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Dzyaloshinskii-Moriya interaction in NaV ,O5: A microscopic study
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We present a unified account of magnetic exchange and Raman scattering in the quasi-one-dimensional
transition-metal oxide Na)Os. Based on a cluster-model approach explicit expressions for the exchange
integral and the Raman operator are given. It is demonstrated that a combination of the electronic structure and
the Dzyaloshinskii-Moriya interaction, allowed by symmetry in this material, are responsible for the finite
Raman cross section giving rise to both one- and two-magnon scattering amplitudes.

[. INTRODUCTION analysis is lacking. Therefore, it is the purpose of this paper
to present a detailed description of the Raman operator for

More than four decades ago, Dzyaloshinsaind Moriyg ~ NaV,Os. In this context particular emphasis will be given to
showed that the inclusion of spin-orbit coupling into the de-the role of the DM interaction which by symmetry is allowed
scription of low-symmetry magnetic systems generates ain this material.
anisotropic  exchange interaction, the  so-called
Dzyaloshinskii-Moriya(DM) interaction. Il. HAMILTONIAN

In the early 1990s, this interaction was discussed inten- . .
sively in connection with the copper-oxide compounds. In Above the spin-charge transition temperatugeN’aVZOzsl
particular, LaCuO, exhibits a small gap in the spin-wave Crystallizes in the centrosymmetrmmn space group: _
spectrum and a finite net ferromagnetic moment in eacHN& compound consists of \(Osquare pyramids sharing
plane due to an out-of-plane canting of the spins. These fegdges in theb layer and chains of Na located between the
tures were attributed to DM interactiofis Yildirim et al® @b layers. The superexchange interaction between vanadium
did a careful microscopic study of this mechanism for tetrag-Sites is mediated through the pyramid’s base oxygens and the
onal copper oxide systems. In particular, their analysidelevant structural element of NaWs can be thought of as
proved that the orthorhombic distortion present in these maconsisting of ladders of V-O-V rungs alony which are
terials is irrelevant to the out-of-plane magnetic anisotropyWeakly coupled along (see Fig. 1
Moreover, they showed that not only the antisymmetric an- Discarding single-ion anisotropy, a general form of any
isotropic superexchange between two neighboring spins igcalar two-spin interaction between consecutive rungs along
important but the symmetric one as welf

The DM interaction has gained renewed interest in the
context of the novel transition-metal oxide Ng®, which is
believed to be a quarter-filled ladder compound in its high-
temperature phaseAt Tc=34 K a phase transition, the in-
terpretation of which is still controversial, takes place in this
material where charge ordering (2*4°—V*4+V*®) oc-
curs simultaneously with the opening of a spin-gap of ap-
proximately 10 me\V!? A series of recent studies has ad-
dressed the nature of the low-temperature stat¥.

In this context it is of interest that very recent electron
spin resonancéESR experimenty ! have detected a con-
siderable anisotropy of the absorption intensity with respect
to the magnetic field orientation, which has been attributed to
the DM interaction. Apart from ESR, Raman scattering in
the presence of a magnetic field is an alternative experiment
for the observation of possible effects due to DM interac-
tions. Unfortunately however, at present, the various experi-
mental settings in search for such effects in Raman scattering
have shown no scattering intensity for N&¥% (Ref. 19
which could be due to a very small cross section.

