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Moriya’s perturbation theory is applied to the distorted NiO, and CuO, planes, and the effective spin
Hamiltonians are derived. Spin-wave theory is explored for the Hamiltonians, and the spin-wave excita-
tions are studied for nickelates and cuprates with low-temperature orthorhombic and low-temperature
tetragonal (LTT) structures. It is shown that in the cuprates the origin of the anisotropy responsible for
the spin-wave gaps is different for in-plane and but-of-plane modes: i.e., anisotropic superexchange for
the in-plane mode, and anisotropic direct exchange for the out-of-plane mode. This difference explains
the observed structural dependence of the spin-wave gaps in La; ¢sNd, 35CuO,. In nickelates, the single-
ion anisotropy is solely responsible for the spin-wave gaps, which are observed in La,NiO,. We discuss
the mechanism of the weak ferromagnetism; in the nickelates the Dzyaloshinski-Moriya (DM) interac-
tion causes the weak ferromagnetism in the LTT phase where an appropriate spin configuration is
prepared by the single-ion anisotropy. In the cuprates, where the single-ion anisotropy for preparing the
spin configuration is absent, the DM and pseudodipolar interactions themselves determine the spin
configuration: the weak ferromagnetism originates only from the competition between these two in-
teractions. It is proposed that a multiorbital effect is essential to explain the observed weak ferromagne-
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tism in the LTT phase of La, 4sNd ;5CuOs,.

I. INTRODUCTION

The layered perovskite compounds, La,CuQ,,
La, ,_,Nd,Sr,Cu0O,, and La,NiO,, exhibit a number of
crystal structures including high-temperature tetragonal
phase, low-temperature orthorhombic (LTO) phase, and
low-temperature tetragonal (LTT) phase,! ™ and associ-
ated with these structures a number of intriguing magnet-
ic behaviors have been observed.®” ! La,CuO, shows
weak  ferromagnetism in the LTO  phase.®
La, 4sNd; 35CuO, shows weak ferromagnetism in both

LTO and LTT phases.””® La,NiO, shows weak fer- -

romagnetism only in the LTT phase.!® The magnetic an-
isotropy is observed as the spin-wave gaps at the center of
the two-dimensional Brillouin zone.®!%!! The spin-wave
gaps with in-plane and out-of-plane modes have been re-
ported to be 2.3 and 5 meV, respectively, for La,CuO,.?
Structural dependence of the spin-wave gaps has been ob-
served in La; ¢sNdg 3;5CuO, (Ref. 8) and La,NiO,:'° in
both compounds the in-plane spin-wave gap depends sen-
sitively on the structural phase transition, but the out-of-
plane spin-wave gap does not. In La, (sNd; 35CuQ,, the
in-plane spin-wave gap of the LTT phase is about two
times larger than that of the LTO phase.® In La,NiO,,
the in-plane spin-wave gap of the LTT phase is about one
half of that of the LTO phase. '°

Several groups have recently studied the
Dzyaloshinski-Moriya (DM) interaction'>!® in the dis-
torted CuO, plane. !4~ 18 Coffey, Bedell, and Trugman'*
have pointed out that the spatial pattern of the DM in-
teraction must reflect the crystal symmetry correctly; an
effective spin Hamiltonian has been suggested and the
spin-wave dispersion has been calculated. The first at-
tempt of microscopic derivation of the DM interaction
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has been made by Coffey, Rice, and Zhang;!® they have
applied Moriya’s perturbation theory!® to the cuprates.
Shekhtman, Entin-Wohlman, and Aharony!® have reex-
amined the Moriya’s perturbation theory and have pro-
posed that the frustration due to bond dependence of the
anisotropies is the origin of the weak ferromagnetism in
the LTO phase of La,CuO,. Bonesteel!” has discussed
the magnetism of YBa,Cu,Og as well. In our previous pa-
per,'® we have claimed that the contributions from mul-
tiorbitals of the ligand ions are essential for the emer-
gence of weak ferromagnetism in the distorted CuO,
plane. Shekhtman, Aharony, and Entin-Wohlman have
pointed out the importance of the pseudodipolar interac-
tion of direct-exchange mechanism in describing magnet-
ic behaviors of cuprates. '¢1°

In this paper, we will offer a general understanding of
the Dzyaloshinski-Moriya antiferromagnets by making a
comparison of magnetic behaviors between cuprates,
La,CuO, and La, ¢sNd, 35CuO,, and nickelates La,NiO,.
The cuprates and the nickelates differ only in their spins
on the magnetic ions. Understanding of magnetic
behaviors of these systems provides a good opportunity
for clarifying the physics of weak ferromagnetism. We
will show the following. (i) In La, ¢sNd; ;5CuO,, the
different structural dependence between the in-plane and
out-of-plane spin-wave gaps is due to the difference in
their origin: the in-plane spin-wave gap is provided by
the anisotropic exchange interactions of superexchange
mechanism whereas the out-of-plane spin-wave gap is
provided by the anisotropic exchange interactions of
direct-exchange mechanism. (ii) In La,NiO, the single-
ion anisotropy controls the spin arrangement: the weak
ferromagnetism appears only if the spin arrangement is
such that the DM interaction can provide the energy
gain. (iii) The spin-wave gaps are provided solely by the
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single-ion anisotropy in La,NiO,: this explains the
different structural dependence of the in-plane spin-wave
gap between nickelates and cuprates.

