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temperature variation of the magneto-elastic energy is
higher in the ferromagnetic state than in the helical
state. Noteworthy is the minimum of the magneto-
elastic energy in the helical state, at 95°K. At this
temperature the volume compressibility, Fig. 4, is at
its minimal value.
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The spin response functions for the electronic and nuclear spins in a cubic antiferromagnet are obtained
in the random-phase approximation. These response functions are then used to investigate the coupled
electronic-spin-nuclear-spin-phonon system. Predicted changes in phonon velocity and attenuation in
RbMnF; due to interaction with electronic and nuclear spin waves are obtained. Some of these predictions
agree with previous experiments and theory, and others can be checked by further experiments.

I. INTRODUCTION

HE coupled system of electronic and nuclear
spinst? and its interaction with acoustic pho-
nons®* in an antiferromagnet with cubic symmetry have
been of some interest lately. It is the purpose of this
paper to treat this coupled problem consistently from a
unified point of view within the random-phase approxi-
mation (RPA) and, in particular, to obtain detailed pre-
dictions for RbMnF;. Because of the complicated geom-
etry of the equilibrium magnetization of a cubic anti-
ferromagnet, this treatment is limited to configurations
in which an external magnetic field lies in a restricted
range of a {110} plane. As will be seen, because of the
relatively strong coupling between the electronic and
nuclear spins in RbMnF3, the combined system must
be taken into account in order to obtain correct results
for the effects of the antiferromagnetism on the phonons.
The Hamiltonian used to describe the coupled elec-
tronic and nuclear spins is

Ha=} % J(00)S()S@) ~L A1) S(a)
—> H,- [#es(a)+#n1(a)]+Ha, (1.1)

where S(a) and I(e) are the electronic- and nuclear-spin
operators, respectively, at the magnetic site a. The ex-
change interaction is written so that J(a,a’) is positive
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for antiferromagnetic coupling, Hy is a uniform applied
magnetic field and p, (u.) is the electronic (nuclear)
magnetic moment. H, is a term describing the elec-
tronic-spin anisotropy energy which, for a cubic system,
is

Eu=3K(Se 45y 4S.

per site. The subscript ¢ denotes the usual coordinate
system coincident with the cubic axes of the crystal.

The spins and phonons interact through the single-
ion magnetostriction Hamiltonian H,., which, for a
lattice with cubic symmetry, takes the form

H.,=Gu 3 {eu(a)[SxZ(a) -3 y2(a) —3 22(0‘)]

«

(1.2)

~+ (cyclic permutations)}+Gas 2, {€xy(c)
X[Sz(a)Sy(a) +8y(@)Sa(e)]
~+ (cyclic permutations)}. (1.3)

The strain componets €;;(e) can be expressed in terms
of the phonon displacement operation U;(a) by the
equation

(1.4)

e5(a) =—

1[6Ui(a) + ilz,(‘ozq '

Jdaj Ja;

The method of attacking the problem is to first cal-
culate the electronic-spin correlation function using
thermodynamic Green’s functions and then to use it to
obtain predictions about various experiments. Section
II contains a discussion of the model, the approxima-
tions employed, and the use of the spin correlation
functions. In order (it is hoped) to make the paper more
useful to a variety of readers, formulas for the spin
correlation functions are derived in Appendix A, while
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the magnetoelastic coupling is treated in Appendix B.
In Sec. III, the correlation functions are discussed for
values of the parameters appropriate to RbMnF;. Also,
some of the effects of the antiferromagnetism on acoustic
phonon velocity and attenuation are considered with a
comparison to experiment.

