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1. Introduction

THE present review is devoted to questions of spectro-
scopy of magnetically-ordered crystals, which have been
investigated in greatest detail theoretically and experi-
mentally during the last 5-7 years. We shall deal pri-
marily with antiferromagnetic dielectrics, the stoichio-
metric composition of which includes ions of the iron
group (with unfilled 3d-shell) or of the rare-earth group
(with unfilled 4f-shell).

The spectra of 3d and 4f ions introduced in the form
of a small impurity in transparent diamagnetic crystals
have been investigated in great detail. It was precisely
the large number of spectrum investigations of such
crystals that served as the scientific basis for the de-
velopment of solid state lasers.

Recently, increasing attention has been paid to the
study of the optical absorption spectra of crystals ¢on-
taining appreciable amounts of impurity 3d ions, when
the light is absorbed not only by single ions but com-
plexes of ions. The next step is to investigate magnet-
ically-concentrated crystals, the stoichiometric com-
position of which includes magnetic ions with uncom-
pensated magnetic moments of the unfilled 3d and 4f
shells. Magnetically-concentrated crystals, when cooled
below a definite temperature (Curie temperature T¢ or
Neel temperature Tyy), go over into an ordered ferro-
magnetic or antiferromagnetic state. The features of
the interaction of light with such crystals should be di-
vided into two categories:

1. Features characteristic of both the magnetically
ordered and the disordered (paramagnetic) state. These
include questions connected with the splitting of terms
in the crystal field, determination of the multiplicity
and mechanism of the lifting of hindrances to optical
transitions, the complication of the structure of the
light absorption spectrum as a result of electron-phonon
interaction, and the determination of the character of
the electronic excitations —whether they are local or
collective (excitons).

2. Light-absorption features connected with magnetic
ordering of the crystals. These include first of all the
changes of the electron spectrum under the influence of
the exchange interaction, and also characteristic absorp-
tion-spectrum features due to electron-magnon interac-
tion, change in the shape and width of the bands, the ap-
pearance of satellite bands in the optical spectrum, and
the appearance of two-magnon and phonon-magnon bands
in the infrared absorption spectrum.

Before we proceed to a consistent discussion of this
problem, let us stop to discuss certain methodological
details of the experimental study of light absorption in
antiferromagnetic crystals.
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2. Some Details of the Experimental Procedure

The greatest interest attaches to the study of light
absorption in crystals that go over into the magnetically
ordered state at low temperatures. In such cases the
bands (or lines) of light absorption are sufficiently nar-
row to be able to observe subtle features of the spec-
trum: the shift and splitting of the absorption bands, the
anomaly of the temperature dependence of their shape
near the phase-transition temperature (T¢ or TN).

Apparatus for spectral investigations of magnetically
ordered crystals must, above all, be equipped with cry-
ostats having transparent windows, to permit measure-
ments in a broad spectral and temperature range. There
are many known constructions of such cryostats, the
most successful among which are those developed by
A. F. Prikhot’ko and co-workers.™ They are not in-
tended, however, for magnetooptical investigations or
for operation at temperatures below 4.2°K.

Figure 1 shows schematically the construction of a
cryostat developed by V. N. Pavlov and V. V. Ere-
menko."® The cryostat consists of four basic parts:

a central tank 1 of capacity 850 cm® with windows of
special construction and an upper flange unit, a nitrogen
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FIG. 1. Cryostat for magneto-
optical investigations of crystals [?].

720 mm
N
1T
7

-130

|
L
Il

1
.




ABSORPTION OF LIGHT IN ANTIFERROMAGNETIC DIELECTRICS

tank 2 with capacity 600 cm®, a vacuum jacket 3 with
outside windows, and an upper removable flange 4 with
movable rod and sample holder. The internal optical
windows made of fused quartz are coaxially sealed in
the lower narrowed-down portion of the tank. In spite

of the very large difference in the thermal expansion
coefficients of the metal and the quartz, the use of an
adhesive composition based on ED-6 epoxy resin for
vacuum sealing of the optical windows has made it pos-
sible to obtain windows that are free of the depolarizing
effect. To decrease an appreciable fraction of the heat
delivered to the liquid helium through the windows, tub-
ular screens are used, which decrease greatly the solid
angle in which the infrared thermal radiation propagates
without obstruction. A high degree of blackness of the
inner surface of the tube is obtained by cutting a thread
strongly oxidizing its surface. A specially designed
holder makes it possible to set the investigated crystal
on the optical axis normally to the axis, and to rotate
the crystal smoothly around this axis in its own plane