The essence of the Dzyaloshinski-Moriya antifer-
romagnetism manifests itself in the comparative discus-
sion on the magnetism of cuprates and nickelates. The
spatial pattern of the DM interaction is determined by
the crystal structure. The spin arrangement is fixed by
the single-ion anisotropy because the strength of the
single-ion anisotropy overwhelms the strength of the an-
isotropic exchange interactions of both superexchange
and direct-exchange mechanisms. The weak ferromagne-
tism is realized when the spin system can obtain the ener-
gy gain by laying the fixed spin arrangement in accord
with the determined spatial pattern of the DM interac-
tion. The weak ferromagnetism in ordinary
Dzyaloshinski-Moriya antiferromagnets, e.g., a-Fe,03,
MnCO;, CoCO;, CrF;, etc., emerges in spin systems
which involve single-ion anisotropy. In the ordinary
Dzyaloshinski-Moriya antiferromagnets, the DM interac-
tion cannot be detected in the magnetic properties such
as weak ferromagnetism and spin-wave gaps if there is no
cooperation of the single-ion anisotropy.

The weak ferromagnetism of cuprates is quite peculiar
because the single-ion anisotropy does not exist in this
system. In this sense cuprate is not one of the ordinary
Dzyaloshinski-Moriya antiferromagnets; its weak fer-
romagnetism requires explanation from a different mech-
anism. The problem is to provide a mechanism of con-
structing the spin arrangement in which the DM interac-
tion can contribute to the gain in energy of the spin sys-
tem. We propose that the multiorbital effect is essential
for the emergence of the weak ferromagnetism in the
LTT phase of La; ¢sNd 35CuO,.

In Sec. II, we explore Moriya’s perturbation theory in
the NiO, and CuO, planes of the LTO and LTT phases,
and we derive the anisotropic exchange interactions of
superexchange mechanism. The anisotropic exchange in-
teractions of direct-exchange mechanism is derived for
the NiO, and CuO, planes in Sec. III. The single-ion an-
isotropy in the LTO and LTT phases of La,NiO, are de-
rived in Sec. IV. In Sec. V, we calculate the spin-wave
spectra for the derived effective spin Hamiltonians. The
origin of the weak ferromagnetism in cuprates and nick-
elates is also discussed. Conclusions are given in Sec. VI.

II. SUPEREXCHANGE INTERACTIONS

In this section we derive the superexchange interaction
in the NiO, and CuQ, planes by the perturbation theory.
The Ni ion has two holes in the 3d orbitals, x'>*—y’? and
3z'2—r'2, in the NiOg octahedron (see Fig. 1). The Ham-
iltonian for the holes in the NiO, plane is written by tak-
J
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FIG. 1. (a) The NiO¢ octahedron and the x'y’z’-coordinate
system. Open circles indicate O ions forming the octahedron;
the Ni ion is located at the center. The shaded area is a section
of the NiO, plane. (b) The crystal-field-level structure in the

1t

x'y’'z’-coordinate system. Two holes are indicated by arrows.

ing into account the spin-orbit coupling as follows:

H=H,+H,+H;, (1)
with
2 em Jmcr ]ma+ E 8pnpl'crnapkna
jmo kno
+ 2 Umm’n]mn_/m ’
jmm’
()
H 2 2 ]m kn ]mapkna+H C. )
jmo k(jno
and
Hps=A3 (L}-Sj+LIsl), &)
j

where k (j) denotes the kth O site of the neighboring Ni
site j,d ;m, is the creation operator of a hole with spin o
on the mth 3d orbital of the jth Ni i 1on, m is the crystal-
field level of the mth 3d orbital, pkm, 1s the creation
operator of a hole with spin ¢ on the kth 2p, orbital
(n =x, y, and z) of the jth O ion, €, is the energy of the

kth 2p, orbital, and n, is the number operator for the

hole on the mth 3d orbital of the jth Niion. The energies
are measured from the lowest energy level of the Ni 3d
orbitals. U, is the Coulomb interaction constant be-
tween holes on the Ni site. ¢;, ,, denotes the transfer of
a hole between the mth orbital of the Ni ion j and one of
the 2p, orbitals of the neighboring O ions k; a number of
nonzero t, ;, appear due to lattice distortions. LI and
L} denote the orbital angular momenta with magmtude 2
at the j site. SI and SII denote the operators of spin  at
the j site. I and II are the superscripts for two holes on a
Niion. A is the spin-orbit coupling constant.

Let us apply the perturbation theory. In the first order
of A, we obtain the following Hamiltonian:

H= 3¢, PlnoPinot Uoy E njohj +U 2 d]OdeoldjoldjoT +U 2 d]nd;ud;udjn

kno

+ 2 E(tjo,kn jOapkna+H'c')+ 2 2 j0,kn'(dj0a0aﬂ7knﬂ +H.C.]
jk(jn o jk(jn aB

+ 2 2 (tjl,kndjTlapkna+H'c' )+ 2 2 [le,kn '(d_;laaaﬂpknﬁ)-’_H'c- ] ’ 4)
jkjn o jk(j)n aB
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with
*
A jmO
Cjo,kn - _—2_ 2 € tjm,kn ’
m m
*
A jm1
CiLin=—"75 2 Lim,kn »
2% ey
where o

L},0(L},1) is the complex conjugate of the matrix element of

(5)

is the Pauli spin matrix, 0 and 1 denote x'>—y’? and 3z'>—r? orbital of the jth Ni ion, respectively, and
L; between the mth and the ground (first-excited) state or-

J

bital of the jth Ni ion. We assume that U,,, is independent of mm’ by writing U, but we retain the subscripts in the
second term of Eq. (4) as Uy, (=U) for convenience. By examining the fourth-order terms with respect to the transfer
parameters ¢ and C in Eq. (4), we find the superexchange interaction between the spins on the Ni ions:

H= 3 Jrsi-si+ 3 DU-(SIXSD+ 3 sieest, (©6)
(ij)pgq (ij)pg (ij)pq
with
Jri=4 2 (tip,kn tkn,jq +Cip,kn 'Ckn,jq )gnn'(tjq,kn‘tkn',ip +qu,kn"ckn',ip ) ’ (7)
nn'
ij =—4i 2 [(Cip,kn tkn,jq +tip,kn .Ckn,jq )gnn’(tjq,kn'tkn',ip +qu,kn"ckn’,ip )
nn'
—( tip,kn tkn,jq +cip,kn 'Ckn,jq )gnn'(ch,kn'tkn',ip + tjq,kn"ckn’,ip )] ’ ®)
and
rﬁq=4 2 {(Cip,kn tkn,jq + tip, kn 'Ckn,jq )gnn’( qu, kn’tkn’,ip + tjq, kn"ckn',ip )
nn'
+(qu,kn tkn,ip +tjq,kn .Ckn,ip )gnn’(cip,kn’tkn’,jq +tip,kn"ckn’,jq )
- 1[(Cip,kn tkn,jq +tip,kn 'Ckn,jq )gnn'(ch,kn’tkn’,' + tjq,kn"ckn',ip )]} ’ ©

where p and g denote O or 1. The vector with the arrow <— or — indicates that the inner product is taken with the spin
operator put in the direction of the arrow. 1is a 3 X3 unit matrix. g,, is given by

1 1 1
—+ (n=n’)
(Epn_UOI )2 [U (EP,,—UOI)
&nn' = 1 1 1 1 1 2 1 (10)
LIS (n#n') .
(EP,,_UOI )(ep,,,—UOI) U 2 (EP,,—UOI) (Epn'—U()l) Ep"+8p"'_2U01

The two 1/2 spins in the Ni ion form a spin 1 because
of the Hund coupling. By restricting the magnitude of
the spin on the Ni ion to be 1, the effective superexchange
interaction between the neighboring spins on the Ni ion
is derived from Eq. (6) as follows:

H=J 3 8;8;+ 3 D;-(5;xS))+ 3 s,F;8;,, (D

(ij) (ij) (ij)
with
J=%(J°°+J‘°+J°‘+J“) , (12)
D,;=}DY+D}’+D{ +D]}), (13)
and
L,=LTY+T P+ +T . (14)

If one eliminates the terms involving S} and S} in Eq.
(6) and puts Uy, to be zero in Eq. (10), one obtains the ex-

[

pression of the superexchange interaction for the CuO,
plane:*

H=J 3 S;S;+ ;}Di,-(sixsj)+ (z)s,.f",.jsj ,  (15)
ij ij

(ij)
with
J=J%, (16)
D;,=DY, 17
and
r,=T%. (18)

Now let us consider the transfer parameters ¢ and C,
and determine the expressions of the superexchange in-
teractions in Eqgs. (11) and (15). The crystal structures of
the LTO and LTT phases are illustrated in Fig. 2. In the
LTO phase, the octahedra involving 3d magnetic ion ro-
tate alternately about the a axis, and in the LTT phase,
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FIG. 2. (a) La,CuO,-type crystal structure in the LTO phase.
The open arrows indicate the tilting of the octahedron. (b) The
MO, (M =Cuy, Ni) plane of the LTO phase: the O ions indicat-
ed by an open (hatched) circle are tilted up (down) out of the
plane. (c) As in (a), but for the LTT phase. (c) As in (b), but for
the LTT phase. The checked circles indicate the O ions remain
in the plane.

the octahedra rotate alternately about the x axis. The
coordination of ligand ions is responsible for the crystal-
field level structure. The 3d crystal-field orbitals are
represented as x'2—y'2, 3z'2—r2, x'y’, y'z’, and z'x’ with
respect to x'y’z’-coordinate system shown in Fig. 1.
These orbitals may be written in the xyz-coordinate sys-
tem by

12,12y — 2,2 _8__ —_
[x2—yp?)=|x2—y )+‘/§(|yz) lzx)),
1322—r2)=322—=r2) + 81/ 3(|yz ) +|2x)) ,

|y'z'>=|yz)_T/%(|x2—y2)+\/§|322‘r2>‘|xy M,

(19)
2%’ ) =|zx )—%(—Ixz—y2)+\/§|3zz—r2>—|xy)) ,
Ix’y’)=|xy)—7%-(]yz)+]zx)) ,
in the LTO phase, and by
x2—p2)y=|x2—p2) +8lpz) ,
|32'2—r'2) =1322—r2) +6V3|yz) ,
[y'z')=l|yz) —8(|x2—yp?) +V3|322—r2)), (20)

lz'x" ) =|zx ) +8|xy) ,
Ix'p')Y=lxp)—8lzx) ,

in the LTT phase, where 8 is the tilting angle of the oc-
tahedron. These expressions are used to obtain L}, and
L}, in the expression of C’s. The representation of the
2p orbitals in the tilting x'y’z’-coordinate system is useful
for obtaining ¢, 1,; they are given by

P =lpe + o)
p)=lp) =5 pe) ~ Iy ) @

)
lpy)z,py'>——‘—/_;|pz') )
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in the LTO phase, and by

lpx ) = |px' > ’
lp,)=Ip,)—8lp,) , (22)
lp,»=Ip,)+8lp,) ,

in the LTT phase. Inserting the orbitals of Egs. (19) and

(21) into Eq. (8), we have the expressions for the D2§ and
D27 in the LTO phase as