In order to make contact with other work,® the
following definitions are made:

So=3(S1+S2), ITo=3I1+1s),
fiwa=pH 4=%kSo®, hwg=u.Hg=SoJo,
twyg=pHyg=ALy, pHo=%hwo,
Xo=pl2/Jo, hwy=pHy=ASo,

where S1 (I1) and S, (I») are the average electronic
(nuclear) spins per site on the two magnetic sublattices
and Jois the sum of J (e,a) over all sites o’ of sublattice 2
with « fixed at a site of sublattice 1. The magnetic sites
form a simple cubic lattice with nearest neighbors be-
longing to different sublattices. The microscopic con-
stants Gi; can be related to the phenomenological
magneto-elastic coupling constants b; of M&B through
the equations

(1.5)

(3G11)2So*/M =b1%us/p M,
G442S()3/M =b22yg/pM0 .
Here, M is the mass of a magnetic cell, p is the density

of the system, and M, is the magnetic moment per unit
volume of the system.

(1.6)

II. MODEL

The electronic-spin correlation function or dynamic
susceptibility can be defined as

1 [ _ _
ij aa',w = it Sl &, )S]' a/: ’
Dt ) h/ RSSO, )

Sia,t) =Si(a,)) —(Sile)),

where the angular brackets ( ) denote that the ex-
pectation value is to be taken over a thermal ensemble.
This complex susceptibility can be thought of as giving
the response of S;(«) to a perturbation on S;(¢’) with a
frequency w. It is directly related to the absorption of
electromagnetic waves by the spin system, and it can
be used in approximations to obtain the effects of the
spins on the phonons.

It is also convenient to Fourier-transform D;;(ao’,w)
in space. Since there are two magnetic sublattices, a unit
cell of the system contains two magnetic ions. Thus, the
position index « is a combination of a vector index 1
denoting the unit cell and an index @ denoting the posi-
tion of the ion within the unit cell. The index a takes the
values 1 and 2 corresponding to the two magnetic sub-

5 The notation in this paper, in so far as is possible, is like that
of Refs. 1 and 3. Values for the parameters in RbMnF; are given
in these references.
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lattices. Since the system possess translational sym-
metry, D;;(aics) can be Fourier-transformed as

Dij(a1a2, 11—12) =N-1 Z Dij(alag,q)ef‘l' (1—12) ) (22)
q

where V is the number of unit cells in the crystal and
the summation is over all values of q in the first Bril-
louin zone.

This treatment of the spin correlation functions is
restricted to cases where Hy lies in the (I 1 0) plane be-
tween the [001] and [110] axes. Further, y, the angle
between Hy and the [0017] axis, is restricted to the range
from O to arcsin? and the point ¢y =4%x.

First consider the case where 0<y<arcsinZ, which
shall be called case A. It is convenient to work in the co-
ordinate system defined by the equations

x=@ty)/V2, z=2,
y=ye—%5)/V2.

This is the coordinate system used in Appendix A in
which both sublattice magnetizations lie in the x-z
plane. The equilibrium configuration for the spins in
this case has been worked out by Ince.! H, makes
an angle ¥ with the z or [001] axis, and the sublattice
spins S; and S, make angles of 6—¢ and 647w+,
respectively, with the z axis. The equilibrium values for
6 and ¢ are given by the formulas

(2.3)

H¢*(1—a) sin2¢+3HgH 4 sin26(1 —$ sin%f) ,
t=Hysing/2Hgp, o¢=0—y¢, a=X;/X.,
S1—S2=XHg cos¢/u..

(2.4)

The lowest-energy solution of the above equations is the
one which minimizes |¢p—3|.

It is also convenient to introduce the following co-
ordinate systems, one for each magnetic sublattice,
denoted by a bar:

#(a)=[S:(a)x—S.(a)2]/S(a),
y(a)=y,
2(a) =[S(a)x+S.(a)z]/S(a),

where #, y, and z refer to Eqgs. (2.3).

In these coordinate systems, Z(a) points along the
direction of magnetization of the sublattice a, and the
common § direction is perpendicular to both sublattice
magnetizations. The utility of this transform is that
D;j(ad’ \q,w) is zero if 7 is Z(a) or if 7 is Z(a’).

