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Second harmonic generation study of the antiferromagnetic NiO(001) surface
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We report a second harmonic generation (SHG) investigation of the compensated antiferromagnetic
NiO(001) surface. We show that bulk and surface contributions to the total SHG signal can be distinguished
based on their symmetry properties and spectral dependence. We observed that the coupling of antiferromag-
netic order with crystalline structure via crystal distortion effects gives rise to a clearly observable SHG signal

of magnetic origin.
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I. INTRODUCTION

In recent years, there has been growing attention toward
the study of antiferromagnetic materials.'"® Besides their
fundamental scientific relevance, this interest is motivated by
their widespread application as a fundamental ingredient of
exchange-biased junctions, exploiting the contact interface
between ferromagnetic (FM) and antiferromagnetic (AF)
substances. In the quest for a deeper understanding of the
exchange bias effect, a number of recent investigations ad-
dressed the issue of the arrangement of the AF-ordered spins
in proximity of interfacial regions in contact either with
vacuum'~* or with ferromagnetic layers.>~® From the experi-
mental point of view, however, the interface-resolved inves-
tigation of AF order is a complex task, requiring both inter-
face sensitivity and a magnetic yield in the absence of
macroscopic magnetization. Thus, the number of experimen-
tal investigations of interfacial antiferromagnetism reported
so far is drastically low.'=>3 In this context, the development
of new techniques for the investigation of antiferromag-
netism with interface resolution would surely extend our ca-
pabilities of accessing these elusive systems.

A few years ago, a theoretical analysis of surface second
harmonic generation (SHG) from AF surfaces suggested the
capability of SHG to probe the surface AF order even in the
compensated case.”! The lowering of surface symmetry
brought about by the onset of AF ordering was predicted to
give rise to additional SHG yield in correspondence to well-
defined fundamental and frequency-doubled light polariza-
tions, thus yielding a fingerprint of surface antiferromag-
netism. Subsequent more refined treatments further extended
the analysis of the mechanisms underlying SHG in
antiferromagnets.'"!> As it turns out, nonlinear optical tech-
niques had already evolved as a powerful probe of AF
order,’® and as such has been developed ever since,'*!3 al-
though attention remained focused on bulk properties rather
than on surface effects. Recently, interface-sensitive SHG
was applied to detect uncompensated spins at buried FM-AF
interfaces,”® taking advantage explicitly of the magnetization
reversal induced by the FM layer. To the best of our knowl-
edge, however, no SHG investigation of surface AF order
has been reported to date.

In this paper, we report an experimental investigation of
the nonlinear optical response at the second harmonic fre-
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quency generated in reflection geometry from the AF com-
pensated NiO(001) surface. Spectroscopic excitation and
symmetry analysis of the second harmonic signal have been
exploited to disentangle surface and bulk signals. We corre-
late the surface SHG signal with structural and magnetic
properties of the sample, showing that SHG yields a spin-
sensitive signal via the coupling of AF order with the crys-
talline structure induced by crystal distortion effects, in
agreement with previous experiments'* and theoretical
analysis.!?

The NiO(001) system was chosen for this SHG study as a
prototype AF substance whose magnetic and structural prop-
erties have been thoroughly investigated,!=3>6:1416-21 thys al-
lowing to readily interpret our data in terms of established
properties of the system. NiO is a charge-transfer insulator,
antiferromagnetically ordered below the Néel temperature
Ty=523 K. In the AF phase, Ni’* ions are ferromagnetically
ordered within {111} planes, with spins pointing along

(112) directions.'® Adjacent {111} planes couple anti-
ferromagnetically.'® Above Ty, NiO crystallizes in the cubic
rocksalt structure. The onset of AF order gives rise to a small
contraction of the cubic unit cell in a direction perpendicular
to {111} planes,'®?° which reduces the crystalline symmetry
from cubic to trigonal. The four possible contraction direc-
tions, corresponding to the equivalent {111} planes, define
the so-called T domains. For each T domain, three types of
associated domains (S domains) can exist, with spins point-

ing along one of the three equivalent (112) directions. At the
(001) surface, the lattice contraction gives rise to a deviation
of the surface normal with respect to the paramagnetic phase
of the order of 3.5" at 300 K.!° The surface unit cell is square
in the paramagnetic state and becomes rectangular for T
< Ty, thus accordingly lowering the surface symmetry. Ac-
cording to Ref. 2, the spin arrangement at the (001) surface
of cleaved crystals is bulk terminated. A schematic drawing
of the NiO fcc unit cell is reported in Fig. 2(a).

