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Symmetry analysis of second-harmonic generation at surfaces of antiferromagnets
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Using group theory we classify the nonlinear magneto-optical response at low-index surfaces of fcc antifer-
romagnets, such as NiO. Structures consisting of one atomic layer are discussed in detail. We find that optical
second-harmonic generation is sensitive to surface antiferromagnetism in many cases. We discuss the influence
of a second type of magnetic atoms, and also of a possible oxygen sublattice distortion on the output signal.
Finally, our symmetry analysis yields the possibility of antiferromagnetic surface domain imaging even in the
presence of magnetic unit-cell doublifg&0163-18209)14625-3

[. INTRODUCTION The observation of domain structure in antiferromagnets
is more complicated than in ferromagnetic materials since
Optical second-harmonic generatigisHG) has been the reduction of the spatial symmetry is, unlike for ferromag-
proven to be a very useful technique for the investigation ohets, not linked to an imbalance in the occupation of
ferromagnetism at surfaces. The obvious question is if thisnajority- and minority-spin states. On the basis of group-
technique can also yield some new information in the case aheoretical considerations, Brovet al® proposed the use of
more general spin configurations, such as antiferromagnetimear optical effects, namely gyrotropic birefringence, for
(AF) ordering. An experimental answer to this question haghe observation of AF domains related to each other by the
been provided by Fiebigt al,* who obtained a pronounced space-inversion operation. A theoretical review of effects
optical contrast from AF 180° domains of rhombohedralfound by a group-theoretical approach is presented by Er-
bulk Cr,05. The authors attributed this contrast to the inter-emenko and KharchenKoThey performed a comprehensive
ference of magnetic and electric dipole contributions, the latstudy of linear optical effects for various AF materials. An-
ter being present only below the Bldemperature. Since itis other effect proposed recently by Dzyaloshinskiil8 gives
known that, incubic materials, within the electric dipole ap- the possibility of detecting antiferromagnetism taking advan-
proximation, optical SHG originates only from surfaces, in-tage from optical path differences from antiferromagnetically
terfaces, or thin films, an important question is if SHG is alsocoupled but intrinsically ferromagnetic planes.
sensitive to antiferromagnetism at surfaces of cubic antifer- Nonlinearoptics exhibits an additional degree of freedom,
romagnets. In this paper, we will show that the surface of aince its elementary process involves three photons instead
cubic material can lower the symmetry of an AF fcc crystalof two in linear optics. For that reason, some authors, e.g.,
(two-sublattice antiferromagnein a way similar to the Frohlich® suggested the application of nonlinear optics even
trigonal distortion in a four sublattice antiferromagnes@y.  for k-selective spectroscopy, since multiphoton phenomena
Besides, even the imaging of Afomainsis possible also for allow for the “scanning” of a small part of the Brillouin
many cubic materials that exhibit unit-cell doubling. zone, at least for semiconductors. Recently, nonlinear optics
The first theoretical explanation dihear magneto-optic  has attracted more and more attention for the investigation of
effects in ferromagnets has been given by Arg§riesthe  magnetism due to its enhanced sensitivity to two-
1950s. He used linear-response theory for current-currerdimensionaferromagnetismi® The magnetic effects are usu-
correlation functions. His microscopic explanation was al-ally much stronger than in linear optiéotations up to 90°,
ready based on the combination of spin-orbit and exchangpronounced spin  polarized quantum well state
coupling. Experimental techniques for the detection of AFoscillations''? magnetic contrasts close to 10096)-* An
domainwalls using linear optics in some special geometriesexample of ferromagnetic effects measurable only by SHG
were elaborated a few years lateThe interior of the do-  deals with the existence of surface magnetism in very thin
mains has been visualized in piezoelectric AF crystals usinglms of Fe/Cy001) and is given in Ref. 15. Nonlinear opti-
a linear magneto-optical effettdowever, linear optical ex- cal effects were invoked to explain the behavior of lasers in
periments suffer from mixing the desired signal with a con-magnetic  field$® to investigate high-temperature
tribution from other linear effects, such as birefringence orsuperconductors,*8and to study structures composed from
dichroism. A review of linear optical experimental methodsalternately ferro- and antiferromagnetically ordered thin
for the investigation of AF domains is given by Dilldn. films.1® One theoretical investigation of the possibility to ap-
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ply nonlinear optics t@ntiferromagnetismvas performed by tween a soft and a hard magnetic layérese two layers are
Kielich and Zawodny® However, the experiments concern- often composed from the same material but of different
ing the detection of the AF domains in materials such aghicknesses For these technological applications it is neces-
Cr,0; were carried out only recentf}:?? In the 1970s, it sary to develop a technique to study buried oxide interfaces.
was proposed that experimental studies of dc magnetic andSuch a technique can be SHG. One of the most promising
electric-field-induced SHG could become an effectivematerials for the mentioned devices is NiO. However, to the
method of determining the crystal structure of solids, thebest of our knowledge, the understanding of its detailed spin
symmetry of which cannot be investigated by other methodsstructure is scarce—even the spin orientation on the ferro-
Extending this idea towards surface crystallography provideshagnetically orderedl11) surfaces is not known. The tech-
us with a technique for determining the spin configuration innique presented here can shed some light on that issue.
a given surface structure. In turn, it permits us to use a Our paper is organized as follows: in Sec. Il we present
known magnetic configuration for the determination of theour methods for obtaining sets of nonvanish'pr@“’) tensor
surface structure. All the mentioned effects are more difficulelements. In Sec. Il we present the results of our analysis,
or even impossible to obtain in linear optics, and moreovefirst for the nondistorted surface of a simple fcc structure
other linear methods like neutron scattering have difficultiegSec. Il A), then for the the distorted on@llB). Subse-
in probing AF spin configurations. quently, we discuss the influence of a second kind of mag-
The nonlinear magneto-optical susceptibility tengff)  netic atomgil C) and of oxygen sublattice distortigtl D ).
(the source for SHG within the electric dipole approxima-The issue of domain imaging is addressed in Sec. Il E. Pos-
tion) has predominantly been investigated from the symmesible experimental geometries allowing for the detection of
try point of view. A classification following this approach, the mentioned structures and effects are discussed in Sec. IV.
with tensors of a rank up to six, has been performed byThe conclusions are presented in Sec. V.
Lyubchanskiiet al24-261327|n Ref. 13 the authors include
the magnetization-gradient terms and apply the group- Il. THEORY
theoretical classification to higher-rank susceptibility tensors.
This approach then allows them to study the thickness and Based on group theory, Da et al3? proposed a nonlinear
the charactefBloch vs Neel type of domain walls. An at- magneto-optic Kerr effectNOLIMOKE) at the surface of
tempt by Muthukumaet al?® to calculate th@(glz“’) tensor cubic antiferromagnets. They also gave an example of an
elements for the antiferromagnetic .0 both from group antiferromagnetic structuréNiO) and an optical configura-
theory as well agrom the microscopic point of vieig rather  tion, where this effect could be observed. Here, we perform a
unique. They implemented a (Cg) cluster, thus taking complete group-theory based analysis of collinear AF fcc
into account only half of the spins present in the elementaryow-index crystal surfaces. Surfaces of other crystal struc-
magnetic cell. In this approximation they explained the SHGIUres are as well described by our theory provided they are
from Cr,0O; as observed by Fiebigt all and they were able similar to fcc crystal surfaces, i.e., squares or hexagons. The
to give a quantitative estimate for that. Tanatal.?® how- results can be used to detect the magnetic order of a specific
ever, pointed out that the occurrence of purely real or imagisurface under investigation and allow for the determination
nary values of the tensor elements plays a decisive role fopf the surface spin configuration in some important cases.
the existence of SHG from this substance. They found thaiowever, in order to calculate the SHG yield quantitatively,
for a (CrQ), cluster SHG can take place only in the caselt is necessary to go beyond the present study and use elec-
where the tensor elements are imaginary, and thus shouf§onic calculations of the nonlinear susceptibility. Group
vanish in Muthukumar's approximation. They proposed totheory can give a unified picture of different experimental
take into account the full unit cell with four inequivalent Cr observations and predict new effeétswhile the micro-
ions including their “twisting” interaction with the environ- SCOpic origins of the observed phenomena may remain un-
ment. However, Tanabet al. neglected the dissipation in the clear. In order to be clear with respect to the essential notion
process of SHG® which is a rather crude approximation. In of time reversal we would like to emphasize the point of
general, taking into account the dissipation makesﬂﬁé) view takgn in this paper in the beginning. Here, we do not
tensor elements complex and invalidates their separation ifivide x5 into even and odd parts in the magnetic order
purely real and imaginary onés. parameter. Instead, the behaviorydf*) with respect to the
Lifting the inversion symmetry of a crystal is the source magnetic order parametewhich for ferromagnetic materials
for SHG. Lyubchanskiet al2*2suggested crystal lattice de- corresponds to the dependencey@*’ on magnetizationis
formations and displacements as possible reasons for SHfRlly taken into account by the considerations of the mag-
from YIG films. In the case of GO; and YBgCusOg, 5, netic point group. At no stage of our consideration do we
described by Lyubchanskit al,?>?6 AF ordering lowers the invoke the notion of time reversal, consequently we do not
symmetry of an otherwise centrosymmetric crystal. In thisapply the characterization of the susceptibilitf*) as thec
paper, however, we rely on the idea that, rather than lowertensor(changing its sign in the time-reversal operajion i
ing the crystal symmetry in the bulk, SHG may also resulttensor(invariant under the time-reversal operatidh
from the breaking of inversion symmetry at the surface of a Before we start our group-theoretical classification of the

