Exciton-magnon absorption of light in antiferromagnetic siderite
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The absorption spectrum of linearly polarized light is measured in single crystals of
antiferromagnetic iron carbonate in the 25 100-25 600-cm ™' frequency range and at temperatures
between 4.2 and 100 °K (T = 41.5°K). It is shown that the peculiarity of the exciton-magnon band
shape is due to intersection of the magnon and phonon branches of the spectrum. The temperature
dependence of the exciton and exciton-magnon absorption bands is analyzed by the correlation
function method. The singularities of this dependence are ascribed to strong magnetic anisotropy of

FeCOj; caused by the properties of the Fe?* ion.

INTRODUCTION

Siderite (iron carbonate FeCOs) belongs to the D 4
rhombohedral system and has a space symmetry group
R3c with two Fe®' ions per unit cell. In the antiferro-
magnetic state the spins of the Fe?* ions are oriented
along the Cs axis. The translation vectors are a = 5.76 A
long and the angle between them is o = 47°25' .[*) In the
antiferromagnetic state this crystal exhibits certain
characteristic properties: 1) the behavior in strong
magnetic fields is unusual for transition-metal carbon-
ates;[?7%) 2) the temperature dependences of the mag-
netic susceptibilities x , and y , are also unusual;[*]

3) the frequencies of the lowes{:L magnetic excitations are
very high.[57

It seemed of interest to study the spectrum of the ab-
sorption of light in antiferromagnetic siderite and to in-
vestigate the influence of temperature on this absorption
in the widest possible range. Previous investigations(™
have established that the absorption transitions involve
not only the high-energy exciton states but also the low-
frequency excitations and the discovery of the magnetic
""bleaching'’ of siderite, i.e., the disappearance of the
electric-dipole absorption bands in strong magnetic
fields capable of inducing a fully magnetized state, cel
has established clearly the exciton-magnon nature of
these bands. Therefore, there is every reason to expect
that a study of the frequencies, intensities, and profiles
of the electric-dipole absorption bands of FeCO; and of
their temperature dependences would give information
on the nature of the low-frequency magnetic excitations
in this crystal and on the parameters that govern the
magnetic properties of FeCOs.

EXPERIMENTAL METHOD

Single crystals of FeCO; were cleaved from natural
siderite minerals. Mechanical polishing produced plates
0.1—1.5 mm thick, which were fairly transparent to
visible light. The Néel temperature of the investigated
samples was deduced from the maximum of the tempera-
ture dependence of the longitudinal magnetic suscepti-
bility x the value of this temperature ranged from 41.5
to 41.8° K.V

The investigation was carried out using a DFS-13
spectrograph with a linear dispersion of 4 A/mm. The
spectrum was recorded on a photographic film and then
analyzed by the standard photometric method. The tem-
perature of a sample was varied from 4.2 to 100°K: this
was done in a cryostat using boiling helium vapor and an
electric heater. The temperature was measured with a
copper-constantan thermocouple to within 0.5°K.
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EXPERIMENTAL RESULTS

The absorption spectrum of FeCQO; consists of two
groups of strong bands with frequencies in the range
24 500 cm™ and 25 200 cm™, The transitions corre-
sponding to these bands have not yet been determined
precisely. However, it is known that the ground state of
the Fe®* ion in FeCOs is the term °D and all the excited
states have spins S < 2. Consequently, the pure exciton
bands should not be of the electric-dipole nature. A pos-
sible identification of one of the transitions is given
int™, By analogy with the spectrum of FeF., the group
of bands in the region of 25 200 cm™ is attributed inL™ -
to the transition T, — 3T,. The general appearance of
the absorption spectrum in this region is shown in Fig. 1.