II. THEORY

In electric-dipole (ED) approximation, the nonlinear po-
larization of a medium at the second harmonic frequency 2w
can be written as
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Pi(20) = X{E/(@)E(w). (1)

Here, Xffk) is the second-order electrical susceptibility ten-
sor, which, in centrosymmetric media such as NiO, is non-
zero only in proximity of the surface. Thus, SHG of electric-
dipole origin (ED-SHG) is a surface-sensitive probe, whose
intensity and polarization dependence are functions of the
)(f}zk) tensor. In the AF phase, the only symmetry operations
leaving the NiO(001) surface unaltered are the identity and
the rotation by 180° about the normal. Accordingly, the non-
linear electrical susceptibility tensor (for a single AF do-
main) can be written as’

0 0 0 Xx xyz  Xxzx 0
Xa2=l0 0 0 x5 Xy O
XZX)C Xzyy XZZZ 0 0 XZXy

Tensor elements on the same columns describe
the SHG response to different incident polarizations
([Pin Sin Pin| SPin Pin SPin]), While elements on the same line
represent contributions to different SHG output polarizations
(from top to bottom, p,,, S, and p,,).22 Boldface tensor
elements arise due to the ordered spin arrangement, whereas
the other elements are nonzero due to the lattice symmetry
properties.

More generally, other sources of nonlinear polarization at
2w frequency exist,”>»?* such as electric-quadrupole (EQ) or
magnetic-dipole (MD) transitions, that typically lack surface
sensitivity and whose contributions superimpose to the ED-
SHG. However, different contributions to SHG typically ex-
hibit different spectral dependences, as they probe surface vs
bulk electronic states. In addition, their symmetry properties
reflect the different symmetry properties of the respective
tensors. Separation of surface and bulk SHGs can be there-
fore attempted based on these effects. From the point of view
of the spectral dependence, bulk SHG from NiO was shown
to arise mainly from a combined contribution of magnetic-
dipole and electric-dipole transitions, resonantly enhanced at
2Aw energy whenever the primary photon energies fiw was
in correspondence to NiO absorptions bands.!* Concerning
the azimuthal angle dependence of SHG, we can write the
total SHG from a single AF domain as

Lo (@) = als+ aljcos2p — @y) +al); cos(4p - @),

2)

where ¢ is the azimuthal angle and the «(f) indices define
the input and output polarizations (see Fig. 1). The relative
phase angles ¢,(), which depend on a, B, are typically re-
lated to high symmetry directions of the material. The two-
fold anisotropic term may contain a contribution from both
surface and bulk SHGs,!*® whereas ED-SHG is not ex-
pected to contribute a fourfold anisotropic term, which must
therefore originate from bulk contributions only. No twofold
anisotropic contribution is expected in the paramagnetic
phase, whereas it becomes allowed for T<<Ty due to the
AF-order-induced symmetry lowering.?

PHYSICAL REVIEW B 77, 014435 (2008)

SHG in quartz:
laser intensity ref.

i N

plate 1 f500\ ;
polarizer,

filter || \

\ :
rs0 B . \Fourier
~ > plane
2100 <5 300 CCD
" an:l(l»\yﬁer
& — - PMT |
Samk VR analyzer

filter

FIG. 1. Schematic diagram of the experimental apparatus em-
ployed for the linear and nonlinear optical studies of NiO(001). The
inset depicts the experimental geometry for SHG measurements.

III. EXPERIMENT

A. Experimental apparatus

In Fig. 1, we report a schematic diagram of the experi-
mental apparatus employed for the SHG measurements. The
optical setup is composed of two main parts, dedicated to the
linear and nonlinear optical analyses of the sample proper-
ties, respectively.

