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Photoinduced instability of the magnetic structure of hexagonal ScMnO3
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A modification of the magnetic structure was observed in hexagonal antiferromagnetic ScMnO3 upon trans-
mission of an intense near-infrared light pulse. Photomagnetic effects lead to a rotation of the magnetic
moments inside the basal plane of the Mn31 lattice for which the presence of a weak ferromagnetic moment
along the hexagonal axis of our single crystals could not be confirmed. Further, movement of antiferromagnetic
domain walls and the creation of new walls were observed. The effects exhibit a distinct dependence on the
linear polarization of the incident light while circular photomagnetic effects were not detected. This is ex-
plained by a photoinduced modification of the magnetic anisotropy.
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The hexagonal manganitesRMnO3 (R5Sc, Y, In, Ho–
Lu! are an interesting group of compounds due to an unu
combination of electric and magnetic properties. The co
pounds are ferroelectric1 and show additional magnetic o
dering of the Mn31 and, in some cases, theR31 sublattices
all of which are geometrically frustrated.2,3 The multifold
ordering and the high degree of correlation between the
ferent sublattices lead to rich phase diagrams with a po
bility for hidden phase transitions4 and a general instability
of the magnetic structure. A coexistence of different ma
netic phases,5,6 orientational magnetic phase transitions4,6

and the possibility to control the lateral dimension of antif
romagnetic domains within a range spanning two orders
magnitude7 manifest the magnetic instability. Due to th
competition between different magnetic phases, the magn
structure is quite sensitive to a variation of external para
eters. Magnetic phase control is exerted by an applicatio
moderate magnetic fields,4,8 whereas the topography of th
antiferromagnetic domain structure can be controlled
proper temperature annealingabove the ordering
temperature.7 Due to a correlation between the long-ran
electric and magnetic ordering, the magnetic domain str
ture can also be influenced by the application of elec
fields,9 which is an interesting property for technic
applications.10,11 With its high sensitivity to static electric
and magnetic fields, a modification of the magnetic orde
this highly correlated system may also be expected from
dynamic electromagnetic fields of an incident light wav
However, whereas such a coupling is well known from t
orthorhombic ‘‘colossal magnetoresistive’’ manganites, it h
not yet been observed for the hexagonalRMnO3 system.

In this paper, we investigate the influence of an inten
light field on the magnetic structure of ScMnO3. A pro-
nounced modification of the antiferromagnetic order with
unusual dependence on the polarization of the incident l
wave is observed. This is explained by photomagnetic c
pling in combination with a small magnetic anisotropy in t
easy plane of the compound.

All the hexagonal compounds from theRMnO3 series are
ferroelectric at room temperature, the space group be
P63cm.1 At 702130 K magnetic ordering of the Mn31 sub-
lattice occurs in all compounds but InMnO3. The Mn31 lat-
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tice consists of basalxy planes in which an antiferromag
netic 120° arrangement of Mn31 spins breaks the geometri
frustration of the hexagonal lattice.2,3 The Mn31 planes are
stacked along the hexagonalz axis with a weak antiferro-
magnetic~a type2! coupling between neighboring planes12

as shown in the inset of Fig. 1. In spite of strong antifer
magnetic coupling within the basal plane the in-plane anis
ropy is small and unstable against a variation of tempera
or application of a magnetic field. Therefore, the anglewspin
included between the Mn31 spin and thex axis ~the axis

FIG. 1. Instability of the magnetic structure of hexagon
ScMnO3. ~a! SH intensity at 2.44 eV as function of temperatur
I x

SH and I y
SH denote thex and y polarized component of the SH

intensity emitted from a confined region of the sample in~c!. The
inset shows the antiferromagnetic structure in the basal plane
open~closed! circles denoting Mn spins atz50(z5c/2) in the unit
cell. ~b! Averaged orientation of the Mn spin in the unit cell of th
sample in~c! with wspin as defined in~a!. ~c! Spatial distribution of
the local value ofwspin at 1.5 K. Note that values 0°<wspin<90°
contribute to the average value^wspin&549° in ~b!. The white line
in panel~c! marks the integration area for Fig. 3.
©2002 The American Physical Society21-1
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perpendicular to the glide planec)13 can assume arbitrary
values in thexy plane.