Case B, where ¢ =3%m, is somewhat simpler because
|.S1] is equal to |.S3| and H is perpendicular to S;—S,.
In the coordinate system defined by

x=(—nxctny.tsz,)/V3,
y=(%c—YeF2n2:)/7/6,
z=(wc+y0)/V2,

where z is along the [110] axis and is parallel to Hy, « is

(2.5)

(2.6)
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along the [—7 # 1] axis which is parallel to S;—S,,
and y is along the [1 —1 29] axis which is perpen-
dicular to S; and S,. The quantity 5 takes on the
values +1 and —1. The sublattice spins S; and S,
make angles of ¢ and m—i, respectively, with the x axis,
and the equilibrium value for ¢ is

t=H,/2Hg. (2.7

The energies associated with the two values of 7 are
degenerate. Equations (2.5) can also be used to define
the bar coordinate systems in case B, where the «, y, z
system is now given by Egs. (2.6).

In Appendix A, equations for the electronic-spin cor-
relation functions D;;(a a’,q,w) are obtained and solved.
The Hamiltonian given by Eq. (1.1) is used together
with the RPA for all terms except the H, term, which is
treated semiclassically. For small values of q, the
magnetoelastic coupling given by Eq. (1.3) will have a
negligible effect on D;;(a do’,q,0) because the coupling is
a deformation potential. On the other hand, this cou-
pling is responsible for the changes in the phonon modes
due to the antiferromagnetism, as is derived in Appendix
B. The reason why the nuclear-spin modes couple to the
phonons in this scheme is that they appear in the elec-
tronic-spion response function. This is further discussed
in Sec. III.

III. RESULTS

Although the Appendixes contain expressions for the
spin correlation functions at arbitrary temperatures,
the results in this section are restricted to situations in
which X, is unimportant (that is, to low enough tem-
peratures so that (X;;/X,) is nearly zero or to large
enough Ho, so that cos¢ is nearly zero). Neglecting
terms of order (wo/wg)? (wye+wa)/wr, and wx?/
wg(watwyg) compared to 1, the electronic-spin cor-
relation fundtions for case A can be written as

D:z:(aa,q,w) =D3z:(a@,q,0) = (wer 2—Q_2)Fy (w)
+(Q2—w, )F_(v),
Dgy(aa,q,w) = —Dyy(ad,q,w) = (wer *— %2 F (@)
+(22—w. HF_(w),
D:z5(aa,q,0) = Dyz(ad,q,w) = —Dzy(ad,q,w)
= —D,ﬁ(aa,q,w)
= 2iwwo cosp[ Fy (w) —F_(w)],
Fi(w) = [SowE/h(we+2_we—2)][(w2 _we:tz)_l
+Quron*onEs/wert) (W —wa D],

3.1)

where

2 =we*(2 sin’p—1)+2wp[wyrt+3waf(6) +wrQ(q)],
Q_2=w*(sin’p—1)+2we[ wye+3wag(6)+weQ(q) ],
012 = Q2O dosg? cos’é (3.2)
£ [(Q:2+9Q_244we? cos’p)?—4Q, 20 2]z} |

wnr?=wy1—Qwrwye/we?)].
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The q dependence of these quantities is contained in
Q(q) which, with the quantities f(6) and g(6) are de-
fined by Eq. (A22). As is expressed by Eq. (A14),

Di;(a a/,q,w) means that 7 is 72(e) and 7 is ](a’) The
equations for the spin correlation function in case B
are also given by Egs. (3.1) and (3.2), but with
§=¢=1r.

