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The inelastic-neutron-scattering technique was used to measure the magnetic excitation spectrum
of Mn?* triads in CsMngsMgg 72Brs. It is shown that biquadratic two-spin and particularly three-
spin interaction terms distinctly contribute to the spin coupling of the Mn?* ijons. The present
work thus provides direct experimental evidence of the existence of three-body forces in an in-

teracting system.
PACS numbers: 71.70.Gm, 75.10.Jm

The interpretation of physical properties of coopera-
tive systems is generally based on models which are
built up in terms of pair interactions. Although the
concept of two-body interactions is only an approxima-
tion, its wide application is justified by the lack of ex-
perimental evidence for the existence of n-body in-
teractions (n > 2). Nevertheless, there are indica-
tions for important effects of many-body forces in
various fields, e.g., effects on the correlations in disor-
dered binary alloys,! on the spin coupling of polynu-
clear transition-metal complexes,? on the spin struc-
ture of solid He,? on the stability of nuclear matter,*
etc. In all these cases, however, the importance of
many-body forces was made plausible by theoretical
arguments alone. The aim of the present work is to
provide direct experimental proof of the existence of
three-body forces in an interacting system, specifically
the existence of a three-spin interaction in the magnet-
ic solid solution CsMng 3Mg, 7,Br;, with use of the
inelastic-neutron-scattering (INS) technique.

The exchange interaction of localized S-state ions is
usually well approximated by the Heisenberg model
which is based upon the bilinear spin permutation
operator

Py=+(1+8,-S)). (n

An exact spin Hamiltonian will contain terms of higher
order in the spin operators. nth-order exchange can
formally be written as the product of » permutation
operators; e.g., biquadratic exchange is thus of the
form

132/ = '%'[ 1 + :Zf;i * :;j + ( E;i * E;j') 2 ], (:221)
PUij=%[l+si'sj+Sj'Sk+ (S,S,)(S,Sk)],
(2b)
PUPk,=},—[1+S,--Sj+Sk'S,+(S,-Sj)(Sk-S,)].
(20)
1956

The last terms on the right-hand side of Egs.
2(a)-2(c) refer to two-spin, three-spin, and four-spin
interactions, respectively. Recently we have demon-
strated the importance of the biquadratic two-spin in-
teraction, Eq. (2a), by an INS study of the excitation
spectra of Mn2* pairs in the solid solution
CsMn, Mg, _,Br;.> We have now extended our mea-
surements to include Mn?* triads and found evidence
for the existence of the biquadratic three-spin interac-
tion, Eq. (2b), as discussed below.

CsMnBr; is a nearly ideal, isotropic, one-
dimensional Heisenberg antiferromagnet with S = -;—
The exchange along the hexagonal ¢ axis is almost 3
orders of magnitude larger than in other directions,®’
so that the formation of linear clusters of Mn?* ions
in CsMn,Mg, _ ,Br; occurs along the ¢ axis. The spin
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FIG. 1. Lower part of the energy-level scheme of Mn?*
triads in CsMn,Mg, _ Br; calculated from the model param-
eters given in the text. The arrows denote the transitions
observed in the present work.
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FIG. 2. Energy spectra of neutrons scattered from CsMngsMgg7,Br;. (a) The sideband at 4.8 meV corresponds to a
longitudinal-optic phonon (Ref. 10). (b) The intensity increase at the low-energy side of the spectrum is due to an excited-
state pair transition (Ref. 5). (c) The intensity increases at the low- and high-energy sides of the spectrum are caused by
ground-state and excited-state pair transitions, respectively (Ref. 5). The (004) scattering planes were used for both the mono-

chromator and the analyzer.