bulk inversion-symmetric system. nonlinear optical susceptibilities of AF surfaces we would
Magnetically active oxide layers are of importance for thelike to emphasize the following four important points:
construction of tunneling magnetoresistafit®R) devices, (i) We are not interested in effects resulting from tpe

where a trilayer structure is commonly used. The centratical path differencdrom adjacent crystal planes which are
layer of TMR devices consists of an oxide sandwiched beferromagnetically ordered but only antiferromagnetically
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coupled to each other. We do not consider this as an intrinsirations described by us and the mentioned symmetry groups
AF effect. has not been made, except for some easy casHsus, for
(ii) Cubic crystals that we are interested in reveal a centeBHG from antiferromagnetic surfaces there has been up to
of inversion in the para-, ferro-, and all antiferromagneticnow no connection between the group-theoretical classifica-
phases. Thus, within the electric dipole approximation, theion and the real situations found in experiments.
SHG signal from the bulk vanishes. The following part of the text should explain the funda-
(i) While, in principle, linear optical methods can be mentals of applying NOLIMOKE observations to investigate
sensitive to the presence of a spin structure, in practice thegmtiferromagnetism of surfaces.
are not useful because, within the group-theoretical ap- Now we turn to SHG, the source of which is the nonlinear
proach, they cannot distinguish the AF phase from eitheelectrical polarizatiorP?*) given by
paramagnetic or ferromagnetic, nor can they distinguish dif-
ferent AF configurations from each other. They have to re- PR = oy 2¢): E(@E(®), 1)
sort to methods like line-shape analysis, where no strong
statements characteristic for symmetry analysis can be maddere, E(*) is the electric field of the incident light, while
(iv) Although the tensor elements for all the magneticxfj‘”) denotes the nonlinear susceptibility within the electric
point groups are known and tabulated in the literafierg., dipole approximation, ane, is the vacuum permittivity. The
Ref. 34, the connection between the different spin configu-intensity of the outgoing SHG light 33

Xxxx Xxyy Xxzz Xxyz Xxzx Xxxy
129~ (19)% F(0,®,20)| Xyxx Xyyy Xyzz Xyyz Xyzx Xyxy | f(9,0,0) |, 2
Xzxx Xzyy Xzzz Xzyz Xzzx Xzxy

wherel g is the intensity of the incident ligh&()[f()] de-  analytic solution of even this reduced set of equations seems
scribe Fresnel and geometrical factors for the incideet cumbersome, but the set can be split into several decoupled
flected light, 9 and ® angles of incidence and reflection, subsets. For example, an obvious subset in every case is the
respectively ¢=0), and®(¢) is output(input) polariza- equation x,,~ x,27 this tensor element occurs nowhere
tion angle. According to Neumann'’s principle, “any type of else. The rank of other subsets is, for our cases, never higher
symmetry which is exhibited by the crystal is possessed byhan six. In this manner, one may obtain a set of forbidden
every physical property of the crystaf* To examine these elements of the susceptibility tensor as well as relations be-
physical properties, we determine the magnetic point groupween existing ones.
of the crystal lattice, thus determine its symmetries. The

same symmetries must leave the investigated property tensor

(in our case the nonlinear electric susceptibilj(tﬁ‘”)) in-

variant. This fact is mathematically expressed by the follow-  First, we will define the notions of “phase,” “case,” and

lll. RESULTS

ing condition: “configuration,” used henceforth to classify our results.
(2w) (20) L, “Phase” describes the magnetic phase of the material, i.e.,
Xeitjie = livilyilewxelii . LILKILIK'=Xxy,2. 3)  paramagnetic, ferromagnetic, or AF. Secondly, the word

Here, |, ,(n=i,j,k,n’=i',j’,k’,) is a representation of an “configuration” is reserved for the description of the mag-

element of the magnetic point group describing the crystalnetic ordering of the surface. It describes various possibilities

For symmetry operations including the time reversal theré’ the spin ordering, which are different in the sense of to-
should be an additional # ” sign in Eq. (3), but we do not pology. We describe up to 18 AF configurations, denoted by

use it here since we exclude the time reversal from our coniittl® 1etters(a) to (r), as well as several ferromagnetic con-

sideration. In particular, from Ed3) it follows immediately figurations, denoted as “ferrol,” “ferro2,” etc. The number
that polar tensors of odd rarfsuch asx(f‘”)) vanish in in- of possible configurations varies depending on surface orien-
€

version symmetric structures. This explains why SHG is posiaion- Thirdly, we describe different “cases,” i.e., addi-

sible only at surfaces and interfaces, where this symmetry igon?| .strl‘J‘cCturaI ;?aéures Sl:%e”mposid gg_t.the lsfymtmetry
broken. For a given spin configuration we apply E8). for analysis. .ase 0€s not have such adaitional features.

every symmetry operation exhibited by the system. ThusIn “(l:ase_tlﬁ”t\vl\\lle iQdJessfdlstortlotns OI the |<_’:1'[th9. “C(‘;".S? C; d
each of these symmetries gives rise to a set of 27 equatiorgseas wi 0 KInds of magnetic atoms in an undistorte

. ) . lattice. In “case D" we take into account a distorted sublat-
with 27 unknown elements of the tenspy;”’ . This set can . . . . )
! . tice of nonmagnetic atoms, keeping the magnetic sublattice
be reduced to 18 equations, since

undistorted. All the analysis concerns collinear antiferromag-
Y2e) = 2e) (4) nets, with one easy axis.
elijk Aelikj The tables show the SHG response types for each con-
which expresses the equivalence of the incident photons dfguration. The various response types are encoded by a
frequencyw, see also the reduced notation in EB). The  “key,” which is then decoded in Table I. This table presents
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TABLE |. Details of SHG response types. We dengfﬁ(‘") by ijk. Odd elements are in bold if a domain operation exists.

Key

Point group

Symmetry operations

Domain operation

Nonvanishing tensor elements

a
b

4mm
m

mm2

mm2

12,%4,

1,2,,2,,2,
1,2,

1,2,

P
= 'Z‘M
><N|><N‘

<

N
<

24,224y
2,,2y

N
<

XXZ = XZX = YYyzZ = yzy, ZXX = zVyY, 22z
XZX = XXZ, XXy = XyX, YXX, YYY, Y7z,
YYZ = yzy, ZXX, ZVY, Z2Z2ZyZ = 7zZy
no information about the parity
XXX = — Yyy, Xyy = —YyXX, X2z = —yzz,

XYZ = YXZ = XZY = YZX, XXZ = XZX = YyzZ = yzy,
XXY = —YyX = XyX = —YyXy, ZXX = zyy, 72z,
ZXZ = 7ZX = —2yz = —2zY, ZXy = ZYyX
XXX= —YYY, XYY = yXX, X2z = —yzz,

XYZ = XZy = YXZ = YZX, XXZ = XZX = yyz = yzy,
XXY= — YYX=XYX= —yXy, ZXX = zyY, 22Z,
IXZ=2ZX=ZYZ=22Y, ZXY=2ZyX
XYZ = XZy = —YXZ = —YyzX,

XZX = XXZ = yzy = Yyz, ZXX = zVyY, 222
XXZ = XZX, YYZ = YyzY, ZXX, ZYY, 2ZZ
XYZ = XZY, XXZ = XZX, YYZ = yzy, YZX = yXz,
ZXX, zVY, 22Z,ZXy = zZyX
XYZ = XZYy, XXZ = XZX, YYZ = yzy, YZX = yXz,
ZXX, zYY, 222,ZXy = zyX
XXZ = XZX = YYyzZ = YyzZY, XZy = XyZ = YZX = yXz,
ZXX = ZYY, 2ZZ,ZXy = ZyX
XXX, XYY, XZZ, XXZ = XzX, Yyz = yzy,

YYX = YXY, ZXX, ZZZ,Z2ZX = ZXZ
XXX, XYY, XZZ, XXZ= XZX, YYyZ = yzy,

YYX = YXY, ZXX, ZZZ, ZZX= ZXZ
All the elements are allowed:

XXX, XYY, XZZ, XyZ = XZY, XZX = XXZ,

XXY = XYX, YXX, YYY, YZZ, yyz = yzy,

YZX = yXZ,yXy = YyX, ZXX, zyy, 22z,

Zyz = 72y, ZZX = ZXZ, ZXy = ZYyX
XXX, XYY, XZZ, XyZ = XZY, XZX = XXZ,

XXY = XYX, YXX, YYY, YZZ, YyyZ= yzZy,

YZX = yXz, YXy = YyX, ZXX, zyy, 2Zz,

ZyzZ = 7zYy,7ZX = ZXZ, ZXy = ZYyX
no information about the parity
XXX = YYY, XYY = YXX, X2z = yzz,

XYZ = YXZ = XZY = YZX, XXZ = XZX = YyzZ = yzy,
XXY = YYX = XyX = YXY, ZXX = zyYy, 27z,
ZXZ = 7ZX = zyz = 7ZYy, ZXy = ZyX
XXX=YYY, XY Y=YXX,XZZ=YyZZ
XYZ = yXZ = XZY = YZX, XXZ = XZX = yyz = yzy,
XXY=XyX=YYX=YXY, ZXX = zVyy, 2ZZ,
ZXZ=2Z2ZX=2YZ= 22y ZXY=ZYX
XXZ = XZX, YYZ = YyzYy, ZXX, ZYY, 2ZZ
XZX = XXZ, XXy = XyX, YXX, YYY, Yz,

