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It is shown’ theoretlcally that, 1f a strong magnetlc field H is-applied, effects due to
magnon-acoustical phonon hybndlza’uon should ‘be apparent in the far-infrared absorption
spectrum of FeF, consisting in a splitting and displacement of the two-magnon absorption
line when H approaches a value of the order of 200 kGs. The extinction coefficient for
absorption processes with creation of one magnon and one hybridized magnon~acoustical
phonon excitation, and its dependence on' the field H, are calculated.

1. Introduction

Ferrous fluoride FeF, is a- collinear, two-sublattice antiferromagnet which orders
at 78.4° K and has the rutile crystal structure. The unit cell of this compound with magnetic
structure is-shown in Fig. 1. Infrared, Raman and neutron spectroscopies have been used
to study ‘the elementary magnetic excitations (magnons) and crystal lattice excitations
(phonons). The neutron spectroscopy data-prove the existence of strong coupling between
acoustical phonons and magnons, which leads to néutron scattering from hybridized
. magnon-acoustical phonon excitations rather than from' pure magnons or phonons. In
experiment this is apparent by a “repulsion” of the dispersion curves in a frequency range
in which the frequencies of the interacting excitations lie close or are ‘equal to one- another
[1-3}:

Since the magnon frequency (without an external magnetic field) in the Brillouin zone
centre (i. e. in the region accessible to investigation by first order Raman scattering) is
52.7 cm~?, the. acoustical phonon frequency is practically equal to-zero and the lowest
optical phonon (the B,, symmetry phonon) frequency is 73 c¢m™1, one can obtain B, -optical
phonon-two magnons resonance interaction by applying an external magnetic field [4—6]
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However, the frequency of the magnon is too low to observe magnon-B, -optical phonon
resonance iriteraction in the magnetic fields now available.

In this paper we show that magnon-acoustical phonon interaction can be observed
by the method of far-infrared spectroscopy. It is well known that, in the FeF,-absorption
spectrum, with the incident beam polarization vector ¢ parallel to the c-axis (gl]c), the

Fig. 1. Crystal structure in the antiferromagnetic state (Lovesey [3]) and coordinate system xyz used
in this paper

154.4 c~* spectral line occurs, whereas if the vector ¢ is perpendicular to the c-axis
(e L c) a much weaker spectral line occurs at 154 cm~? [7, 8]. It is moreover known that the
occurrence of these spectral lines is related with the simultaneous excitation of two magnons
approximately with the wave vectors k and — k. Parity conservation causes that in absorp-
tion processes only states of negative parity, i. e. states |k> = (D UTk, | —ky— |1k, LKD)
can be excited. The symbols “1* and “|* distinguish the two kinds of magnons possible
in an antiferromagnet. Taking into account that the density of one-magrnion states exhibits
a sharp maxima in the points X, M, 4 and R of the Brillouin zone [9, 10]'and the selection
rules for quantum transitions in the absorption processes [9], one finds that for ¢||c and
¢ L c the two-magnon states |k) are excited from the point 4 and X, , respectively. Neutron
spectroscopy data [1] give the energy of the magnon from the point X as equal to about
80.7 cm~* whereas that of the TAL phonon (the one interacting with the magnons) as
about 98.4 cm~". Thus it is possible, by applying a magnetic field, to reach the resonance
interaction between these excitations from the point X. The symbol TA L stands for the
transversal acoustical phonon for which the unit vector e, in the direction of the lattice
atom displacements from their equilibrium position is perpendicular to the xy-plane if
the wave vector k lies in this plane. No interaction occurs between the two remaining
acoustical phonons and magnons for reasons of symmetry.

From the above experimental data it is easy to note that the energy of the state |k)
is smaller than the sum of the energies of the states |1k)> and 11k>. The difference is due
to magnon-magnon interaction [11] which we take into consideration approximately.
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In Section 2 we give the Hamiltonian of the magnon-phonon system in FeF, and
discuss the hybridization problem. The absorption phenomenon with simultaneous creation
of one “pure” magnon and one hybridized magnon-acoustical phonon excitation is
discussed in Section 3. In Section 4 are drawn and discussed some essential conclusions.

