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Raman Scattering in FeBO3 at High Pressures: Phonon Coupled to Spin-Pair Fluctuations and
Magnetodeformation Potentials
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The first direct measurement of the modulation of the magnetic superexchange parameter J by optical
phonons is reported. High-pressure Raman scattering studies of the model compound Fe803 reveal an
unexpectedly large interaction between a (BO3) internal mode and spin-pair excitations. By pressure
tuning J, resonant decay of the phonon into the two-magnon continuum and associated mixing were ob-
served yielding a phonon-magnon-pair coupling constant g = (0.15-0.20)J.

PACS numbers: 7S.SO.Ee, 75.30.Et, 7S.80.+q, 78.30.Hv

We report the first direct observation of the modulation
of the superexchange parameter J in a magnetic material
arising from optical phonon distortions. The physics of
this modulation mechanism is of interest because of its

potential relevance to the spin Auctuation spectrum in a
wide variety of magnetic materials possibly including
high-temperature superconductors and their insulating

parent compounds where a number of mysteries remain
unsolved [1]. Here, we present a high-pressure Raman
scattering study of the model antiferromagnet FeBO3
[2,3] in which we found relatively large changes of J due
to ion displacements at optical frequencies.

In magnetic insulators whose low-lying electronic exci-
tations are described by the Heisenberg Hamiltonian [4],
the electron-phonon coupling V manifests itself through
the modulation of the exchange interaction by the vibra-
tions. To lowest order in Q,

because, at ambient pressure, its Raman spectrum exhib-
its an internal (BO3) vibration which has the same

symmetry (Eg) as, and occurs above the cutoff' energy
for, 2M scattering [12]. By applying high pressures, we

were able to tune the 2M peak to resonate with the pho-

non while monitoring the behavior of both excitations us-

ing Raman scattering. The Raman spectra exhibit a
Fano-like resonance line shape due to mixing of the pho-

non and the 2M continuum from where the magnetic de-
formation potential can be readily determined.

FeBO3 crystallizes in the calcite lattice with two for-
mula units per cell (Fig. 1). Its structure consists of

V= g " QS. .S, ,
m)p g o

where St is the spin localized at the lth lattice site and Q
is a phonon coordinate operator. The exchange integral
J p depends on the relative positions of sites m and p
and, therefore, on Q. By analogy with usage for the con-
ventional semiconductor and metal counterparts [5], the
coeflicients t)J~p/|)Q will be referred to as magnetic de-

formation potentials [6].
Much of the understanding of V comes from early

magnetostriction (or exchange-) striction work bearing
primarily on the interaction with acoustic phonons [7].
These modes are also relevant to a possible magnetic iso-

tope effect [8] and, more generally, to measurements of
the pressure dependence of magnetic parameters [9]. In
this work, the focus is on optical phonons. Coupling be-
tween spin pairs and optical modes has been considered
theoretically (including a proposal for phonon-mediated
Raman scattering by magnon pairs) [10] but, to the best
of our knowledge, there have so far been no experimental
studies [11]. We chose the model compound FeBO3 [2,3]
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FIG. 1. Crystal structure of FeB03. The antiferromagnetic
spin configuration is denoted by arrows attached to the cations.
Inset: Three-layer projection on a (111) plane. The central
Fe3+ ion and three (of a total of six) nn cations and anions are
indicated. Thinner arrows represent schematically one of the
states of the doubly degenerate internal (BO3) 3 mode.
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~ (2»n//3)S [S +S ] (2)

with vertical arrows denoting the two sublattices. St,, is

the spin of the central magnetic ion at r~, while S~,, +,
and + t„are the spins and the relative positions of its
neighbors.

The relevant (doubly degenerate) E~ phonon of the
planar (BO3) group is depicted in the inset of Fig. 1

[16]. The most general linear coupling between 2M exci-
tations and the internal mode is given by

V=g[DX,'Q +D*X, Q'],
j

(3)

where D is a constant and Q
—= ~ (i/J2)[Q,

+e '/ ~Qp] are orthogonal components transforming
like Eg Q, and Q~ are di.splacement operators associated
with the motion shown in Fig. 1 and the (2n/3)-rotated
pattern, respectively.