Among the hexagonal manganites, the properties
InMnO3 and ScMnO3 stand forth. InMnO3 does not show
long-range magnetic ordering due to the large distance
tween neighboring Mn31 planes alongz. ScMnO3, on the
other hand, possesses the smallest distance among the
agonal RMnO3 compounds.14 The Néel temperature of
ScMnO3 is 50–90% higher than that of the otherRMnO3
compounds. Further, measurements of the temperature
pendence of the magnetic susceptibility and the specific h
of ScMnO3 deviate from those of otherRMnO3 compounds
in that a distinct sensitivity of the Mn31 sublattice to an
externally applied magnetic field with large entropy cont
butions from the magnetic subsystem belowTN is ob-
served.8,15,16 These results suggest that ScMnO3 plays a
prominent role as end compound of theRMnO3 series~op-
posite of InMnO3) in which many of the effects guiding the
magnetic properties of this series are enhanced. Moreo
the case of ScMnO3 polarizes the ongoing discussion abo
the magnetic structure of hexagonalRMnO3, because for
this system many different types of crystallographic a
magnetic ordering were reported which are not compati
with each other. In particular, several authors report the
servation of spin canting or a weak ferromagne
moment17–19 which is incompatible with antiferromagneti
coupling between the basal Mn planes. Due to the key r
ScMnO3 apparently assumes in the series of hexagonal m
ganites we restrict ourselves to the investigation of this co
pound in the following.

In the experiment polished flux-grown~0001! single-
crystal platelets of ScMnO3 with thicknesses of about 0.1
mm and lateral dimensions of 1–3 mm were used.20 The
samples were x rayed prior to the experiment. With x ra
perpendicular to the sample surface one obtains the diff

FIG. 2. Faraday rotation of the ScMnO3 sample shown in Fig.
1~c! as function of a static magnetic field applied along thez axis.
Closed and open circles show the rotation measured in field incr
ing and decreasing runs, respectively. The inset shows an x
transmission pattern of the sample with the asterisk indicating
directions of the threex axes.
22442
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tion pattern shown as inset in Fig. 2. It displays a sixfo
symmetry with well-focused reflexes, which points to a w
oriented ~,0.1°! sample free of stacking faults, twinning
and other gross growth errors. Light pulses at\v51.22 eV
from an optical parametric oscillator~3 mJ, 3 ns, repetition
rate 10240 Hz! were used to photoexcite the samples wh
are transparent below 1.34 eV. Second harmonic genera
~SHG! at 2\v52.44 eV allows us to monitor the effect of th
excitation on the magnetic structure of the sample.5 Wave
plates and optical and polarizing filters were used to set
polarization of the incoming light, separate the SH light a
the transmitted fundamental light behind the sample, a
analyze the polarization of the SH signal. A telephoto le
with a resolution of 10mm was used to project the signa
light onto a cooled CCD camera.21 In those cases where
magnetic field was applied to the samples, the resulting F
aday rotation was determined directly from the polarizat
of the light transmitted through the samples, which was
tected with a photodiode.

The investigation of noncentrosymmetric magnetocrys
line structures by SHG is based on the relation between
induced nonlinear polarizationPi(2v) and the electric field
componentsEj (v) andEk(v) of the fundamental light

Pi~2v!5e0x i jkEj~v!Ek~v!. ~1!

