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Abstract

Magnetic excitations in the antiferromagnetic Bi,CuO, (Ty=42K) are
investigated on the basis of anisotropic exchange interaction between spins of Cu?*
ions. We calculate the dispersion curves and evaluate the intensity of the inelastic
neutron scattering by spin wave excitations. The results are discussed in connection
with observations. Spin contraction at 0K, temperature dependence of the sublattice
magnetization and field dependence of the antiferromagnetic resonance frequency are
calculated. Furthermore, the effect of spin wave interaction on the spin wave
dispersions is investigated in the framework of the random phase approximation.

1 Introduction

The discovery of the high temperature oxide superconductors has led to increasing
interest in studies of the physical properties of CuO-based materials. Among the vast
group of Cu-based materials, Bi,CuO, attracts special attention because of its
interesting crystal structure and magnetic properties. Bi,CuO, belongs to the
tetragonal space group P4/ncc. In this compound CuQ, units, one of which consists of
a square of O ions and a Cu®* ion at the center, are stacked along the c-axis in a
staggered manner, but in the c-plane two adjacent CuQ, units are separated with each
other by an intervened Bi cation. Only Cu®* cations are illustrated in Fig. 1 . The
antiferromagnetic 3-dimensional long range order was confirmed below Ty =42K by
neutron diffraction measurements.” As shown in Fig. 1 magnetic moments align
ferromagnetically along the c-axis and antiferromagnetically between corner sites and
inter sites. The easy direction lies in the c-plane.

Up to now this compound has been intensively studied by various experiments. For
single crystal of Bi,CuO, , Ohta et al.? observed paramagnetic and antiferromagnetic
resonances and analyzed the observed results by using the molecular field model based
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Fig. 1 : Arrangement of Cu®* spins and the parameters of the exchange

interactions used in the present calculation are shown together
with the lattice parameters.

on the anisotropic exchange Hamiltonian. With use of inelastic neutron scattering
measurements the spin wave excitation of this compound has been investigated
recently by two different groups. As for their results there is some controversy : A
et al.® reported the existence of a single doubly degenerate dispersion branch, while
Furrer ef al.? found two branches with finite energy gaps at ¢=0.

In the present paper, first the spin wave dispersions are studied theoretically on the
basis of the anisotropic exchange interactions between spins of Cu®* ions. Spin
contraction at 0K is estimated and temperature dependence of the sublattice
magnetization and field dependence of the antiferromagnetic resonance frequency are
calculated. Next the intensity of the inelastic neutron scattering due to the spin waves
is calculated and the results are compared with observations. Finally the effect of spin
wave interaction is investigated by taking account of fourth order terms in the
exchange Hamiltonian with respect to magnon operators.

2 Spin wave dispersion

In the system of Cu®* ions the anisotropy energy of the one-ion type arising from
the crystalline electric field vanishes completely. Therefore, the anisotropic exchange
interaction plays an important role as the origin of the anisotropy energy. For the
antiferromagnetic Bi,CuO, we adopt two sublattice (1 and 2) model and assume the
anisotropic exchange Hamiltonian as follows :

H: - 2 2 [.]lll'l"Slxislxi'+(]llii'+D11ii’)Slyi ivi’+]11ii’SiziSfi’]

(Z,#)pair

-2 2 []22J'J"SZXJ‘S£CJ" + (]22jj’+ DZij") SZyJSZyJ’ +]22jj’SZZjSéZJ"]

(i) pair

— 2 2125855+ (J1zis+ Draiy) St:S%+ J124,55:S%:), (1)
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where ¢ and 7 denote atomic sites in the sublattice 1 and 7 and j” stand for those in the
sublattice 2. The notation J,;» (Ja2;7) represents the isotropic part of the coefficient of
the exchange interaction between spins in the sublattice 1(2) and D (Dagji)
represents the remaining anisotropic part of the exchange interaction coefficient. The
y-direction is taken to be along the c-axis and the z-direction is parallel to the spin
direction in the c-plane. Furthermore, S{, for instance, stands for the x component of
the spin operator at the 7-th site in the sublattice 1.