so as to orient it correctly relative to the magnetic field
and the polarizers. The cryostat makes it possible to
operate at temperatures 1.3°K and below and retains the
liquid helium (0.8 liters) for many hours (more than 24),
a factor highly convenient for long exposures. The pres-
ence of a narrowed-down lower part makes it possible
to carry out magnetooptical investigations using an
SP-47g electromagnet in fields of intensity up to 30 kOe.
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the procedure does not introduce noticeable errors.
In the apparatus developed by V. V. Eremenko and Yu.
A. Popkov'™ (Fig. 2), short-duration (10™° sec) power-
ful light pulses are obtained with the aid of gas-dis-
charge xenon-filled tubes. The magnetic field and light
pulses are synchronized with the aid of an electronic
delay system, which makes it possible to apply to the
flash lamp a discharge-triggering pulse at the instant
when the magnetic field in the solenoid reaches maxi-
mum intensity. Since the single-crystal samples are
quite small in size, solenoids producing magnetic fields
of intensity up to 300 kOe can likewise have small di-
mensions. The latter circumstance makes it possible
to immerse them directly into the cryogenic liquid, thus
affording a large gain in the sense of increasing the
magnetic field intensity, since cooling to low tempera-
tures decreases the resistance of the winding material
and accordingly decreases greatly the loss of the en-
ergy stored in the battery to Joule heat. Although cool-
ing decreases also the specific heat of the solenoid
winding material (copper or aluminum), the maximum
ratio cy /p (cy—specific heat, p—electric resistivity)
for the aforementioned metals lies near the boiling
temperature of liquid hydrogen.'™

In the case of pulsed magnetooptic investigations,
however, it must be remembered that the relaxation
processes can strongly influence the results. In the
cited reference, special control was exercised by vary-
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FIG. 2. Setup for magnetooptical investigations in pulsed magnetic
fields [*].
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The fields that can be obtained with the aid of ordi-
nary electromagnets are insufficient for the study of
antiferromagnets with appreciable magnetic crystallo-
graphic anisotropy. In this case the magnetic structure
of the crystal can be changed only in a magnetic field
whose intensity approaches the intensity of the internal
effective magnetic fields (10° Oe and higher). In spite
of progress in the technique of superconducting sole-
noids, the strongest magnetic fields are obtainable so
far with the aid of a pulsed technique—most frequently
by discharging a powerful capacitor bank through a so-
lenoid cooled with liquid-hydrogen or helium. Recently
reported devices for magnetooptical investigations of
crystals in pulsed magnetic fields"®™* make use of an
idea of P. L. Kapitza, whereby the investigated spec-
trum is photographed by short flashes synchronized
with the pulses of the magnetic field.'®! If the duration
of the light flash is much shorter than the duration of
the magnetic-field pulse, then the pulse character of

ing the magnetic-field pulse duration. Since no influence
of the duration of the magnetic pulse has been noted, it
must be assumed that the results correspond in practice
to a stationary magnetic field. The pulse procedure can
nevertheless be used to measure the spin-lattice relax-
ation time if this time is large, on the order of 10~
sec. !
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FIG. 3. Absorption spectra of crystals whose stoichiometric compo-
sition includes Mn?* ions (T = 20.4°K).



322

To observe the fine details of the light-absorption
spectrum in magnetically ordered crystals, it is neces-~
sary to use instruments with high resolution, such as
DFS-13 diffraction spectrograph (with linear dispersion
2 A/mm) in the visible and ultraviolet regions of the
spectrum, and two-beam spectrophotometers (for ex-
ample, IKS-22) in the infrared region. In the latter
case, however, it was necessary to modify the instru-
ment somewhat in order to make it suitable for the study
of small samples. Most foreign investigations in the
visible region of the spectrum were performed with
diffraction spectrographs having a linear dispersion
2.5 A/mm.

I. LIGHT ABSORPTION BY MAGNETICALLY-CON-
CENTRATED CRYSTALS IN THE PARAMAGNETIC
STATE

In this chapter we confine ourselves to crystals con-
taining iron-group ions in their stoichiometric composi-
tion. Most antiferromagnets belong precisely to this
group of substances. Absorption of light by such crys-
tals is due to the optical transitions between levels of
the unfilled 3d-shell of the magnetic ions, as is evi-
denced primarily by the similarity between the spectra
of substances whose stoichiometric composition in-
cludes different ligands (nonmagnetic ions), but the
same ion with unfilled 3d-chell. This circumstance is
illustrated in Fig. 3, using as an example a number of
substances containing Mn®* ions and having different
crystallographic structures. The general similarity
of the spectrum is obvious, and differences are noted
only in details of their structure.

3. Structure of Spectrum. Applicability of Crystal-field
Theory. Electron-phonon Interaction

To identify the absorption spectrum of a magnetically-
concentrated crystal, it is customary to use the theory
of the crystal field. In this theory it is assumed that the
paramagnetic ion is surrounded in the crystal by cation
charges producing the ‘‘intracrystalline field.’’ In this
case the problem reduces to an analysis of the Stark
effect in an electric field of given intensity and sym-
metry. Since for iron-group ions the energy of inter-
action with the crystal field is smaller by two orders
of magnitude than the energy of the Coulomb interaction
inside the ion, the influence of the crystal field on the
energy levels of the ions is calculated by perturbation
theory. The main premises of the crystal-field theory
were formulated by Bethe.' The results of his inves-
tigation were subsequently developed and applied to the
calculation of optical spectra and electron paramagnetic
resonance spectra of the 3d ions Mn®*, Co®, Ni**, Fe®
in crystals, and have been explained in sufficient detail
in monographs and in reviews.'®'® We shall therefore
not dwell on this theory in detail.