The tensor componentsx i jk are induced by crystallographi
or magnetic ordering in the sample. They are unarbitra
related to the corresponding space symmetry and can
identified experimentally by measuring the intensity of t
SH signalI i

SH(2v)}uPi(2v)u2 for various directions and po
larizations of the incident and emitted light. Knowing a s
lected set of tensor elementsx i jk is often sufficient to draw
conclusions on the magnetic structure of a compound. In
hexagonal manganites, most convenient access to the m
netic structure is achieved with light incident along the he
agonalz axis, since in this configuration all the tensor com
ponents coupling to the crystallographic structure do
contribute to SHG. The only independent components
kiz are xxxx and xyyy for antiferromagnetic coupling~a
type! between neighboring Mn31 planes. Note that in the
case of ferromagnetic coupling~b type! SH contributions are
not allowed so that any observation of a SH signal forkiz
immediately rules out the possibility for ferromagnetic inte
plane coupling.5 According to Refs. 6 and 9, the polarizatio
of the emitted SH wave is directly correlated to the orien
tion of the Mn31 spins in the basal plane and thus, to t
value ofwspin as shown in the inset of Fig. 1~a!. One finds

tan2wspin5j~v!I x
SH/I y

SH ~2!

with I x
SH}uxxxxu2 and I y

SH}uxyyyu2 asx andy polarized con-
tribution to the total SH intensity after excitation with ligh
polarized along either thex or the y axes.6 The factorj~v!
depends on the photon energy and compensates the d
ence in magnitude ofxxxx and xyyy at the end valueswspin
50° and 90°.

Figure 1 shows the intensity of the SH signal emitt
from a ScMnO3 sample as function of temperature and p
larization, and the orientation of the Mn31 spins in the basa
plane derived from this measurement by use of Eq.~2!. The
SH signal in Fig. 1~a! was gained with fundamentaly polar-
ized light incident along the hexagonalz axis of the crystal.
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PHOTOINDUCED INSTABILITY OF THE MAGNETIC . . . PHYSICAL REVIEW B 65 224421
The two graphs correspond to thex andy components of the
emitted SH intensity. The data points are gained by integ
ing the signal from a fixed region on the homogeneou
illuminated sample. In the temperature rangeTN.T
.55 K, the SH light isx polarized so thatI y

SH vanishes.
Below 55 K, however, the polarization of the SH light dev
ates from thex axis. I y

SH starts to increase whileI x
SH is more

and more attenuated until at 15 K the two contributions
of approximately equal intensity.

Using Eq.~2! the averaged valuêwspin& was determined
as function of temperature in Fig. 1~b!. Contrary to Fig. 1~a!,
the SH signal was now integrated across the complete are
the sample platelet so that^wspin& denotes the average sp
angle of the sample. In agreement with Fig. 1~a!, the
ScMnO3 sample shows a gradual decrease of^wspin& from
90° at 70 K to 49° at 1.5 K. The spin rotation does n
proceed at a constant rate, so that a kink is observed in
plots in Figs. 1~a! and 1~b! when the rotation stagnates ne
40 K. The slow unsteady rotation which stops at some in
mediate angle at low temperature points to a very sm
anisotropy in the basal plane. This is confirmed by the s
tially resolved image of the spin angle in Fig. 1~c! which
reveals that the average value of^wspin&549° at 1.5 K in Fig.
1~b! is in fact made up from local variations ofwspin between
0° and 90°.

The small easy-plane anisotropy distinguishes ScMn3
clearly from hexagonalRMnO3 compounds where due to
large anisotropy a spin reorientation belowTN is not ob-
served. Even in those compounds which exhibit magn
phase transitions belowTN , these transitions are usually d
termined by intrinsic changes of parameters, which, e.g.
the case of HoMnO3 leads to a magnetic reorientation occu
ing across a very narrow temperature range with an ab
switching ofwspin between the two end values 0° and 90°.
ScMnO3, however, the observed phase transition is do
nated by extrinsic effects such as small variations of the
ichiometry during sample growth or strain induced by t
preparation process. Therefore, it is the only compound
which an arbitrary orientation of the Mn31 spins in the easy
plane is observed in an extended temperature interval.
magnetic instability of the hexagonalRMnO3 system in the
basal plane is thus most pronounced in ScMnO3 which
makes it particularly suitable for an investigation of ligh
induced effects withwspin playing the role as sensor for th
perturbation.