®
2. Hamiltonian of the magnon—phonon system in Fer

Let us consider FeF. ', at sufficiently low temperature when the spm wave approx1-
mation is valid. For the reasons given in the Introduction, we restrict ourselves to but
one phonon branch 1. e. to the TA L phonons neglecting the existence of the two remaining
acoustical phonon branches. The Hamiltonian H of the magnon and phonon systems of
FeF,, coupled by magnon—-phonon interaction descrlbed by a Hamiltonian H,,__,, is of

the form [2, 10, 12];

H = ; Eyop o+ ; E o0+ ; Epag ap+Hy_ oy, ¢y

where E,;, and E,; are the energies of both kinds of antiferromagnons, Ej is the energy of
the TAL phonon whereas oy, @, and aj (o, o, and a;) are the. creation (annihilation)
operators of these elementary excitations, respectively. If the external magnetic field is
directed along the negative z-axis, the magnon energies are given by the following expres:

sion
E = E;FgugH., 2

where the upper (lower) sign refers to the symbol 1 (}), E3 denotes the magnon energy at
zero external magnetic field, up — theé Bohr magneton, and g — Lande’s factor. According
to Eq. (2), it is possible to vary the magnon energles in experiment and, in this way, to
achieve magnon-phonon resonance interaction.

The model of magnon—phonon interaction Hamiltonian consisting in a phonon
modulation of the crystal field transferred to the spin system by way of spiniorbit coupling
is due to Lovesey [2]. This Hamiltonian is given by the following expression [2]

Hypw= ; (Vk“f;c +VEu_p) (ap+aty), 3)

where ¥ is a coupling constant dependent on k and 0= V,_,< V, < Vi, = 1.6 cm!
(kg is certain-vector from Brillouin zone boundary). Taking into account that photon
absorption at & L ¢ occurs mainly with excitation of magnons from the point X, we are
interested in the nearest surroundings of this Brillouin zone point. Thus we have neglected
in Eq. (3) the interaction of the ““1”-magnons with the phonons since the crossing
point of the appriopriate dispersion curves lies far from the point X. In Eq. (3) we have
omitted as well the terms containing ajo,”; and ax, g, related with the simultaneous
creation and annihilation of a magnon-phonon pair; in the first order of perturbation
treatment they do not contribute to magnon-phonon hybridization.



696
Performing the diagonalizing transformation;

- Be —ioy - Pk
ot = e %k cos—2— Cixte Ok sm—z—czk (4a)

ay = — ek sin %‘ i+ €%k cos ng Cap (4b)

(and similar expressions for a:;c and a; obtained by taking a Hermitian conjugation of
(4a) and (4b), respectively) where B, is given in a first approximation by the equation

2|Vl

tan f; = , (%)
' Ey—Ey
we obtain the Hamiltonian in the following form
H = ;Eﬂﬂ:&“m*‘ ;Elkcfkclk“*' %Ezkc;kczk’ (6)

where the energies of the two hybridized modes are given, in the same approximation,
by the following expressions

 Ejop = 2 (Ex+E)F L [4Vil*+(Ex—E*] ™

In Eq. (7), the upper sign refers to the energy E,, and lower sign to E,;, and the phase
coefficient ¢, is defined as ¥V, = |V,| exp (2igy).

3. Far-infrared absorption

Two different mechanisms of photon-two magnons coupling have been suggested.
The photon induced exchange mechanism proposed by Tanabe, Moriya and Sugano [13]
is the more effective one. However, we are not interested in a microscopic model of the
Hamiltonian, and thus consider the spin Hamiltonian H, derived from the theory of
crystal symmetry. This Hamiltonian, invariant under all operations of the magnetic space
group of FeF,, is of the form [14];

HS I Z {Dl(SfS,J; + SfS_)J‘) (gxo-y + eyax) + DZ(SfS_); - stj) (ﬁxO'y - aya'x)
i)
+ D3(S7S] + 818%)e,0,6,6.}, (8)

where D,, D, and D, are coupling constants involving the matrix elements of electric
dipole and exchange interactions [10, 13, 14], o, is defined as ¢, = sign (r;—r;), 1. €.
o, =1at (r;—r),>0and 6, = —1at {r—r;), <0, etc.; and summation runs over all
pairs of nearest neighbour spins.