DZ} =(0,d{%0,0) ,

(23)
Dil=(—d{%0,0,0) ,
with
1 1 1
d =TPX —+
fro (6, — Ut | U (€, —Upy)
1 1
+__
U (EPU—UOI )(EPZ_UOI)
1 1 1 ?
2 (EPU—UOI) (EPZ—UOI)
x— L (24)
ep0+spz—2U01 ’
where
o= 2642, (o, ¢,
€, Wz xTTy
= 4V2
T11=1/3)\.8 £ tZX»Pz(t3z2—r2)3 S (25)
T10= 70!
1| = 4V2
:—2— \/3)\,8——“€zx tzx’pzt:!zz_rz(txz_yz)Z
4?2
A8 ey

Here we have used €, =¢,,. €, is the energy of the 2p,,

p
orbital, and ¢, ’, is the transfer parameter of a hole be-
tween the 3d,, and O 2p, orbitals. tx2—y2(t3z2—r2) is the
transfer between 3dx 2_,2 (3d322_r2) and O 2p, orbitals.

By inserting the orbitals of Egs. (20) and (22) into Eq. (8),
we have

D% =(0,0,0) ,

— (26)
Dﬁzz( _‘/Zd{,q[O’O’O) ’
in the LTT phase. The schematic representation of the
spatial pattern of the DM interaction of the LTO and
LTT phases is shown in Fig. 3.
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FIG. 3. The spatial pattern of the DM vectors D;; (indicated
by the open arrows) of (a) the LTO phase and (b) LTT phase.
The arrows for the DM vectors are drawn by noting that the
site j is always in the right or upper direction of the site i.

III. ANISOTROPIC-EXCHANGE INTERACTIONS
FROM DIRECT-EXCHANGE MECHANISM

In the previous section, we have derived the DM and
pseudodipolar interactions by considering the superex-
change mechanisms; the DM interaction is linear in the
spin-orbit coupling constant A and also in the tilting an-

31
m(=zx)
(i);.< )(iii)).
oEx2y2 x2-y e

FIG. 4. One of the perturbation processes for the
anisotropic-exchange interactions of direct-exchange mecha-
nism.

tions of direct-exchange mechanism is given, e.g., by the
following perturbation process (see Fig. 4); (i) the spin on
the x2—y? orbital at i site goes to the zx orbital at the
same magnetic ion by using the spin-orbit coupling, (ii)
the direct-exchange interaction acts between the spin on
the zx orbital at i site and the spin on the x2—y? orbital
at j site, and (iii) the spin on the zx orbital at i site returns
to the x2—y? orbital at the same magnetic ion by using
the spin-orbit coupling. We thus obtain the direct-
exchange pseudodipolar interaction

gle & of the octahedron, and the pseudodipolar interac- He= 3 S, [‘ , 27)
tion is of the second order of both A and 6. Evaluating (ij)
the parameter values as A~0.1 eV,2! §~0.05 rad [for the where F is given b
LTO phase of La,CuO, (Ref. 22)], and e,,~1 eV, we given by
find that the magnitude of the pseudodxpolar interaction 2 e 28)
is roughly 8%A/e)XJ~1073J. The pseudodipolar in- ip.ja
teraction with direct-exchange mechanism thus cannot be
neglected.  Shekhtman, Aharony, and Entin-  for nickelates and by
Wohlman!®! first pointed out the importance of the F —it (29)
direct-exchange pseudodipolar interaction in the magne- i0,j0
tism of the cuprates. The anisotropic-exchange interac-  for cuprates. We find
|
2d  _,21 Jim,jq = <
F’p Jq _}\' z 2 (8 )2 [Llpm lep +L1mlepm I(Llpm lep )]
m
x 3 —Jom g f A, DT
2 (€ —€,)? (L jgm Ljmg + Ljmg Ljgm — 1Ljgm Lijmg )] (30)
m
I
where J;,, j, is the direct-exchange interaction between S,,FMSC
spins on the mth orbital at i site and the gth orbital at j —(ex @y <z
site. The direct-exchange pseudodipolar interaction does =(S; 87 Sq)
not require the lattice distortion; the effect of the lattice x
distortion can be neglected. This is in contrast to the su- r-r, 0 0 Se
perexchange pseudodipolar interaction for which the lat- X 0 —(I+T,) 0 s,
tice distortion is essential. We obtain the structure of the cz
direct-exchange pseudodipolar interaction by considering 0 0 =Ty | (S8
the coordinations of the 3d orbitals and 2p orbitals:
- where
Sa Fabsb
2| J
=(S* S¢ S7) =2 | e Jommpr |
2 | 2ey) 2(e,, —€;)?
_ x (32)
(I')+T) 0 0 S} r =_7‘_2 w0, 20 b1
X 0 r,—r, 0 S, 2 9 (Exy —e 2 |’

(31)

for nickelates and
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J,
r =A,2 azx,bo ,
DT (e,
(33)
r =A.2 2Jaxy,b()
2 (Exy )2 )

for cuprates. Here we have used the relations ¢,, =g,
and J, o =Ji im- By using e, >e,>€,2 J, 40
=Jaxy,b0ol 0), and  Jop 51 =4y, 51(<0), we obtain
I'y>T, I, and I',, provide the anisotropy along the
bonds a-b and a-c, respectively. As a result, the direct-
exchange pseudodipolar interactions compete with each
other. Because of this competition, the in-plane anisotro-
py of the direct-exchange pseudodipolar interaction van-
ishes, and only the easy-plane anisotropy remains.