Except for the q dependence of the modes, Egs. (3.2)
are the same as derived by others.® All these modes have
also been observed’ electromagnetically in RbMnFs.
On the other hand, the present treatment also yields
the spectral weights of the modes in all directions. Thus,
one can see that when ¢ is im, w,y =0, and that the
electronic and nuclear modes labeled plus depend on H,
and can be excited only by a spin perturbation parallel
to Hy, while the modes labeled minus do not depend on
H, and can only be excited by spin perturbation per-
pendicular to Hy, Sy, and S,.® One can also calculate
So and X;; within the RPA by using these functions.®

In Appendix B, some of the effects of the antiferro-
magnetism on the phonon spectrum are derived. A
convenient way of expressing these results is through
the equation

WP =wo(qQ\) +M1S0? Z {C:(a)Dz:(ad’,q,0)Co(a)

+Cg(d)Dgg(dd,,q,w> Ci?(al)} )

where w and q are the frequency and wave vector of the
phonons, M is the mass of a magnetic cell, and wo(q,\)
is the frequency of the phonons in the branch A in the
absence of the antiferromagnetism. The C’s for cases
A and B are given by the equations

(3.3)

Cz(a) =3Gu[S.(a)S.(a)/S*(a) J(esqsteyqy—2e.4.)
+Gasf [Sx(a)sz(a)/SZ(a)](3w9y+3ﬂqz)
+[S.2(a) —S.*(a) 1/V25%(a) (3.40)

X (g-eytqueatqaeatqaes)},

Cy(a) =3Gul[Sa(a)/S(a) J(gyey—qata)

+G44[52(d)/\/25(a)](qzey+qye= —Q:6a—qaty)
for case A and
C:(a) =3Gun3(6'%)(gato—quey)
+(Gaa/6M)(—geey—que:—qs60—qst2)
Cy(@) =3Gun(2'12/9"1%)(2g.0.— gz62—qyey)
+[Gae/(18) 2] 20(gueatgaty)
+(geeytque.—gu6o—gse2) ]

(3.4b)

for case B. In these equations, e; and ¢; refer to the
phonon polarization and wave vector along the cubic
%, v, and z axes of the crystal, and S.(a) and S.(a) refer

6 See Ref. 1 and references therein.

7D. T. Teaney, M. J. Freiser, and R. W. H. Stevenson, Phys.
Rev. Letters 9, 212 (1962); M. J. Freiser, P. E. Seiden, and D. T.
Teaney, 2bid. 7 293 (1963) A. J. Heeger and D. T. Teaney, J.
Appl. Phys. 35, 846 (1964).

8 This dlffers however, from notation used in Ref. 7.
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TasLE L. Coefficients C;2 and C,? to be used for cases A and B in Eq. (3.5). The vector q
is the phonon wave vector and e is the polarization vector of the mode.
Elastic Mode C,? for case A C,2 for case A C,? for case B C,2 for case B
qllel|C001] 9G11? sin cos? 0 0 2G1s?
qlleli[100] (9/4) G112 sin%0 cos?d (9/4)G112 sin2 3G 3Gi?
qllell[110] (3G114-Gs)? sin%0 cos?0 0 0 (2/9) (G11—G1a)?
qlle/lC110] 3 (G11—Gas)? sin? cos?f 0 0 (2/9) (3G11+Gua)?
qll[[110],e[[110] 0 (9/4)G1s? sin%0 3Gun? 0
q|l[110],e[i[001] Gua?(cos?0—sin20)? 0 3G 0

to the components of sublattice spin in the coordinate
systems given by Egs. (2.3) and (2.6). Since these
equations are somewhat ponderous, the results are
tabulated in Table I in the form

w?=we?(qQ\)+4M1¢%S,
X I:C¢2D5,-5;(da,q,w) +Cy2Dgg(dd,q,w)] (35)

for a few elastic modes. For acoustic phonons in
RbMnF; and frequencies less than or of the order of
wny (less than 101 sec™), the ¢ dependence of the D’s
is negligible and is henceforth neglected.

If D,j(ad’,0,w) in Eq. (3.3) is approximated by its
zero frequency limit, our results are equivalent to the
theoretically results in M&B? and in M?® for case A.
Their results were derived by neglecting the dynamic
coupling between the electronic and nuclear spins (the
D term in Eq. (A9) which is correct (except for very
small correction terms) for w=0.