Hamiltonian of a Mn2* triad in CsMn, Mg, _ ,Br; with
exchange couplings up to second order reads

quadratic three-spin exchange coupling. Since #°; and
X+ give rise to off-diagonal matrix elements, Eq. (3a)
was diagonalized in first-order perturbation theory

K=K+ I 5, (3a)

! 2 3 (i.e., for |K|,|L| << |J|). The low-energy part of the
with eigenvalues E(S;3,5) is illustrated in Fig. 1 for the
- . . . 3 model parameters resulting from the present experi-
# 2J(81°5,+8,°5,) ~ 275, -8y, (3} ments. The quantum number S denotes the total spin,
Hy=—KI[(S;-8)%+(S;-8;)21 - K'(S;-S3)?, S=S,+8,+8;, and the additional quantum number
(3¢) Si3 is given by S;3=8,+8S;. The eigenvalues
W o . . ) ) E(S,3,S) are linear combinations of the model param-
X LU(8:1°5,)(8:°8,) + (85-5,) (S, -S0)1. eters which therefore can be directly determined by

(3d) spectroscopic methods, e.g., by INS measurements.

J¢1 and J¢, describe the bilinear and biquadratic two-
spin nearest- and next-nearest-neighbor exchange in-
teractions, respectively, and 273 is equivalent to the bi-

In the INS experiment all transitions with AS
=0, =1 and AS;3=0, +1 are allowed, and the inten-
sity of a particular triad transition |S;3,S) — [S{3, S’)
is given by?®

__‘Zz_‘f_._zz_v_ l.e_z_. 2k_’ — 2 QaQﬂ 2 E(SU,S)
dQ do = 37 mec2] Xk exp{ 2W(Q)}F (Q)a’zﬁ Saﬁ— Q2 Maﬂ exp —.._kBT
x (14 (= 1)* 1 cos(Q-Ry3) +28(8)3,573) [1—cos(Q-Ryp) —cos(Q-Ryy) ). @

N is the total number of triads in the sample, Z the
partition function, k and k' the wave numbers of the
incoming and scattered neutrons, respectively,
Q=k—k’ the scattering vector, F(Q) the magnetic
form factor, M,,z,p the transition probability, and
R;=R;—R;, where R, is the position vector of the
magnetic ion. The remaining symbols have their usual
meaning.

The INS experiments were performed at the DR3
reactor at Risé and at the reactor Saphir at
Wiirenlingen. At Rise the triple-axis spectrometer

TAS7 which is installed at a neutron guide connected
to a cold H, source, was used. The scattered neutron
energy E’ was held constant at S meV, giving rise to an
energy resolution of 0.28 meV. At Wiirenlingen we
used the triple-axis spectrometer R2 with either the in-
coming energy E or the outgoing energy £’ of the neu-
tron kept fixed at 15 meV. To gain intensity the ex-
periments were carried out with use of a vertically or
doubly bent graphite monochromator as well as a hor-
izontally bent graphite analyzer, with the (002) planes
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FIG. 3. Energy spectra of neutrons scattered from
CsMng ;3Mgo 72Br3.

as scattering planes for most scans. Pyrolitic graphite
or cooled beryllium filters were inserted into the neu-
tron beam to reduce higher-order contamination. The
measurements were carried out in the neutron
energy-loss configuration for several Q vectors in the
temperature range 2=< 7 << 70 K. The single crystal of
CsMn, ,sMg, 7,Br3, grown by the Bridgman technique
as a cylinder of 0.7-cm diameter and 1.5-cm length,
was oriented so as to place the (101) plane into the
scattering plane.

Typical energy spectra are shown in Figs. 2 and 3,
which demonstrate the power of the INS technique to
identify clearly the triad excitations according to the
characteristic dependence of the peak intensities upon
the scattering vector Q and the temperature 7. The
I5,2) — 14,3) and [4,3) — |3,2) triad transitions