IV. SINGLE-ION ANISOTROPY

Single-ion anisotropy exists in the nickelates since the
Ni spin is 1. The expression for the single-ion anisotropy
is well known and is written as

Hy=—73 4,S"s", (34)
uv
with
A LEALD (LY +LI),,
A= |5 . (39
2 - €

The structure of the single-ion anisotropy is deter-
mined by the structure of the crystal-field levels charac-
terized by the symmetry of the NiO¢ octahedron reduced
by the lattice distortion. The observed® symmetry of the
NiOg octahedron is illustrated in Fig. 5 for the LTO and
the LTT phases. The degenerate crystal-field levels for
the y'z’ and z'x’ orbitals split into two nondegenerate
levels. These orbitals are represented as ¢'b’ and a'b’
with respect to the tilting a’b’c’ coordinate in the LTO
phase, and as y'z’ and z'x’ with respect to the tilting
x'y'z’ coordinate in the LTT phase. We thus obtain the
expressions for the single-ion anisotropy

4c= |2 Ly 3 ,
2 Ecrp €11’17‘.——832'2_,-'2
/EC [ ) 0 I , (36)
2 Ea'b’ Ec’b’_€3z'2_r'2
2
a2 ] ]2
2 €y |
for the LTO phase by using a'b’c’ coordinates, and
2
axv= |2 L 3 ,
2 E}"Z' E}"z'_ESz'l—-r’z
N 3
A= | + , 37
2 €xx! Ez'x'—Eg,z'l_,'Z
2
Az’z'= A 4
2 Exry’
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FIG. 5. Distortions of the NiOg octahedron in the LTO and
LTT phases (Ref. 5), and changes in the crystal-field levels due
to symmetry reduction. (a) The crystal-field-level structure for
the undistorted NiOg octahedron: the z'x’ and y’'z’ levels are
degenerate because the cross section in the x’y’ plane is square
for the octahedron with the D,,-group symmetry. (b) The
crystal-field-level structure for the distorted NiOg octahedron in
the LTO and LTT phases: the degeneracy between the z'x’ and
y'z’ levels is lifted because the octahedron has the D,,-group
symmetry where the crossection in the x’y’ plane is rectangular
in the LTO phase and diamonds in the LTT phase.

for the LTT phase by using the x'y’z’ coordinates. In the
LTO phase, the energy level of the c'b’ orbital is lower
than the energy level of the a'b’ orbital because the (oL
ion approaches the electron cloud of the ¢’'b’ orbital by
the distortion of the NiO, octahedron. Then, we have

AT > 46> 400 (38)

In the LTT phase, the energy level of the y'z’ orbital is
higher than the energy level of the z'x’ orbital because
the O?~ ion goes away from the electron cloud of the y'z’
orbital by the distortion of the NiO4 octahedron. Then,
we have

AV > 4% > 477 (39)

V. SPIN-WAVE THEORY

In this section we explore the spin-wave theory in the
LTO and LTT phases of the cuprates and nickelates.

First let us consider the cuprates. The Cu ions have
spin 1, so that the single-ion anisotropy does not exist in
the spin system. The spin Hamiltonian for the cuprates
consists of the superexchange interaction Eq. (15) and
direct-exchange interaction Eq. (27):

H=J 3 S;S;+ 3 D;(5;xS,)+ 3 S,T;8; .  (40)
(ij) (ij) (ij)

The structure of the DM and pseudodipolar interactions
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obtained by the perturbation calculations are given, re-
spectively, by

1
Dab=_(—d7dy0) ’
V2 41)
D, ==(~d,~d,0),
and
-r, -I,-r$ 0
r,=|-r,-rs -r, 0 ,
0 0 r,-r,—rs
(42)
-r, I+rs 0
r,=|r+rs -r, 0 ,
0 0 r,-r-rs

with respect to the acb coordinate in the LTO phase and
by

D, =(0,0,0),
D, =(—d,0,0),

(43)

and

ab ™= 0 | 'l ) 0 )
0 0 r,—-T,

=3
I

(44)
r,+r,+1 0 0

= 0 —I,—Ir,—TI% 0 ,
0 0 Fz_rl'—rs

=38

ac

with respect to the xyz coordinate in the LTT phase (see
Fig. 3).

The spin-wave spectrum is calculated straightforward-
ly if one knows the classical ground state of the Hamil-
tonian. In the LTO phase, the classical ground state is
readily calculated and determined uniquely as shown in
Fig. 6(a). This system has the weak ferromagnetism,
where the spin canting angle 6; 1q is given by

-, d/V2

— = 45
J—4T+T9) “s
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FIG. 6. The schematic representation of the spin structure
(solid arrows) and direction of the DM vectors (open arrows) in
the CuO, plane of the LTO and LTT phases. (a) The weak fer-
romagnetism in the LTO phase. All the spins cant up out of the
plane. (b) The weak ferromagnetism in the LTT phase. All the
spins cant up out of the plane. (c) The antiferromagnetism
without spin canting in the LTT phase.

In the LTT phase, there are two possibilities of the spin
structure in the classical system: one is the weak fer-
romagnetism with spin canting angle

d/2

Oprr=1tan ' — 2L
e ST RS S

(46)

and the other is the antiferromagnetism without spin
canting [see Figs. 6(b) and 6(c)]. The classical ground-
state energy of the weak-ferromagnetic spin arrangement
[Fig. 6(b)] is given by J +d%/(8J)—T,—I'5/2 per pla-
quette, and that of antiferromagnetic spin arrangement
without spin canting [Fig. 6(c)] is given by J —T',+T'5/2
per plaquette. Thus, either the weak ferromagnetism or
the antiferromagnetism without spin canting is realized
depending on the sign of

d? s

Y, re. (47)

Equation (47) represents a competition between the DM
interaction d and the pseudodipolar interaction I'S. If
the DM interaction wins so that Eq. (47) has a positive
sign, weak ferromagnetism shown in Fig. 6(b) is realized,
and if the DM interaction loses so that Eq. (47) has a neg-
ative sign, antiferromagnetism without spin canting
shown in Fig. 6(c) is realized.