In spite of the fact that our results are essentially
equivalent in case A, a couple of points are worth
mentioning. First, when H, is parallel to [001], cos¢
=cosf approaches zero sharply but continuously as
H, approaches the spin-flop field, H,=3HzgH 4)'?,
from below. Since w,y is equal to zero when H=H,,
the zero-frequency limit is not appropriate near this
point. Because of this, the fact that higher-order terms
have been neglected, and the fact that a small error in
¥ can have a large effect, the equations are somewhat
unreliable for =0 in small neighborhood of H, near
H.. Second, the theory and experiments agree only for
angles ¥ up to about 40° instead of arcsinf~ 54.7°. The
reason for this is presumably that at least part of the
sublattice magnetization is somewhat different from
what has been used here.

Our case B is in agreement with the experimental
findings of M but is in disagreement with his theoretical
findings. The reason for this is almost certainly an
error in the equilibrium magnetization used in M.

In addition to being in essential agreement with
low-frequency (w<Kwny) measurements, Eq. (3.3) can
also be checked against acoustic measurements at
near w, ! or wy. Since the theory used includes no

9R. L. Melcher, Ph.D. thesis, Washington University, 1968
(unpublished). Hereafter referred to as M.
10 The nuclear acoustic resonance for Mn in RbMnF; has been

mechanism for damping or line broadening, the phonon
absorption derived from the imaginary part of Eq. (3.3)
is a sum of & functions. This is clearly unrealistic and
may be remedied phenomenologically by replacing
w+ir7!, where 7= is a phenomenological relaxation
time. On the other hand, the change in phonon velocity
near, but not on, resonance is relatively insensitive to
7if wr>>1.

Preliminary investigations!? indicate that the changes
in the phonon velocity near the nuclear resonance fre-
quencies predicted by Eq. (3.3) are correct to within
experimental error. A value of 4;~2.5X 108 erg/cm and
the values used by Ince! for the quantities in Eqgs. (1.5)
where used in this comparison. These values of the
parameters in Eq. (3.3) also give good agreement with
the work of M&B and M. The reason for the differ-
ence in the value for 4; used here and in the value used
in M&B is that we have used Ince’s value for H,4 and
they used a somewhat lower value. Except for H, near
H,, as discussed above, their measurements®® depend
only on the ratio 5:2/H 4.

Finally, a brief summary of the approximations used
in Appendix B to obtain Eq. (3.3) from the electronic-
spin correlation functions is in order. These approxi-
mations are essentially the ones used by Bennett and
Pytte' in a higher-temperature regime. First, only the
lowest-order perturbation theory correction to the
phonons through the magneto-elastic coupling is used.
In view of the smallness of the coupling involved, this
should be a good approximation. Next, a four-spin cor-
relation function is approximated by the sum of all
possible factorizations in terms of second-order (or
less) correlation functions. This is the most shaky ap-
proximation used in the Appendix. Finally, only those
terms that involved only one time-dependent correla-
tion function were kept in obtaining Eq. (3.3). Clearly,
only those terms contribute significantly for frequencies
near wey and w,y. The contribution from the remaining
terms at low frequencies and at the sums and differences

reported by J. B. Merry and D. I. Bolef, Phys. Rev. Letters 23,
126 (1969).

11 The mechanism coupling the nuclear spins and phonons used
here is essentially that used for a uniaxial antiferromagnet by S. D.
Silverstein, Phys. Rev. 132, 997 (1963).

2 J. B. Merry and D. I. Bolef (private communication).

8 The differences in the values for the anisotropy field is pre-
sumably due to differences in the crystals.

4 H. S. Bennett and E. Pytte, Phys. Rev. 155, 553 (1967).
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of Wy (q), wa(q), wer(q), and w, (q) are now under
investigation.

APPENDIX A

In this Appendix, the equations of motion for the
electronic-spin correlations are obtained and solved.
Units where #=1 are used, but 7 is reinserted when the
formulas are used in Sec. II.