The bands in the 25 200 cm™ group differ consider-
ably from one another: there are two weak bands at
25 166 and 25 207 cm™, two relatively narrow but strong
bands at 25 259 and 25 303 cm™, and four wide strong
bands at 25 364, 25 396, 25 432, and 25 471 cm™. The
behavior of the 25 166 and 25 259 cm™ bands in magnetic
fields{™® allows us to identify the 25 166 cm™ as a
pure exciton band and the 25 259 cm™ band as its mag-
non satellite. The 25 207 and 25 303 cm™ bands are a
similar pair. The intervals between the bands in both
pairs are similar and amount to ~95 cm™. The other
bands in this group are formed with the assistance of
optical phonons and are phonon replicas of the exciton-
magnon transitions.

Figure 2 shows the profile of the exciton-magnon
band at 25 259 cm™. We can see from Fig. 2 that the
polarization of this band is only partial. The other bands
of the same group are also partially polarized. Never-
theless, we may conclude that the 25 259 cm™ band is
of the electric-dipole nature. Moreover, there is no red
asymmetry in the profile of this band, although such
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FIG. 1. Absorption spectrum of FeCO; in the frequency range
25100 - 25 600 cm™.
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FIG. 2. Profiles of the exciton-magnon absorption bands of FeCO;;
a) experimental profile; b) theoretical profile.

asymmetry is typical of the exciton-magnon bands. Addi-
tionally, the temperature dependence of the frequency

of the maximum of this band (Fig. 3) is unusual: a con-
siderable low-frequency shift occurs not only on approach
to the phase transition point (Néel temperature) but also
at temperatures much above this point. Thus, whereas
between 4.2°K and Ty the band shift is 35 cm™, between
Ty and 100°K the band shifts a further 25 cm™. A tem-
perature dependence of the frequency of a similar nature
is also observed for the pure exciton band at 25 166 cm™
so that the interval between these two bands remains
practically constant throughout the temperature range
4.2—-80°K

As in the case of the 25 166—25 259 cm™ band pair
discussed above, the frequencies in the pair of the
weaker bands at 25 207 and 25 303 cm™ decrease linearly
in the temperature range 4.2—20.4° K and then begin to
fall more rapidly. At temperatures close to the Néel
point, all the bands in this group begin to broaden
rapidly. Therefore, it is not possible to study the posi-
tions of the maxima of the weak 25 207 and 25 303 cm™
bands in a wide range of temperatures and this applies
even more strongly to the wide exciton-magnon-phonon
bands.

The integrated intensity of the exciton-magnon bands
falls somewhat when the temperature is raised. The
temperature dependence of the intensity of the
25 259 cm™ band is plotted in Fig. 4. Above 30°K these
bands begin to overlap and it is not possible to separate
the contribution of each to the absorption spectrum. The
general intensity of the whole group remains constant
within the limits of the experimental error @ 10%).

DISCUSSION

As mentioned earlier, there are grounds for assum-
ing that the electric~dipole absorption bands of FeCOs
are of the exciton-magnon nature. If we suppose that
the magnon spectrum is not deformed by the excitation
of excitons (i.e., if we ignore the exciton-magnon inter-
action), we find that the intensities of the electric-dipole
bands corresponding to an exciton-magnon transition
arel®?

I‘(v)=%k2‘lH‘(k)I’lu,.(k)|’6(hv—E,.mg(k)—E‘”‘°(k)). (1)
In Eq. (1) the index £ represents the direction of the
electric vector of the incident light wav% v is the fre-
quency of light; k is the wave vector; II> (k) is the
projection, on the £ axis, of the Fourier transformation
of the electric-dipole moment vector Oho, mp of a pair
of ions located at sites n and m, where the indices «
and B identify the sublattices, i.e., the numbers of mag-
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FIG. 3. Temperature dependences of the absorption frequencies of
FeCO,: ®) v = 25 166 cm™ (pure exciton band); O) » = 25 259 cm™
(exciton-magnon band).
FIG. 4. Temperature dependence of the integrated intensity of the
v =125259 cm™! exciton-magnon band of FeCO,.

netic ions in a unit cell (o, B = I, II), and the index p
identifies the number of the magnon branch. The sum-
mation over k is limited to the first Brillouin zone
(Fig. 5).