The nonlinear optical setup employs a commercial mode
locked Ti:sapphire oscillator (Spectra Physics Tsunami) as
radiation source, providing pulses of approximately 80 fs du-
ration with 80 MHz repetition rate in the spectral range be-
tween 720 and 880 nm. The linearly polarized (500:1) fun-
damental radiation is sent through a rotatable achromatic
zeroth-order half-wave-plate and focused on the surface to a
spot approximately 20 um diameter. A 3 mm thick RG 665
Schott glass filter placed before the sample removes any spu-
rious SH radiation from optical components along the beam
path. Incidence angle on the surface was set to either 6
=45° or #=T7°. Incident power was kept below 100 mW in
order to avoid sample damage (this corresponds to approxi-
mately 1 nJ/pulse). Radiated SHG is analyzed by a linear
polarizer and collected onto the photocathode of a photon-
counting photomultiplier, whereas reflected radiation at the
fundamental wavelength is rejected by a series of BG39 and
BG7 optical filters. The measured SHG signal was normal-
ized to a SHG reference measured from a quartz crystal lo-
cated in a split-off branch of the beam. The SHG patterns
shown in this paper were measured by recording the SHG
intensity as a function of the azimuthal angle of rotation ¢ of
the sample around its normal, measured from the (100) di-
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FIG. 2. (Color online) (a) Schematic drawing of the NiO fcc
unit cell with the {111} plane highlighted. (b) AFM image of the
NiO(001) surface after 24 h of annealing at 800 °C in O, atmo-
sphere (image size 8 X8 um?). (c) Polarized light image of the
surface. Bottom part: identification of AF 7 domains by means of
Fourier spatial filtration. Upper row: real-space images of the
sample surface. Lower row: corresponding images of the Fourier
plane. See text for details.

rection, as shown in the inset of Fig. 1. The center of rotation
of the sample coincided with the laser focus on the surface
within 5 um, thus minimizing the beam walk during sample
rotation. The angular precession of the surface normal during
a full azimuthal rotation was less than 0.5’ for each measure-
ment.

In the linear optical setup, parallel rays of white light
generated from a point source illuminate the whole sample at
15° of incidence. The light reflected from the sample is fo-
cused by an achromatic doublet onto the Fourier plane of the
lens. A movable lens system then allows either the image of
the sample surface or the image of the Fourier plane to be
projected onto a 16 bit resolution, cooled charge coupled de-
vice sensor, allowing the T-domain structure of the sample to
be characterized by spatial Fourier filtration. Two linear po-
larizers (with extinction ratio better than 13X 10°) can be
placed before and after the sample along the ray path in order
to measure the linear birefringence signal from S domains in
reflection geometry.

B. Sample characterization

Our NiO(001) sample was cleaved from a crystalline NiO
rod, carefully polished and subsequently annealed for 24 h at
800 °C in oxygen atmosphere. After such treatment, green-
ish samples were obtained; atomic force microscopy (AFM)
images [Fig. 2(b)] revealed that the surface was composed of
large flat terraces extending hundreds of nanometers,
bounded by steps oriented along the thermodynamically fa-
vored (110) directions. The sample was mounted on a preci-
sion goniometer and was kept at a temperature of 50 °C
throughout the measurements (unless specified) in order to
avoid water adsorption on the surface.
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We then proceed to characterize the sample by spatial
filtration techniques. In the bottom part of Fig. 2, we display
optical images of the NiO(001) sample surface (in fake col-
ors) and of its corresponding Fourier plane, measured at
350 K. In the case the surface is planar, the light intensity
distribution in the Fourier plane consists of a single spot. For
a NiO crystal at T<<T), the light intensity distribution in the
Fourier plane consists of four bright spots, arranged in a
square with its sides parallel to the (100) and (010) direc-
tions, each spot corresponding to one direction of the trigo-
nal lattice distortion. Experimentally, four bright spots, indi-
cated by the white arrows, indeed appear in the Fourier plane
(Fig. 2, bottom left).?® Placing an opaque target in correspon-
dence to one of the spots will prevent such area of the Fou-
rier plane from acting as a light source concurring to form
the real-space image of the surface. Thus, the surface area
characterized by the direction of AF-induced distortion cor-
responding to the blanked spot will be imaged as black in
direct space. In the bottom part of Fig. 2, we report images of
the sample surface obtained after blanking various spots in
the Fourier plane. The target position in the Fourier plane is
indicated by the open red circle. The corresponding direction
of the trigonal distortion is indicated by the red arrow. White
dots on the real-space images indicate the spots chosen for
SHG measurements. The domains on which SHG is per-
formed, characterized by distortion directions parallel to the