The contribution to (8S:;/9f) from the anisotropy
energy is treated semiclassically by quantizing the

torque term
0S5 dE,
G) 15 )
at/, aS

where the Latin subscripts denote Cartesian directions.
The operation & denotes that S goes into S+6S and
that only first-order terms in &S are kept. The result
is conveniently written in the form of a magnetic field
contribution as

(A1)

aS;
( ) =—2 eiuuct ;i 6Sk, (A2)
a 7.k

a¢

where e is the usual antisymmetric tensor. The term is
quantized by replacing 8S with the operator .S and re-
placing the rest of the .S’s by their thermal averages.
By including the rest of the Hamiltonian given by
Eq. (1.1), one finds that the operator equations of
motion for S and I are

3S:(a)
i py =1 Zk €ije{ — e Hoj+Hji' () ]Sk(er)
+2 J(@,@)S()Sk@) — AT (@)Sk(@)}, (A3)
1 ()
{ Y =1 Zk €ijpl —unH ol () —ASi(a) k() ],

where Ho; is the jth component of Hj.

In order to obtain the electronic-spin correlation
functions defined by Eq. (1.3), the following definitions
are made:

Dij(et,o’t') = —i(T(Si(et) Si('t)), (A4)
Dijlat,e’t) = —i(TT (o) Si(/t))),

where 7" denotes that the bracketed operators are time
ordered, S is defined in Eq. (2.1), and I is I—(I). In
the RPA, expectation values of a product of three
operators are approximated as follows:

{4 B C)=(4 BXC)+{4 C)B)
+(B C)(4)+(4)XB)XC).

FEDDERS 1

One thus obtains

.aDu(ai,alt') .
1*”*——6 +i Y ep{u Ho+Hji (@) IDrifat,'t')
¢ ik

+2 J(@,@)[Si(@) Drilat,at') = Si(e) Drnlat,e’t') ]

+A[I;(a) Diiat,a’t’) —S;(e) Dii(at,es') ]}
=1 Z euij(a)5(a,a’)5(l—l') (AS)
and ]
(?D“(at,a't’)
—

py +i Y eijp{ [uad oj+ASi(e) 1Dii(at,e’t')
7.k

—I(a)Diat,e’t)} =0. (A6)

It is convenient to Fourier-transform these equations
in both space and time. The time transform is the usual
one employed with thermodynamic Green’sfunctions:

D(w,)= / D@)eiods, (AT)

where w, is (mv/—if) and the integral runs from O to
—1B. Here, 8 is 1/kT, and » is an even integer. The
retarded Green’s function may be obtained by the
prescription

D(w)= lilg}_ D(w,=w+1ie). (A8)

Using this and the spatial transform defined by Eq.
(2.2), one obtains the equations

wDa(ad’ ,q,w)+i Y e[ Hji(a,q)Diaad’,q,0)
7.k

+J(aﬁiq)sf(a)Dkl(da,7q;w) - ASf(a)Dkz(aa',q,w)]
=12 e;5(a)8(a,a’), (A9)

wDi(ad’ ,q,0)+iY e[ Bi(a)Dii(ad ,q.0)
gk
_‘AIJ'(a’>Dkl(da',7q7w)] =0 ’ (AIO)
where @ is 1 (or 2) if ¢ is 2 (or 1), S(a) and I(e) are the
thermal averages of the electronic and nuclear spins on
the sublattice @, and

Hji(a,Q) =L H;i (a)+Ho1—J (a&,0)S;(a)
- [](aa,O) ‘—J(dd,q):lSj(d) +AI]((1> )

Bj(a)=p.Hoj+AS;(a).