The Hamiltonian given by eq. (1) can be written in terms of the spin deviation
operators, a. al, b; and b} defined by

St=S—ala:
b_axy alas \M*
Sti= S+ St =28 < 1 ‘T> a; 2>
o,
Sii=Sti—iSti=y25 al (1 —44)"
and
SE=—S+b}b;
T h.\/2
St=Si+iss=425 6 (142 (3)
- _ QX QY — _bJ'Tbj 1z
Szj—Szj"ZSzj—x/ZS 1 25 bj.
We perform Fourier transformations :
a ZLZa-exp(—iq-r-) a*:J—Z‘,aTexp(iq-r)
T J/N&a” : /N &a™ !
1 ] IS o1 b I
bq —Tﬁgbjexp( iqery) b}, ,/N,gzb’ exp(igery) (4)
and
]u(q)=i5§61]11fifexp[—iq-(ri—rf»)]ZIzz(q)
]12(11):ielz}ezflzijeXp[_,Z‘q'(ri_rj)]y (5)

where N is the number of spins per sublattice, and r; or r, denotes the position vector
of the spin ¢ or ¢ in the sublattice 1 and r; denotes the position vector of the spin j in
the sublattice 2. The Fourier transforms D;;(q)=D,,(q) and D,,(q) are similarly
defined. Then the Hamiltonian (1) can be written as

H= —.%<452>N[1,1< 0)—J12(0))

~ B+ 2D (@~ 400+ 47 0 )ahay

—Dn(@)aq a-o— Dn(g) CZI,CZT—(,
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+(4Ju(@)+2Dul@) —4]u(0)+4].C0))bhb,

—Dul(@) by b-o— D@ blb,

+(4J2(@) +2D12(@))abb" o+ (4 )12(— @) + 2D — @) ) aq b,
—2Du(@) alb, —2Diu(—q)a, bl ). (6)

In order to diagonalize the Hamiltonian given by eq. (6) we make transformation
as

Eg=teteFvealetpaby+ A, 05, (7
which satisfies the equation

[E,,,H]:hwng. (8)

Finally, we obtain two kinds of eigenvalue:

hw,
:[63— | Ag P+ | By P44 Ba P&~ [Aq )+ (Aqs B: +A;Bq)2}uz (9)
where
e0 =~ (Du(@)+Du(— )P
+[2]11(q) +2f11(— q) +D11(¢1) + Dy (— q) —4.[11( 0 >+4f12( 0 )]2}1/2

A, = ~%{[2]12(q) +D12(g))(cosh®d, +sinh*0,) +2D(q)coshd,sinhd,} (10)

B,= ——%—{—Dm(q) (cosh?d, +sinh®@,) —2(2/12(q) + Di2(@))coshf,sinh 6, }
with

tanh0, =—-{Du (@) +Du(— @) x{eq = 4{2/n(@) +2Ju(— )+
+Du(@) +Du(—a@)—4/u(0)+4/.( 0]} an

The Hamiltonian (6) has thus been diagonalized in the following form :

H=2[hog (§4) T3+ had"(£27) T £37) +const, a2
q

where K i€ corresponds to the eigenvalue with — sign of eq. (9) and Zw?” to that
with + sign of eq. (9). We call the spin wave branch for w2¢ as the acoustical branch
and that for w2 as the optical branch, because at ¢=0 w4 becomes zero and % w?”
has a finite value. We consider one kind of intra-sublattice exchange interaction and
three kinds of inter-sublattice exchange interactions as shown in Fig. 1 . Their
coefficients are denoted as Ji, /2, J; and J, for the isotropic part and D,, D,, D and D,
for the anisotropic part. In terms of these coefficients the Fourier transforms of the
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exchange interactions defined by eq. (5) are thus given by

jll(q) :2]1008(61‘(:),
Du(Q) =2Dicos(g-c),

]12(QD:
4cos ( qéa)cos( qéb)exp(i&qw)[fz+]3 exp(—ig-e)+Jiexp(igec)),
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E/ +10}- ///
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Fig. 2 : Spin wave dispersion curves along the [100] and [001] directions.
Solid curves are the calculated results by the free spin wave
approximation. Dashed curves represent the observed ones.®
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Driz(g) =4cos( qéa Jcos( qé b Yexp(idg-c) X
X (Ds+ Ds exp(—igee) + Dy exp(ig-c)), 13
where a, b and ¢ are the lattice vectors characterizing the crystal structure, a and b
lying in the c-plane. The parameter § is defined in Fig. 1. These values are determined
so as to reproduce the observed antiferromagnetic resonance frequency? and to fit the

optical spin wave dispersion curves calculated along the [001] and [100] directions
with those observed by neutron inelastic scattering.?? We have

Ji=—0.84mev Di=-9x10"*mev

Jo=—0.72 Dy=14%1078
Ja=—0.23 Ds= 0
Jo=—2.23 Dy=7 x107?

The calculated spin wave dispersion curves are shown in Fig. 2 together with the
observed ones.