The extinction coefficient % is defined as

_ 0 (N,
G oL (Nl)’ ©)
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where N and N, are the numbers of incident and respectively scattered photons per unit
time per unit cross-sectional area of the crystal, and L is the width of the crystal sample.
The ratio N,/N; can be written as [15]

N, W(@Le'”? 0
N, B tnie (10)

where W(t) is the probability of annihilation up to the moment of time ¢ of an incident
photon possessing a given polarization and wave vector, ¢ is the dielectric constant for
the incident light, and », is the number of photons in the crystal sample. We neglect, for
the time being, the magnon-phonon coupling. In first order of the time dependent perturba-
tion theory we obtain the extinction coefficient #, , at ¢ L ¢, for photon absorptlon with
excitation of a pair of magnons in the following form

321821 /? k,c
LN he § (nu+ 1) (ne+ 1) [DI + DI(ui +v7)*] cos® =
%
k.a k,a k.a . ,ka
N [sin2 - cos? % &, +cos’ T sin? —;— 8?,] S(hw—E,;—Ey) 1

where o is the frequency of the incident photon, and »,; and »,, are the population numbers
of the magnons. Equation (11) can be simplified by taking into account that the excited
magnons have wave vectors from the nearest surroundings of the point X. Thus we can put
u? =1, vg = 0, ny, = n,, ny = n,, (x denotes k from the point X). Obviously such an
approximation provides no possibility for a discussion of the line-shape which, in two-
-magnon absorption processes, is determined by two elements: the finite life-time of mag-
nons defined by the relaxation processes, and the circumstance that magnons are excited
from the whole Brillouin zone and not only from the point X (the appearance of a sharp
maximum in the absorption spectrum is due to the high density of magnon states in the
point X). We can include approximately both sources of the half-width I' of the spectral
line by performing the mathematical substitution

1 r
7 (ho— Efk ;k)2+rz

S(ho—Ey—Ey) - — (12)

treating I" as a phenomenological parameter. Finally, we obtain 4, in the following form:

4Ns2 e I,
A1) (n+1) (DI + D3 ,
Ot DOt DO G By T

h, = (13)
where N is the number of unit cells of the crystal.

Returning to the case of magnon-phonon interaction and taking into account Egs
4), (6), (11-13), we obtain the extinction coefficient for absorption processes with cre-
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ation of one ‘““{”’-magnon and one. hybridized “|”-magnon-TA L-phonon : excitation
in the form

321872 Z ‘
h, = he (nye+1) [DI +D3(ug +v3)* ]
%
koef . kea I» 2ka Lk
X cos> 5 (sm2 =3 ?os ; & +cos® 2a sm(2 "éiﬁi)

x [(N1k+ 1) cos? %’—‘~5(i’1w—E,k—Elk)+(N2k+‘1) sin? %{5(flw—E¢k—'E’2k)]f - (14

or

4NS%” (B :
hy = ———(n,+1) (D} +D3) {cosz "(N1x+1>
Fl 2 ﬁ Fz
+sin Ny +1 15
¥ (ho—EmE) + T 2 VD G —p e o

Eqgs (14) and (15) are the counterparts of_dur- preceding expressions for non-hybridized
magnons i. e. Eqs (11) and (13), respectively. It should be stated that the parameters
I, I'y and I'; which occur in Eqs (12) and (14) are in general different. .

4. Conclusions and discussion

Halley and Silvera [7, 8] have found that an external magnetic field of 26 kGs has no
influence on 'the two-magnon absorption spectral line of FeF,. The available' literature
reports no experiment on this line in a strong magnetic field e. g. of the order of 200 kGs.
We assume that such strong field has no influerice on the two-magnon line as well, if the
hybridization does not exist. It is equwalent to the assumption that the magnon-magnon
coupling, which participates in determination of the posmon and hne—shape of the two-
-magnon absorption spectral line [11], does not depend on an external magneticfield and that
such strong magnetic field does not cause any structural transitions, which could change the
structure of elementary excitations in FeF,. Although there is no experimental data, the
second assumption seems to be reasonable because of existence of high anisotropy field
in FeF,.