(A11)
(A12)

It is convenient to first solve these equation by
neglecting the D term in Eq. (A9). Using the easily
verified facts that

2 Si(a)Di;(aa’) =% Di(aa’)S;(a") =0
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and that S,(a) and H;,(a) vanish in the coordinate
systems defined by Eq. (2.3) for case A and by Eqgs.
(2.6) for case B, one can straightforwardly obtain the
solution D;;(ad’,q,w). The solution is most conveniently
expressed in terms of the spherical components
D,,(aa’)=Dzz(aa’) —pvDyy(aa’)

+i1’iDg;;;(dal) —"L.V,ng(ddl) , (A13)

where the q and » dependence of D has been suppressed
and D;;(aa’) is a shorthand notation for

Dij(aad’) =Dy i (ad’). (A14)

The indexes u and » take on the values +1 and —1.
After some straightforward algebra, one obtains the
following formulas:

D, (aa) =D Y —vS(a)D/w+[uwS(a)+3¢;(a) - S(a)]
X[Cy(@)(wS(a)—v3e,(a) - S(a))
—Cqa)vJ (ai,q)S(a)-S(@)]/S(a)w
+[J(ad,9)S(a)/w]
X[C2(a)(wS(a) —r3e,(a)-S(a))
—Ci(a)rJ(da,9)S(a)-S(a) ]},
D (@) =D [uwS(@)+3¢;(@) - S(@) ]
X [Co(a)(wS(a) —r3e,(a)-S(a))
—vC1(a)J (@a,q)S(a) - S(@)]/wS(@)
+[J(da,9)5(a)/w]
X [C1(@)(wS(a) —v3e,(a)-S(a)
—vCy(a)J (@a,q)S(a)-S(@))],

(A15)

where

D=C1(1)C1(2) —Co(1)C:(2) ,
Ci(a) =w?—3¢,(a) - ¥ (a) —J (12,9)7 (21,9)S(1)-S(2),
Ca(a) =J (ad,q)S(a) - (34(2)+3¢,(a)) (A106)
3¢,(a) =(Hzy(a),0,H.,(a)),
3;(a) =(H:.(a),0,H .2(a)).

In order to obtain the electronic-spin correlation
function for the system of couple electronic and nuclear
spins, the coupled equations (A9) and (A10) must be
solved. Towards this end, the further restriction that
|S(1)| equal |S(2)| is imposed. Further, it is assumed
that H, can be neglected with respect to 4S(a) in
Eq. (A12), so that S(e) and I(a) are parallel. These
restrictions are discussed in Sec. II1.

In contrast to Eq. (A9), Eq. (A10) is a vector equa-
tion where Dy, is considered as a vector in the index 4.
Schematically.the equation reads

wD+iBXD—idIXD=0.

Using the fact that S-D and S-D are zero, one easily
obtains the equation

SXD=A[—SXD(B-I)—iwD(S-I)]/(w?—B?).
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Using this in Eq. (A10), it is easily seen that by making
the substitutions
o — w(1—A4%S/(w?*—B?)),
3¢ji(a) — 3ji(a)+A4°BIS;(a)/ (w*—B?)
that Eqgs. (A15) and (A16) are again valid.
Using the prescription found in Egs. (A1) and (A2)

nonzero components of the “anisotropy fields” H’ in
case A are easily found to be

H./(1)=H,/ (1)=KJS1® cosf_(5 sin20_—2),
H,/(1)=KS,*sinf_(6—7 sin%_) ,
H.' (1)=2KS%sin%0_,

0_=0—t,

(A17)

(A18)

for the sublattice 1. Those for the sublattice 2 are ob-
tained by letting Sy go into —S, and 6—¢ into 64+ In
what follows, it will be assumed that wgws and wgwyg
are of the same order of magnitude and that we? is, at
most, of this order of magnitude. Further, wg is much
greater than wo, w4 or wyg. These assumption are valid
for RbMnF; for magnetic fields of the order of a kG
or less.

The electronic-spin wave-resonant frequencies are
obtained by finding the zeroes of the function given in
Egs. (A16). With the definitions

1
C1(2) =w2—~(L1:i:L2)1 y

(A19)
1
C2(2>=L3:§:L4,
D can be written as
D= (0?—we ) (0*—w.?), (A20)

wey2= L1 Ls?*+ (Ls— Lo)(Ls+Lo) V2.