Concerning the magnetic stability of the ScMnO3 system
perpendicular to the basal plane, a weak ferromagnetic c
ponent along the hexagonal axis was reported for polyc
talline ScMnO3 samples by various authors.17–19 However,
weak ferromagnetism is in disagreement with both Figs
and 2. The selection rules for SHG which follow from th
polarization dependence of the signal in Fig. 1 inevita
point to the spin structure shown as an inset in the figu
The symmetry of this structure is given by the space gro
P63cm,P63, or P63cm depending on the value ofwspin be-
ing 0°, between 0° and 90°, or 90°, respectively. In none
these space groups a weak ferromagnetic component pe
dicular to the basal plane is allowed. On the other hand,
22442
t-
y

e

of

t
he

r-
ll

a-

ic

in

pt

i-
o-

in

he

-
s-

1

y
e.
p

f
en-
r

those magnetic space groups which allow the presenc
weak ferromagnetism, a SH signal for light incident alo
the hexagonal axis is strictly forbidden.

Figure 2 shows the Faraday rotation of the sample fr
Fig. 1~c! as function of a static magnetic field applied alo
the hexagonal axis. Faraday rotation couples linearly to
applied magnetic field or an intrinsic magnetization and
therefore a suitable sensor for the detection of a spontan
or imposed magnetic order.4 In Fig. 2 the rotation increase
linearly with the applied field, and in field decreasing run
upon field reversal, or after excitation with a strong las
pulse a hysteresis as, e.g., in Ref. 19 or other deviations f
the linear dependence in Fig. 2 are not observed. The p
ence of a weak ferromagnetic magnetization along thez axis
in our single-crystal samples can therefore be excluded.

Figure 3 shows the ratioI y
SH/I x

SH for the ScMnO3 sample
in Fig. 1~c! for a 600mm wide region in the center of the
sample. The ratio is shown as function of the photon den
n which is defined by the number of photons irradiated o
a unit area of the homogeneously illuminated sample. T
time derivative ofn leads to the photon fluxF of the incident
laser light. The initial state for the experiment was prepa
by annealing the sample by illumination withx polarized
light at 1.22 eV. The valuen50 is defined by the momen
when the polarization of the incident light was switched
90° from x to y. Although a change of polarization of th
fundamental wave does not change polarization and inten
of the SH wave for constantwspin, a continuous increase o
I y

SH/I x
SH is observed. Atn05231021 cm22, the ratio satu-

rates at 235% of its initial value. This corresponds to
change of̂ wspin& in the observed region from̂wspin

max&545° at
n50 to ^wspin

min&534° atn5n0. The inset of Fig. 3 showsI y
SH

and I x
SH, that is, the raw data for the calculation of^wspin&,

monitored over a time interval of more than 1 h. Repea

FIG. 3. RatioI y
SH/I x

SH of the y andx polarized contributions to
the SH intensity at 6 K as function of the densityn of incident y
polarized photons with 1.22 eV photon energy and fluxF53.6
31017 cm22 s21 (F5dn/dt). The right axis shows the associate
value of the average spin angle^wspin&. The SH light was emitted
from the framed region of the ScMnO3 sample in Fig. 1~c!. At the
dashed line, the photon flux was blocked for several minutes.
inset shows the temporal evolution ofI y

SH andI x
SH over a time scale

of more than 1 h for repeated switching of the polarization of
incident light betweenx andy as indicated in the figure.
1-3
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switching of the polarization of the incident light betweenx
andy leads to a repeated drastic change of the SH intens
which corroborates that the observed switching of the Mn31

spins is both reversible and reproducible. Moreover, it can
excluded that this decrease is due to a laser-induced incr
of temperature in the sample. An increase of temperature
only account for an increase of^wspin&.