To demonstrate the applicability of the theory of the
crystal field to the explanation of the spectra of mag-
netically-concentrated crystals, let us consider the
simplest case, the absorption of the CoF, crystal in
the near infrared. This absorption is due to optical
transitions between the components of the principal
term of the Co® ion, namely “Fy;, split in the field of
the crystal, making its interpretation much simpler in
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comparison with the absorption in the region of shorter
wavelengths, due to transitions between different terms.

Cobalt fluoride has the structure of rutile (space
group D}})."**! The Co®" ion is surrounded by six fluo-
rine ions F~, which are practically equidistant from it.
Therefore, although the actual symmetry of the field at
the location of the Co®" is orthorhombic, D, it can be
regarded as cubic in first approximation. This fact pre-
determines the calculation scheme. We consider first
the splitting in a field of predominantly cubic symmetry.
As the weaker perturbations we take into account the
true, rhombic symmetry of the Co®" site and the spin-
orbit interaction. The procedure of such calculations
was described in detail in the monographs of Balhausen
%) and Griffiths.™?

In a crystal field of cubic symmetry, the principal
term of the cobalt ion “Fg /2 is split into three compo-
nents, *Ayg, “T\g, and *T,g,* i.e., into an orbital singlet
and two orbital triplets. The splitting of the "Fg/z term
with allowance for the orthorhombic component of the
crystal field and the spin-orbit interaction was calcu-
lated by Kamimura and Tanabe'*! and by A. I. Zvygin.
84 1 the latter case, the results were presented in
the form of plots of the energies of the split levels
against parameters of the spin-orbit interaction ()),
and of the crystal field of axial (trigonal) and rhombic
symmetry (A and I'}). The best agreement with experi-
ment is obtained at the following values of the param-
eters: A= -15Tcm™, A = -707 cm™, and T = -183
cm™. However, such an analysis does not make it pos-
sible to identify completely all the details of the fine
structure of the CoF, absorption spectra. For example,
11 bands in the antiferromagnetic state and not less than
seven in the paramagnetic state (T > TN) were observed
experimentally in the CoF, spectrum in the frequency
region 800-2000 cm™.1*%!8) On the other hand, the
presented calculation scheme makes it possible to ex-
plain the presence of only five absorption bands in this
frequency region.

A more rigorous calculation of the principal term
*Fg/z in CoF, was made by V. I. Peresada and E. S.
Syrkin®" for the case when the deviation from cubic
symmetry is large and the influence of the low-sym-
metry field cannot be regarded as a small correction
to the interaction between the electrons and the cubic-
symmetry field. They considered not only the first co-
ordination sphere of the neighboring F~ ions, but also
a large number of succeeding spheres. The need for
this follows from the following considerations: the sec-
ond coordination sphere consists of Co®" ions whose
charge (2e) is double that of the F~ ions. The number
of cobalt ions closest to the chosen one is eight and that
of fluorine ions is six, while the distances between the
considered ions and the neighbors are commensurate
(Co®*-Co®* = 3.3 A and Co®"-F = 2.4 ). The calculation
of Peresada and Syrkin can explain the appearance of a
large number of absorption bands in the frequency re-
gion 800-2000 cm™ when account is taken of the addi-
tional exchange splitting (lifting of the Kramers degen-
eracy). On the other hand, ‘‘extra’’ bands are observed

*We use throughout Millikan’s notation for the irreducible represen-
tations.
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experimentally in this spectral region at temperatures
greatly exceeding the Neel temperature Ty. In addition,
calculation predicts the appearance in the CoF; spectrum
of two absorption bands in the regions ~6000 and ~4000
cm™, whereas experimentally only one band is observed
with v ax = 7140 cm™,

It must thus be admitted that none of the calculation
schemes agrees fully with experiment even in the case
of the Co®* and CoF, infrared spectrum due to transi-
tions between the components of the splitting of the one
term *F,,. Therefore, in the case of the optical and
ultraviolet spectra, when transitions between different
terms must be considered, there are hardly any grounds
at all for such a detailed comparison with a calculation
that takes into account the deviation of the field symme-
try from cubic.

