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Nonlinear Optical Spectroscopy of the Two-Order-Parameter CompoundYMnO3
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We have observed two types of optical second harmonic spectra éf Mms in hexagonal
YMnO;, one of which is caused by the noncentrosymmetric ferroelectric ordering of charges, whereas
the other is due to the centrosymmetric antiferromagnetic ordering of spins. Partial overlapping
between the electronic transitions gives rise to a new kind of nonlinear optical polariPdflar) =
PFEQQw) + PAPM(2w), which depends on two order parameters. The magnitude and ph#4e of
can be changed by varying the ratio between the two contributions, as demonstrated by changing
the contrast between80° antiferromagnetic domains, which are indistinguishable in linear optics.
[S0031-9007(98)07311-6]

PACS numbers: 75.50.Ee, 42.65.Ky, 75.60.Ch

Physically, the most important part of optical nonlin- This susceptibility must be a bilinear function of the two
earity stems from the electric-dipole mechanism, whichorder parameters.
couples intense electromagnetic laser fields with the posi- In this Letter, we report on the first observation of two
tive and negative charges in the medium. The distributypes of SH spectra in hexagonal YMa@vhich are due to
tion of charges and thus the nonlinear susceptibilities catime-invariant (ferroelectric) and time-noninvariant (anti-
be changed by an electric field, stress, temperature, etferromagnetic) susceptibilities. The spectra are attributed
Drastic changes of nonlinear susceptibilities occur whero d-d electronic transitions within the Mi ions. We
the crystal symmetry is broken due to structural phasshow that a new type of the time-noninvariant nonlinear
tr%r;sitions. In particular, the second-order susceptibilitysusceptibility may be exhibited by crystals withnan-
Xijk» Which leads to second harmonic generation (SHG) ircentrosymmetric ordering of charges and eentrosym-
noncentrosymmetric media [1], is a linear function of themetric spin ordering. A partial overlapping between the
order parameter (the spontaneous polarizalgnbelow  electronic transitions gives rise to a new kind of non-
the ferroelectric phase transition. The electric-dipole conlinear optical polarization which is sensitive to the relative
tributions to SHG has been studied in many piezoelectricontributions of these two sources. An internal interfer-
and ferroelectric crystals and the underlying microscopieence may occur opening a possibility of phase-sensitive
mechanisms are well understood. nonlinear spectroscopy. As an example we show how

Recently, a magnetization-induced SHG of electric-180° antiferromagnetic domains, which are indistinguish-
dipole character was observed in several magnetic medible in linear optics, become visible in SH light with a high
[2—6]. These experiments have shown that the magneticontrast.
contribution to SHG arises at the surfaces, the interfaces, The crystallographic, magnetic, and electric properties
or in the bulk of magnetic materials provided the spaceof hexagonal YMnQ and other rare-earth manganites were
inversion operation is broken. A quite different mecha-studied in the 1960s and the relevant data can be found in
nism of electric-dipole nonlinearity was found in the [8]. New data concerning dielectric, magnetic, infrared,
magnetoelectric crystal @D; which has a centrosymmet- and Raman studies have been reported recently [9,10].
ric charge distribution but a noncentrosymmetric antifer-Epitaxial films of YMnQ; were recently proposed as new
romagnetic spin ordering [7]. The contribution to SHG candidates for nonvolatile memory devices [11]. Above
due to the spin ordering was found to be a linear functiorthe Curie temperatur@c = 913 K the crystal structure
of the appropriate order parameter [6,7]. of YMnOs is presumably centrosymmetric with the point