(110) or (110) direction, will be referred to as domains 1 and
2, respectively. Images show that 7 domains have lateral
sizes comparable to 1 mm. Within each T domain, the bire-
fringence signal reported in Fig. 2(c) did not show any de-
tectable intensity variation.?’” Thus, we conclude that either
the sample consists of a random arrangement of
micrometric-sized S domains whose lateral size is below the
resolution of our optical imaging apparatus or that each T
domain consists of a single S domain.

IV. RESULTS
A. Surface and bulk effects

We have measured the SHG for various combinations of
input and output light polarizations, chosen to provide access
to different tensor elements. In the s;,/p,, geometry, ED-
SHG selectively probes the x.,, tensor element which, due to
its crystallographic origin, is not expected to yield a mag-
netic signal. In contrast, the p;,/s,,, geometry probes, in ED
approximation, the AF-induced Y,y element alone, thus pro-
viding direct magnetic information, albeit at the expenses of
a typically reduced yield.?"?® The mixed *sp;,/s,, geom-
etry, where +(=)sp;,/ s, indicates a=45°(135°), probes one
tensor element of crystallographic origin, x,,,, and one of
magnetic origin, Xy, The SHG signal in such geometry
yields information on the magnetic ordering mediated by the
interference effects of the two tensor elements. The disad-
vantage of obtaining indirect information, however, is typi-
cally compensated by the much larger SHG signal.?® Finally,
the SHG in the s;,/s,,, geometry is ED forbidden, and this
geometry therefore provides a monitor of the relative impor-
tance of nonsurface effects in our experiment.
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FIG. 3. Azimuthal dependence of SHG signal for different po-
larization geometries for fundamental wavelength A=790 nm. Sig-
nals have been normalized to the azimuthal angle averaged s;,/s,,,
intensity. The angle of incidence was 6=45°; the surface tempera-
ture 7=350 K. Notice the different intensity scales.

In Fig. 3, we display the SHG yield /, g(¢) as a function
of the azimuthal angle ¢ measured in all the above men-
tioned polarization geometries at #=45° radiation incidence
angle. Sample temperature was 350 K. The SHG intensity in
all geometries has been normalized to the s;,/s,,, yield aver-
aged over the azimuthal angle ( (¢))=0.97 counts/s. Data
show that the SHG yield in the s;,/s,,, (I;,(¢)) and p;,/s,,

1, (¢)) geometries is extremely low, and that it exhibits a
very pronounced azimuthal anisotropy. In comparison, the
normalized SHG yields in the sp;,/s,, (I (¢)) and s;,/ Py
(I, ,(¢)) geometries are larger by a factor >50, exhibiting
only a rather weak azimuthal anisotropy. The anisotropic
contributions for all geometries are found to be due to the
superposition of twofold and fourfold symmetric contribu-
tions, in agreement with expectations.

In order to delve deeper into the mechanisms governing
the 2w radiation emission, we performed measurements for
different radiation incident angles and for sample tempera-
ture 7>Ty. Measurements performed for #=7° incidence
angle showed that the normalized SHG intensity remains
identical for the p;,/s,,, geometry, whereas it decreases by a
factor of approximately 7 for both the sp;,/s,,, and s;,/Pu
polarizations. For sample temperature 7=533 K>T) and 6
=45°, we display the azimuthal dependence of the normal-
ized SHG yields in Fig. 4. The azimuthally averaged s;,/s,,;
intensity reads ([, ((¢))=0.7 counts/s. The normalized yields

s and [ , are comparable to the ones measured in the AF
case whereas I, ; is reduced by a factor of 2. The azimuthal
anisotropy in the paramagnetic phase exhibits fourfold sym-
metry only for all the polarization geometries, while the two-
fold term has disappeared.