In order to shed some light onto this scene, a microscopic
analysis of the magnetic exchange and Raman scattering op- FIG. 1. Crystal structure of NayDs in the high-temperature
erator seems highly desirable. However, apart from earlphase. The star denotes the location of the center of inversion, the
work specific to the copper oxide supercondudbmuch  dashed lines the constituting V-O-V ladders.
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the b direction of the ladder in Na)Os consists of two con-  arises from the spin-orbit couplif@f strengthx, whereX
tributions ~\. The transfer matrix elements are diagonal in the spin
- uantum numbers because we have chosen the quantization
H=JH"S+ DHEW, (1) gxis for the spin to be along i.e., the main crystallographic
i.e., the isotropic Heisenberg exchang&"®S) and the axis, and finally(iv) t,, denotes the hopping of electrons
Dzyaloshinskii-Moriya interactiot (°™): between @1)-p, orbitals on two consecutive rungs alobg
The spin dependence gf, is small and will be discarded in
. the remainder of this paper.
H(HEIS):E, S-S The parameters involved in E¢B) have been estimatgd
to be e,~—3 eV, t; ~0.25 eV, tgp~—1 eV, {=—-0.175
eV, t,p;~0.5 eV, andU~2.8 eV. The Coulomb repulsiod
HOM =3 e (SXS.1), (2)  leads to the formation of local moments on the rungs and in
! the following we will study the interaction between these
whereS denotes the total spin on rugThe form of the local moments. For simplicity we consider the case;,
Dzyaloshinskii-Moriya vector is determined by requiring Since we expect that any finite will lead to qualitatively
that the energy of any configuration of spins has to be invarisimilar results while increasing the complexity of the calcu-
ant under the symmetry transformations of the crystal struclation needlesslg?
ture. In our case, crystallography allows for a DM vector
alongc, i.e.,e=(0,0,1). Note that this vector is definéat
cally in each unit cell and is not forbidden by the inversion
center of the crystal structure, which lies in between two As a first step towards the evaluation of the exchange
V-O-V ladders(see Fig. 1 couplingsJ andD, we diagonalize the Hamiltoniat, for an
The standard derivation of E@2) for the case of mag- isolated rung. The ground state belongs to the three-particle
netic momentgocalizedat single ionic sites can be found in subspace. In addition, for the calculation of the exchange
the literature®”® where it is shown that both terms in this matrix elements, intermediate states in the two- and four-
Hamiltonian can be derived from generalized exchange proparticle sector on a rung are required. Details of the deriva-
cesses. In the present paper, however, we aim at a micrdion of the relevant eigenstates and eigenvalues of this cluster
scopic derivation of Eq2) for the case of thenixed-valence problem are stated explicitly in the Appendix. The exchange
system NayOs. We start from a three-band Hubbard-model matrix elements are obtained by considering the process
for NaV,Os in which we retain only the two activeorbitals ~ which describes a spin flip between two consecutive rungs
of the V and the single Q) site on each rung. For simplicity up to second order perturbation theoryHn, as defined by
we consider the @) sites on the legs of the ladder to be J-* andJ™ ™ in Eq. (A9). In particular,
integrated out, giving rise to an effective V-V hoppirg;
along the leg. We denote h;{rw the creation operators for 1
spinv electrons in Ve, orbitals on sitex(a=1,2) of the J= E(J*++J**)= ReJ~ ). (4)
Ith rung and byp/, the creation operator of spim-electrons

in the O(1 orbital on thelth rung. The HamiltoniarH - . Lo
—Ho+ H(1 r)e%;:ls g Substituting the electronic model-parameters cited in the pre-

vious section into Eqgs(Al13) and (A15) we obtain J
~0.049 e\=568 K which agrees very well with the experi-
Ho= 2 (t,df}, iz, +tap(dfy,+db,)pis+cC.C) mental valué®? of J,~560 K.
Lo Noting that t=t* and that D-(SXS.)=(D/

2)(S S’ 1—S'S11), we have

IIl. EXCHANGE COUPLINGS

+€p|2 plTUpI(T—l—UIE lealealeTaldlalv

1
. . D=7 =3")=Im3 ") (5)
HIZIE (todlaod|+1aa+tzdl+1ao’d|aa)

for the DM coupling. Moriy& has estimated that the order of
_tppIE (p|TaI0|+10+ I0|T+1gp|g% (3) magnitude oD should be

The hybridization matrix elements in E¢) are (i) t, D~(Ad/9)J, (6)
which denotes the direct hopping of electrons between the ) ) ) o
V-d,, orbitals on sites 1 and 2 on a rungi) ty, which whereg is the gyromagnetic ratio of the Vanadium ion in
denotes the charge transfer integral between théand ~ Ooctahedral crystal symmetry anslg is the corresponding
O(1)-p, orbitals on a rungfiii) t,= _t”JFiUX is the hop- deviation fro_m the free-electron value. By con3|def|ng ghe
ping of electrons with spimr=+ 1 between the Ve, orbit- values obtained from ESR measuremeéfitsye arrive at
als on two consecutive rungs along the ladder direction A9/9~0.01. Then, from Eqs(5), (6), and(A15) where we
The spin dependence of this hopping integral is allowed du€valuateD as a function of, we get an estimate fox, i.e.,
to the lack of a center of inversion in between two rungs and.~1 meV.
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IV. RAMAN SCATTERING —Dr(winoud=0 for any value ofwj, o, While for more