YYZ = yzy, ZXX, ZVY, Z2Z2ZyZ = 7Zy
All the elements are allowed:

XXX, XYY, XZZ, XyZ = XZY, XZX = XXZ, XXy = XyX,
YXX, YYY, Y2z, yyZ = yzy, YZX = yXZ, yXy = YyX,
ZXX, ZYY, ZZZ,Z2yZ = 7ZY, ZZX = ZXZ, ZXy = ZyX
XXX, XYY, XZZ, XyZ = XZY, XZX = XXZ, XXy = XyX,
VXX, YYY, YZZ, YYZ = YZV, YZX = YXZ, YXy = YyX,
ZXX, ZYY, 222, ZyZ= 7ZY,ZZX = ZXZ, ZXy = ZyX
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TABLE I. (Continued.
Key Point group Symmetry operations Domain operation Nonvanishing tensor elements
n 2 12 2 Ey XYZ = XZY, XXZ = XZX, YYZ = yzy, YZX = YXz,
ZXX, ZVYY, 2ZZ,ZXy = ZYX
o} m 1§y 2,.,2, XXX, XYY, XZZ, XXZ = XzX, Yyz = yzy,
YYX = YXY, ZXX, ZYY, ZZZ,2ZX = ZXZ
p 6mm 1,2,,+3,,+6,6(2,) XXZ = XZX = YYyZ = yzy, ZXX = ZYy, ZZZ
q 6 1,2,+3,,%6, Z(_y XYZ = XZYy = —YXZ = —YZX, XXZ = XZX = Yyyz
=Yzy,
ZXX = zyy, 77Z
r 3m 1,£3, Ey ,ES(XV) Esexy) ZXX = ZYY, XXZ = XZX = YyzZ = yzy, 72z,
XXX = —Xyy = —yXy = —YyyX
S 1 1 Ey All the elements are allowed:
XXX, XYY, XZZ,XyZ = XZY, XZX = XXZ, XXy = XyX,
YXX, YYY, Y22, YYZ = yZy, yZX = YXZ, yXy = YyX,
ZXX, ZVYY, ZZZ,ZYyZ = ZZY, ZZX = ZXZ,ZXY = ZYyX
t m 1§y XXX, XYY, XZZ, XXZ= XZX, YYyZ = yzy,
YYX = YXY, ZXX, ZYY, ZZZ, ZZX= ZXZ
u 3 1+3, Ey XXX = —XyYy = —YyXy = —YyX, XyZ = XZy = —YyXZ
= —yzX,
XZX = XXZ = YYZ = Yzy, XXy = XyX = YXX
= 7YY,
ZXX = zyy, 77Z
w 1 1 All the elements are allowed

the symmetries, domain operations, and nonvanishing tensagain without changing the sign.
elements for each response type. This is done in order to The parity of the elements has been checked in the opera-
shorten the overall length of tables, because a given responsiens 2,, 4,, and in the operation connecting mirror-
type can appear in several different cases. domains to each otheffor the definition of the mirror-
Several spin structures depicted in Figs. 1 and 5 are disdomain structure see Sec. Ill.EThe domain operatids) on
tinct configurations only in case B, and they are addressed iwhich the parity depends iéare, if applicable, also dis-
the tables that concern only this case. For the rest of thplayed in this table. If two or more domain operations have
cases they are domains of other, fully described configurathe same effect, we display all of them together. To make the
tions, thus they are left out in these cases. The philosophy ofable | shorter and more easily readable some domain op-
the paper is that, to save some space, we show the sp#rations(and the corresponding parity information for the
structure in one figure for each surfa@égs. 1, 4, and Bfor  tensor elemenjsare not displayed, namely those that can be
all the four casesA-D), and depict the effects taken into created by a superposition of the displayed domain opera-
account in cases B—D only for the paramagnetic pliB&s.  tions. We also do not address the parity of tensor elements in
6—8). Table | also contains the information on the parity of the 6, nor 3, operations for(111) surfaces nor any other
the nonvanishing tensor elements: the odd ones are printed gperation that “splits” tensor elements, although these op-
boldface. In some situations an even tensor elerf@wn  erations also lead to a domain structéfteds will be dis-
in lightface) is equal to an odd elemetshown in boldfack  cussed latefSec. Il B it is possible to define a parity of the
this means that this pair of tensor elements is equal in théensor elements for the,3and 6, operations, however the
domain which is depicted on the corresponding figure, butensor elements then undergo more complicated changes.
they are of opposite sign in the other domain. This happen¥he situations where the parity of the tensor elements is too
in the structures where two pairs of domains are possibleomplicated to be displayed in the table are indicated by a
(two distinct entries in Table)l The tensor elements that hyphen in the column “domain operation.” For some con-
change their parity in the domain operation which is thefigurations, none of the operations leads to a domain
inverse of the displayed one are shown in italic font. Forstructure—in those configurations we display the informa-
example, entry(j) of Table | shows a tensor elemexxx  tion “one domain.” The reader is referred to the Appendix
which is even under the operation ,4this means that this for the particularities of the parity check.
tensor element is odd under4,. This strange at the first As far as the first layer is concerned, we address all the
sight behavior of tensor elements is caused by the fact thaipin configurations of the low index surfaces of fcc antifer-
under these operations, tensor elements are not mapped mmagnets, with magnetic order vector lying in plane or per-

themselves. In our example, after applyingthe tensor el-
ementxxx becomesyyy, without changing its sign. If we
now apply —4,, yyy (which is now eveh becomesxxx,

pendicular to it and antiferromagnetic coupling between
nearest neighbors. For ti@01) surfaces we also discuss the
configurations, where the antiferromagnetic coupling exists
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$ § $ é é $ $ é $ $ FIG. 3. Spin structure of an antiferromagngfi©1) bilayer con-
? $ é é é structed from a shift of the monolayer along the positi¢g) axis.
é é $ é $ é é $ $ $ Filled (empty circles represent the topmasecond layer. On the
f ) h) i) ) right-hand side the conventional unit cells for the resulting bilayer
/J p’ g Vb\ \ ‘p/ P’ vb\ \1‘ structure are presented. Here, conf a of @@1) monolayer serves
\1‘\‘ i{ \ql as an example.
AV AN AN A NN
" | m . cases, while the full consideration of the second layer would
o )}; N ) Y | )ox *a g‘ not bring any new interesting results. Taking into account the
N4 Yo Vel Y spin structure of the second lay@eeper layers do not bring
- - o VA - VI - A S - W - up anything new to the analy$isesults in creating several
) ) [up to two for the(001) surface and three for th@11) sur-
o) P g " face] configurations out of each one addressed here by us.
The symmetry of these configurations may remain the same
® ® ® ® © ® ® © ® ® ® or be loweredsometimes even below the symmetry of the
ferromagnetic phasevith respect to the “two-dimensional”
THZ THZ THZ THZ configurations they are generated from. Consequently the

. . _ distinction of the configurations from each other may be lim-
FIG. 1. Spin configurations of an fd@01) surface. Except for ited, but the possibility of detecting the magnetic phase is not
confs ferro4 and o-r, the arrows always indicate in-plane dil’eCtiOﬂ%evere|y affected. Also our remarks on domain |mag|ng re-
of the spins. In confs ferro4 and o<¥(®) denote spins pointing  main valid. However the number of domains is increased,

along the positivénegative z direction, respectively. thus the possibility to identify each of them might be ham-
) ) ) pered.
between the second-nearest neighlfoemfigurations a, b, ¢, Consequently, one can state that the symmetry of an AF

f, and o, along with d, g, and h for case.BNe do not syrface depends on two atomic layers. They are also neces-
consider the COUp”ng to the third and further nEighborS. Thi?sary(and Sufﬁcien): to define AF bulk domains. As will be
would not give rise to configurations of different symmetriespresented in our results, SHG can probe both these layers on
in two dimensions. It may at most replace spins by grainsar surfaces.
(blocks of spins in the configurations described by us.