6 Further,I y
SH/I x

SH in
Fig. 3 did not change when the laser was blocked for sev
minutes.

The influence of the light field on the antiferromagne
domain structure is shown in Fig. 4. In the figure, the sp
tially resolved SH signal for a ScMnO3 sample is shown for
fundamental light polarized along one of the principal ax
Panels~a!–~d! correspond to the temporal sequence of t
images. From the emitted SH light the component polariz
under 30° to thex axis was selected by the analyzer in ord
to achieve a homogeneous distribution of sample brightn
for all values of wspin. Before recording each image, th
sample was exposed to light with a polarizationE as given in
Fig. 4 until the ratioI y

SH/I x
SH did not change any further. Eac

image exhibits narrow dark lines which correspond to t
walls between neighboring antiferromagnetic domains. T
walls are visible due to an interference effect based on
phase difference in the SH light fields from neighboring d
mains. Two different types of domain walls can be dist
guished. The straight walls separate the phase withwspin
50° from the phase withwspin.0°. The curved irregular
walls separate opposite 180° domains of one magnetic ph

FIG. 4. Antiferromagnetic domain structure of a ScMnO3

sample at 1.5 K upon illumination with linearly polarized light o
flux F53.631017 cm22 s21 at 1.22 eV. The domain structure i
visualized by the generated SH light with narrow dark lines cor
sponding to the walls between neighboring domains. Images~a!–
~d! were exposed in this sequence after being subjected to a ph
densityn.231021 cm2 prior to each exposure. The polarization o
the incident fundamental light is denoted byE. The polarization of
the SH light passing the analyzer included 30° with thex axis in
order to achieve a homogeneous distribution of the brightness o
sample for all values ofwspin.
22442
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While the position of the straight walls is insensitive to t
polarization of the incident laser light, curved walls a
moved, removed, or newly created whenever the polariza
of the incident light is exchanged betweenx andy. There is
a clear correlation between the polarization of the incid
light and the resulting domain structure since for either p
larization a characteristic distribution of domains is rep
duced with only small alterations even after repeated swit
ing of the polarization betweenx andy. For example, the two
domain walls marked by an arrow in Fig. 4~d! are created by
the irradiation ofy polarized incident light. They vanish
when the polarization is changed tox, and they reappea
when it is reverted toy.

If circularly polarized light is used for the excitation o
the sample, an intermediate spin angle between^wspin

max& and
^wspin

min& is assumed by the sample. This angle as well as
antiferromagnetic domain structure appears to be indep
dent of the circular polarization beings1 or s2 .

Photomagnetic effects, that is, photoinduced change
the magnetic properties of materials have already been s
ied in a wide range of materials.22 Common origins for a
photoinduced change of the magnetization include transfe
the magnetic moment of the photon spin to the mater
trapping of photoexcited carriers into a ‘‘ferron’’ state whic
can modify the exchange interaction locally,22,23 the forma-
tion of Frenkel excitons which modify the magnetic e
change and anisotropy,22 and the reduction of symmetr
by the plane of polarization of the incident light which lea
to contributions to the total magnetization.24 Apart from
these single-electron effects, photoinduced insulator-m
transitions may occur due to a shift of the balance betw
charge-localizing and charge-delocalizing effects in ma
electron systems such as the colossal magnetoresi
manganites.25,26Even if the magnetic order of a compound
not changed by the irradiated light, photomagnetic effe
can lead to a change of the magnetic domain structure du
the formation of potential wells or humps near photogen
ated impurities,22 due to a local change of the magnetic
order,23 or due to the total photoinduced magnetization of t
sample which shifts the balance between different domain27

In the present case, photomagnetic coupling leads t
change of the antiferromagnetic order in the form of sp
rotation and to a change of the antiferromagnetic dom
structure. Most remarkably, the photomagnetic effects fr
circularly polarized light are not larger than those from li
early polarized light, thus reversing the situation which
found in most compounds. In fact, there is no evidence a
for ‘‘true’’ circular photomagnetic effects since all the ob
served effects can be understood as a combination of
linear photomagnetic effects fromx andy polarized light.