Fleury and Loudoff have shown that light scattering than one exchange paiig(win,ou) D~ Dr(@in,ou)J vanishes

from a spin system, depending on the polarization geometr§"Y &t in,ou=0. _
of the incoming and outgoing electric fields, can lead to in- N€Xt, we would like to point out that from the two terms,

Hei DM P R o
elastic photon-induced superexchange. This has establish ©%) and H®") which make upH™(wjy, o) it is actually

. . o DM) . . .
Raman scattering as an important probe to obtain informat! ~ Which drives the magnetic Raman process. Up to now

tion on the local exchange dynamics in magnetic system¥® have only corlsmered anisotropic contribution$itd to
complementary to inelastic neutron scatteriilyS). In the leading order ink. Kaplarf and Shekhtmaret al” have
following we will generalize the early ideas of Fleury and shown that, in general, the next-order teri(KSAE)
Loudon to the case of Na®@s clarifying the role of the DM ~ZX(e-S§)(e-§ ;) contributes to the spin Hamiltonian with
interaction. In particular we find that in the case of a polar-a very specific prefactor

ization of both, the incoming and outgoing photon fields par- ,

allel to b, i.e., along the legs of the ladder, the Raman scat- ~ H(®=JH"E+- DHEOM 4 (32— D2~ J)HKSAB),

tering operatoH(® can be expressed as (10
i Starting from the model in Eq3) a derivation analogous to
H® (win,ou) = Ir( @in, o H "+ D(@in o HM, (7) that ingRefs. 7.8 can be percf{ozmed giving rise to gihe same
where thew;, and w,, are the frequencies of the incoming prefactor as in Eq(10). Using this, it is then possible to
and outgoing photons. The microscopic derivationtransformH® into an equivalent Hamiltonian of the plain
H® (win 0u) can be found in the Appendix. It is identical to Heisenberg form by means of the unitary mapping
that of the magnetic exchange integral with however the vir-

tual hopping into the intermediate state of the exchange pro- S'=cosp S —sing S,
cess driven by the coupling of the vector potentfl
=(0,A,,0) to the current operatdr,i.e.,H, of Eq.(3) has to Y= —sing, S+ cosp, S (1)

be replaced by- A with the current operatgr=(ja,jp.ic), _
with  S=§, o =2lpy,, and  tan(2y)=D/J.
Expressed in terms of5 the Hamiltonian readsH(®
=32+D?%3/§-5 . ;. Now, we note that higher order terms
in X will also contribute to the Raman operator. However,
+ 2 [t,d], s 10— A 10 ool |- following the discussion after Eq9) it is obvious that Eq.

@ (11) will not simultaneously reductl® andH® (wj, o) to
The total magnetic Raman scattering amplitude is then gived canonical Heisenberg form. Therefore, in the new basis, the
up to second order if,/e by Eqg. (A10) of Appendix A. Raman operator takes on the formfl(R)(wm,om)

jb:ieZ tpp[pl‘r(r[:)|+1(r_ p|T+]_,,-p|(,-]

From this, the definition oflg(win ou) and Dr(win ou) IS :jR(win’out)F|(Heis)4r BR(wm’out)ﬁ(DM)jLo(Xz). The only
analogous to E¢(4) and(5) part of H®(wj, o) Which does not commute withl(® to
In(@in ow)=RER™* (i 0], lowest order inx is the DM interaction, i.e.H® (wi ou)
E’DR(win,out)’H(DM)-
Dr(®in,ou) = IM[R™ " (@i oud ]- (8) This completes our derivation of the Raman operator for

. _ _ the homogeneouphase of NaYOs as realized foiT>Te.
Note that a magnetic Raman process is possible only iQuite generally the preceeding demonstrates that a DM con-
H®(win,ou) induces transitions between different eigen-tribution to the Raman operatét® (w;, o,) Will occur in

states oH(®,2"Bj e, if multiband systems whenever a DM exchange interaction is
R (91— allowed locally. Obviously it is tempting to analyze the ef-
[HY (win,ou), H 1= [ Ir(@in, 0u) D — Dr(@in,0uJ] fects of this form ofH®(wj, o,) also on adimerizedspin-
X[ H (Heis) | (PM)] liquid state, as present in Na®@s for T<T. and similarly in
’ CuGeQ for T<Tgp.? To this end letH ®(wj, o) act on a
#0. (99  pure dimer state|®q)=|s;---s,---), where u labels

nearest-neighbor pairs of spins which are in a relative singlet

From Eqg.(9) we conclude that magnetic Raman scatteringS : ;