Throughout this paper we take into account the spin struc-
ture only of the firsuppermostatomic layer. This is suffi-
cient to study all the symmetries ¢301) and (110 surfaces The predicted nonlinear magneto-optical effects result
both in the paramagnetic and ferromagnetic phases. For tifeom the fact that the magnetic point groups of antiferromag-
(119 surface it is necessary to recognize the atomic posinetic configurations are different from those describing para-
tions (but not the spinsin the second layer for the same
purpose. For the sake of completeness we also present - poa ferrol fermo2 fermo3 fermod q)
study of (111) surfaces without this extension. However, in x‘\° ° 3| A A e e o | b

A. Equivalent atoms

the antiferromagnetic phase, the spin structure of the secon
I I S VK S il B I

and deeper layers plays a role in determining the symmetry | ° :

of the surface. This is presented in this paper using@6é) Y HZ

surface as an example. For tfELQ) and (111) surfaces it b) c) d) ) f) 9)
will be published elsewher¥. These structures can serve as A O A

simple models for deriving predictions for more complicated NS IR PR PR
® ©

¢
{ﬁ % h) 0 ) K) 1

@ ® ®@ ® - 40— “«— —ob | —Oo» <0—

@T Z® "
S ; [ |

FIG. 4. Spin configurations of an fq¢d10) surface. Except for
FIG. 2. Top view of a spin structure on(@01) surface. The confs ferro3, g, h, and i, the arrows always indicate in-plane direc-

dashed line depicts a conventional unit cell, while the solid onetions of the spins. In confs ferro3, g, h, an®i (®) denote spins

outlines the primitive unit cell. pointing along the positivénegative z direction, respectively.
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ferol fero2 femo3 ferro4 ¢ 0 o
o 4o <o P o o o o o o o o
LA B A AR ol S b o ® e 0o ® o0 ®
§ § T < 40— 7 £ ] o o o o o
a b) °) d ¢ o o
Pt o b o FIG. 7. Surface structure of the nonequivalent magnetic atoms
® @ ® | ¢ 4 | me T4} e s case in the paramagnetic phase. Pictures preser©@ig, (110),
® ® $ 4 - ¢ 4 S and (111 surfaces, respectively. Filled and empty circles represent
ﬁHz the two kinds of magnetic atoms. Note, the fragment representing
e) f) o) h) 0 the (111) surface does not show the conventional unit cell but a
o Y o %% £ o bigger set of atoms in order to give a clear idea about the surface
A NN e L U L N Y A R structure.
i K ) m) both the right-hand side and left-hand side neighbors of the
% % ® ® © © ® “central” spin will point upwards, while the spin direction
Y% Woeo0e 080 000 will be alternated along thg axis. This convention will be
Xk ® ® ® ® ® © maintained hencefortffor a (111) surface one has to alter or
e e uE: keep the spins along three axes, instead of| tWhe smallest

set that gives a complete idea about the spin structure is

FIG. 5. Spin configurations of an fqd11) surface. Except for

presented in Fig. 2° this “magnetic primitive cell” does not

confs ferroS, k, I, and m, the arrows always indicate in-plane direcgive a clear picture of the crystal symmetries, however. The

tions of the spins. In confs ferro5, k, |, and@ (®) denote spins
pointing along the positivénegative z direction, respectively.

whole crystal lattice can be reproduced by translations of this
cell, without performing other operations such as reflections

or rotations.

magnetic or ferromagnetic phases of the same surface. Since, The SHG response types for ti{801) monolayer are
depending on the magnetic phase, different tensor elemengiven in Table Il, for the paramagnetic, ferromagnetic, and
vanish, it is possible to detect antiferromagnetism opticallyall AF phases. We can observe several sets of allowed tensor
by varying the polarization of the incoming light. elements. Configuration r will produce the same signal as the

The current subsection discusses nonvanishing elemenpgiramagnetic phase. Configuration ferrol reveals a com-
of the nonlinear susceptibility tensor for an fcc crystal con-pletely different, distinguishable set of tensor elements. In
sisting of only one kind of magnetic atoms. The influence ofaddition, conf ferro2 produces another set of tensor elements,
nonmagnetic atoms in the material will be discussed laterdifferent from any other configuration. It is equivalent to the
The configurations considered here are ferrol, ferro2, ferro4;onf ferrol rotated by 45°. In confs a, b, e, and o we find the
a, b, c, e f i k m,o,p, and r for tH®01) surface(see Fig. same tensor elements as for the paramagnetic phase. How-
1), ferrol, ferro3, ferrob5, a, c, f, i, and k for thi@11) surface ever, due to the lower symmetry, their values are no longer
(see Fig. % and all configurations depicted in Fig. 4 for the related to each other. Configurations ¢ and f bring new tensor
(110 surface. Other depicted spin structures form domain®lements, thus allowing for the distinction of these confs
of these configurations and are not referred to in this subsedrom the previous ones. Configurations i, k, m, p reveal the
tion nor in the tables concerning the current subsecfion. same tensor elements as ¢ and f but some of these elements

All possible configurationgconfg of a fcc (001) surface  are related. Thus one may possibly distinguish these two sets
are shown in Fig. 1, which displays the conventional ratheiof configurations. Configurations ferro4 presents a com-
than magnetic unit cells. However, these are sufficient to fixpletely different, distinguishable set of the nonvanishing ten-
the spin configuration of the whole surface imposing of thesor elements. Consequently, in six configuratires, c, f, i,
following “convention”: the fcc surface is constructed from k, m, and p some susceptibility tensor elements appear only
the depicted plaguette in the way that neighboring spinsn the AF phase, allowing for the detection of this phase by
along thex andy directions point the same wdglternate if varying the incident light polarization, as will be outlined in
they are paralle(antiparalle] on the plaquette in these two Sec. IV. In addition, all other antiferromagnetic configura-
directions. The spins in rows and columns where only ondions but r reveal the breakdown of some of the relations
spin is presented are continued in the same way as the cornleetween the different tensor elements, compared to the para-
spins. For instance, in configuratida) of the (001) surface,

® e oCe e o
o o
®
X [} o ®e0O e [ J [ J [ ]
e O o ©
X o o ° e Oe® e o
o) (o)

FIG. 8. Surface structures of the case with a distorted oxygen
Y y sublattice(white circles. Pictures present the paramagnetic phase
of (001, (110, and(111) surfaces, respectively. Note, the fragment
FIG. 6. Structure of thé001) and(111) surfaces of a fcc crystal representing th€111) surface does not show the conventional unit
with a rhombohedral distortion in the paramagnetic phase. Note theell but a bigger set of atoms in order to give a clear idea about the
changed orientation of the coordinate system for(@®l) surface.  surface structure.
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TABLE Il. SHG response for all spin configurations of the TABLE Ill. SHG response for all spin configurations of the
(001) surface of a fcc latticéRef. 48. For the detailed description (001) surface of a fcc lattice, with the spin structure of the second
of the response types see Table I. The configurations are depicted lmyer taken into account. For the detailed description of the re-

Fig. 1. sponse types see Table |. For the configurations see Fig. 1.

Configuration Key(response type Configuration Key(response type
para a para a
ferrol b ferrol b
ferro2 c ferro2 c
ferro4 d ferro4 d
AF: AF:
a, b,eo e ax, ox h
c, f f ay, oy, r e
i, kK, m, p g bx, by, ex, ey b
r a c, fx, fy i

i i

magnetic phase, and thus can be detected as well. Generally,
all the phases can be distinguished from each other. There
exists as well a possibility to distinguish different AF con-
figurations provided the corresponding tensor elements cafy yield all tensor elements in an unrelated way. The last,
be singled out by the proper choice of the experimental geeharacteristic type of response is presented by conf k alone.
ometry. Consequently, the detection possibilities of an antiferromag-
For the sake of completeness, we now present a shortetic bilayer are slightly worse than those for a monolayer.
study of the(001) surface where the spin structure of the two Especially, a difficulty in distinguishing the ferromagnetic
topmost atomic layers is taken into account. The paramagphase from the antiferromagnetic one may arise for some
netic phase and all the ferromagnetic configurations remainonfigurations where then the combination of SHG with lin-
unchanged with respect to the results of the previous paraear magneto-optics is definitely required. There exists a pos-
graph[for the (001) monolayef. However, most of the AF sibility to distinguish AF configurations from each other,
configurations previously addressed break up into two differsimilarly to the previous situation. In most configurations,
ent configurationgsometimes even with a different symme- the difference(in terms of the SHG responsbetween the
try). These configurations are constructed from those of théilayer structure described here and the previously addressed
previous paragraph by assuming that the structure of the se®01) monolayer can be detected.
ond atomic layer is identical with that of the topmost one but We now turn to thg(110 surface(Fig. 4), which, in the
shifted along the positivex axis (indicated by x after the paramagnetic phase, reveals a lower symmetry tha(OtB
name of the original configuratigpror positivey axis (indi-  surface. On the other hand, the number of symmetry opera-
cated by y after the name of the “parent” configurafiama  tions in the AF configurations is comparable to #921)
proper way to form a fcc structure; if only one configuration surface. In addition, as shown in Table IV, the resulting SHG
can be produced in this way we use the name of the originalesponse types are not very characteristic, so the detection
one. This construction is depicted in Fig. 3, along with thepossibilities for this surface are very limited. In particular,
corresponding conventional unit cells for the two topmostconfs a, b, c, g, h, i, j, k, and | give the same tensor elements
layers of the AF fcc(001) surface. The resulting SHG re- as the paramagnetic phase. Configurations d, e, f, and ferro3
sponse types are presented in Table Ill. In general, sevdiring new tensor elements. Other ferromagnetic configura-
types of response are possible. Firstly, the paramagnetiions (ferrol and ferro® present different sets of new tensor
phase reveals a characteristic set of tensor elements. Thuseilements, making these configurations distinguishable from
can be unambiguously distinguished from any other magthe others as well as from each other. Configuration ferro4
netic phase. Secondly, confs ferrol, ax, ox, bx, by, ex, and eyields a completely different set of tensor elements, however
bring some additional tensor elements into play. The symmethis set is related to the one of conf ferrol by 90° rotation.
try of confs ax and ox is slightly different from that of the = The study of the(111) surface(see Fig. % has to be
rest of this group, since the mirror plane is rotated by 90°separated in two subcases, according to whether we take into
around thez axis. A different set of tensor elements is account only one atomic monolayer or more. In both sub-
brought up by confs ferro2, i, m, and p. The difference be-cases, we consider the same configurations. The SHG re-
tween the response yielded by conf i and the other confs isponse types for the first subcase are listed in Table V, and
this group, due to a slightly different symmetry, can be com-for the second subcase in Table VI. For thrst subcase,
pensated by rotating the sample by 90° aroundzlexis. confs a, i, and k reveal the same tensor elements as the para-
Another, characteristic set of tensor elements is presented bgagnetic phase, however, due to the lower symmetry their
conf ferro4 alone. The fifth type of SHG response is given byalues are not related to each other. Configurations ¢ and f
confs ay, oy, and r. Tensor elements, that do not vanish ipresent new tensor elements. As for the previous surfaces,
these configurations, are the same as for the paramagnetite ferromagnetic phase reveals completely different sets of
phase but some relations between them are broken due totensor elements, and the three ferromagnetic configurations
lower symmetry in the AF phase. Configurations cx, fx, andcan be distinguished from each other since they bring differ-

m, p c
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TABLE IV. SHG response for all spin configurations of the TABLE VI. SHG response for all spin configurations of the
(110 surface of a fcc latticéRef. 48. For the detailed description (111) surface of a fcc latticéRef. 48. More monolayers are taken
of the response types see Table I. The configurations are depictediinto account. For the detailed description of the response types see

