is described by the
crystallographic space group P6scm [9]. A phase tran-
sition to the antiferromagnetic state occurs at Ty ~ 70—
130 K [10,11]. The magnetic properties arise from the
Mn3*(34%) ions with spin § = 2. For Ho, Er, Tm, and
Y b, there are additional contributionsto the magnetic prop-
erties from the rare-earth ions with the possibility of 4f
spin ordering below ~6 K [12]. For clarity, we restrict
the discussion to triangular antiferromagnetic ordering of
the Mn3* spins (Fig. 1), since other possible arrangements
[13—15] have not been observed so far. Thetwo modelsin
Fig. 1 are distinguished by parallel («) or antiparallel (B8)
orientation of corresponding spinsat z = 0 and z = ¢/2
in the unit cell. Depending on the angle ¢ between the
magnetic moment and the x axis [16] being 0°, 90°, or in
between for both @ and 8 models, this leads to six pos-
sible magnetic symmetries.

In principle, several nonlinear optica methods can be
used for studying magnetic structures. It will be seen that
SHG as the lowest-order nonlinear process can already
distinguish between all the possible spin structures. The
determination of magnetic structures from SHG is based
on the relation between the induced nonlinear polariza-
tion P;(2w) and the electric field components E;(w) and
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FIG. 1. Planar triangular magnetic structures of hexagonal
RMnOs;. A projection of the Mn spins a z = 0 (closed
arrows) and z = ¢/2 (open arrows) on the xy plane of the
magnetic unit cell shows paralel (¢ model) or antiparallel
orientation (8 model) of neighboring spins on one line. The
axes perpendicular to the glide planes ¢ (mirror planes m) are
the x (y) axes. The sixfold axis is the z axis [1].

E(w) of the fundamental light:

Pi20) = e,(x) + X DE[(@Ew), (D)
where )((’) and ,\/(C) are the crystallographic and magnetic
SHG susceptrbrllty tensor components, respectively. Inthe
€l ectric-dipole approximation both are polar third-rank ten-
sors, but Xl(]l;c is time invariant, whereas X,(,Cz is time non-
invarint which originates in the breaking of time-reversal
symmetry by the spin ordering. The tensor components

(l) and ,\/(‘) are uniquely defined by the crystallographic
and magnetlc space groups, respectively [17]. They can be
identified experimentally by measuring the intensity of the
SH signal 1(2w) = |P;(2w)|? for various directions and
polarizations of the incident and emitted light. The non-
vanishing magnetic tensor components X(‘) for the six
space groups derived from Fig. 1 aregiven in Table I. The
selection rules are all different and therefore allow the un-
ambiguous assignment of the magnetic symmetry. This
was impossible before, since neutron experiments could
not discriminate between « - and B-type spin arrangements
[3,10]. Although the SHG is a macroscopic method, it can
distinguish between the different magnetic space groups
(P65cm and P65cm) of one magnetic point group (6mm),
since the x and y crystalline axes are uniquely defined
(Fig. 1).

In our experiments, both polished and unpolished
flux-grown (0001) platelets [18] of x-ray oriented RMnOs

TABLE I.

single crystals with thicknesses of 0.05-0.4 mm and lat-
eral dimensions of 1-3 mm were used. Low-temperature
absorption measurements revealed that with the exception
of some narrow lines attributed to electronic transitions
between 41 levels of the rare-earth ions [19] all samples
are transparent below 1.5 eV, which alows one to choose
a transmission setup. Samples were illuminated by 5 mJ,
3 nslight pulses with a photon energy of 1.0-1.5 eV and
at a repetition rate of 10—-40 Hz. Wave plates and optical
and polarizing filters were used to set the polarization
of the incoming light, separate the fundamental and the
SH light behind the sample, and analyze the polarization
of the SH signal. A telephoto lens was used to project
the signal light on a cooled CCD camera where it was
integrated in spectroscopic or spatially resolved in topo-
graphic experiments [20,21].