We shall assume, as is usual.for antiferromagnets,
that the exciton energy E€XC experiences practically no
dispersion. In the case of the magnon energy Eﬁ‘ag(k)
we must determine first which of the lowest excitations
participates in the optical transitions under considera-
tion.

A calculation of the spectrum of the Fe® ions in a
crystal field of rhombohedral symmetry subject to the
spin-orbit interaction (A =—100 cm™) shows that the
lowest electron excitations should correspond to transi-
tions from the ground ¥,|2) to the excited ¥;|—2) and
¥,|1) states. Here,

v, =.VT/3Y22—.VI_/3Y2_‘.

where the quantization axis z is selected along Ci. A
study of the absorption in the far infrared'*® has shown
that the transition to the state ¥.|—2) corresponds to
the frequency v; = 25 cm™* and the transition to ¥,|1)
corresponds to =111 cm™. Since the interval between
the exciton band and its strong satellite (95 cm™) is
close to 1y, we shall assume that this magnetic excita-
tion participates in the optical transition in question.
Although this excitation is not the lowest on the energy
scale, we shall attribute it to a magnon because this
corresponds simply to a change in the spin projection
Mg by unity, whereas the orbital wave function is not
affected.

An investigation of the inelastic scattering of neu-
tronst® has demonstrated that a magnon branch exhibit-
ing a weak dispersion intersects and interacts with a
transverse acoustic phonon branch and this gives rise to
new magnon-phonon branches whose dispersion is

E" (k) =1/, {[emt e (k) ]+ (—1)*[ [em— e (k) 12+ 4Cy2]"};
em= 111 cm‘,l ee(k) = [S.2(k + k) + S,%k.2]™
S, =170 Acm, S,=215 Acni;

WZ=WJY2_2+V;/_3YZ’y

()
Cy=67 cmi) G =5cm™.
Bearing in mind the actual crystal structure of

FeCOs;, we can determine the electric-dipole moment
vectors for each pair of the nearest ions with oppositely

. directed spin. We must bear in mind that a magnon of

symmetry I'; and excitons, whose possible symmetry is
I't, I';, and Ty, [* participate in the transition. The
final results for the coefficients II are listed in

Table I. The Fourier transforms an(ic) for the states
T'iand I'; are given by the formulas
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II'(k) |2 = P*(t2 + 8,2+t — tits — tits — Lots),

( =

Y| TI (k) |2 = */5(3Q° + 5R* — 2Y3QR) (¢t + 8.2 + t57)
+2/5(3Q% — R* — 2Y3QR) (tit; + tits + tats)

and for the states I'} they are given by the formulas

[T (k) |2 = B*(t, + t, + t.) 2,
|TIt (k) |2 =2/s(E® + 3F2) (82 + ta + ts* — tit, — tits — tots).

The following notation is used in these formulas and
in Table I:

o =¢e"", ¢t =sin[a('/k.cos0 — k;sinB)],
» = sin ['/,a(k.cos 8 + k, sin 6 + Y3k, sin 0) ],
ts=sin ['/a (k. cos 8 + k, sin 8 — Y3k, sin 0) ],

where the coefficients P, Q, R, B, E, F are the phenom-
enological parameters, and § = 28° is the angle between
the translation vectors and the C; axis. The results
obtained are in full agreement with the selection rules
obtained for exciton-magnon transitions by a group-
theoretic method inf*"] and listed in Table II for some
high-symmetry points of the Brillouin zone.