Fig. 4. Table I. The configurations are depicted in Fig. 5.
Configuration Key(response type Configuration Key(response type
para k para r
ferrol | ferrol S
ferro2 m ferro3 t
ferro3 n ferro5 u
ferro4 o] AF:
AF: i, k t
a, b, c, g-I k c, f u
d,ef n

namely S,y and S_y, (for the definition of the “S” and

ent tensor elements into play. Unlike for ti&10 surface, “H” axes see Fig. 5, the paramagnetic confThese in-
the axesx andy are not topologically equivalent, and thus equivalences of axes are the reasons for the reduction of the
the fact that tensor elements of ferrol are related to those afumber of symmetry operations in the paramagnetic phase.
ferro3 by 90° rotation does not affect the possibility to dis-Because of this reduction some spin structures that previ-
tinguish these two configurations. The ferromagnetic conbusly formed different domains of a single configuration
ferro5 brings up the same tensor elements as AF confs ¢ ambw cannot be transformed into each other and become *“in-
f, but the relations between the elements are different. Thdependent” configurations. This happens for almost all of
secondsubcasemore layers taken into accourgives dif- the previously addressed configurations of {#®1) and
ferent sets of allowed tensor elemeftempared to the first (111) surfaces. Consequently, all the depicted spin structures
subcasg for each but the ferro3 configuration. Configura- are in fact configurations, and are addressed in this subsec-
tions a, i, k, and ferro3 share the same set of allowed tensdion.
elements and can be easily distinguished from the paramag- The resulting SHG response types for {91 surface
netic phase. Configurations c, f, and ferrol reveal all tensoare listed in Table VII. For this surface, only two of the
elements, with their values unrelated. Similarly, conf ferro5ferromagnetic configurations, namely ferrol and ferro2 can
presents another, distinguishable set of tensor elements. The easily distinguished from both the paramagnetic as well as
possibility of distinguishing the magnetic phases is rathethe antiferromagnetic phases. These ferromagnetic configu-
limited. rations can be also distinguished from each other. On the

The symmetry analysis of nonvanishing tensor elementsontrary, all the AF configurations yield only two types of
for ferromagnetic surfaces in the case A have been peresponse, and in addition one of them is equivalent to the
formed by Paret all° Our analysis yields the same results, response of the paramagnetic phase. Consequently, it will
taking into account the corrections made bybiHar and not be possible to determine the surface spin structure, and

Bennemant? the distinction of the AF phase from the paramagnetic one
can be successfully performed only in confs a—h and o.
B. Distortions of monoatomic lattice Compared to the case A, there is an important symmetry

. . . . breaking for most configurations. Thus, the distinction be-
_The rhombohedral d|§t0rt_|on of the atomic lattice, de'tween the two casd#\ and B) is possibleicompare Tables II
scribed here and shown in Fig. 6, makes xrendy axes of and VII).
the (00D surface inequivalent, even in the paramagnetic All the (110 surfaces of an fcc crystal with a rhombohe-
phase. On th¢11]) surface, they axis Is not equwalent_ any dral distortion are topographically equivalent to ttELO
longer to other axes connecting the nearest neighborgy tce of the case A. The distortion only stretchesctbey
axis, so the structure remains rectangular.
The analysis of th€111) surface(depicted in Fig. Bin
he subcase of only one monolayer reveals sets of symme-
e .. .
ries very similar to the(110 surface, as it follows from
Table VIII. In fact, the(111) surface of a fcc crystal with a
rhombohedral distortion can be treated as two rectangular

TABLE V. SHG response for all spin configurations of the
(117) surface of a fcc latticéRef. 48. Only one monolayer is taken
into account. For the detailed description of the response types s%
Table I. The configurations are depicted in Fig. 5.

Configuration Key(response type | : A
lattices superimposed on each other. In turn, due to the dis-
para p tortion, it is not convenient any longer to describe the spin
ferrol I structures using “S” and “H" axes. The possibility of dis-
ferro3 0 tinguishing AF configurations is very poor, and two of the
ferro5 q AF configurations(a and K yield the same signal as the
AF: paramagnetic surface. In confs b—j, I, and m the AF phase
a, i k k can be distinguished from the paramagnetic one, but they
c, f n give the same signal as conf ferro5. Configuration ferro2 can

be easily distinguished since it reveals a characteristic set of
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TABLE VII. SHG response for all spin configurations of the TABLE IX. SHG response for all spin configurations of the
(001 surface of a fcc lattice, distorted to a rhombohedral structure(111) surface of a fcc lattice, distorted to a rhombohedral structure.
For a detailed description of the response types see Table I. For thdore monolayers are taken into account. For the detailed descrip-
surface structure see Fig. 6, for the spin configurations see Fig. 1tion of the response types see Table I. For the surface structure see
Fig. 6, for the spin configurations see Fig. 5.

Configuration Key(response type
Configuration Key(response type
para Kk
ferrol m para t
ferro2 0 ferrol, ferro2, ferro4, ferro5 s
ferro3 | ferro3 t
ferro4 n AF:
AF: a, i, k s
a, b=h, o n b-h,j, I, m t
i—n, p—r k

(all) tensor elements. Configurations ferrol and ferro3 vyiel
different sets of tensor elements, but they are related to ea
other by 90° rotation. Most of the configurations allow for
the distinction of the cases A and(Bompare Tables V and
VII).

ublattice of nonmagnetic atoms that preserve the center of
Ho-dimensional inversion produce the same effect. Other
distortions of the sublattice of nonmagnetic atoms will be
discussed in Sec. llID. The magnetic moment at the distin-

In the subcase of two monolayers of tHe 1) surface, the guished positions can be changed or not—this does not affect
symmetry is dramatically reduce@ee Table IX. Ever11 in the results obtained by symmetry analysis. The configura-

the paramagnetic phase the group of symmetries consists BPNS considered here are ferrol, ferro2, ferro4, a, b, ¢, &, f, i,

only one nontrivial operation, and this appears to occur als§: M. 0, P, and r for the001) surface(see Fig. 1, ferrol,

in the AF configurations a, i, k, and ferro3. In all the other f€rro3, ferroS, a, ¢, f, i, and k for thei11) surface(see Fig.

configurations all tensor elements are allowed due to the lacR). and all configurations depicted in Fig. 4 for t&10)

of any symmetry. Only confs paramagnetic and ferro5 allowsurface. Other depicted spin structures form domains of these

for the unambiguous distinction of the cases A anc8m-  configurations and are not referred to in this subsection nor

pare Tables VI and IX Consequently, this surface is not in the tables concerning the current subsection.

very useful to an analysis of the magnetic structure, with the The structure is depicted in Fig. 7. For the sake of brevity,

exception of stating the distortion itself. we show the structure of the distinguished atoms only for the
As the conclusion of the case of the distorted sublattice oparamagnetic phase. All the configurations are the same as in

magnetic atoms, the surfaces give extremely limited possiease A, for all surface orientations. The already mentioned

bilities to investigate the magnetic properties. In our further‘convention” of alternating(or not spin directions along

study, we will limit ourselves to lattices of undistorted mag- certain axes is applied regardless of the atom type. This al-

C%(;/rent bonds to a nonmagnetic sublattice; distortions of the

netic atoms. lows us to obtain the whole crystal surface from the small
_ _ _ displayed fragment.
C. Structure with nonequivalent magnetic atoms Our analysis starts with th@02) surface of an fcc crystal.