displayed in Fig. 2(c) could not be separated from each
other, since they essentially coincide at the same ener-
gy and contribute to the scattering with roughly equal
weight. Energy spectra of the |5,3)— |5,2) and
IS,2) — |5,%) triad transitions have been published
by Falk et al® The phonon dispersion of
CsMng ,sMg, 7,Br; has also been studied in detail'® in
order to avoid any misinterpretation of the observed
spectra. Table I lists the eight excitations which have
unambiguously been attributed to particular triad tran-
sitions according to the cross-section formula (4).
Various least-squares fitting procedures were used in
the analysis of the experimental data as shown in Table
I. Model A was based on the bilinear Heisenberg
Hamiltonian [Eq. (3b)] and failed as expected.’ The
data analysis of model B was carried out on the basis of
a two-spin Hamiltonian 9, +5°, [Eqs. (3b) and (3¢)]
with K'=0, since |J'| << |J| and therefore |K’|
<< |K|. The full Hamiltonian (3a) was used for
model C (again with K'=0), which provided a consid-
erably improved standard deviation compared to
model B. Thus the most reliable model parameters are

J=—0.777 £0.006 meV,
K=(8.4%0.9)x1073 meV,
J'=—0.011 £0.009 meV,
L=1(6.1%0.6)x1073 meV.

The nonzero value of L clearly demonstrates the existence
of a three-spin interaction in CsMny ;3 Mg, 7, Br;. Other
types of interactions, in particular both single-ion or
two-ion anisotropy terms and dipolar interactions, can

TABLE 1. Observed and calculated triad transitions of Mn2* ions in CsMng sMgg 7,Br3, analyzed on the basis of the Hamil-
tonian (3) for K'=0; (A) J=—0.8702 meV, J'=—0.0083 meV, K=L=0; (B) J=—0.7858 meV, J'= —0.0123 meV,
K=0.0143 meV, L=0; (C) J=—0.7768 meV, J'= —0.0109 meV, K =0.0084 meV, L =0.0061 meV. X2 denotes the stan-
dard deviation of the calculated transition energies from those measured.

Fwee (meV)

15138) — |815,8") E(S(3,S")—E(S}3,5) Fwgs (meV) A (x2=5.22) B (x2=3.13) C (xX2=1.67)
15,5) — 14.3) —5J+10J'+33K +36L 4.27 +0.03 4.27 4.27 427
15,3) — 15, 7) —7J+42K +51L 6.10 +£0.02 6.09 6.10 6.10
15,3) — 14,3) —10J +10J'+ 50K +75L 8.52 +£0.09 8.61 8.44 8.53
15,5) — 14,%) —17J+10J'+ 68K +115L 14.74 £0.15 14.71 14.20 14.37
14,3) — 14,3) —5J+16K +40L 4.21 £0.08 4.35 4.16 4.26
15, %) — 14,3) —3J+10J'+8K +25L 2.45+0.10 2.53 2.34 2.44
15, 5)— 15,%) —9J+38K +45L 7.58 £0.05 7.83 7.61 7.58
14,3)— 13,3) —3J+8J +13K +15L 2.4540.10 2.54 2.44 2.44
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be ruled out, since the latter contribute less than 0.02
meV to the triad energies, and any anisotropic interac-
tion would lift the (25 +1)-fold degeneracy of the
spin multiplets, which is not observed. Intercluster in-
teractions are expected to be smaller than |J’| and thus
not observable within the energy resolution of the
present experiments; moreover they would broaden
rather than shift the triad excitations.

As discussed in Ref. 5 it is likely that the biquadratic
spin coupling of Mn2* pairs in CsMn, Mg, _ ,Br; is the
result of magnetostrictive effects.!! If this is also true
for the triads, the biquadratic interaction will be of the
form

%4="‘k(sl‘82+82‘83)2, (5)

i.e., for K=K =Land K'=0 we have ¥4 =30, +% 3,
see Egs. (3c) and (3d). Indeed, the biquadratic cou-
pling parameters K and L resulting from our experi-
ments are roughly equal, which supports the hy-
pothesis of magnetostrictve forces being the origin of
the biquadratic interaction.

In summary, we have demonstrated that biquadratic
two-spin and particularly three-spin interactions dis-
tinctly contribute to the spin coupling of Mn?* triads
in CsMn,Mg, _,Br;. We point out that higher-order
spin interactions usually cannot be unraveled by a

study of the system in the cooperative state,® but man-
ifest themselves only in especially tailored experiments
as discussed above.
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