The theory of the crystal field in the case of magnet-
ically-concentrated crystals has, as a rule, a limited
application and can explain only the common features of
the spectrum. On the other hand, for an analysis of its
fine structure it is necessary to resort to mechanisms
that are peculiar to magnetically-concentrated crystals
and to the magnetically-ordered state. For example, the
“‘extra’’ bands in the 800-2000 cm™ region of the CoF,
spectrum can be explained™! by assuming that when the
infrared radiation is absorbed there are realized double
optical transitions in CoF,: one photon excites simulta-
neously two ions that are coupled by exchange interac-
tion. Then, combining the energy intervals between the
components of the split level *T,g(*Fy/2),* it is possible
to explain all the infrared absorption bands of CoF,
(Fig. 4). Such ‘‘double’’ transitions acquire a noticeable
intensity only when the interaction between the ions is
appreciable, and, of course, are peculiar to magnetic-
ally-concentrated crystals. To explain the fine structure
of the spectrum in the region of the 4T1g - "Tag and
"Tlg — 4A2g transitions between the components of the
splitting of the ground state *Fg, in CoF,, Van der Ziel
and Guggenheim“®! make use of effects connected with
collective excitation of the spin system in the crystal.
Similar complications of the fine structure of the spec-
trum, connected with singularities of the magnetically
ordered state, were observed in many other compounds
containing Mn®* and Ni** ions, and will be discussed in
Ch. II of the review.

The structure of the optical spectra of magnetically
ordered crystals may become complicated as a result
of the electron-phonon interaction. The light-absorption
spectra of these crystals may reveal electron-vibra-
tional bands forming equidistant series. Figure 5 shows
by way of an example the electron-vibrational structure
in the absorption spectrum of MnCl; crystals, which
was investigated in detail a number of times. This is
a typical example of a discrete structure consisting of
narrow absorption bands whose frequencies can be de-
scribed by serial relationships of the type

Vp = Vg~ N Vi,

where v is the frequency of the n-th term of the series,

*Here, as usual, we employ the following notation for the levels of
an ion in a field of cubic symmetry: the irreducible representation of
the Op, group is indicated, and the state of the free ion, from which the
considered state of the ion in the crystal originated, is shown in the pa-
rentheses.
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FIG. 4. Scheme of single and double transitions, explaining the
structure of the absorption spectrum of CoF, in the infrared region.
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FIG. 5. Electron-vibrational structure of the °A;g(°S) > *T,4 (°D)
transition in the absorption spectrum of MnCl, (T = 20.4°K).

v, is the frequency of the purely electronic line, n is an
integer, and vy is the limiting frequency of the k-th
branch. Such series are frequently observed in optical
absorption and luminescence spectra of molecular crys-
tals and of crystals containing impurities and local cen-
ters. They are typical of the case of weak electron-
phonon interactions. It is not surprising that a weak
coupling is realized also for the crystals considered

by us, with partially screened 3d shell. The absorption
spectra of MnCl, (see Fig. 5) obtained at 20.4°K, is very
distinct and makes the electron-vibrational analysis
very convincing. The interval Av ~ 240 cm™, with the
aid of which the electron-vibrational series are con-
structed, is reliably separated. Its magnitude is close
to the lattice-vibration frequency determined from the
absorption in the infrared region: vyjp ~ 220 cm™. 1%
MnCl; is not the only example of magnetically-concen-
trated crystals with electron-vibrational structure of
the optical spectrum. An equidistant structure, for ex-
ample, was observed in the absorption spectra of CoCO,
and NiF,."””! Figure 6 shows the spectrum in the region
of the *A, — 'T, transition of NiF," and T = 20.4°K.

It also shows the frequency intervals between the ab-
sorption lines, which are very close in magnitude to the
vibrational frequencies of the NiF; lattice measured di-
rectly in the infrared region of the spectrum.m] The
optical phonons undoubtedly take part in the formation
of the absorption bands of fluorides of transition metals
with perovskite structure, as shown convincingly by
Balkanski and co-authors'®} with KNiF, as an example.
Thus, the interaction with the lattice vibration is an im-
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FIG. 6. Structure of the absorption spectrum of NiF, in the region
of the 3A, = 'T, transition (T = 20.4°K) [*!].

portant factor in the formation of the fine structure of
the absorption spectrum of magnetically-concentrated
crystals.

4. Multiplicity and Mechanisms of Allowing Forbidden
Optical Transitions in Crystals

The multiplicity of optical transitions is usually de-
termined experimentally with the aid of polarization in-
vestigations. This method is based on simple consider-
ations: if the transition is electric-dipole, then the in-
tensity of the corresponding absorption band should be
determined by the orientation of the electric vector of
the light wave E, relative to the axes of the anisotropic
crystal; on the other hand, in the case of a magnetic di-
pole transition, the decisive factor is the orientation of
the magnetic field of the light wave H,,. The absorption
anisotropy was investigated in greatest detail using
tetragonal fluorides CoF,"® and MnF, % as examples.

Figure 7 illustrates by way of an example the absorp-
tion anisotropy in the region of the °A (°S)

— *Eg('G) transition in the MnF, spectrum We see that
the mtensrcy of the bands is determined by the orienta-
tion of the vector E(, relative to the tetragonal C, axis
and does not depend on the orientation of H,, or on the
direction of propagation of light. Similar investigations
show that all the absorption bands having an appreciable
intensity in spectra of magnetically-concentrated crys-
tals are due to electric-dipole transitions. On the long-
wave side, they frequently are accompanied by weak and
very narrow lines of magnetic dipole origin, the inten-
sity anisotropy of which is determined by the orientation
of the magnetic vector H, of the light wave.