For a given excitation of symmetry Eg, the Raman
cross section is determined by two independent parame-
ters associated with different geometries [13]. If the elec-
tric vectors of the incident and scattered photons, E and
E, are both orthogonal to the trigonal z axis, the com-
bined scattering Harniltonian reads

close-packed alternating (111)layers of Fe'+ cations and

(BO3) anions in an fcc-like stacking; the point group is

D3d [2,3]. The magnetic ions occupy octahedral sites and
their ground state is an orbital singlet ( A~~). Below the
Neel temperature T~ =348 K, FeBO3 orders magnetical-
ly with the Fe +

spins (5= —,
' ) lying perpendicular to

[111]due to weak anisotropy. Except for a slight canting
of the two sublattices, leading to a weak ferromagnetic
moment along [110], the alignment is antiferromagnetic
[2,3]. Exchange is dominated by nearest-neighbor (nn)
intersublattice interactions with J=9.6 cm ' at ambient
pressure [3] (here, we write the Heisenberg Hamiltonian
as H=g &&J~pS S~ to avoid double counting; note
that J & 0 for antiferromagnetic coupling). In the follow-

ing, contributions due to other exchange and anisotropy
constants (which are at least an order of magnitude
smaller [3]) will be ignored.

In conventional Rarnan scattering by phonons and
spin-pair fluctuations, the D3d representations that matter
are A~~ and Eg [13]. Within the standard model apply-
ing to antiferromagnets, the 2M transition operator con-
sists of bilinear combinations involving pairs of spins on

opposite sublattices [14]. For the usually dominant nn

contribution, such terms can be shown to transform like

A~g+E~+A~„+E„(sixnn pairs). Symmetries A~„and
E„areRaman forbidden. Given that the A~g term is

proportional to the Hamiltonian and, thus, that it cannot
induce transitions, it follows that pair fluctuations probed

by light scattering are of Eg symmetry. This conclusion,
based on the neglect of all but nn terms, is supported by
experiments [15]. Locally, the E~ spin-pair components
can be taken as

GzM =(5 /2/r) [GzM/(I+ JGz~)], (s)

where Gz~ =(2/N)gqA~ [hen —26 Qq]
'

is the nonin-
teracting 2M Green function given in [17]. Here, A~ is a
geometric factor, % is the number of cells, and A, q is the
frequency of the magnon of wave vector q (the wave vec-
tor of the pair is k =0).

The experiments were performed on single crystals of
FeBO3 at T=95 K. Samples of dimensions 100&100
X40 pm (larger surfaces cut normal to [111]) were

cryogenically loaded into a Mao-Bell diamond-anvil cell
[18] with the gasket filled with liquid argon; data using
methanol ethanol (4:1) as the pressure-transmitting
medium revealed no appreciable diAerences. After load-

ing, the cell was mounted in the high-vacuum chamber of
a specially designed optical cryostat operating in the
range 85-300 K. The design allows one to change pres-
sure from outside using a mechanical feedthrough. Tern-
perature was controlled by varying the flow of liquid ni-

trogen through a copper block in thermal contact with

the cell; the cryostat's drift is -2 K on a 60-min time
scale. For pressure calibration, we used the standard
ruby fluorescence method [19]. The measured width of
the ruby R lines at P =20 GPa translates into h, P = + 1

GPa; this represents an upper limit for the dominant un-

certainty due to nonhydrostatic contributions. Raman
spectra, with —2 crn resolution, were obtained using a
DILOR-XY multichannel system and 100 rnW of 514S
A focused to a spot of radius —20 pm. C onsistent with

the low absorption of FeBO3 below —4500 A [2], effects
due to laser heating (as probed by, e.g. , the width of' the
2M hand) were negligible. Unless stated otherwise, the
polarizations of the incident and scattered light are per-
pendicular to [111],i.e. , HR is given by Fq. (4).

At ambient pressure, the energy of the E~ mode, Acop,
lies above the cutoff of the 2M continuum at —4JSz [12]
(= =6 is the number of' nearest neighbors). With increas-