The quantities |u, (k)|* in Eq. (1) represent the mag-
non contribution to the magnon-phonon branches and
they can be represented in the form

|us (k) |* = sin® @,

|u2(k) |* = cos® Dx, 3)
1g 20, — — 20
e T ) —em

Numerical calculations of the absorption band profile
based on Eq. (1) for the exciton symmetry I'; and of the
density of magnon states

p(v)=»%2 la, (k) |2 6[ v
4)
~B™ ()]
were carried out on a computer. The results are plotted
in Figs. 2 and 6. It is evident from Fig. 2 that the cal-
culated profile of the absorption curve is in qualitative
agreement with the experimental observations: we find
that the partial polarization of the band and the absence
of the red asymmetry are correctly predicted by these

FIG. S. Brillouin zone of a rhombohedral crystal.

TABLE I
Exciton symmetry and polarization
I+, It I+
E || G E LG E || Cs E, L Cs

Mor® P Q— V3R B E4iF
Moo —P —Q+ V3R —B —E—iF
Mos® w?P Q +iR B —E+iF
Mos* — w?P —Q—iR —B E—iF
I, —oP Q—iR B —2F
15, 0P —Q+iR —B 2F

Here, E, is the electric vector of the incident light wave.
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TABLE II

Polarization of
electric-dipole
transition

Exciton

Point in Brillouin zone symmetry

n {I‘l*, .t Eo | Cs
z <°- 0, acose) T Eo || Cs
27 T
A (Qm s m) 7, Ta*t, Ts* | Eo || Cs, | Cs
25 2n
b (0‘ 3asin® '~ 3acosd ) Ii?, Te#, To* -
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FIG. 6. Density of magnon states in FeCOj,.

calculations. The absence of the red asymmetry in the
profile of the exciton-magnon band is due to the fact that
the dispersion of the magnon branch of FeCO; appears
in practice only because of its intersection with the
acoustic phonon branch, so that the density-of-states
curve (Fig. 6) becomes almost symmetric, in contrast
to most other cases when the density drops suddenly on
the high-frequency side. The theoretical absorption
curve is shifted toward higher frequencies compared
with the experimental spectrum. The interval between
the pure exciton and the exciton-magnon bands is not

93 cm™ but 110 cm™. This difference is due to the fact
that neither the exciton dispersion nor the exciton-mag-
non interaction is allowed for in the calculations. It is
probable that this results in a considerable narrowing
of the calculated absorption band, compared with the ex-
perimental profile.

The approximation of the magnon dispersion by the
formula (2) is least appropriate in the region of contact
between the branches and, therefore, this region is
represented by dashed curves in Figs. 2 and 6.

We shall interpret the temperature dependence of
the average frequency (the frequency of the center of
gravity) of the exciton line and its magnon satellite, as
well as the integrated intensity of this satellite, using -
the results of Fujiwara and Tanabel' who obtained
expressions for the temperature dependences of the mo-
ments of these bands. In particular, the formula for the
integrated intensity of the exciton-magnon band, i.e., for
its zeroth moment, is

! ) 1 1
P Y (ML) {?<S.ﬂp-S;ra->+§<SW‘S,..{S:{,'>

m3 m'3’
+ﬁ3—<[3(s 92— 8(S+1)]Sms Se> ®)
6S(2S —1) ne me SR

(8 # @). In order to find the temperature dependence of
the average frequency (v), we must calculate the first
moment, but it is much simpler to find this dependence
by considering the shift of the levels of the excited and
ground states in the molecular field approximation. As

V. V. Eremenko et al. 610



shown in[**), there is little difference between the re-
sults obtained in these two ways.

Finally, the average frequency of the exciton-magnon
band is

WY =v, +2J(Z—1)SH{(S =TT — (S+1)}. (6)

The temperature dependence of the frequency of the ex-
citon line is
Vo =, + 2IS(Z — 1S (S — 1) /1S — 1}. )

In Egs. (6) and (7) the frequencies v, and v; include the
terms which are independent of temperature; J is the
integral of the exchange between the unexcited nearest
antiferromagnetic neighbors; J’ is the integral of the ex-
change between the photoexcited and unexcited nearest
antiferromagnetic neighbors. According to Eqs. (6) and
(7), atlow values of J the energy interval between the
exciton and exciton-magnon bands should be almost
constant, which is indeed observed experimentally

(Fig. 3).