In the spin wave approximation the thermal average of each spin is given by the
following expression :

iy —c_ L t,.
<SF>=8 NZi}<alaz>

= S— U i P | i )< (849 840>
q

F( 8PP+ VPP )< (E)TEF>
FHvac P+ ver P 14

The last term of eq. (14) represents the spin contraction at 7 =0K. By using the results
of spin wave dispersion we have calculated </5%> as a function of temperature. The
result is shown in Fig. 3 . At T =0K, <5§%>/S is evaluated to be 85%. This value is
in good agreement with the value of 849 observed by Yamada et al.V, but is larger
than the value of 639 observed by Ain et al.®

Next we study the field effect on the spin wave energy. In the case of the external
field applied along the spin direction z, the Zeeman interaction is expressed as

Huleemanzzhz<azlaq “bqu)y (15)
q

where
W=—gusH,

H being the applied external field. In this case, the total Hamiltonian H + Hleeman Can
be diagonalized and the spin wave energy is obtained as
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Fig. 3 : Thermal average of a spin as a function of temperature

calculated with the free spin wave approximation.

a\2 bN2
(hzaék Y= (e ‘5(51:) — |Aw P+ B I?
a b a b
(4R |4, P CEEERY 4| B + (AW BE+ ALBOY (16)
where

=2/ (@ +2/n(— D+ Du(@)+ Du(—a)

—47uC0)+4/:C0) — 47— (D@ + Du(— @) }"*

632%{[2]11(11)+2]u(—q)+Dn(q)+Du(—q)

—4J1u(0)+4/2C0) +4727F— (D@ + Dul— @)}, an
and A, and B, are given in the forms of eqgs. (10) with replacement of cosh?§,, sinh?
6, and 2sinhd, coshd, by cosh@?cosh@l, sinhg?sinhg? and sinhgs coshfi+sinhgy
cosh@¢ respectively. The angles ¢ and g4 are defined by

tanh&ZZ%[Dn(q)+Dn(—q>]><{ez—%[2]u(q)
+2/u(= @+ Dul@) + Du(— @) —4/u(0)+ 4/2(0 ) — 4%},
tanh g =—4-(Du(@) + Du(— @) x (el ——{2]u(a)
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Fig. 4 : Field dependence of the spin wave energy at ¢ = 0
in the case of the external magnetic field applied
along the spin direction(z-axis) are shown for the

acoustic and optical branches.
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+27u(— @)+ Du(@)+ Du(— @) —4]u(0) + 4710 ) +4h#)} as)

For ¢ = 0, we have found that the spin wave energy of the optical branch increases
quadratically with increasing external field as shown in Fig. 4 . On the other hand, the
spin wave energy of acoustical branch becomes imaginary. This fact is understood in
the following way. The normal mode of the acoustical branch at ¢ = 0 corresponds to
the uniform mode in the c-plane, because in the present calculation we have neglected
anisotropy energy in the c-plane. Therefore spin flop occurs easily due to the applied
field parallel to the spin direction. If a small anisotropy energy is introduced in the ¢
-plane, the acoustical branch will have a finite energy gap at ¢ = 0. This gap will
decrease with increasing field and vanish at spin flop field which was observed.

When the external field is applied perpendicular to the spin direction, the Zeeman
interaction is given by

HZLeeman: _hx<aﬂ+ ag+b0+ bOT>- (19>

This interaction has an effect only for ¢ = 0. The total Hamiltonian, eq. (6)+ Zeeman
interaction, can be diagolized for ¢ = 0 as follows:

H + Hi‘eeman —
Rt (GO (W) E8C () +hof” (E87) T (W) E8° (W) +const, 20)
where
fe =gge -4k
& (=g L @D

Furthermore, P and Q in eq. (21) are given by

P= 4~ g%+ o — ¥

Q=" — v§™* + o8 — A87*.

Therefore the spin wave energy at ¢ = 0 does not depend on the applied field in this
case. In order to discuss the field effect we must take into account fourth order terms
in the Hamiltonian with respect to the magnon operators.

3 Intensity of neutron scattering by magnetic excitations

The differential cross-section of neutron scattering by magnetic excitations can be

written in terms of the correlation function of spin moment operators in the form

2
Cl’.QC?E &< §B<6aﬂ_ eaeﬂ)

x ["dt expGEN1) ZexpGR B < Sa0)S:(1) >, @2
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where e=K/|K| (K : a scattering vector), « and g denote x, y, z (z: the spin
direction), and < > represents the thermal average.