Neglecting terms of order wy/wg compared to 1, one
obtains
Li=wo*(1—3% sin%p) —wo? cos?¢[ 1 —32aJa~+2wpwyr
+iwrwal £(6)+4(0) ]+2£°0(q),
Lo+ Li=4wwg COS¢[1 —%a],
Lz =2w¢? sin2¢p+wo? cos?¢p [1—3a o

+iwrwal f(6)—g(0)], (A21)
Ly— Ly=w cosp{2wnr(1—3a)+20p(1—352)Q(q)
+3wa[f(6)+4(0) 4 Fwaa
X[4—26 sin20+24 sin*0 ]} + 3w 400
X cost sing sinf —4+6 sin26 ],
where
£(6) = —1(2—13 sin?§+12 sin‘d),
= _1(0—" gin? ‘4
2(6) 1(2—7 sin20+3 sin%f) , (A22)

Q) =[(7*(12,0)—J (12,9)7 (21,9)) — 2/ (12,0)
X (I (11,0)—J (11,9)) 1/7*(12,0).
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These equations are valid for values of ¢ such that
(ga)? is less than or of order wa/wg and (wo/wg)?

The effect of the nuclear modes on the electronic-spin
correlation functions is evaluated only when X, can be
neglected. This restricts the treatment to either low
temperatures or magnetic fields many times (HgH 4)%
Under these conditions and the assumption that wy? is
much less than wswg, the nuclear modes are obtained

from Egs. (A18) and (A19) yielding
(A23)

As well as yielding the normal modes of the system,
the spin-correlation approach yields the spectral eight
of the modes. As a function of q and w, one obtains
Egs. (3.1) and (3.2).

The case where ¢ is 1, case B, is also given by Eqs.
(3.1) and (3.3) in the text with ¢ =0=13.

wnp?=wy*(1—20gwyE/we?) .

APPENDIX B

In this Appendix, equations are derived describing the
effect of the antiferromagnetism on the phonons. Using
the magneto-elastic Hamiltonian given by Eq. (1.3),
one can derive the change in the phonon dispersion rela-
tion due to the electronic spin to lowest order in the
magneto-elastic coupling

w?=w*(Q\) (VM) 3 ei(qN)e;(qN) GiiqiGimgm
X (—i)(—ig) / 44 (T(F 2100 Fom(g'd0)

Xexp[iBuw,(t—1')—iq-(1—-1)], (B1)

FEDDERS 1

where the e;(q\) are the polarization vectors of the
phonon modes, M is the mass of a magnetic ion, and the
first summation is over q, a, @’, L, U, 4, 7, [, and m. The
nonzero G’s are

Gss = 622 =Gll 5

(B2)
GIZ = st =G31 =Gau= Gaz = Gl3 =G4 y

and the nonzero F’s are
Fu=S8.2—3%(S5,2+S.?) and cyclic permutations,

Fio=F»n=3%(S.5,+S,S:) and cyclic permutations.
(B3)
The x, y, z here correspond to the cubic axes.

The approximation use here for the average of four
spin operators is the sum of all possible factorizations in
terms of lower-order correlation functions. Terms index
of ¢ do not contribute, and one is left with

(T(S:(1)SH(DSK(2)S5(2))) — (1)*[Dix(12)Djs(12)
+D:(12)D;(12) ]+ (1) [Si(1)Su(2) Dir(12)
+S;(1)Sk(2) D2 (12)4-S:(1)S:(2) D (12)

+8:(1)Sx(2)D;(12) ],
Dix(12)= D x(arts,eals) .

(B4)

In this paper, the terms in the first set of brackets are
neglected. They do not contribute significantly to the
phonon behavior near the spin wave-resonant
frequencies.

After some lengthy but straightforward algebra, one
arrives at Egs. (3.3) and (3.4).