It now remains to calculate the correlation functions
in the specific case of FeCOs;. We shall do this using the
results of Lee and Liu,t** but in the decoupling of a
chain of the Green’s functions we shall use (as, for ex-
ample, it ) the random phase approximation. The
Hamiltonian for FeCO; can be written in the form

H =T 3 Sry, Srpa+a— EusH A S (Skyr — Shont) (8)

n,a, A n

with summation in the first exchange term over the

nearest antiferromagnetic neighbors; the exchange inter—]
[14

action between the ferromagnetic neighbors is weaker
and we shall ignore it. The second term of the Hamil-
tonian (8) corresponds to a uniaxial magnetic anisotropy.
We shall assume that this anisotropy is due to the prop-
erties of a single ion.

Then, the correlation function can be represented in
the form[*%]

Suu™ Sust> = 222 Yo Wespl kBl (@)
where
¢z,(k)=——;—[1+“1((2)%cth 2}:;"]] (10)
9 09= = gl = 2 oh

The notation used in Eq. (10) is:

Ak) =A40)yk, A(0) =2JZ<S\,
ha=gusHa ow={[4(0) +h.]*— [A(K)]}", (11)

— 1 ikA
Vi 17231 A

with summation over the nearest antiferromagnetic
neighbors (Z = 6). It is worth mentioning specially that
in calculating the temperature dependences we have
allowed only for the excitation of the magnon states
¥;|1) and have ignored the excitation ¥;|—2). This may
worsen considerably the quantitative agreement between
the calculated and experimental results but can hardly
affect the qualitative conclusions.

The average value of the magnetization of the sub-
lattice « is given by the formulaF*]
(Surs — S =P £ D)5 1 (S 41 - Dy) DI
@ (1 + (Du):u;rx . .D?ASLx

(12)
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where S is the spin of the ground state and
1
(Du=VZ£‘(pu(k). (13)

As assumed, the magnetic anisotropy is basically of
the single-ion nature and it does not disappear at high
temperatures. Hence, we can estimate the average mag-
netization (12) subject to the condition JZ < hp K kpgT:

(Se> [ S~ (S+ 1) ha/3kgT, (14)

i.e., the sublattice magnetization varies slowly at tem-
peratures above Ty. According to Egs. (6) and (7), a
similar temperature dependence is exhibited by the aver-
age frequencies of the exciton-magnon and exciton ab-
sorption bands, in agreement with the experimental
results (Fig. 3).

In calculating the temperature dependence of the in-
tegrated intensity of the exciton- magnon ba.nd the

correlation functions of the ((Sz yr's: /) type are
m ﬁ m ‘B
decoupled as follows:
{(Saa®) " Sup™ Smrer> = <(Saa®) "> (Sums™ Smrsrd. (15)

Using the approximation (15), we can represent Eq. (5)
in the form

<SI') z z\2
P = ey 6 DHES - DO TAS)D) (16)
hat x
><2|H‘(k)| (1422 A(O) cmy:‘;T).

The quantities {(S%)?) were calculated by Lee and
Liu,[**]

It follows from Eq. (16) that the weakening of the in-
tegrated intensity of the exciton-magnon band of FeCOs;
in the temperature range 0—30°K is primarily due to a_
reduction in (S%).

Thus the special features of the profiles of the elec-
tric-dipole absorption bands of antiferromagnetic FeCOs
and the dichroism of these bands can be explained in a
unified manner on the basis of the exciton-magnon ab-
sorption mechanism. The usual temperature dependences
of the frequencies and intensities of the absorption bands
are due to the strong single-ion magnetic anisotropy of
FeCOs.
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