We assume now that not all the magnetic atoms in the cell he SHG response types for each configuration are listed in
are equivalent. An example of such a structure is a materialable X. In general, we can observe seven types of response.
composed of two magnetic elements, but also a situatiorfhe first of them is represented by the paramagnetic phase
when the magnetic lattice sites are inequivalent due to difalone. The second type of response, exhibited by the ferro-

magnetic ferrol and the AF a, b, e, o confs, differs from any

TABLE VIIl. SHG response for all spin configurations of the other type by some tensor elements. Configurations a and o
(111) surface of a fcc lattice, distorted to a rhombohedral structurereveal different tensor elements than the other configurations
Only one monolayer is taken into account. For the detailed descripfrom the mentioned group. However, the signal from confs a
tion of the response types see Table I. For the surface structure S&Rd o is the same as for confs b, e, and ferrol if one ex-
Fig. 6, for the spin configurations see Fig. 5. changes the axesandy. Thus, if the directions of the spins
cannot be determined by another method, confs a and o

Configuration Keytresponse type cannot be distinguished from b, e, and ferrol. The next type
para k consists of conf f and reveals all tensor elements, while no
ferrol, ferro4 I relations between them are enforced by the symmetry analy-
ferro2 m sis. A completely different type of response is presented by
ferro3 0 conf ¢ alone. Another type, where confs i, m, and p belong,
ferro5 n brings the same tensor elements as conf c, but there exist
AF: more relations between the elements due to a higher symme-
a, k k try in these configurations. The next type is given by confs
b—j, I, m n ferro2 and k. As in conf f all the tensor elements are present

but this time there are some relations between them. In ad-
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TABLE X. SHG response for all spin configurations of the  TABLE XI. SHG response for all spin configurations of the
(001) surface of a fcc lattice, with one atom distinguished. For the(110 surface of a fcc lattice, with one atom distinguished. For
detailed description of the response types see Table I. For the sudetailed description of response types see Table I. For the surface
face arrangement see Fig. 7. For the configurations see Fig. 1. arrangement see Fig. 7. For the configurations see Fig. 4.

Configuration Key(response type Configuration Key(response type
para a para k
ferrol b ferrol I
ferro2 c ferro2 m
ferro4 d ferro3 n
AF: ferro4 o]
a, o h AF:

b, e b a I
c f b, c, h, ik, k
f i d im
i, m, p e e f g n
k j j o]
r d

. . conf k. Configurations ferro3 and i show another set of non-
dition, confs r and ferro4 yield a completely new set of ten-yanishing tensor elements. Configurations ¢ and f reveal all
sor elements due to the preserved fourfold rotational symmegngor elements in an unrelated way. In addition, conf ferro5
try. . L rPresents a characteristic set of tensor elements.

Thus, assuming one atom as distinguished may reduce the |, the second subcase, only four different SHG responses
symmetry. New tensor elements appear in confs a, b, &, f, kg, nossible. First, the paramagnetic phase is characteristic—
0, and r compared to case (gompare Tables Il and)XIn g the other configurations bring additional tensor elements
these configurations it is therefore possible to distinguish the,, play. The next type of response is presented by confs
cases of equivalent and nonequivalent magnetic atoms, prgsyrq3 and i—they yield some additional tensor elements.
vided the tensor elements that make the cases different c@#ynfigurations ferrol, a, c, f, and k reveal all tensor elements
be singled out by the experimental geometry. There exXist§q o relations between them appear from our symmetry
also a possibility to distinguish different AF configurations analysis. Again, conf ferro5 presents a unique set of nonva-
in case C The antiferromag.netjmfasecan bt_a undoubtedly nishing tensor elements.
detected in the surface configurations c, f, i, m, _a_nd p. Consequently, for thé111) surface, the symmetry break-
For the (110 surface, there are more possibilities to dIS—ing due to the presence of a second kind of magnetic atoms
tinguish the configurations with nonequivalent magnetic aty,a5 even more important consequences than for(@6e)
oms than in the case A. However, the configurations stillg (tace In the situation of only one monolayer, the distinc-
produce ambiguous signalsee Table Xi. Configuratons b, yjon petween the cases may be possible for all the AF con-
¢, h, i, k, and | are equivalent to the paramagnetic phasg;qrations(compare Tables V and Xl Considering addi-
Conflgurayon als equwalem to the ferromagnetic f_e_rmltional layers leads to further symmetry breaking and renders
configuration, and configuration d to ferro2. In addition, yhe gistinction between the configurations impossible. The
confs e, f, and g are equivalent to the conf ferro3 and conf yistinction between the cases A and C is possible in confs a
gives the same signal as conf ferro4. Even the presence ahg k (compare Tables VI and XIll Besides, in most con-
nonequivalent atomic sites in the lattice cannot be detected
by SHG.On this surface, since the symmetry 0f_’(|fl&0) TABLE XlI. SHG response for all spin configurations of the
surfgce is usually ot lowered further by the existence Of(lll) surface of a fcc lattice, with one atom distinguished. Only one
equivalent magnetic sitdgompare Tables IV and XIThe monolayer is taken into account. For the detailed description of the

only exceptions are confs &, d, g, and j which give differentegonse types see Table I. For the surface arrangement see Fig. 7.
tensor elements in the two cases. As in the case of equivaleply the configurations see Fig. 5.

atoms, thg110) surface is not very useful for the analysis.

The study of thg111) surface must again be divided in Configuration Key(response type
the two subcases of one or more monolayers, respectively-
Figure 7 depicts the situation in the paramagnetic phase. The para p
SHG response types are listed in Tables Xll and XllI for the ferrol |
first and the second subcase, respectively. ferro3 0
In the first subcaséone monolayerthe symmetry estab- ferro5 q
lishes six different types of nonlinear response. The “para- AF:

magnetic” type(for the paramagnetic configuration ohig
characteristic—all the other configurations have additional
tensor elements. The next type of respoftbe ferromag-
netic conf ferrol and the antiferromagnetic confltaings
some new tensor elements. Other tensor elements appear-ia

~ T oo
.
s o3 —
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TABLE XIIl. SHG response for all spin configurations of the TABLE XIV. SHG response for all spin configurations of the
(111) surface of a fcc lattice, with one atom distinguished. More (001) surface of a fcc lattice, with a distortion of oxygen sublattice.
monolayers are taken into account. For the detailed description dfor the detailed description of the response types see Table I. For
the response types see Table I. For the surface arrangement see Rite surface arrangement see Fig. 8. For the configurations see Fig.

7. For the configurations see Fig. 5. 1.
Configuration Key(response type Configuration Key(response type
para 3r para a
ferrol S ferrol b
ferro3 t ferro2 c
ferro5 u ferro4 d
AF: AF:
a, c fk s a, o0 h
i t b, e b
c, f i
i, [
figurations it is possible to decide if these additional layers m i
play any role(compare Tables XIl and XIJI p s
r

D. Distorted oxygen sublattice . . .
v All the spin configurations are the same as for the corre-

Due to the strong charge transfer between nickel and oxysponding surfaces in case A, and the spins are assumed to be
gen in NiO the sublattices may be distorted. This effect carequivalent.
lower the symmetry of the surface. A point-charge model As Table XIV shows, six different responses can be ex-
calculation by Iguchi and Nakatsugatt@resented a shift of pected from thé001) surface. The paramagnetic surface will
the oxygen sublatticé‘rumpling” ) in the direction perpen- give a characteristic response. The second group is formed
dicular to the surface. Their method did not show any in-by confs a, b, e, 0, and ferrol. Although confs a and o have
plane displacement and thus no change of the surface syrmetements different from the remaining configurations in this
metry. However, if the “rumpling” also has an in-plane group, this fact corresponds simply to rotating the sample by
component, i.e., if the oxygen atoms are displaced also in th@0° with respect to the axis. Configurations ¢ and f reveal
x andy directions, it will also have a considerable effect onall tensor elements without relations between them. Configu-
the symmetry of the crystal surface. For this paper, we haveations ferro2, i, k, and m reveal all tensor elements with
chosen a distortion that can lower the symmetry of the sursome relations. The only difference between conf m and oth-
face and besides can be represented within one conventiorals from this group is like for the previous group a 90°
unit cell. The configurations considered here are ferrolrotation with respect to theaxis. Another group consists of
ferro2, ferro4, a, b, c, e, f, i, k, m, o, p, and r for t{@01) conf p alone. It reveals the same tensor elements as the para-
surface(see Fig. 1, ferrol, ferro3, ferro5, a, c, f, i, and k for magnetic phase, but certain relations between tensor ele-
the (111 surface(see Fig. %, and all configurations depicted ments are broken due to a lower symmetry of conf p. Con-
in Fig. 4 for the(110 surface. Other depicted spin structuresfigurations r and ferro3 form the last group. All the
form domains of these configurations and are not referred taonfigurations but k and ferro3 can be distinguished from
in this subsection nor in the tables concerning the currenthose of case Acompare Tables Il and XI) However, only
subsection. confs ¢ and g can be distinguished from caséc@mpare

As will be shown later, the best conditions for the detec-Tables X and XIV. Thus, only in these configurations will it
tion of this kind of distortion are presented by tk&l0) be possible to detect oxygen sublattice distortions by SHG.
surface. The111) surface could show equally good possi- The SHG response types for tfi&10 surface are pre-
bilities if only a monolayer of magnetic atoms is present. sented in Table XV. One can observe that only configura-

In the presence of an oxygen sublattice distortion, theions c, f and i give rise to neicompared to case A, Table
chemical unit cell is also doubled. This effectively meanslV) tensor elements. Compared to cas@@ble Xl), confs c,
that magnetic unit-cell-doublingdescribing the fact that the f, and i bring new tensor elements, and, surprisingly, confs a
magnetic unit cell is twice as big as the chemical Joiee and g have less tensor elements, due to higher symmetries in
lifted. In general, taking into account distorted oxygen atomsase D. Consequently, confs a, c, f, g, and i allow for an
in the paramagnetic phase does not lower the symmetry afnambiguous determination of the oxygen sublattice distor-
the problem. The exception is th&11) surface, where the tion from the(110) surface. The possibility of distinguishing
sixfold axis is replaced by the threefold one. different configurations is rather limited.