In contrast to ferroelectric and magnetic crystals, ingroup6/mmm. The M ions with the electronic struc-
which the nonlinear susceptibility is a linear function of ture (3d)* occupy unusual fivefold coordinated bipyrami-
only one order parameter, there are materials which magtal positions with the site symmetéyn2 [10,12]. Below
be regarded as media with two order parameters. On&c the YMnG; structure is described by the point group
is due to the charge ordering and the other is due to thémm and the spontaneous ferroelectric polarizatyns
ordering of spins. The coexistence of the two kinds ofdirected along the sixfold axis. The MA* ions have
ordering, having different properties with respect to spac#he site symmetryz. The magnetic properties of YMnO
inversion and time reversal, may lead to a new type of thearise from the manganese ions ¥rin the high-spin state,
nonlinear susceptibility and unusual optical phenomena$ = 2. Below the Néel temperatuf®y (according to our
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measurementgy = 74 K) the spins of the six Mi" ions  cell [17]. The antiferromagnetic ordering in YMp@an-
in the unit cell are ordered antiferromagnetically in a tri- not give rise to,\/i;k in itself, as it occurs in the antifer-
angular structure perpendicular to the polar axis [13]. Aromagnetic GfO;, but only due to a coexistence with the
strong optical absorption in YMn{bccurs above.28 eV ferroelectric ordering. To our knowledg,eff,z in YMnO;
at room temperature and above 1.55 eV at 4 K [14]. Thigs the first example of a nonlinear optical susceptibility
makes the observation of the electronic transitions withirwhich is due to two order parameters. One is due to
the M** ions above these energies difficult by one-photorthe spontaneous ferroelectric polarizaty whereas the
absorption spectroscopy. other is due to the centrosymmetric antiferromagnetic or-
SHG is allowed in YMnQ in the electric-dipole dering of spins.
approximation belowT'c due to the ferroelectric (FE) In the experiments thirD(01) platelets were used, both
ordering of charges. The relevant polarizatBff(2w)  as-grown and polished, with thicknesses betwe®s—
for the point grougmm is given by 0.1 mm and with lateral dimensions @3 mm. The SH
FE _ 0 spectra were studied in the range of the pump beam en-
P, (20) = 280Xy Ex(0)E:(w), ergyfio = 1.0-1.6 eV atT = 6 K, where YMnQ crys-
PI*(2w) = 2g X0 Ey(0)E (w), (1) tSaE are ttranspa(r]lent. 'I;ho(le exp_erimlen[t7&}I s:tup tt_o (I)bserve
FE _ ) 12 ) ) 2 spectra was described previously [7]. An optical para-
P:"(20) = eoxzalEi(@) + Ej(0)] + eox::: B (0), metric oscillator pumped by a frequency-tripled Nd:YAG
where theE;(w) (j = x,y.z) are the components of the laser was used as a source of the fundamental light. Light
electric field of the fundamental light. Being due to thePulses of abouz—3 mJ, a pulse width of ns at a repeti-
ordering of charges, the nonlinear susceptibi}j& is of gon rate Oflfo Hz vvle:jegé(le)d. SH S|gn3ls Vé)erel measured
a time-invarianttype (-type [15]) and a linear function t% means of a ﬁoo N led cadmt?l\rla.t Mﬁﬁ?ogoefcrys-
of the ferroelectric order parametB;. It contributes to als are normally unpoled an O types erro-

SHG belowT'¢, and thus also below the antiferromagneticelec'{riC domains with spontaneous polarizatignalong

Néel temperaturely. Additionally, below Ty a new the sixfold z axis can be o_bserved using electron mi-
() croscopy [18]. In our experiments we used unpoled and

electric-dipole susceptibility;; becomes allowed due t0 4164 samples. For getting poled samples thin specimens
the antiferromagnetic ordering of spins. Consequentlyy;ere painted with silver electrodes and a dc electric field
this susceptibility is of @ime-noninvarianttype (c-type

1 dali » .  th ” i ord of about60 kV/cm was applied.(,)
[15]) and a linear function of the antiferromagnetic order 1 ferroelectric componenjg; can be observed only
parameter. For the magnetic structwem [13], the

; ) S with the polarization of light with only, or bothz and
AFM ’
antiferromagnetic (AFM) contributio®*"™¥(2w) to the ) components. Since all available samples were thin
total nonlinear polarization is given by

(0001) platelets, the ferroelectric SH spectra could not

PAPM(24)) = SOX)(CEQL[E%(CU) _ Ei(‘”)]’ be observed at normal incidende|| z, but thg sample
M © had to be rotated by an angte around an axis perpen-
PPV (2w) = —2e0x, 4 Ex(0)Ey (), (2)  dicular to thez axis. Figure 1a shows the ferroelectric
PAM(24)) = 0 SH spectrum ate = 30° (internal angle=15° due to

: .

refraction) with the incoming polarizatioR(w) || x and

The polar tensors(fj’:,)( andxffﬁ in Egs. (1) and (2) are the outcoming polarizatioll(2w) L x. The spectrum is

even and odd functions of the time-rever(s?l operation?bsterve(;j ?Otg ?J;Jc;vevan?_hbelom as a bf[oa]?ltrl])and
. : i) centered at abow2.7 eV. e measurement of the ro-

respte(g;tlye!y. |T1 the region of transparengy; is real,. tational anisotropy was performed for the orthogonal
but x;j« is imaginary [16]. In the presence of absorptionpolarizationsE(w) L E(2w) as a function of the azi-
these susceptibilities are complex. muthal anglep (see inset of Fig. 1a). It shows a twofold