) ) tate|s,)—for the case of NayOs these pairs of spins cor-
from NaV,Os, if modeled by Eq.(3), arises because two r sponla>to pairs of rungs (2|+i). One obtains
conditions are simultaneously satisfied. First, the existence oF

a spin-orbit coupling leads to a nonvanishing commutator in

Eq. (9). Second, because the number of available paths for H®YW| D)= (=2i]---t%- - )=| - tit) ;)
the magnetic and the photon induced exchange is larger than #
one and because wi, o0 the factor of Jg(win oD +|-- 'titﬁu' ). (12)

—Dgr(win,ou)J is nonzero. The latter is true despite the for-
mal similarity between the Raman scattering amplitude andHere |tz) (a=x,y,z) refers to triplet states on the dimer
the magnetic exchange integral, becahﬁ@)(wmyou,) dis- bonds. While the second and third term on the right-hand
plays an additional dependence on the photon energies. Moside of Eq.(12) comprise of the usual total-spin zero, two-
specifically, for a single exchange pathJg(win ou)D magnon excitation, the first term refers to a single-triplet
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state ofonly zdirection. This shows that single-magnon Ra-out. This research was supported by the National Science

man excitations are allowed in the presence of the DM interfFoundation under Grant No. PHY94-07194.

action. A single-magnon Raman line of this type has a clear

experimental signature: it should shaw splittingin an ex- APPENDIX: EXCHANGE INTEGRAL AND RAMAN

ternal magnetic field parallel ®(here along) and it should AMPLITUDE

split into two branches for a field perpendicular to the DM ) ) ] ]

vector. To our knowledge this signature has not yet been [N this appendix we present details of the evaluation of the

observed in experiment. two, three, and four-particle eigenstates on a rung as well as
the matrix elements relevant to the exchange integral and the
Raman operator. We begin with the three-particle space on

V. CONCLUSIONS rungl, which, in the subspace of no double occupancy of the

Motivated by recent ESR experimeHt<® which probe d levels and total-spiz componenS,=1 can be created by

the existence of a DM interaction in NaWs, we have pre- 1ot o4t ot 1ot o4t ot

sented a microscopic study of the possible impact of this B =duybaPr 3o =du daypiy, (AL)
interaction on the Raman process. We have derived the Ra-
man operator in the homogeneous state of Maand, ad-
ditionally, have discussed its effect in the dimerized state.

In the dimerized state two Raman modes have been ob-
served in NayOs in bb polarization at 66 and 104 cmi.  The set of corresponding states wi= |, is obtained by
Tentatively these modes have been ascribed to magnetieversing] to | for each operator without changing their
bound states of total-spin zetd.On the other hand, fof relative order. Diagonalizing the rung-Hamiltonian in this
<Tc INS displays two well defined magnon excitations, thesector yields &spin degenerajeground staté3y(|)) with
energies of which, if properly zone folded to zero momen-energyEsq
tum coincide with the aforementioned two Raman

3é|1 = d;mpﬂ}pﬂ ) 34’1” = dlnpﬁph )

ro_ T
35|T_d1|7d2mp|1-

modest3®Yet, Raman experiments show no indication of a 1301y =a(I315()) +1321(1y)]
splitting of these modes in an external magnetic field. We L1341 =341 )) —2al3L )
therefore conclude that the Raman-modes should result from 41l 1) ST/
a two-magnon processésee Eq.(12)]. 1
Clear evidence for a DM vector in Ng@s along thez an=§(3€p—h—6)- (A2)

direction has been provided by ESR experiméfitgvhile

these authors have interpreted their ﬁndings in terms of qquor brevity the site indeX’ has been Suppressed and
sistatic charge fluctuations aboVe , we believe, in view of

the results presented here, that such an interpretation of the a=— \/th]d/[lztgdﬂe— ep+ti)2],
ESR data is not necessary. In fact, the ESR experiments can
be understood in terms of the local DM vector presdsbin b=a(e—ep+t,)/(2t,g),
the high-temperature phase.
In conclusion we have pointed out, that a local DM vector €= ‘/1Z§d+ (ep—tL)Z_ (A3)

gives rise to a nontrivial DM contribution to the magnetic

Raman process whenever at least tnonequivalentex-  FOF €p~~3 €V, {,g~—1 eV, andt, ~0.25 eV one gets

change paths exist between the two magnetic moments cofz ~ 0-16,0~0.65, andEzp=—7 eV.