In the case of the distorted oxygen sublattice, the symme- Oxygen sublattice distortion similar to the one presented
try group for each configuration is a subgroup of the corredn Fig. 8 for a(111) surface was found by Renauwd al*?
sponding “nondistorted” configuration, i.e., of the corre- and calculated by Gill# in M,0; materials M = Al, Fe).
sponding spin configuration in the case where the oxygeSince the nonmagnetic sublattice symmetry group has an in-
atoms are not considered. As in case C we display only thluence on SHG this distortion can be detected also on sur-
paramagnetic phase in Fig. 8 to depict the atom positiongaces of fcc crystals. In the previous cases A and C we di-
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Configuration Key(response type FIG. 9. Two surface mirror domains for an AF configuration—
panels b and c depict the same AF domain, related to the panel a by

(110 surface of a fcc lattice, with oxygen sublattice distorted. For
the detailed description of the response types see Table I. For the é
surface arrangement see Fig. 8. For the configurations see Fig. 4. $

TABLE XV. SHG response for all spin configurations of the é $ $ é é

para k different mirror operations.

ferrol I

ferro2 m presence of magnetic unit-cell doubling. The allowed do-
ferro3 n mains can be detected by surface-sensitive SHG under the
ferro4 0 following two conditions.

AF: First, domains can be imaged by our method only if they
a b, g h Kkl k manifest themselves at the surface, i.e., if the surface spin
c 0 ordering changes while passing from one domain to
d,eij n another** It is necessary to note, however, that the spin or-
f m derings for different domains must belong to the saon-

figurationin the sense of our classification. We do not con-
sider it as a domain structure if one portion of the surface is
vided the study of (111) surfaces in two subcases, in one configuration and another portion is in a different
considering either one or more atomic layers. Taking intoconfiguration. Under such conditions, we can encounter two
account a distorted oxygen sublattice leads us immediately tdifferent types of domains: 90° domaiffer the (111) sur-
the subcase of “more atomic layers.” It is caused by the factface they are rather 60° domalnsesulting from the rota-
that the oxygen and magnetic atoms belong to mutually extions around thez axis, and the second typealled by us
clusive planes. The resulting SHG response types are listemirror domains, characteristic for antiferromagnetshere
in Table XVI. For the AF and ferromagnetic phases, all ten-spins point along the same axis in all domains, but the or-
sor elements are allowed for every configuration. Thus SHGlering is still different(they are no 180° domaihpsThe
cannot detect the magnetic phase of the surface nor distitables contain complete information about the parity of ten-
guish different configurations. Only confs paramagnetic,sor elements in mirror-domain operations, and also for
ferro3, ferro5 and d allow us to decide unambiguously90°-type domains, but not for 60° domains. The 90°-type
whether the oxygen sublattice is distorted or fm@mpare domains will be addressed later on. In the mirror-domain
Tables VI, Xlll, and XVI). structure, the magnetic point group describing the configura-
For both the(001) and (111) surfaces, the symmetry tion must lack an operation that, while belonging to then-
groups of case D appear to be the subgroups of the correnagneti¢ point group of the systemand leaving the spin
sponding configurations of case C. This means that the oxyaxes invariant, only flips some of the spins. Note, the flipped
gen sublattice distortion makes sorfame half of al) mag-  subset of the spins must be antiferromagnetically ordered in
netic atoms distinguished as in case C, even though we ditlself. Configurations, the symmetry groups of whiltk
not apply this distinction explicitly in case D. On the other one of these operations can reveal surface domains, related to
hand, the symmetry groups of case D differ essentially fromeach other by this operation.
those of case B. This is caused by the difference in distor- For an illustration we choose configuration ¢ of {861)
tions assumed in these cases: the rhombohedral one in casesBrface(see Fig. 1L The spins point along the axis. Thus

and the rotationlike in case D. operations leaving the axis invariant arg, 2, and 2. Of
them, 2 and 2, are absent in the magnetic point group of the
E. Domain imaging considered configuratiofsee Table Il, conf ¢, and Table. |

The flipped subset of spins consists of the four outer spins

For simplicity, we will consider here only surfaces de- — . L — i
scribed hitherto by the case A of our analysis. In this casefOr e 2 operation, and of the central spin fo Psee Figs.
b) and 9c), respectively. In fact, there are two domains

for AF surfaces, no 180° domains can be expected due to t N ; ) ) . . .
possible in this configuration: one with the spins kept invari-

. , . ant under translations by the vector &/2,a/2,0) (this do-
TABLE XVI. SHG response for all spin configurations of the main is showi and the other with the spins kept invariant
(117) surface of a fcc lattice, with oxygen sublattice distorted. Forunder translations by the vectaa/@,a/2,0). Herea denotes
the detailed description of the response types see Table |. For ti‘{%e lattice constant. These domaihs a,lre 'de icted in Fig. 9
surface arrangement see Fig. 8. For the configurations see Fig. 5. The second Conaition for domain imagin% ‘s an integr.fer'—

ence. It can be created internally by different elements of the

Configuration Key(response type

tensory®®) or by external referencéRefs. 45 and 46 The
para u interfering elements should be of a similar magnitude for the
ferrol, ferro3 w largest possible image contrast. Group theory, however, can-
ferro5 u not account for the amplitudes. With external as well as in-
AF: ternal reference, a tensor element that changes its sign under
All confs w the reversal of the antiferromagnetic order paramétds

necessary. Actually, every dependence ok(?®) can be
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represented by splitting the tensor elements into odd antlvo 90° domains. The vectorial order parameter transforms
even ones i ; even if a tensor element is not purely odd or itself under the domain operation like a usual vector.

even we can always decompose it according to It is necessary to mention at this point that taking into
account the spin structure in theecond layerwould not
Xi(j2kw): Xi(j2kw)1°dd+ Xi(jZKw)’eve“, (5)  change the validity of the analysis presented in this subsec-

tion. The only modifications would result from addressing

i.e., a tensor element consists of parts which are odd anbulk domains rather than surface domains, and the symmetry
even inL, respectively. In a system with many terms of thatof the AF configurations would be changed. Yet it would still
kind the possibility of detecting domains may be limited, be possible to find domain operations as well as odd and
since they can influence the signal with opposite sign, thugven tensor elements leading to interference and AF domain
diminishing the interference. In highly symmetric structures,contrast. However, the possibility of identifying each of the
such as an fcc crystal, the situation is more comfortabledomains may be limited in some cases due to the increased
every tensor element is either odd or evenLin(see the number of domains.
Appendix. By the appropriate set of experiments an element
can be singled out and gives a clear image of AF domains. IV. POSSIBLE EXPERIMENTAL SETUPS

As an example we consider tensor elements that are _ . . _ .
present in all the phases, e.q{2%): they are even in the In this section, we propose and discuss possible experi-
magnetic order parametetsand M, for the AF and ferro- Mental setups for the detection of AF configuration and the
magnetic phases, respectively. The tensor ebn}éi@), imaging of AF domains from low-index surfaces of NiO that

present, for example, in the previously discussed conf ¢ opxhibitlyzr?agnetic unit-cell doubling in contrast to bulk
the (001) surface(see Fig. 9, is odd, since it changes its sign C120s: "~ We propose an experimental setup for tetec-

. — . oo tion of antiferromagnetism in the following way: both the
under the operation ,2transforming one domain into an-

other. For other configurations other tensor elements and 0|'3r-]C|dent and reflected beams may lie in #@plane (optical

erations can be found. In the discussed configuration botﬁlane’ and form the angle) with the z axis (normal to the

; . ..~ sample surfage In the plane perpendicular to the outgoing
these elements %i) prese(r;t‘;)we ha"e(;[‘je”?;% contributio Seam axis, the electric field of the second-harmonic gener-

; 2 2 .
proportional 10 f77;')", (Xzxy)™ @NdXzz;  Xayy » dU€ tO g light has two componen&{?*) andE?®), given by the
the square in E(2). As a result, one obtains an mterferenceformuIaS P

2w 2w 2w 2w
o~ -+ (XD 2+ (G = 2x 8D X G+, (8) |[EC)| = |cos0ELY) —sin 9EL)],

where + stands for one domain;for a different one.
Now, we turn to the 90° domain structure. Again, we take
conf ¢ of the(00) surface as an example. The operation

connecting the domains i, 4 Under this operation, the ten- field resulting from SHG in the coordinate system of the

20) . . .

sor eIemenl;)(gxy)_ changes its sign, thu_s again we have_ ansample. The dependence of these components on the input
interference which relnders th'e domain 'maging p.Es's'bleelectric field is indicated by the tensgf?>®). The aim of the
This tensor element is even in the domain operatigf 2 experiment is the determination of vanishing and nonvanish-
(which is equivalent to the superposition of 2nd 4), ing tensor elements. The easiest way to do this is to analyze
which means that domains related to each other by this opthe output signal intensity as a function of the input polar-
eration cannot be imaged using this particular tensor eleization in both output polarizatiorsandp, for a fixed angle
ment. Similarly, if a tensor element is odd in one domainof incidence and reflection. The dependence of the output
operation and even in another, it must be odd in their supersecond-harmonic electric field on the input polarization is
position. Concerning the 60° domains fdr11) surfaces, the schematically displayed in Figs. ()-10(c) for all tensor
parity of the tensor elements must be treated more carefullyglements. The intensity of SHG light is the square of the
as indicated already in Ref. 36. We can still define thredinear combination of these partial responses. An example of
“twofold” operations, and each of them has its own set ofthe intensity dependence on the input polarization is pre-
odd and even tensor elements. The sets corresponding to tkented in Fig. 1@). The intensity need not be symmetric
different operations are not mutually exclusive, i.e., a tensowith respect tap=90°, this results from the influence of the
element is usually shared among different parities. In thiglectric field depicted in Fig. 16). The coefficients of the
way, this tensor can be positive in one domain, negative irtentioned combination are the products of &) tensor
the second, and zero in the third one. Thus, the existence elements and the corresponding Fresnel coefficients, accord-
a well-defined parity of tensor elements is necessary for doing to Eq.(2). Thus performing a best fit of these coefficients
main imaging, but not sufficient for the 60° and 120° domainto the experimental results will givé&after taking into ac-
structures. count the Fresnel and geometrical coefficients, known for the