FIG. 7. Dichroism of absorption in the region of the C-group of
bands (see °A;g(°S) > *Ajg > “Eg (G) transition) in the spectrum of
MnF (T = 28.4°K) [?%]. 1 — incident-light vector; E, — electric vector
of light wave; C, — tetragonal crystal axis, a and b — twofold axes per-
pendicular to C,.
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The conclusion that most absorption bands have a di-
pole character is far from trivial. Indeed, the transi-
tions under consideration, within the limits of the 3d
shell, are parity forbidden (the Laporte rule®) and
most frequently spin forbidden (for example, all the
transitions in the 3d shell of the Mn?" ion). At the same
time, the intensities of the observed bands are suffi-
ciently large. The oscillator strengths* of the absorp-
tion bands (107%-107°%) are frequently noticeably larger
than in the case of magnetic dipole transitions. Appar-
ently, both hindrances are lifted to some degree in the
crystal.

The question of the lifting of the parity forbiddenness
was considered in detail by Van Vleck.™® This forbid-
denness may be violated if a mixing of the orbital states
with different parities takes place. Such a mixing can be
induced in the crystal if the crystal field has no symme-
try center, or else when the ion is displaced from the
symmetry center as a result of its interaction with non-
symmetrical oscillations of the surrounding ions.

Most magnetically-concentrated crystals have sym-
metry centers. In addition, for the observed transitions,
the initial and final levels of the ion in the crystal are
even. Therefore only the second mechanism of allowing
the optical transitions is possible, as shown in Fig. 8.
The oscillations of the crystal lattice displace the para-
magnetic ion away from the symmetry center, mixing
thereby the states of both parities.

By way of an example of an experimentally observed
manifestation of the Van Vleck mechanism let us con-
sider the behavior of the absorption band with a maxi-
mum frequency vmax ~ 7140 cm™, observed in the near
infrared region of the spectrum for all cobalt com-
pounds, and identified with a transition between the
components of the splitting of the principal term 4F9 /2
in a field of Oy symmetry: “T,g — *T,g. A group-theo-
retical analysis of the oscillations of the nearest neigh-
bors of the Co®" ion shows that they include modes such
that the interaction with them allows the *T,, — *T
transition. According to the theory,'®™ the intensity of
the electric dipole transitions that are allowed as a re-
sult of interaction with phonons is stronger by approxi-
mately two orders of magnitude than the allowed mag-
netic dipole or electric quadrupole transitions and is
weaker by approximately three orders of magnitude
than the allowed electric dipole transitions. The ex-
perimentally measured intensity of the “T,g — *Tog
transition in CoF, agrees with these estimates.

I‘J\Zn’k
Photon
FIG. 8. Van Vleck mechanism of allowing T e Jk
the electric-dipole transitions in crystals with k —
symmetry centers [2°].
Phonon
r k-0

even’

*We are speaking here of the oscillator strengths of the individual
absorption bands, and not of the entire group pertaining to a definite
transition.
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In the Van Vleck mechanism of allowing the optical
transition, the integral intensity of the absorption band
should depend strongly on the temperature. An approxi-
mate analysis made by Liehr and Ballhausen™’ shows
that this dependence can be described by the expression

J ~cth (h-vh) ,

57 (4.1)

where hygk is the energy of the phonon, the interaction
with which allows the transition. The temperature de-
pendence of the integral intensity'®® of the *Tje — *T
transition in the CoF, spectrum is well described by
expression (4.1) with hvg = 0.056 eV (450 cm™). This
band has a similar behavior in the spectrum of other
cobalt compounds. The values of the vibrational fre-
quencies of CoCO, (0.054 eV), CoO (0.070 eV), and
CoCl1;(0.030 eV) were determined from data on the
temperature dependence of the integral intensity of the
band of the ‘F,g — Ty transition."**! The values of
the vibrational frequencies are close to those obtained
independently by investigating the vibrational spectrum
of these crystals in the infrared region. It should be
noted that the limiting frequencies of the phonon
branches obtained from the temperature dependence of
the intensity of the *T,g — *T,¢ band are close for the
crystals CoO, CoF,, and CoCO;, and differ from the
frequency for CoCl,. On the other hand, the frequency
vk = 220 em™ for CoCl, is typical of chlorides with a
layered structure, and was recently obtained for CoCl,
directly in the vibrational spectrum, from the absorp-
tion in the infrared region.[‘m] This fact confirms once
more the electron-phonon mechanism of formation of
this absorption band.

It can thus be stated that the hypothesis of the elec-
tron-phonon mechanism of allowing the optical transi-
tions within the 3d shell of ions contained in crystals
having an inversion center is confirmed, with the
*T,g — “Tsg transition in the spectrum of cobalt com-
pounds as the example.