sidered. We have presented an explicit evaluation of this DM_ !N the two-particle space with no double occupancy of the

contribution to the Raman operator for the case of thd I_evels there are thirteen states, the creation operators of

quarter-filled ladder compound Na®@s and we have shown, Which we label

that one- and two-magnon processes arise naturally within -, _ 4t gt or — gt gt or —dt df

this scenario. We have obtained estimates for the exchange- ~ “11 ~172ll» S20 - FalL=20Te 23l Ha =21

coupling constant along thie direction in good agreement o —df dl

with experiment. Moreover we have evaluated the spin-orbit Al R

coupling constant within our cluster approach. Finally, we

note that evidence for DM interactions in the two-

dimensional dimer compound Sr&BO3), (Ref. 31 have

been found by ESR (Ref. 32 and far-infrared

spectroscopy° Therefore one might speculate if one- 2! —plpf

magnon Raman modes with the special signature described 13 = PiiPiy -

in the previous section could be observable in S(B®Ms),.  To simplify matters we will consider the high-energy states

with two holes on the oxygen site as decoupled from the

remaining Hilbert space. In the following these states will be

discarded when evaluating the exchange integrals. With this
We thank P. Lemmens and P. van Loosdrecht for stimusimplification the eigenstatég;,) are created by the follow-

lating discussions. We would like to acknowledge the suping set of operators:

port of the German Science Foundation and the hospitality of )

the ITP in Santa Barbara where part of this work was carried 21=2y,

2 :dLlplTT . 2 :dLTPh )
2§,=dLTp|TT, 2é|:dI|Lp|T¢' 2§|:d£mpﬁy (A4)

210= diupﬁ . 2= d;uph . 2iy= d;”pﬂ} )
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2,=2;, 4y= dLTd;mpﬂ}ph A= dL 1d£|TP|TTp|T1 . (A8)

23:2é,

, 4é|=d1nd5upﬁpﬂ, 4£|=d1ud£upﬁpﬁ,
24: 24,

1 whereE o= 2¢,.
25=—=(25—21,), To second order il 4, the exchange integrdlis obtained
V2 from the energy-dependent transverse spin-flip matrix-
elements)™ *(z) andJ* ~(z) of the corresponding second-

1 , order effective Hamiltonian
26:_(28_211)1

V2

W—1 w
z—Hy

1
1 - —
2,=5(24+ 2425 2y), 59 +(Z)=<30|130|+1T 30|¢30|+11>,

(A9)

1
26=5 (25726 297 210 whereW stands forH; and the energy variableis zero in

the evaluation of the exchange integral. The factor 1/2 in

1 front of J~* corresponds to the fact that (e g*g¢,

2= 527+ 212, +§/.1=3(S'S.1+5S\). | o
To second order the Raman scattering amplitude is ob-

tained by considering EqA9) again, however, withV de-

2 :i(2,+2, ) noting the current operator, i.gy/e, in this case and witl
10 proen mun depending on the energy of the incoming/outgoing photon

@inl woyt- Then,

1
211:5(2g.,+ 25+24+270),
R7+(winvwout)::r+(win)+~]7+(_wout)- (A10)

215= (25— 26— 29+ 219+ B2213) B3,
The first term on the right-hand side of the previous equation

2137 (26— 25— 2101 29+ 72213) V3, (A5)  describes the process where first the incoming photon is ab-
sorbed in going into the intermediate state, while the second
term describes the process where the intermediate state is