We now focus our attention on the spectral dependence of
the SHG yield. For this purpose, we first consider the p;,/s,,;
and s,,/s,, geometries, both characterized by extremely
small signal and strong azimuthal anisotropy. The /,, (\) and
I, (\) dependences (normalized to their value at 750 nm) are
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FIG. 4. Azimuthal dependence of the SHG signal for polariza-
tion geometries analogous to Fig. 3 measured at surface temperature
T=533 K.

reported in Fig. 5(a) (symbols), along with the wavelength
dependence of the NiO linear optical absorption coefficient
measured in transmission from a thinner sample (solid line).
Here, N refers to the fundamental radiation wavelength.
From our data, it clearly appears that I; (\) and 1, ((\) have
very similar wavelength dependence and, furthermore, that
their spectral dependence closely recalls the one of the NiO
optical absorption coefficient. We first conclude that the
mechanism underlying SHG in the s,,/s,,, and p;,/s,,; geom-
etries is analogous. Secondly, the overlap of / ; and I, ; with
the optical absorption curve suggests that s;,/s,,, and p,,,/ Sout
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Spin/sout SHG
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FIG. 5. (a) Spectral dependence of the NiO absorption coeffi-
cient (gray line) and of the angle integrated SHG in s;,/s,,,
(crosses) and p;,/s,,; (open circles) geometries. (b) Spectral depen-
dence of a(2 (full diamonds) and a o (open squares). (c) Spectral
dependence of a” , (open diamonds) and a , (full squares). Coef-
ficients are deﬁned according to Eq. (2). The hnes are guides to the
eye.
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yields are dominated by optical transitions resonant with
bulk-allowed ones, thereby lacking surface sensitivity.

At variance with the above examined geometries, the
SHG I, (¢) and I, ,(¢) yields are quite large, exhibit weak
azimuthal anisotropy, and are strongly reduced upon reduc-
ing the incidence angle 6. The isotropic component of these
yields clearly bears no information concerning the high sym-
metry directions of the crystal. Therefore, we focus on the
spectral dependence of the anisotropic components. We ob-
tained the a" B coefﬁcients (m=2,4), as defined in Eq. (2),
by performmg best fit procedures on our data.?’ In Fig. 5(b),
we reFort the spectral dependence of the a(zlz (full diamonds)
and a,, (open squares) coefficients, whereas in Fig. 5(c), the

(open diamonds) and a”)Y (full squares) coefficients are
reported Our data show that the cos 4¢ contributions in both
Sin! Pour and sp;,/ s, geometries regularly decrease with in-
creasing wavelength, analogously to I;(\) and 1, ,(\). In
contrast, the a§2) and a )5 coefficients exhibit a dlfferent
spectral dependence, as their magnitude increases with in-
creasing wavelength, reaching the maximum in a spectral
range for which fourfold contributions are negligible. Since
it is well known that ED-SHG cannot contribute a cos 4¢
term,> we ascribe the existence of nonzero cos 4¢ contribu-
tions to the presence of SHG mechanisms of higher order
than ED. Such mechanisms are associated with optical exci-
tations resonant with bulk transitions and could have either
EQ or MD origin. In particular, the MD mechanism cannot
be excluded even though the cos 4¢ contributions remain
clearly observable also for 7> T because MD contributions
do not arise from the spin magnetic moment but from the
orbital angular momentum, and therefore exist even in para-
magnetic state.3° Coming to the cos 2¢ symmetric contribu-
tion, it is known that these can contain both bulk and surface
contributions.? The spectral dependence of the twofold com-
ponent rules out the occurrence of bulk-resonant process at
the energy of both the fundamental and SH radiations.’!
Since all the available experimental data show that bulk SHG
is typically resonant with bulk absorption bands in NiO,'* we
have a strong indication that the cos2¢ components in
Sin! Pour a0d Sp;,/ 5., geometries do not arise from bulk SHG
contributions. Furthermore, the increase of a(z) and as s ) with
wavelength in the 720—880 nm range agrees w1th theoretical
calculations of the wavelength dependence of the surface
Xzyy tensor element.!! We therefore suggest that the twofold
symmetric SHG contributions in the s;,/p,,; and sp;,/s,,; ge-
ometries mainly arise from surface effects. We remark that
appropriate comparison of our experimental data with previ-
ous SHG studies of NiO,'*!> which reported the absence of
surface contributions in the frequency-doubled radiation,
suggests that the choice of an off-normal radiation incidence
geometry might prove crucial in the observation of surface
SHG.