Of importance in the lifting of the spin forbiddenness
is the exchange interaction between magnetic ions. Even
in the case of crystals containing small amounts of such
ions, this interaction leads to the formation of exchange-
coupled ion pairs.®* The exchange-interaction oper-
ator of the pair of ions is of the form

Vs, AS,S,, (4.2)

where A is the exchange-interaction constant (the ex-
change integral) and §, and §, are the spin operators of
the first and second ion, respectively. The eigenvalues
of the operator (4.2) are

Vsise= 48,8y 3 [S (S 1) = 8, (S - D—82(S2 D] (4.3)

(S—eigenvalue of the total spin momentum of the ex-
change-coupled ion pair). If we are interested in the
relative positions of the levels, then the splitting en-
ergy can be written in the form

LAS(SH-1). (4.4)

The exchange-interaction constant A is positive in the
case of ferromagnetic coupling in the pair, and negative
if the coupling is antiferromagnetic. When A > 0, the
lowest of the splitting components is the state with the
minimum possible S, i.e., S= |85, -S,|; if A < 0, the
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lowest state is the one with S = S, + S,. Let us consider
by way of an example the most investigated case of an
exchange-coupled pair of manganese ions. In the ground
state S, = S, = 5/2, and in the excited state S, = 5/2 and
S, = 3/2, i.e., only one Mn®" ion in the pair is excited
when light is absorbed. In such a case it is easy to ob-
tain with the aid of (4.3) the spectrum of the pair, by
starting from the spectrum of the free ion. Four ab-
sorption lines are then obtained, corresponding to the
selection rule AS = 0,%"**! which are much more in-
tense than the forbidden single-ion transitions, for
which AS; # 0. This is precisely why the pair absorp-
tion could be observed in a cubic ZnS crystal with small
admixture of manganese (1-2%).*'! The concentration
dependence of the pair absorption of light should be un-
usual, since the number of pairs depends nonlinearly

on the concentration of the absorbing ions (violation of
Beer’s law).

In magnetically-concentrated crystals, which are
compounds of transition-metal ions with nonmagnetic
ions, the exchange interaction should have a particularly
strong effect on the intensity of the optical absorption
bands. The analysis can be reduced to the one described
above by representing the exchange interaction of the
magnetic ions as a superposition of pair interactions.
In any case, the experimentally observed violation of
Beer’s law in many solid solutions, KMnF,-KZnF,, ®*
KMnF,~KNiF;,®%%? and KMnF,-KCoF;,!*% and the
anomalously large intensities of the absorption bands
in the spectra of the pure crystals KMnF; and RoMnF,;
B apparently offer unambiguous evidence that an ap-
preciable role is played by exchange interaction in the
lifting of the spin forbiddenness.

The examples considered in this section show that
electron-phonon interaction is frequently important in
the lifting of the parity forbiddenness, while the spin
forbiddenness can be lifted as a result of exchange in-
teraction. These two mechanisms, however, are not
universal. One can cite a number of examples in which
the band intensity is independent of the temperature,
yet Beer’s law holds (for example, the D group of bands
in MnF,). In these cases, the considered mechanisms
are of low effectiveness, and the decisive role is played
by other mechanisms, not yet explained. Worthy of at-
tention, in particular, is the mechanism of excitation of
transitions with a change of spin as a result of spin-
orbit interaction.®

5. Band Shape and Exciton Character of Light Absorption

So far we have tacitly assumed that the absorption of
light by the transition-group ions in crystals is analo-
gous to the absorption by local centers. In the preceding
section, to be sure, we already mentioned the important
role of ‘‘pair’’ effects in crystals, even those with small
concentrations of 3d ions. In the limiting case, however,
that of magnetically concentrated crystals, one cannot
speak of single ions or of pairs. Ions with unfilled 3d
shells are arranged in the crystal strictly periodically.
In this connection, one can state a priori that the elec-
tron excitation due to the photon absorption, not being
localized within a single unit cell, will migrate over the
crystal. This leads to a collective excitation of the
crystal or to the formation of an exciton wave.

In the case of magnetically-concentrated crystals



326

with 3d or 4f ions, when the coupling inside the ion

is stronger than between ions and the radius of the
electronic excitation is limited by the unfilled shell,
one should speak of generation of Frenkel excitons
rather than Wannier-Mott excitons. In this sense,
the singularities peculiar to molecular crystals may
appear in the spectra of the crystals under considera-
tion. On the other hand, a detailed investigation of mo-
lecular crystals has made it possible to formulate the
basic criteria of exciton absorption, among which one
must include first of all the Davydov splitting into po-
larized bands, the number of which is determined by
the number of non-equivalent molecules (ions) in the
unit cell, and the details of the absorption-band shape.
The Davydov splitting of light-absorption bands in an
anisotropic magnetically concentrated crystal, using
the ({H, — ?E transition in Cr,0, as an example, was
recently observed by Van der Ziel."™ In the absence
of an external magnetic field, only one component of
the Davydov doublet is observed experimentally, while
the other appears in an external magnetic field parallel
to the C; axis of the crystal. This result could be under-
stood within the framework of the exciton theory. The
interpretation of the observed transitions, based on this
theory, is shown in Fig. 9. The Davydov splitting be-
tween the levels A; and A, can actually not be observed
in a zero external field, since, by virtue of the selection
rules, the excitation of the A, exciton is possible only
in an external magnetic field parallel to the C, axis of
the crystal.®® Extrapolation to a zero field yields for
the Davydov splitting a value equal to 3.75 cm™, which
is expressed in terms of the diagonal terms of the
Hamiltonian of the magnetic interaction between the

A, and A; excitons.