An unusual character of the nonlinear optical suscePsymmetry I (2w) « (cos¢)? as expected from Eq. (1).
tibility X,(]C,f in YMnO3 should be emphasized. A time- When the tilted sample is pumped with linearly polarized
noninvariant electric-dipole polarization was previouslylight E(w) || x there is a distinct SH signal in the poled
observed either in piezoelectric crystals in the presencarea, and only a weak signal in the unpoled area.
of magnetization [2—6] or in magnetoelectric crystals like The antiferromagnetic SH spectrum due to th&)
Cr, 03, which possess a centrosymmetric crystal structureomponent was observed only beldy at k || z (see
and a noncentrosymmetric spin structure [7]. In theserig. 1b), where the ferroelectric contributions vanish.
cases the magnetic contribution to SHG is a linear funcit is characterized by a sharper band with a maximum
tion of only one relevant order parameter. The case oft 2.46 eV. The rotational anisotropy measured for
YMnOs is quite different. Belowl'y hexagonal YMNn@  E(w) L E(Q2w) shows a well-defined sixfold pattern
belongs to the magnetic point gro6mm where spin or- (see inset of Fig. 1b). In accordance with the predic-
dering iscentrosymmetri@nd the space-inversion opera- tion of Eq. SZ), the experimental data are well fitted by
tion does not change the orientation of spins in the unif 2w) = (x . sin 3¢)?, thus allowing a clear distinction
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FIG. 1. SHG spectra of YMnQ due to the ferrelectric ; ; ; ; ;
ordering (a) and 'E) the antiferromggnetic ordering (b). the SIX Mn'* lons the unit cell. Averaglng_ 'e"’?ds to
a partial overlapping between, y, and z polarizations
due to the fact that the local symmetry axes do not
between thex and y axes. The calculated curve is coincide with the crystal symmetry axes. According to
shown by the solid line. It is a first observation of such Egs. (1) and (2) we can assign the ferroelectric component
an anisotropy of an antiferromagnetic contribution toghserved ak }f 7 to the transition’T; — T, at 2.7 eV
SHG. Another inset in Fig. 1b shows the temperatureand the antiferromagnetic component to tHg — T,
dependence of the antiferromagnetic SH signal taken atansition at2.46 eV. The lower energy transitiol’; —
2w = 2.46 eV. The signal vanishes &y and thus ST (°T';, 5T},), which is most probably responsible for a
confirms directly its relation to the antiferromagnetic strong absorption in YMn@abovel.55 eV, has not been
order parameter. Such a behavior is in contrast to thetudied in the present work.
measurements of the magnetic susceptibility, which show The time-invariant ferroelectric and the time-
no anomaly atf’y [9]. The analysis of the temperature noninvariant antiferromagnetic SH spectra overlap in
dependence of the antiferromagnetic signal befowon  a spectral range fron2.3 to 2.6 eV, thus opening a
the basis of the power law*™ (2w) o« (1 — T/Ty)**  possibility of a new kind of internal interference between
gives directly the critical exponent of the antiferromag-two nonlinear fields of different origin. The interference
netic order parametg8 = 0.38 = 0.02. can be used for visualization d80° antiferromagnetic
The optical spectrum of Mx ions in the cubic domains in the geometrk }f z and E(w) || x, where
crystal field of 0, symmetry is due to the spin-allowed the two contributions overlap and thus may interfere.
transitionI's(*E$) — °T's(°T3) which usually occurs at Figure 3 shows the SH contrast betwek$0° domains
25-2.7eV [19,20]. We are unaware of any report at2.46 eV as a function of the azimuthal angte of the
concerning the optical spectra of Mnions in the fivefold  analyzer. The interference SH spectra were measured
coordinatign. This unusual coordination with the Siteseparate|y in two antiferromagnetic domaitig and —!
symmetry6m?2 aboveTc leads to a splitting of théd  at the analyzer anglé® = 40° with respect to the fixed
orbitals into the three sets df.», d~, dy orbitals and to a polarization of the incoming bea(w) || x (see inset
further splitting of these orbitals in the field of symmetry in Fig. 3). The contrast is defined as= [IQw, +1) —
m below T¢ [21]. The energy level scheme for the case;(2w, —1)]/[I2w, +1) + 12w, —1)]. It can be con-
of localized transitions in the system of fodi electrons trolled by changing the position of the analyzer. The data
Ls s?ow)n g] Fig. ZH ThE grlo(;mdblstate is trlulf or'\k%i%al singletare well fitted by the equation [5]:
I’y (x, y), but not the orbital doublet typical for ions 2
in the octahedral crystal field [19,20]. The excited states p = 2% tand cosé/[1 + (P tan I)7], (3)
have °T';(x,y) and °T,(z) symmetry. The’T'; — T,  where ® = x) sin(a/2)/x{9 =2 0.1, and 6 =
transition is allowed forE(w) L z, whereas thé; —  40° = 2° is the phase difference betwegt) and y(¢).
3T, transition is allowed forE(w) || z. In order to get Thus, thel80° antiferromagnetic domains indistinguish-
selection rules for the SHG we have to take into accounéble in linear optics can be observed by measuring the
the crystal symmetry, which averages selection rules ove8HG in a tilted sample. The two domain images depicted
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1.0 ——— —T T ample, we show how th&80° antiferromagnetic domains,
YMnO indistinguishable in linear optics, can be visualized with a
2 1 high contrast.
05k 2ho =246 eV The single crystals of YMn@were kindly supplied by
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