The unusual situation can be understood by recalling
different mechanisms for the coupling of circularly and li
early polarized light to the magnetic order. Circularly pola
ized light can act as a magnetization due to its spinSz
561 and primarily modifies the exchange interaction o
system. In general, these effects are much larger than t
exerted by linearly polarized or even unpolarized light whi
mainly affects the magnetic anisotropy via the reduction
symmetry by the plane of polarization or the direction of t

-

ton

he
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PHOTOINDUCED INSTABILITY OF THE MAGNETIC . . . PHYSICAL REVIEW B 65 224421
wave vector.22 However, ScMnO3 is a system with a strong
antiferromagnetic exchange~;100 T!, but a very small an-
isotropy in the basal plane.4 Therefore, a photoinduce
change of the anisotropy constants by linearly polarized li
is expected to have the larger effect in this system in ag
ment with our observations. Moreover, the enhancemen
the linear photomagnetic effect is expected to be confine
the basal plane, since in the relation

A~u,f!5K1cos2u1K2cos 6f ~3!

describing the anisotropy in hexagonal crystals~with u andf
as spherical coordinates!, one usually findsK2!K1 for the
anisotropy constants. Confinement to the basal plane is
in agreement with our observations. Among the possible
croscopic origins for the change of anisotropy, the photo
neration of Frenkel excitons as excited states of the parti
filled Mn31(3d) shell may be the most likely one. The cr
ation of the excitons, can lead to very long-lived or ev
stable states.28 This can change the magnetic anisotropy to
extent that a variation of the magnetic order, as, e.g.,
served in the case of EuCrO3, occurs.29

The characteristic dependence of the antiferromagn
domain structure on the polarization of the incident light c
be due to both indirect and direct photomagnetic mec
nisms. In the first case, the observed movement, remo
and creation of antiferromagnetic domain walls may be
consequence of the photoinduced variation ofwspin with the
polarization. Previous measurements on theRMnO3 system
showed that the observed structure and lateral dimensio
domains forP63 symmetry is very sensitive to the differenc
in magnitude between thex andy components of the Mn31

spin30 which is directly related towspin. The correlation be-
tweenwspin and the domain structure is further corroborat
by the observation that forn,n0 the domain structure is
.

.

s.

M

o

22442
t
e-
of
to

lso
i-
-

ly

n
b-

ic
n
-

al,
a

of

continuously changing along with the rotation ofwspin
whereas bothwspin and the observed domain structure do n
change any further once the photon density has exceededn0.

On the other hand, the electromagnetic field of the in
dent light wave can directly couple to the long-range ma
netic order of the crystal. Evidence for a considerable infl
ence even of small magnetic fields on the magne
susceptibility of ScMnO3, and thus the domain structure o
the crystal, was reported in Ref. 8. The light field may indu
a change of the magnetic moments of the ions, thus lead
to a magnetization in the material. Since antiferromagne
domain walls can be regarded as magnetized perturbat
the force exerted by the photoinduced magnetization m
move them. Pinning effects which locate and hold the a
ferromagnetic walls in their position may be attenuated
the polarized light wave in a way which leads to a relocat
of the walls and ties them to other pinning centers which
enhanced by the incident light.

In summary, a photomagnetic instability of the antiferr
magnetic structure was observed in hexagonal ScMnO3. It
originates in a modification of the magnetic anisotropy
the linearly polarized incident light and leads to a rotation
the Mn31 spins in the basal plane with zero magnetic m
ment along the hexagonal axis. The photomagnetic insta
ity further leads to a movement of antiferromagnetic dom
walls or the creation of new walls with a distinct dependen
on the polarization of the incident light wave. Various dire
and indirect photomagnetic mechanisms contributing
these effects were discussed.
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