This unleashes an interesting question of the antiferrogiven experimental geometry and matetiph set of nonva-
magnetic order parameter. There are as many order paramishing elements of thg(?>®) tensor. Thus for instance, the
eters as different domain structures for a given configurationmagnetic phase can be determined.
For 60° and 120° domain structures, the AF order parameter Concerning another experimental geometry, with input
must be a vector, while for mirror domains it a number. Forpolarization fixed and intensity measured as a function of the
90° domains it can be also a number, since there are onlgutput polarization, it is possible to determine whether the

[EZ)|=ER), @)

EC?, E?), andEP* are the components of the electric
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1 XXX, XZZ, XZX, YXX, YZZ, YZX, rametey takes place. Thus, it is possible to determine which
08 + tensor elements are associated with the spin-orbit coupling.
) The geometry withp polarization of the reflected SHG
06 T light seems to be less useful, since there the tensor element
04 T x$29) is always present, regardless of the configuration. Be-
021 sides, this polarization mixes thg>*) and x{**) tensor el-
‘m 0 f i ements. This mixing, however, can be tuned by varying the
’é 0 45 90 135 180 angle of incidence) and taking into account the influence of
= Input Polarization [deg] the Fresnel coefficients. For smallér only the )(S(z“’) ele-
o ments are important, while for larger the x**) dominate.
& T If the experiment does not show any difference for these two
: 08 T situations, the tensor elements must be related. This is the
@ 96T possibility to distinguish the configurations with some rela-
= 044 tions between the tensor elements from those without such
L 524 XYY, YWY, ZvY b) relations. On the other hand, tipepolarization is useful for
- . . . . AF domainimaging Thus one of the experimental possibili-
3 0 ' ' ' ' ties is to carry out the measurements first in s polarized out-
) 0 45 20 135 180 going SHG light to make sure that the material is in the AF
= Input Polarization [deg] phase and determine its spin configuration. Then a second
£ o5 measurement ip polarization can be performed for the do-
8 : XYz, XXY, YYZ, VXY, main imaging.
03 2y2, Xy
01+ C) V. CONCLUSIONS
01+ : : ' Already a short look at the presented tables shows that our
. 45 90 135 80 method works best if the paramagnetic phase is of high sym-
03 T metry, since then a wide variety of different symmetries ex-
ists which may be broken by different spin configurations. In
05~ other words, there is enough room for different new tensor
elements to appear along with different spin ordering under
16 T these circumstances. In general, this is the main reason why
:E‘ only nonlinear optics is suited for the detection of antiferro-
2 1.2 4 magnetism and the imaging of AF domains. The linear sus-
o= ceptibility tensor has too low a number of elements for these
e 508 ) . .
o purposes in ordgr to produce unambiguous res.ults. Similarly,
s 504 d) among the considered surfaces, (h&0 surface is the least
84 useful for the analysis as it yields ambiguous signal interpre-
8 i 0 : tations due to its low symmetry in the paramagnetic phase,
0 45 90 135 180 and, on the other hand, very similar symmetries in all the AF
Input polarization configurations.

The (001) and (111) surfaces present similar possibilities
FIG. 10. Electric-field response of single tensor elements as af distinction between the cases. If more than one monolayer
function of the input polarization. Tensor elemeyif” is denoted  is involved, however, thé111) surface will give the same
as ijk. Graph ¢ shows an example of the SHG light intensity. response in the cases (All atoms equivaleitand C (two
kinds of magnetic atomsBoth the(001) and(111) surfaces
nonlinear Kerr effect takes place. For instance, with the inputilso allow for the determination of the spin structure, pro-
polarization ¢=90°, the output electric field is given as vided the case is known. Th&11) surface in case Doxy-

follows:3® gen sublattice distortionis an exception—all the AF con-
figurations produce the same response. It is possible,
(20) — i (20) however, to determine the phase of the material.
E SINPLA2(0) xyyy B2 9)] The case D appears to be a subgroup of the case C, i.e., all
+COSQ[Al(@)Xg(ZyC;)BZ(ﬁ)+A3(@)X(Z§L;)Bz(ﬁ)]. the magnetic point groups describing the configurations of

the case D are subgroups of the corresponding ones in the
8 case C. The only exception is tli£10 surface. This inclu-

) ) o ) sion means that the oxygen sublattice distortion makes some
As the result, the maximum of the intensity is fbr#90°, if  (one half of al) magnetic atoms distinguished as in case C,
at least one of the tensor element$y) or x5s) does not  even though we did not apply this distinction explicitly in
vanish. Actually, tensor elememg‘;,’) is even in all the in- case D.
vestigated order parameters, but the tensor elew@o} can From the fact, that the influence of oxygen sublattice dis-
be odd. For such configurations the Kerr effédhange of tortion (case D is not detectable in the paramagnetic and
polarization caused by inversion of the magnetic order paferromagnetic phases it follows that only antiferromagnetic
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ordering can give an extensive information about the struc- APPENDIX: GROUP-THEORETICAL ANALYSIS OF
ture of the surface. It is the magnetic atoms and their mag- MAGNETIC SYSTEMS
netism which reveal .the presence gnd position of oxygen. In this appendix, we would like to address some particu-

Our. short anaIyS|s' qf an AF bilayer structufsurface larities of our group-theoretical analysis. The first general
(00D] indicates very similar features to th@01) monolayer.  omark is that although symmetry analysis can provide us
There exists a possibility of d|_st|ngw§h_|ng AF configurationsyith a set of nonvanishing tensor elements for a given con-
from each other, and a certain possibility to detect the magfigyration, but cannot give any information about their mag-
netic phases. Furthermore, introducing the second atomigjtude. This equally applies to the distortion effects, as
layer does not affect the possibility to image AF domains. treated, e.g., in Ref. 29.

Concerning thenagneticphases, configurations and cases  Another interesting issue is the behavior of the tensor
considered in this paper, soragoriori information about the  elements with respect to the AF order paramétefor fer-
structureis needed in order to draw unique conclusions fromromagnetic phases should be replaced by the magnetiza-
the experimental results. For the detection of the phase artibn M), i.e., the parity of tensor elements. In general, a
the spin configuration this additional information is the casetensor element consists of even and odd parts with respect to
(A, B, C, D). Vice versa, the cas@or instance, a possible L, as shown in Eq(5). In systems with high symmetry, it is
distortion of the oxygen sublattitean be determined if one possible to describe an operation which revetsésr M) by
knows the configuratioriand if it had been previously de- a spatial operatioth. The operationl belongs to the point
duced that the investigated material is antiferromaghpetic group of the system, but not to its magnetic point group. The
Actually, in most measurements of AF spin structures some@pplication of this operation to a tensor element will change
a priori knowledge is required. For example, in experimentsits sign(keep it invariantif this element is oddeven in L.
by Fiebiget al?! such a prerequisite is the assumption of theConsequently, each tensor element can be either odd or even
AF spin-flop phase of the material. In both experimental apin L, @ mixed behavior is forbidden. Actually, the paritonf a
proaches mentioned here tf@)1) surface seems to provide given tensor element is a function of the chosen operdtion
the best possibilities of drawing valuable conclusions, whileln most antiferromagnetic configurations more than one op-
the (110 surface is the least suitable in that respect. eration leading to different domain structures are possible

Finally, our paper demonstrates that the AF domain im-{this means, more than one order parameter can be dgfined
aging is possible even in the presence of magnetic unit-ceffor example, for(001) surface one has 4otations leading
doubling. Thus optical SHG, unlike linear optics, is able toto different domainsin addition to the eventual mirror-
image AF surface domains. For most AF configurations, structure. For theill;) surfa_ce, there are three domains re-
there are more than one surface domain structures. The ruf¥lting from the rotations with respect to thexis alone. For
stating that the number of domains is equal to the number %ognesconflguratlons, they exist in addition to the mirror do-
symmetry operations in the paramagnetic phase divided b > . .
tge num?)/er 2f symmetry ope?ations I% the nﬁagnetic phase is This whole analysis of the parity of_the tensor elements
applicable also for antiferromagnetshus, with unit-cell cannot_b(_e performgd for th.e systems W't_rl a Iowgr _ssymmetry,
doubling the number of domains is reduced by a)h&tbw- where it is impossible to find an operatibrdescribing the

the presence of dissipatiofmedistribution of response fre-
ACKNOWLEDGMENTS guenciegdoes not influence the above consideration. In gen-
eral, dissipation in frequency space is responsible for the
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