Figure 2 shows the SH spectra of HOMnO; and the an-
gular and temperature dependence of the SH intensity for
light incident along the optical axis (k || z). The polar
graphs were recorded by projecting the component of the
SH light oriented paralel to the polarization of the inci-
dent light while rotating this polarization by 360°. These
plots alow the samples to be oriented with an error <0.5°
in the xy plane. The presence of a strong signal for & || z
immediately restricts the choice between six possible spin
structures to the three « configurations since only these
show a SH component which couples x or y polarized in-
cident and SH light. For the 8 model, a longitudina z
polarized wave is aways involved (Table 1) which cannot
propagate outside the crystal. At Néel temperature the SH
signal vanishes, which confirmsits purely magnetic origin.
In the temperature range between Ty = 72 K and T =
41 K, the SH signa exhibits a sixfold symmetry with
maximum intensity for P2w) || E(w) || x and zero inten-
sity for PQw) || E(w) || y. The corresponding magnetic
symmetry is thus P6;cm with x() # 0 and x!o) = 0.
Below the reorientation temperaIure Tk, the SH spectrum
is quite different and the polar dependence of the signal is
rotated by 30° with respect to the high-temperature phase.
This correspondsto (), = 0 and x\<), # 0 and therefore
to the magnetic space group P6;cm. The change of mag-
netic structure goes along with a 90° spin rotation and a
change of the antiferromagnetic domain structure Inanar-
row temperature interval around Tg, both (¢ and x(©

yyy
are nonvanishing due to the lower P6; wmmetry in the

Magnetic selection rules for hexagonal RMnOs. Triples i jk denote the components

of the SH tensor X,(fk) @& denotes the sum of the 0° and 90° components.

¢ inFig. 1 Space group Selection rules for magnetic SHG
@ 0° P6scm YXX = XyX = XXy = —yyy
a; 90° Pb6;cm Xyy = yxy = yyx = —Xxx
a, 0°...90° Po; a; ® ay
Bi 0° Pb6cm Xyz = Xzy = —yxz = —yzx
B2 90° P6scm XXZ = XZX = yyI = yIY,22Z,2XX = 7)Yy
Bo 0°...90° P6; B1® B2
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FIG. 2. Spectral, angular, and temperature dependence of the
X, (open circles) and the x <) components (closed circles) of
the SH tensor.

course of the spin rotation. The spin reorientation was
aso observed by neutron diffraction [10], but only now
the unambiguous assignment to the space groups of the
a model could be made. Note that only spectroscopic and
temperature dependence considered providesthe full infor-
mation needed for the determination of the magnetic struc-
ture. The temperature dependence can reveal the various
magnetic phases and the nonvanishing magnetic and non-
magnetic SH tensor components. However, only the SH
spectrum reveal s the photon energy with a suitable SH sig-
nal from theinvestigated magnetic sublattice. In particular,
the identification of vanishing SH tensor components can
only be made spectroscopicaly, in order to exclude an ac-
cidental absence of SH at some energy.

Furthermore, the magnetic SH spectrum of YMnO;
a T < Ty exactly resembles that of HOMnOs in the
low-temperature phase, whereas the magnetic SH spec-
trum of ErMnO; resembles that of HOMnO; in the high-
temperature phase. A microscopic understanding of the
spectra is not even needed to assign a P6;cm structure
to YMnO; and a P6;cm structure to ErMnO; from this
observation [16]. Spectroscopy can be regarded as an
additional degree of freedom which may further support
the symmetry analysis—or, in this case, unnecessitate the
need for sample orientation by other techniques.

5622

ScMnO; offers the most intriguing results.  Figure 3
shows a series of spatialy resolved SH images of a
ScMnO; sample at various temperatures with the SH light
being due to the <) and )( © components Just below