B. Symmetry analysis

In order to correlate the anisotropic cos 2¢ SHG signal
with the sample properties, we perform a symmetry analysis
of the I, ,(¢) and I, ((¢) signals measured from different AF
domains We first focus on the s;,/p,,, geometry for which,
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FIG. 6. Anisotropic part of I, as a function of the azimuthal
angle ¢ measured for different fundamental wavelengths . Graphs
report experimental data (open symbols), best fitted according to
Eq. (2) (solid line), cos 4 ¢ contribution (dark-gray area), and cos 2¢
contribution (light-gray area). Not shown is the cos ¢ contribution.
Left column: data measured from 7" domain 1. Right column: data
measured from 7 domain 2.

in ED approximation, a single tensor element is involved in
SHG. In Fig. 6, we display the anisotropic part of I, ,(¢) for
different fundamental wavelengths, measured from 7 domain
1 (left column) and T domain 2 (right column). The cos 4¢
and cos 2¢ contributions are highlighted in dark and light
gray, respectively, while the cos ¢ term is not reported.”’ A
small isotropic offset has been added for better reading of the
plots. The relative magnitude of the anisotropic terms is re-
ported on the graphs as pm—a("’)/ a(olz, m=2,4. The data
clearly show that the cos4¢ terrn gradually fades with in-
creasing wavelength, while the twofold term gets gradually
larger, becoming dominant above 800 nm. Whereas the
cos 4¢ contributions have their maximum when the projec-
tion on the surface of the radiation wave vector kK (\) lies
along the (100) and (010) directions independently of the T
domain type, the angular dependence of the cos2¢ aniso-
tropic contribution exhibits a well-defined domain depen-
dence. For T domain 1, the maximum of the twofold contri-
bution occurs for K,(\)II(110), whereas for T domain 2 the

maximum occurs for the in-plane orthogonal direction (110).

Coming to the sp;,/s,,, geometries, we have noticed that
different SHG yields were obtained for a=45° and «
=135° incident polarizations, even from the same 7 domain.
In Fig. 7, we report the anisotropic part of the SHG yield for
+5Pinl Soue (left column) and —sp;,/s,,, geometries (right col-
umn) both measured from T domain 1. The cos 4¢ term,
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p4=10%
0,=39%

FIG. 7. Anisotropic part of /..,  as a function of the azimuthal
angle ¢ measured for different fundamental wavelengths \. Data
have been measured from 7 domain 1. Graphs report experimental
data (open symbols), best fitted according to Eq. (2) (solid line),
cos 4¢ contribution (dark-gray area), and cos 2¢ contribution (light-
gray area). Not shown is the cos ¢ contribution. Left column:
+8Pin/ Sous geOmetry. Right column: —sp;,/s,,, geometry.

displayed as dark-gray area, exhibits maxima along the (110)

and (110) directions and decreases with increasing wave-
length, while the cos 2¢ term correspondingly increases for
both +sp;,/s,, and —sp;,/s,, geometries. However, data
show that for the two different incident polarizations, the
maxima of the cos 2¢ terms occur in correspondence to dif-
ferent angles ¢,. These angles do not apparently correspond
to any crystallographic high symmetry direction and are con-
stant with wavelength, within experimental uncertainty. For
the +sp;,/s,,; and —sp;,/s,,; cases, the wavelength-averaged
@, reads {@,(\))P=(28*+4)° and (@,(\))7=(62+6)°, re-
spectively. Analogously, for 7 domain 2 (not shown), we
have (@,(\))*'=(123 = 4)° and (@,(\))?'=(143 +5)°. For T
domain 1, the cos2¢ contribution for +sp,,/s,, and
—SPin! Sou POlarizations are therefore roughly symmetric with
respect to the (110) axis, whereas for 7 domain 2, the corre-
sponding twofold terms are symmetric with respect to the
(110) direction. This suggests that the total cos 2¢ contribu-
tion for each polarization is due to the superposition of two
different twofold components: the first component stays con-
stant upon rotating the incident polarization by 90° (“even”
contribution) while the second component is antisymmetric
with respect to the (110) axis for 7' domain 1 and (110) for T
domain 2 (“odd” contribution). Since @,(\)**) is experimen-
tally constant, irrespective of the T domain, the odd and even
components must have the same spectral dependence, and
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(010)
1 2 Lops