A splitting of the same order was observed for the
v = 25143.5 cm™ line in cubic antiferromagnet RoMnF;.
401 The antiferromagnet RbMnF,, owing to the cubic
structure, has a small anisotropy field, making it pos-
sible to vary smoothly, by means of a relatively weak
external magnetic field (H ~ 3-5 kOe), the direction of
the magnetic moments of its sublattices. The measure-
ments were made on the line v, whose half-width did not
exceed 2 cm™. The line v split into a doublet when the
external field orientation was along the fourfold [100]
and threefold [111] axes and did not react to application
of an external field of intensity up to 25 kOe along the
[110] axis (Fig. 10). Accordingly, the angular depen-
dences of the splitting of the line v are in the form of
the rosettes shown in Fig. 11. In a strong magnetic
field (H ~ 200 kOQe), the splitting anisotropy has quali-
tatively a different character: doublet splitting is ob-
served at H 1| [110], and its magnitude increases with
increasing field intensity, while at other orientations
of H the splitting decreases at such a high field inten-
sity (Fig. 12).

The results of the investigation of the anisotropy of
the observed effect were analyzed by using the data of
Cole and Ince'®’ concerning the change of the magnetic
structure of RbMnF, as a function of the orientation and
intensity of external magnetic field. Below the temper-
ature TN = 82°K, RbMnF, becomes antiferromagnetic
with an easy-magnetization axis parallel to the diagonal
of the cube [111]. When the intensity of the external
magnetic field H 1| [100] is increased, the magnetic

V. V. EREMENKO and A. I.

BELYAEVA
2€ =TT
2A
2! T
|| x| [g]|gln’
FIG. 9. Exciton levels in Cr, O, A !
crystal, obtained from the E level AZ :
1

of a single ion. Only the exciton

T
i
. . - 7z n 1[
transitions that are active in the 2E - ]
electric dipole approximately are !
shown. The dashed lines shown 6 P }
exciton transitions that are allow- P f
ed in an external magnetic field [3°]. !
A !
tOH=0 HllCa
A v,cm™!
p—" ayHi o0 e
=325091
i s £
i 251l b
2503 £
g szp g .
8 L et A .
] byHu(10) 12 3 4 5 6 7 8§ HkOe
z 25145 |
§ 2514 ¢
=
25143 t
25142 ¢
TOMM) T 2§ 4 55 7 8 HEOe
25145 W
ALS S
25163 e
25142} M

25150 veem™ 1 2 3 4 5 6 7 8

25140

H, kOe

FIG. 10. Zeeman splitting of the 25143 ¢cm™ line in the spectrum of
the cubic and antiferromagnet RbMnF, (T = 4.2°K) [*°]. Dashed curve
—E,, LH, H,, L Mj; solid curve — E, || H, H¢,;, L H.

oy (oer)

(007)

(009
a)
FIG. 11. Anisotropy of splitting of the 25143 cm™ line in the
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H in (110) plane.

moments rotate smoothly away from the [111] axis,

and become perpendicular to the field along the two-
fold axis [110] when H > H¢ = V1.5HAHE. When H

i [110], no change in the magnetic symmetry of the
crystal takes place in fields of low intensity H < Hg.
The case H || [111] is interesting. Special investiga-
tions have shown that in a field H = v2HAHFE there is
no turning over of the magnetic sublattices. Apparently,
even in small fields, the magnetic moments become
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FIG. 12. Dependence of the splitting of the 25143 cm™ line on the
external-field intensity (T =4.2°K) [**). O —H || (100); A —H || (111);

O —-HI(110).

aligned along one of the three other threefold axes at
an angle 70° to the field. With increasing field, they
rotate and become perpendicular to the field only in
a sufficiently strong field.

In fields H > He (H ~ 2 X 10° Oe), ‘“tilting’’ of the
magnetic sublattices occur and a moment appears along
the external field. The ‘‘tilt’’ angle (t ~ H/2HE) does
not exceed 10° in fields up to 200 kOe. Thus, the ob-
served anisotropy of the splitting of the v = 25143.5 cm™
band in RbMnF; is determined uniquely by the orienta-
tion of the magnetic moments M; of the sublattices rela-
tive to the crystallographic axis.