The deviations of spins from the classical spin struc-
tures correspond to the spin-wave excitation. Using the
Holstein-Primakoff transformation, the deviations are
represented by bosons and the spin-wave spectrum is ob-
tained by a diagonalization of the spin Hamiltonian with
respect to the bosons. This procedure gives the spectra
with in-plane (g;(k)) and out-of-plane (g,(k)) modes: in
the LTO phase we have

Ei(k)=zs\/[-’2 +3(J3—J, )‘)’klz_[%ua +J, )21’12('*'-’42‘}’;2 ’

(48)

£°(k)=zS\/[J2 '"%(Js =J; )'}’k]z_[%us +J, )27’12('*'-’42‘}’1';2 s

with z =4 and § =1, where
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Jl =J'_F2
J,=HT+T%)—T,+4/(d?/2)+[J — LT, +T5)]?

J3=T,—HT+T%)+4/(d%/2)+[J — LT, +T5)]?
. d

J4 = ( rl '+‘ FS)SlneLTO - 72 COSOLTO

yk=%( cosk, + cosk,)

y;‘=%( cosk, — cosk, ) .

The zone-center spin-wave gaps are given by

£(0)=2z58V (J,+J3)(J,—J,)

d
~sz/E ,
£,(0)=28V (J, +J, )J,—J;)
~28Y/ 2 [2(iT\—T,)+TI5] .

(49)

(50)

In the LTT phase we have two possibilities: when the weak ferromagnetism [Fig. 6(b)] is obtained the spectra are given

by

&(k)=28V/ {J, + {3 =T e+ =TV = s H v+ H v

so(k)=zS\/{12—%[(J3 It —Js )YU}Z"%[(-B +J vt U5+ )7’;:}2 ’

and when the antiferromagnetism without spin canting
[Fig. 6(c)] is obtained the spectra are given by

gi(k)=zS({J, +1[(J, = T3y +(Ts—T7 ¥ ]}?
= {3y +T)r e+ e+, )Yﬂ]z
+J42,y'k2} )1/2 ,

eo(k)=2S({J; —L[(J, = T3 )y + (=T yi]}? 2
— (5T H T+ P
+J42,y'k2} )1/2 .
Js in Egs. (51) and (52) are defined by
J,=J—T,+1ir%,
J,=i0 -+ 1d*+[J- LT+ T,
Jy=T,— 1T+ 1d*+[J - LT+ T,
J4=1d cos20 rr— NI +T5)sin26, 11 , (53)
Js=—(I+1ir9),
J¢=1T5c0s26 11+ 1d sin26 71— T cos?6; 11 ,
J;=1T5¢c0820, 11+ 1d sin260; rr+ ' 5in%6; 17 .
The zone-center spin-wave gaps are given by
£(0)=28V (J,+J3)(J,—J,)
~28V'2J[(d?/8J)—T"],
(54)

=zSv/4J (3T —T,),

(51)
-
in the weak-ferromagnetic case and by
(0)=2zSV (J, +J3)(J,—J,)
~zSV2J(IS—(d%/8J)) ,
(55)

£,(0)=28V (J, +J,)(J, —J;)
~2SY/ 2 [2(1T—T,)+(T5—(d?*/8)))] ,

in the antiferromagnetic case. We find in Egs. (50), (54),
and (55) that the in-plane and out-of-plane gaps are given,
respectively, by the anisotropic-exchange interactions of
superexchange and direct-exchange mechanisms.
Shekhtman, Entin-Wohlman, and Aharony'® have pro-
posed the frustration mechanism for the emergence of
weak ferromagnetism in the LTO phase of La,CuQ,.
They have also concluded that only by the frustration
mechanism there is no possibility of the emergence of
weak ferromagnetism in the LTT phase. This is
represented by the negative sign of Eq. (47). However,
several groups’® have observed the weak ferromagne-
tism in the LTT phase of La; (xNd, 35CuQ,, indicating
that Eq. (47) is positive. According to the results in Sec.
II, the value of I'S is about two times larger than the
value of the first term of Eq. (47). Thus, in the fourth-
order perturbation shown in Sec. II, Eq. (47) becomes
negative.? If the value of d increases only by ~50%,
Eq. (47) becomes positive. This means that a small quan-
titative change in the value of the terms in Eq. (47) can
give rise to qualitatively different magnetism. In such a
situation, one should carefully take into account the
higher-order perturbations. The extensions of the pertur-
bation expansion, however, becomes too complicated:
the evaluation of such a tiny value by the perturbation is
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usually unreliable. Thus, one should rather rely on the
experimental facts that Eq. (47) must be positive.
Without the effect of the multiorbitals one cannot obtain
the positive sign of Eq. (47). We therefore propose that
the effect of the multiorbitals be the origin of the ob-
served weak ferromagnetism in the LTT phase of
La; 4sNd, 35CuO,. The observed weak ferromagnetism in
the LTO phase of La,CuO, may also be due to this effect.