We have calculated the correlation function < S,,(0)S;(#)>> in the framework
of the spin wave approximation. At zero temperature, the scattering intensity due to
emissions of magnons of the acoustical branch, I, and that of the optical branch, Ipp,
are obtained as follows:

IACookf |(2KZ K+K )( Ve C*_I_e—zGK ) C*) (K+) (,UAC* _IGK.AA§C*>|2
+l<2Kz K+K )(llﬂc*_e—z(;x-d/‘dc*)_ (K ) (_ V%C*“]“Z_’GK dp%c*){z
_l_z(Kz)ZlK ( V%C*‘I'GMZGK o4 AC*>+K+ (ﬂAC* —IGK‘AAII%C*>|2]

- Topoks I(ZK2 KK ) (—vg *+e*“;’“’ T — (KON pf*— e q gl
FI@R = K KD (uf * = e o8 — (K= v ¥ e dofr )
+2(KZ>ZIK ( VQP*__i__e—zGK 4 QP*>+K+(ﬂQP* I.GK'AAI(%P*)|2]’ (23)

where K*=K*+i(K,, and pi° vi° 05 A4° represent the coefficients of the
transformation defined by eq. (7) in § 2 for the acoustical branch and x4 & etc, represent
those for the optical branch. Here for a given scattering vector K, we have defined the
reduced vector K = K-Gx in the first Brillouin zone with the appropriate reciprocal
lattice vector Gy. The notation 4 stands for the position vector of an atom belonging
to the sublattice 2 relative to the atom belonging to the sublattice 1 in the same unit

cell, namely, A:%a%m%—b—% de, where a,b and ¢ are the lattice vectors.

We have calculated the ratio of I,¢ to Iop for the three kinds of scattering vectors,
0, 0, 1/20), (1, 0, 1/20), (0, 1, 1/20) and the results are shown in Table 1. It should be
noted here that the scattering vectors (1, 0, 1/20) etc. are described by using the
coordinate axes which are referred to the crystal axes a, b and ¢. The relation between
a, b, cand x,y, z axes is as follows: a // z, b // x, ¢ // y. As seen in the table, for the
measurement at (1, 0, 1/20) both the acoustical and optical branches are observable,
but for the measurement at (0, 1, 1/20) it is difficult to observe the acoustical branch.

4 Effect of magnon-magnon
interaction

— T 2+
Table 1 : The calculated intensity ratio of In the case of S = 1/2 like Cu

Lic to Ior for the three scattering ions, the magnon-magnon interaction,

vectors. which arises from higher-order terms
Scattering vector Intensity ratio Inc/Ioe in the Hamiltonian expanded by
0,0,1/20) 3.0 magnon operators, is important
(1,0,1/20) 1.3 because the Holstein - Primakoff
(0.1.1/20) L 1X10-7 method is based on the expansion of
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TFig. 5 : Cross points denote the spin wave energies
calculated at 0K by taking account of the spin wave
interaction. For comparison, spin wave dispersions
calculated by the free spin wave approximation are
shown by solid curves.

spin operators in powers of 1/S. In the framework of the random phase approximation,
the fourth-order terms with respect to magnon operators @, and b, of the

Hamiltonian given by eq. (6) is obtained as
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HxRPA:%§{[ (8/u(@>—8/1u(0)+8/2C0 2248

+ (8 (k) —=8]u(k— @) < ahas >
k
+4f12(_ k) <apb-p> +4]12(k) < aLbT—k >)]aLa.,

+LN§[(ZJ11<Q) +2f11(k) —4f11(k— q)) < LlIzde > +2]12(k) < akbr >]aq 7

+“‘]1\7§[<2]11(q) +2]11(k> _4f11(k— q)) <ara-n> +2.[12(k> < an b;z >]dI,dT—q

+ [terms obtained from the foregoing expressions by interchanging the roles of
a and §]

+(87(~ @) A4S+ 308 e~ @) <akbl s >)ag b
H(87(@) A4S + T8 (g B) <arb 1> albl,
Py @ @) (< abaln> + < byby>) +8]uCh— @) <dbbs >)a, b,

+‘]1V§[(2]12(¢1)(< ara-r>+< b;;btk >) +8]12<f-1*‘ k) <aw bL >]a:r,bq}, 4

where A4S represents the spin contraction S-<S%>> at 0K expressed by the second
term of eq. (14) and only the isotropic part of exchange interaction is taken into
consideration since the anisotropic part is very small as shown in § 2. The total
Hamiltonian, the sum of eq. (6) and Hf™, can be diagonalized by the method described
in § 2.

The spin wave energies at 0K calculated by including magnon-magnon interaction
are showh in Fig. 5 . The energies are a little bit larger than those, which follow the
free spin wave theory, due to the effect of the zero-point motion of spins. This
tendency is remarkable near the zone boundary. As for the temperature dependence of
the spin wave energy it is necessary to calculate the thermal averages appearing in
Hi®? self-consistently. This is a complicate task and remains as a future problem.
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