_ _ v ar——l reached by first emitting the outgoing photon.
Puly)=* €+t + 16tpd+(6p )% (A6) Equation(A9) is evaluated using first the transition am-
plitudes (u|H1|3011(1)301+1/(1)) from the 3% 3-particle
ground states into the bare intermediate4>particle states
|u) as constructed from EqA4) and (A8) and second by
projecting the latter onto the&4-particle eigenstates &f,
i.e., Egs.(A5) and (A8)

where, as before, the site index has been suppressed and

Bo(v2)=8ty4/B1(y1),

2
1+,Bl( 721)
16tpd

Ba(y3) = Ba( 3’1)/ 8tpa

with upper(lower) signs on the right-hand side of EGA6)

referring toB (). The eigenenergies are given by .
J" (=2 > (301,301 + 11 W) (2|21 451 4 1)
Ez,,=Ex=2€,— 1/2~—6.95 eV, hu=br=6
(2041 1| v){(vIWI3011301+1))
Ep=- =Ep,=Epn=¢,~t,~—3.25 eV, X 2~ (Ey +Eq — 2Eag (Al1)
Epy=-- =E; =Ep=ey+tt,~—275 eV, (A7)
The preceding involves (2)-particle states on rungil
Bz = Ex=2¢€p+ y1/2~—1.80 eV, +1) only, since the Hermitian-conjugate exchange path in-
volving 4(2)-particle states on rungg(l+1) can be ac-
Ep = =Ep,=Ep=0, counted for by the global prefactor of 2, both, fdf=H;

and W=j,/e. Moreover, since up to a factor of(i)i=1
and have been labeled into ascending order of their numerthe weights in the numerator of EGA11) are identical for
cal values as relevant to NaWs. W=H; andW=j,/e we consider the former only. Equation

The three-particle space is fourfold degenerate with re{A12) lists the bare intermediate statgs) and the corre-
spect toH, and the eigenstates are created by sponding weights.
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JT (mH1|30130117)  (m[H1l301,301+11)
1 [2445.1) —a’ty a’tpp

2 (2345, —a’ty a’tpp

3 |2él4él+1> _aztpp aztpp

4 |21I4él+1> _aztpp aztpp

5 |2él4£|+1> 0 _4aztpp

6 (244441 4a2tpp 0

7 |2543.1) abty abt}

8 |2él4él+l> 0 _ab(th +tpp)
9 |2él4él+1> ab(Zt? +tpp) 0

10 (2445, 1) —abt? —abty,

11 [2544.1)  —ab(t] +2t,p) 0

12 |24y, O ab(ty +2t,p)
13 |21945.,) +abt} abtyp

14 |24 .1) —ab(2tf +t,p) 0

15 [2945,1) —abty, —abt}

16 21441 O ab(2t} +1t,p)
17 |21445.,) O —ab(t} +2typ)
18  |2144441) ab(tjc +2t,p) 0

19 [21345,,) b2t} — b2t}

20 |21544,,) —b%T b2t* (A12)

The constraint in EqtA11) on the summation over the indi-
cesu andv reflects the restriction to intermediate states with
at most onep hole. Using Eqs(A5), (A7), and(Al2) it is a
matter of straightforward algebra to show that

4
I Hz)=2,

i=1

-+

Ai
Z_AEi ’

(A13)

where

AEl: E20+ E40_ 2E30~ 1.05 eV, (A14)
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AEZZ E21+ E40_2E30m4.75 eV,

A E3: E22+ E40_ 2E30% 5.25 eV,

AE4: E23+ E40_2E30%6.20 eV,
and

-+

- b?(8btyq+3apy)?t}?
1

2[16t54+ B1(€p—t,)]
~—0.0246 e¥—i0.281 e\ +0.803?2,
(A15)

A, T=8a%b%tT (tf +tpp)
~—0.00504 e¥—i0.0133 ek —0.0886.2,
A3 " =a?p?tr?
~0.000339 e¥+i0.00388 eWX —0.011]%2,
_ b?(8btyg—3ay;)?t}?
2[16t54— y1(€ep—t,)]

~—0.000181 e¥—i0.00206 eWX +0.0058%2.

-+
4

Note that the ferromagnetic and antiferromagnetic signs

of the amplitudes at =0 are related to the triplet and singlet
character of the intermediate states. For examije, cor-
responds to a matrix element where the intermediate states
are given by 3, 244, 211, all of which are triplets, therefore

a ferromagnetic sign oA; * arises. Inserting the numerical
values of A; * into Eq. (A13) we getJ™ *(z=0)~0.049
eV—1.492%/eV+i0.542.
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