Ty = 123 K, we find x'¢ 9& 0 and ny)’ = 0 for the
whole sample which corresponds to a P6;cm symmetry.
In the 62-22 K range, the spins in the red region rotate
by 90°, the symmetry now being P6scm with x{¢) =0
and X<C # 0. Note that athough the borderline of this
transmon moves across the sample with temperature,
locally the full 90° rotation occurs immediately, once the
local reorientation temperature is reached. Below 22 K,
the green region, too, exhibits a spin reorientation. In this
region, the angle ¢ between spins and x axes increases
with decreasing temperature, but contrary to the red re-
gion, the full 90° rotation is not accomplished. At 1.5 K,
¢ varies between 72° at the lower right corner near the
blue region and ~30° at the opposite border with the red
region. Because of the lower P6; symmetry, both Xg;
and x(¢) are nonvanishing. The remaining blue region is
not at all affected by the transition and retains the P6;cm
symmetry down to 1.5 K. We thus find a coexistence of
three magnetic phases in one single crystal. Although the
physical background behind this coexistence is not the
topic of this Letter, our observations aready indicate a
high sensitivity of the magnetic structure to sample in-
homogeneities (most likely strain). Previous experiments
revedled only a sequence of gradual spin reorientations

22.0K

62.0 K

FIG. 3 (color). Spatially resolved magnetic SH images of
ScMnO3 for various temperatures below Ty = 123 K. Each
pair of black-and-white pictures was exposed with SH light
a 2.44 eV from the x'< (label xxx) and the )((C) (label yyy)
tensor components. Red, green, and blue areas "mark regions
with P6;cm, P65, and P6;cm Symmetry, respectively.
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averaged acrossthe sample[22]. The SH experiment, how-
ever, provides an abundance of information about the coex-
istence of different antiferromagnetic phases and gradual
or abrupt transitions between them, which is derived from
just another degree of freedom, that is, spatia resolution.

Figure 4 summarizes the symmetries of al the hexago-
nal RMnO; compounds as derived from the SHG experi-
ments. First, all compounds belong to the a model with
parallel orientation of corresponding spins in the z = 0
and ¢/2 planes. A weak ferromagnetic moment, which
was reported elsewhere [11,22], could not be confirmed.
Note that the SHG based symmetry anaysis is not
obscured by ferromagnetic Mn;O4 impurities as conven-
tional magnetization experiments are. Second, the low
P65 symmetry with ¢ between 0° and 90° was observed
in ScMnO;, but similar results on ErMnO; and TmMnOs
[10] could not be confirmed. Finally, the absence of a
SH signal above Ty for light incident along the z axisis
consistent with a P63cm, but not witha P3c1 symmetry in
the paramagnetic state. Uncertainties in former diffraction
experiments [9,11] prevented the ultimate clarification of
the crystal structure so far.

In conclusion, it was shown that nonlinear optical spec-
troscopy is an important complement to the neutron and
x-ray based investigation of magnetic matter in several as-
pects. By analyzing the polarization dependent spectra
arising from magnetic contributions to nonlinear optical
susceptibilities (i) magnetic structures known from other
measurements could be proved or disproved, (ii) mag-
netic structures which were indistinguishable in neutron
diffraction could be distinguished, and (iii) spectral and
spatial resolution as additional degrees of freedom could
be applied to overcome some of the principal or techni-
cal restrictions of the existing techniques. Nonlinear spec-
troscopy alows the topographical and sublattice sensitive
determination of magnetic symmetry with a high degree of
discrimination between similar magnetic structures. Inthis
Letter, only SH transmission experiments are discussed,
the application of which are limited to noncentrosymmet-

Temperature (K

Sc Y Ho Er Tm Yb Lu

FIG. 4 (color).
ites. Sc, Ho, and Lu show a coexistence of magnetic phases
with temperature intervals being sample specific. Intervals are
thus given for a single sample. Rare-earth spin ordering below
6 K was not taken into account.

Magnetic symmetry of the hexagonal mangan-

rical transparent crystals. In case of centrosymmetric or
highly absorbing materials and surface magnetic layers,
higher nonlinearities and reflection spectroscopy have to
be applied [23]. For instance, first magnetic three-photon
difference-frequency experiments revealed a coupling be-
tween antiferromagnetic and charge ordering in one of the
colossal magnetoresistive perovskite manganites [24].
This work was supported by the Deutsche Forschungs-
gemeinschaft and the Alexander-von-Humbol dt-Stiftung.
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