It has been observed in La; ¢sNd, ;5CuO, that the in-
plane spin-wave gap increases sensitively at the structural
phase transition from the LTO phase to low-temperature
phase (Pccn), but the out-of-plane gap is little affected.®
It is straightforward to understand this experimental re-
sult from Egs. (50) and (54): the tilting of the CuOg oc-
tahedra characterizes the structural phase transition, and
as shown in Sec. II and III, the anisotropic exchange in-
teractions of superexchange mechanism, which depends
on the tilting angle of the CuOg octahedra, is responsible
for the in-plane gap, but the anisotropic-exchange in-
teractions of direct-exchange mechanism, which depends
on the tilting angle very little, is responsible for the out-
of-plane gap.

It has been reported that the in-plane and out-of-plane
spin-wave gaps are 2.3 and 5.0 meV,? respectively, in the
LTO phase of La,CuQO,. Using these values and Eq. (50),
we can estimate the values of the anisotropic-exchange
interactions as

d~1.63 meV (56)
and

2(4r,—T,)+T5~0.024 meV , (57)

where we use J =130 meV.?* In the LTT phase of
La, 4sNdg 35CuQ,, it has been reported that the in-plane
and out-of-plane spin-wave gaps are 4.5 and 6.0 meV, re-
spectively.® We can estimate the values of the
anisotropic-exchange interactions from Eq. (54):

d—z—rs ~0.019 meV (58)
8J
and
(41I')—T,)~0.017 meV . (59

Thus, we find that the observed spin-wave gaps for the
two modes in both LTO- and LTT-phase cuprates can be
explained with reasonable choice of the parameter values.

Next we discuss the spin-wave theory in the nickelates.
Because the Ni ion has spin 1, the spin Hamiltonian for
the NiO, plane includes not only the superexchange in-
teraction Eq. (11) and direct-exchange interaction Eq.
(27), but also the single-ion anisotropy:

H= JES S+2DU(SXS +2SF
(ij) Cij) Cij)

i tH, ,

(60)

where
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H=—3 A*F [ 3 (SFP+ 3 (S¥?].  (61)
v i€4 JjEB

H , is the single-ion anisotropy. u' refers to the a’b’c’-
coordinate system in the LTO phase or to the x'y’z’

coordinate system in the LTT phase. The DM and pseu-
dodipolar interactions have the same structure as those:
for the CuO, plane [see Egs. (41)-(44)]. The leading
terms in the DM and pseudodipolar mteractlons given in
Egs. (13), (14), and (28) are D?JO, I"OO, and F,o ,jo» Which are
of the same orders of magmtude as those for cuprates.

The spin-wave gaps are observed in La,NiO, to be
7.910.6 meV (in-plane mode) and 16.2+0.5 meV (out-
of-plane mode) in the LTO phase, and 4.11+0.4 meV (in-
plane mode) and 15.71+0.6 meV (out-of-plane mode) in
the LTT phase. I° These gaps cannot be explained by the
exchange anisotropies, but can be explained by the
single-ion anisotropy: the directions of the magnetic mo-
ment, or the magnetic structures observed in the LTO
and the LTT phases, are consistent with those given by
the structure of the single-ion anisotropy discussed in
Sec. IV.

The classical magnetic structures of the Hamiltonian
(60) in the LTO and LTT phases are shown in Fig. 7. In
the LTO phase, the spins point to the direction of the a
axis by the single-ion anisotropy; because in this direction
the DM interaction of the LTO phase cannot provide
weak ferromagnetism, the antiferromagnetism without
spin canting is obtained. In the LTT phase, the spin sys-
tem shows the weak ferromagnetism because the spins
point to the direction of the y axis due to the single-ion
anisotropy. The spin canting angle @; ¢ is given by

zid +( 4% — A7)sin2
z[J — U +T5)]+(A4”— A7) cos28
(62)

1

—1 -
¢)LTT - Ttan

where d, T';, and T'S are the exchange ‘anisotropies be-
tween the spins of magnitude 1 on Ni ions, and § is the
tilting angle of the NiO4 octahedron.

The spin-wave spectra with the in-plane and out-of-
plane modes are derived straightforwardly: in the LTO
phase we have

IR Lt
= <5 = = <o =D
SRRV ST S
o D<= <o D <o
\{}‘ &(a)\ ! \ (b)*

FIG. 7. The schematic representation of the spin structure
(solid arrows) and direction of the DM vectors (open arrows) in
the NiO, plane of the LTO and LTT phases. (a) The antifer-
romagnetism without spin canting in the LTO phase. (b) The
weak ferromagnetism in the LTT phase where all the spins cant
up out of the plane.
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1 2
e(k)=28 | [J+—[24%—(4“~ 4 b0)]— LT —T)y,
1 2 1 2 172
— 113 A% — 4) cos28— LT+ T )y, | + (4 bb— 4)sin28 —dy, ] ] (63)
1 2
eo(k)=z8 | [J*+—[24%~(4°+ 4 b6y 1+ L(Jee—T %)y,
1 2 1 172
- ;( A% — 4°)cos28+ (T +T )y | + —(4 bb— ge)sin28+dy, ] , (64)
where
Je=Jge=J—T,,
(65)
J¥=J+T,—I—I5,
and in the LTT phase we have
g(k)=zS J2+%A”[2 cos(8—0)—sin*(8—0)]+L(J;—J )y,
2
—%A""+%A”[2 sin(6—6)— cos*(8—6)]+1(Js —J, )7l
I 21172
= |F14%~ A% cos (8—0)— APsin2(8—0)]+ LT3 +J )y + LI s+ vy ] , (66)
e (k)=zS Jﬁ—% A2 cosH(8—0)—sinX(8—0)]— L(J;—J, )y,
2
~%A""+%Azz[2 Sin2(5—8)— cosA(8—8)]— L(Js—J, Iyl
2172
- %[ AX— A% cosH(8—0)— APsin (68— 0)]—L(J;+J )y, — 1Us+T )y ] , (67)
where
Jl =J —F2+%I‘S
J,=(J —T,— 1% cos’p rp—(J — '+ T, — 1T5)sin’py 17+ 1d sin2¢; 1y
Jy3=—(J —T,— 10S)sin’p 1p+(J =T} +T,— 1T%) cos’py pr+ 1d sin2¢y 1t
J,=—T,—1r"
Js=1T5cos2g 1+ 1d sin2@y rp+ T sin’p 1y (68)
with z=4 and S =1. The zone-center spin-wave gaps 1 172
with the in-plane and out-of-plane modes are obtained as £(0)=zS (4J ;( AP — A7)
172 (70)