In the present paper we have shown that in magnetic field of the order of 200 kGs
effects due to magnon-TA L—phonon hybridization can become observable. These effects
show up in the experiment as a specific behaviour of the two-magnon absorption line in
the external magnetic field. This behaviour is described by Eq. (15) from which one can
draw the conclusion that, when H increases up to a value H,. = 190 kGs at which
E,. =E,, a new line should appear corresponding to an absorbed energy equal to
E,.+E,,, and the initial line should gradually lose its intensity on behalf of this new line.
At resonance, when E,, == E., both lines should have the same intensity, equal to one
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half of the initial line intensity. As H further increases, the total intensity should be taken
over by the new line, which now becomes identical to the initial line."

- Obviously Egs (13, 14) were derived neglecting the magnon-magnon coupling. It
is known that the energy reduction AE of the two-magnon state |k) is due to this interaction
[L1]. In the case of FeF, AE = AE, =~ 7.4 cm~* what is the conclusion from the experi-
mental data given in the Introduction. Thus, the effects due to the magnon-magnon
coupling can be taken into account by suitable displacement AE of the extinction coeffi-
cient peak, which is calculated according to Eq. (13) or Eq. (14), in the lower energy direc-
tion. In the case 'when the absorption is related with the simultaneous creation of one
magnon and one hybridized magnon-phonon excitation the problem is more complicated.
It is. due to the fact that now the interaction causing the energy reduction has more

\ a

! H=170kGs

[s1un fipanqgio] ;uamjja'oav woNIUIIXF

H = /’/yez= /90 kGS

P T

~

H=210kGs

1 1 1 L 1

150 154 158 folom ']

Fig. 2. Two-magnon absorption line-shape for fourth values of the external magnetic field. Here I'; = I,
= 1cm is taken

complex form. Since the hybridized magnon—phonon excitation |y> is a superposition of
the. magnon. |y,,» and the phonon |y,,> i. . |p) = cllwm>+é2|y}ph), its interaction with
the magnon results from the magnon-magnon and magnon-phonon interactions. Usually
the magnon-phonon interaction is weaker than the magnon-magnon one (as is the case
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for FeF,) and we can omit it. Under this assumption the interaction between magnon and
hybridized magnon-phonon excitation has the same structure as the magnon-magnon
interaction and is proportional to it with ¢; as a proportionality coefficient. All results
of Ref. [11] are then valid in the case of the magnon-hybridized magnon-phonon exci-
tation interaction, on condition that the magnon-magnon interaction is replaced by this one
multiplied by ¢;.

For our further discussion we write the energy reduction in the form 4E = 4E,(a,c?
+asci+...)where a;(i = 2,3, ...) are certain coefficients. For simplicity we restrict ourselves
to the term AEya,c] giving the main contribution (in perturbation treatment this term
contains second order contribution) and neglect all higher terms putting a, = 1 (4E = AE,
for ¢; = 1).

The two-magnon absorption line-shape calculated under above described assumptions
for several values of the magnetic field is shown in Fig. 2 where I'; = I', = 1 cm? is
taken. It should be noted that experimental data concerning the line half-width are scarce.
Nonetheless the value I' = 1 cm~! seems to be reasonable for sufficiently low temperatures.
So far as can be seen from Fig. 2 the two-magnon spectral line should be split in experi-
ment in which the external magnetic field of the order of 200 kGs is applied. Another
effects which should be observable in the two-magnon absorption spectrum consist in
existence of a spectrum ‘“mass centre” displacement and asymmetric behaviour of the
spectral line with regard to the sign change of the difference H— H .. These effects are
due to the “]”-magnon-TAl-phonon hybridization and magnon-magnon coupling.
Although the effects predicted by us require the application of a strong magnetic field,
they can nonetheless serve as a criterion for the assessment of the microscopic model of
magnon-magnon jnteraction. The suggested experiments consisting in a splitting and dis-
placement of the two-magnon absorption spectral line in a strong magnetic field can
provide interesting information about the magnon-phonon and magnon-magnon inter-
actions.
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