(100)

A=865 nm; T=350K;

FIG. 8. Anisotropic part of XI,, (¢) (top) and Al, (¢) (bot-
tom) as a function of the azimuthal angle ¢ measured for funda-
mental wavelength N\=865 nm. Graphs report experimental data
(open symbols), best fitted according to Eq. (2) (solid line), cos 4¢
contribution (dark-gray area), and cos 2¢ contribution (light-gray
area). Not shown is the cos ¢ contribution. Left column: data mea-
sured from 7 domain 1. Right column: data measured from 7 do-
main 2.

therefore must originate from the same mechanism. We then
define the functions Al (¢)=[/,, (¢)-1, (¢)] and
21, (@) =[L, (@) +1_y, ()] as the sum and difference, re-
spectively, of the /..,  yields. In the Al, (¢) function, the
even cos 2¢ contribution cancels out, leaving the odd term
only and vice versa for 21, (¢). In Fig. 8, we report the

D.S
polar plots of the 2/, (¢) (top) and Al, (¢) (bottom) sig-
nals obtained from 7 domain 1 (left column) and 7 domain 2

(right column). For T domain 1, the even cos 2¢ component

has its maximum for k,(\) parallel to the (110) direction,
whereas the odd component is oriented to have its maximum
for k(\)11(010), independent of wavelength. For T domain 2,
the directions of the maximum are for k(\)II(110) and
K(N\)11(100) for the even and odd components, respectively,
also independent of wavelength.

V. DISCUSSION

In the theoretical analysis of ED-SHG from AF
surfaces,”!® symmetry arguments were employed to deduce
which elements of the )(1(2]3 tensor became nonzero upon the
onset of long range AF order. The authors suggested in
which polarization combinations a contribution of such
elements could be observed and analyzed, thus yielding a
fingerprint of surface antiferromagnetism. The theoretical
analysis was meant to apply to AF-ordered NiO crystals and
included the effect of lattice distortions on the SHG.! Our
experimental analysis therefore focused on two main issues,
the possibility of observing surface-sensitive SHG from NiO
and the influence of the lattice contraction along the {111}
directions (referred to as {111} contraction in the following)
on the SHG output.
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Our data unambiguously show that the magnitude of the
AF-induced Xy, is extremely small. As a consequence, the
direct probing of this element, theoretically feasible in the
DPin! Sous €Xperimental geometry, yields a SHG signal domi-
nated by non-ED transitions, which lack surface sensitivity.
By contrast, strong indications of surface effects were found
for the s;,/p,,, and £sp;,/s,,, polarization combinations. The
Sin! Pous geOmetry theoretically yields SHG signal related to
the lattice symmetry, whereas the *sp,,/s,,, interestingly
probes the AF-induced xy,y element, too.

In the purely crystallographic s;,/p,, geometry, we ob-
serve a clear signature of the {111} contraction effect, which
manifests itself via the appearance of a cos 2¢ contribution
in the azimuthal dependence of the I, ,(¢) yield. Experimen-
tally, we observe that the maxima of the cos 2¢ contribution
occur when the projection of the incident radiation wave vec-
tor K(\) lies perpendicular to the direction of contraction of
the surface primitive cell. The appearance of a crystallo-
graphic cos 2¢ contribution is readily understandable on the
basis of well-known symmetry effects on the azimuthal de-
pendence of SHG signal.? In fact, the contraction of the bulk
unit cell along the {111} (and equivalent) direction affects the
surface unit cell as well, changing its shape from square at
T> Ty to rectangular for 7<<Ty, for which twofold symmet-
ric signal becomes allowed. In the s;,/p,,, geometry, all the
symmetry operations leaving the surface unit cell unchanged
do not affect the cos 2¢ contribution. It therefore appears
that these cos 2¢ contributions are of purely crystallographic
origin and bear no direct link to the magnetic ordering.