H, =Jr,"'[x,'w +x;w+]
J

+r,'"-"[Q'W-+Q -W+],

with W —=(E,E» —EyE), ) ~i (E»Ey+E),E„);rz~~/f and
rp"' are Raman amplitudes for 2M and phonon in-plane
scattering. The case where either E or E are parallel to
[111] has W —=(E,E, —E,E, ) + i (E,. E +E-,E,, ) and
two additional amplitudes (say, rzM and rp= ). The Ra-
man intensity is l(cu) ~ —Im[G(co)] where the Green
function G(co) is the Fourier transform of the correlation
function (H/f(t)H/f(0)); HR(t) is Hg [Eq. (4)] in the
Heisenberg picture [14]. As it will become evident later,
our results focus on hybrid terms involving correlations
between the phonon and magnon pairs. We notice that,
away from crossing, the spin-pair line shape in Fe BO3
agrees extremely well with the standard theory relying on
a mean-field treatment of magnon-magnon interactions
[12]. This approach leads to [17]
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ing P, the magnetic scattering shifts rapidly enough so
that it eventually resonates with and then overcomes the
phonon. This is shown in Fig. 2. Compared with the
internal mode, the 2M Gruneisen parameter is a factor of
—5.6 larger. Its actual value, 0.0178 ~ 0.0005 GPa
is consistent with low-pressure measurements of T~
(at P (0.3 Gpa) giving |IlnT~/BP =0.0152~0.0008
Gpa ' [20].

The important features of our results reflecting the res-

onant interaction are the enhanced phonon width and the

correlated intensity exchange in the range P =15-17 GPa
(Fig. 2). The measured largest additional full width at
half maximum is I p =10+ 3 cm '. Underlying the

mode s shorter lifetime is its coupling to the large density

of 2M states near the cutoff [17]. In terms of magnon

variables and for the phonon component of Fig. 1, Eq. (3)
becomes to lowest order (harmonic approximation)

1&2
(a+ a )QAq [(I + 2sinh 8~) (c~c -~+c~tc t ~) +sinh 8~ c osh 8~(c~tc~+ c qc —~—)1,~ 1/2

q
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FIG. 2. Raman spectra at several pressures. The incident

and scattered polarizations are normal to 1111]. Arrows label

the spin-pair continuum. The narrower feature at 660-680
cm is the (BO3) 3 in-plane bending mode.

where g is the coupling constant, c~ and c~~ (a and a )
are magnon (phonon) operators, tanh(28&) =I —(hQ~/
2JSz) and A =cos(q t1) —2cos(q t2)+cos(q ts). To
order g and approximating 8~ by zero (its value at the
cutoff' ), the resulting width is I p = 2rrg S (A~)n2sr
x (hoop) with (A~) = —,

' . Here, the density of states n2sr

is not the bare 2M density which diverges at the cutoff
due to a van Hove singularity. Because V and the
scattering term HR [Eq. (4)] have the same form, one ex-
pects n2~, like G(co), to be strongly modified by
magnon-magnon interactions; see Eq. (5). In 2M scatter-
ing, this coupling affects primarily the near-cutoff region

by converting the divergency into a peak of width

=0.4(JSz) [14]. Assuming that these results apply to
n2sr as well (see below), we infer from the experimental
width g = (0.16 ~ 0.02)J.

The intensity behavior in the crossover region is well

accounted for by Szigeti's coupled-mode theory with line

shape given by [21]

r2sr G2sr —2d r2sr &pG2srGp+rpGp2 2

I(co) = —Im
1
—h G2MGp

(7)

Here, Gp=[t'tro flNp+l'yp/2], G2~ is the Green
function of Eq. (5), and 5 is a phenomenological coupling
constant. The normalization of G2sr gives 6 =g S /2.
Parenthetically, we note that 1(m) at yp =0 is identical
to the well-known expression derived by Fano applying to
discrete-continuum interference [22]. Most of the pa-
rameters of Eq. (7) can be determined directly from the
experiments (particularly from data where the peaks are
well separated) and depend weakly on pressure. Not
unexpectedly, the P dependence of J is the largest. As
shown in Fig. 3, qualitative agreement with experiments
performed in a wide pressure range can be achieved by
varying J alone. We notice that the simulations accurate-
ly reproduce the intensity exchange and the larger width

of the phonon in the resonant region. The agreement im-

proves considerably by allowing the fixed parameters to
be varied slightly and by including broadening effects due
to pressure gradients. Specific examples emphasizing the
dependence of the line shape on the configuration are
shown in the inset of Fig. 3.

Consistent with the earlier estimate from I p, the line-

shape fits using Eq. (7) give g=(0.20+0.07)J. The rel-

atively large value of g reflects the pronounced sensitivity
of superexchange to variations of structural parameters
[91. A crude estimate of the coupling constant can be
made by assuming that J~l' where I is, say, the Fe-0-
Fe bonding length [9]. Thus, g/J —Q(8lnJ/Bl) —cg/I
with the phonon zero-point motion g =6/(2Mhcop)'~
=0.04 A; note that M —Mo-Mc. For g/J —O. l, one
obtains the exponent e—10. This value is of the same or-
der of magnitude as those found in other Heisenberg anti-
ferromagnets [9].
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