&(0)=zS 4J%(A““—A“) , £,(0)~zS

£,(0)=zS arL(qea— 4o)
V4

4J~1-(Ayy— A*)
z

172

in the LTT phase. Using the observed values of the in-
plane and out-of-plane gaps'® and J =30 meV, 1025 we

can estimate the magnitude of the single-ion anisotropies
in the LTO phase, and as from Eq. (69) and Eq. (70): (49— 4%)~0.13 meV and
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(A%— A%)~0.55 meV for the LTO phase and
(A”— A**)~0.04 meV and (A4”— A4%)~0.51 meV for
the LTT phase.

VI. CONCLUSIONS

We have examined the magnetic behaviors of cuprates
and nickelates with low crystal symmetry. In La,NiO,,
the spin arrangement is determined by the single-ion an-
isotropy. The weak ferromagnetism is derived when the
determined spin arrangement can get the energy gain by
the DM interaction: the weak ferromagnetism in the
LTT phase and the antiferromagnetism without the spin
canting in the LTO phase are explained by the different
spin arrangements determined due to the different single-
ion anisotropy. Generally speaking, in the insulating an-
tiferromagnetic materials, the neighboring magnetic ions
are separated by ~4 A from each other by nonmagnetic
ions. Due to hybridization of orbitals at this distance, the
kinetic energy and Coulomb interaction can lead to the
anisotropic exchange interactions of superexchange and
direct-exchange mechanisms. On the other hand, the
procedure of getting the single-ion anisotropy is carried
out within each magnetic ion involved in the low-
symmetry complex. Because of this difference, the
strength of the single-ion anisotropy overwhelms the
strength of the anisotropic exchange interactions of su-
perexchange and direct-exchange mechanisms. The
single-ion anisotropy plays an essential role in the con-
struction of the spin structure of insulating antiferromag-
netic materials. The weak ferromagnetism in the ordi-
nary Dzyaloshinski-Moriya antiferromagnets emerges in
the spin systems which involve the single-ion anisotropy.
Moriya'3 has provided the microscopic mechanism of the
exchange interaction which is responsible for the weak
ferromagnetism. The weak ferromagnetism emerges in
the cooperation of this DM interaction and the single-ion
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anisotropy.

The weak ferromagnetism of distorted cuprates must
be treated as a distinct class of magnetism, not as a
phenomenon in the ordinary Dzyaloshinski-Moriya anti-
ferromagnets, because the Cu spin system does not in-
volve the single-ion anisotropy. The weak ferromagne-
tism of distorted cuprates emerges in the competition be-
tween the DM and pseudodipolar interactions. The weak
ferromagnetism requires the winning of the DM interac-
tion. We have discussed that the effect of multiorbitals is
essential for the emergence of weak ferromagnetism in
distorted cuprates.

We have calculated the spin-wave excitation spectra in
the distorted CuO, plane and NiO, plane. In cuprates,
the spin-wave gaps are given by the exchange anisotro-
pies; the in-plane spin-wave gap is provided by the
anisotropic-exchange interactions of superexchange
mechanism and the out-of-plane spin-wave gap is provid-
ed by the anisotropic-exchange interactions of direct-
exchange mechanism. In nickelates, the spin-wave gaps
are given by the single-ion anisotropy. Thus, we can un-
derstand naturally the structural dependence of the spin-
wave gaps in cuprates and also the difference of the
structural dependence of the spin-wave gaps between
nickelates and cuprates.
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FIG. 1. (a) The NiQg octahedron and the x'y’z’-coordinate
system. Open circles indicate O ions forming the octahedron;
the Ni ion is located at the center. The shaded area is a section
of the NiO, plane. (b) The crystal-field-level structure in the

x'y'z'-coordinate system. Two holes are indicated by arrows.



FIG. 2. (a) La,CuQOy-type crystal structure in the LTO phase.
The open arrows indicate the tilting of the octahedron. (b) The
MO, (M =Cu, Ni) plane of the LTO phase: the O ions indicat-
ed by an open (hatched) circle are tilted up (down) out of the
plane. (c) As in (a), but for the LTT phase. (c) As in (b), but for
the LTT phase. The checked circles indicate the O ions remain
in the plane.
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FIG. 5. Distortions of the NiOg octahedron in the LTO and
LTT phases (Ref. 5), and changes in the crystal-field levels due
to symmetry reduction. (a) The crystal-field-level structure for
the undistorted NiOg octahedron: the z'x’ and y'z’ levels are
degenerate because the cross section in the x'y’ plane is square
for the octahedron with the D,,-group symmetry. (b) The
crystal-field-level structure for the distorted NiQg octahedron in
the LTO and LTT phases: the degeneracy between the z'x’ and
»'z" levels is lifted because the octahedron has the D,;-group
symmetry where the crossection in the x’y’ plane is rectangular
in the LTO phase and diamonds in the LTT phase.