When considering the *sp;,/s,,, geometry, our analysis
shows that the twofold symmetric SHG yield results from the
superposition of two contributions with different symmetry
properties. In ED approximation, SHG in this geometry in-
deed probes two tensor elements, x,,, and Xy,x. Despite its
small magnitude, the contribution of Xy, to the total SHG
yield can become observable in this mixed geometry via in-
terference effects. We therefore ask ourselves whether the
even and the odd twofold symmetric contributions to 7, ,(¢)
can be identified as induced by x,,, and Xy, First of all, we
notice that the even cos 2¢ term possesses the same symme-
try as the surface unit cell, analogously to the s;,/p,,, geom-
etry discussed above. This suggests that the even term is
directly related to the crystallographic structure rather than to
the AF order. The odd cos 2¢ contribution, however, has its
maximum for the projection of k(\) parallel to the (010) or
(100) direction for T domains 1 and 2, respectively. How-
ever, the (100) or (010) directions are not equivalent in a
model that considers 7 domains only. Therefore, in order to
account for the observation of (100) or (010) oriented cos 2¢
contributions, a further symmetry lowering mechanism must
be taken into account, which is necessarily related to the
existence of a well-defined direction for spin alignment
within each 7" domain. In order to determine the origin of this
signal, we notice that the SHG electric field radiated due to
the tensor elements y,,. has opposite signs for a=45° or «
=135° incident polarization, whereas the field radiated due to
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Xyzx Stays invariate. Since the output SHG intensity is the
square of the sum of the electric fields, it turns out that a
different signal is measured for *sp;,/s,, polarizations.
Such output signal is then decomposable into odd or even
contributions, as experimentally observed. The odd contribu-
tion possesses a symmetry-breaking azimuthal dependence
which, according to our analysis, is the fingerprint of spin-
arrangement effects on SHG. The coupling mechanism of
SHG to magnetic order has to be related to the AF-order-
induced lattice contraction, in analogy with the bulk SHG of
Ref. 14 and with the symmetry analysis of Ref. 12. In fact,
the evidence that even and odd cos 2¢ contributions to /g,
possess the same spectral dependence means that the SHG
mechanism underlying their origin is identical. Since the
mechanism underlying the appearance of the even cos2¢
contributions is connected to lattice symmetry, an analogous
mechanism must be effective for the odd ones, thus leaving
magnetism-induced crystal-symmetry effects (i.e., lattice
contraction) as the only option. In the hypothesis, “even”
terms are of surface ED origin; this must be true for “odd”
terms as well because the spectral dependence of ED and
non-ED contributions has been clearly shown to be different.
At variance with the detailed analysis of S-domain contribu-
tion to SHG of Ref. 32, our data do not allow us, at present,
to clearly correlate the spin-induced I, ; signal to the occur-
rence of a well-defined S domain. Systematic studies from
different samples exhibiting a variety of S domains are
needed to delve deeper into this issue.

VI. CONCLUSION

In conclusion, we have performed a SHG investigation of
AF compensated NiO(001) surface. We show that bulk and
surface contributions to the total SHG signal can be distin-
guished based on the symmetry properties and the spectral
dependence of the frequency-doubled signal. We have ex-
perimentally tested the theoretical prediction of the occur-
rence of nonzero elements of the second-order electrical sus-
ceptibility tensor )(512,2 in the AF magnetic phase, revealing
that they possess small magnitude, which makes their obser-
vation not feasible. We observed that AF order couples with
crystalline structure via magnetism-induced lattice contrac-
tion effects, in agreement with previous experiments'# and
with theoretical analysis,'? giving rise to a clearly observable
SHG signal. Our results represent a significant step forward
toward the experimental investigation of surface AF order by
SHG. We believe that this experiment will accordingly
stimulate further work in this direction.
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