A group-theoretical analysis with allowance for the
effective magnetic field of the exchange interaction
shows that complete lifting of the degeneracy for all the
excited levels of the Mn®* ion. However, the spatial de-
generacy, which remains in a crystal with two Mn®" ions
in a magnetic unit cell can be lifted only as a result of
resonant interaction (Davydov splitting). The splitting
of the v band in RbMnF, is observed only at a definite
direction of the magnetic moment M; of the crystal,
namely along the [110] axis, thus showing that the
Davydov splitting has a sharp anisotropy.

An analysis of the band shape does not permit a
unique determination of the character of the optical
transitions. Of course, the dispersion of the energy in
the exciton band € = €(k) affects the shape of the exciton
absorption bands and its temperature dependence, but
it is impossible to establish quantitative differences for
the local and exciton transitions. The mechanism of
formation of the absorption-band contour for local cen-
ters or ‘‘localized’’ excitons (i.e., with a narrow band)
was investigated theoretically in sufficient detail,!****
Two cases are possible here—of weak and strong elec-
tron-phonon coupling. In the former case the band shape
due to the single-phonon processes is close to a Loreniz
shape. On the other hand, in the case of a strong elec-
tron-phonon interaction, multiphonon transitions occur
and the band shape is Gaussian. For comparison with
experiment, we can use the approximate expressions
for the Gaussian curve

fo=m=ew {—(5)},

which was tabulated by Elste,'® or for a Lorentz curve

1

(5.1)

?47 2a{v—vq)

e ()

here K(v) is the dimensionless absorption coefficient,

K (v) ~ (5.2)
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v, the frequency of the optical transition, v the running
frequency, 6 the half-width of the band, and « its asym-
metry

(Vg a—=v) —{(¥o—v_y )
o~
6/2

(5.3)

Vi, are the frequencies at which K = 0.5Kpyax on the
short-wave (+) and long-wave (-) sides. A more con-
sistent formula, however, is the one proposed by Rashba,
which takes into account the linear term in the expansion
of the damping factors yEw) not only in the numerator but
also in the denominator:'*!

)
7—!—’_’&(\)4\*0)

K (v) ~ (5.4)

(v—vg)2-; 20 (v—vp)- (%) :

A few words must be said concerning the asymmetry
of the exciton bands. It depends strongly on the structure
of the exciton band. I states close to the top of the exci-
ton band (where the effective mass m* < 0) take part in
the optical transition, then the absorption band has a
more developed long-wave wing, i.e., negative asymme-
try «. On the other hand, if m* > 0, then a > 0.

The experimental shape of the narrow absorption
bands was investigated in detail using as an example
magnetically concentrated crystals—fluorides and car-
bonates of manganese and cobalt.®**™** Most narrow
light-absorption bands in these crystals have a Lorentz
shape, at low temperatures, and in some bands there is
observed a clearly pronounced ‘‘red’’ asymmetry, for
example the D, band in the spectrum of MnF, (Fig. 13).
These facts do not contradict the statement that excitons
are produced in magnetically concentrated crystals
when light is absorbed. However, investigations of the
spectra of these crystals yield no unique proof of the
appearance of exciton effects, neither in the structure
of the spectra nor in the band shape. On this basis, it
was proposed that the band widths of the Frenkel exci-
tons connected with the excitation of the 3d shell of
transition ions contained in the investigated crystals
are sufficiently small, and that their effective masses
are large.

A more unique proof of the exciton nature of the
light-absorption bands in magnetically concentrated
crystals was obtained in an experimental study of the
Zeeman effect in antiferromagnetic crystals; these will
be discussed somewhat later (Sec. 7). On the other hand,
measurements of the frequencies of the combined elec-
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tron-magnon bands and comparison with data on neutron
scattering make it possible even to estimate the width
of the exciton band connected with the excitation of the
3d excitons.®%*! In the case of MnF,, the width of the
exciton band Agxe ~ 2 cm™,® which is comparable
with the magnitude of the Davydov splitting in Cr,0,."*

The validity of the exciton model for the description
of the exciton states of antiferromagnetic crystals with
rutile structure (MnF,, FeF,, and CoF,) was demon-
strated in the reviews of Sell, Greene, and White'®! and
Loudon, **!

II. ABSORPTION OF LIGHT IN MAGNETICALLY
ORDERED CRYSTALS

This chapter is devoted to an investigation of optical-
spectrum singularities connected with antiferromagne-
tism of crystals. We shall discuss in succession the
changes of the electron spectrum under the influence of
exchange interaction, the change of the shape and width
of the absorption bands due to electron-magnon interac-
tion. The question of the participation of magnons in the
absorption of light will be considered in detail.

6. Influence of Magnetic Ordering on the Structure of
the Electronic Spectrum (Exchange Splitting of En-
ergy Levels)

The influence of magnetic ordering on the structure
of the spectrum becomes obvious from a group-theoret-
ical analysis. Indeed, the symmetry of a magnetically-
ordered crystal is defined as the intersection of the
groups of the crystal and the magnetic moment. This,
as a rule, leads to a lowering of the local symmetry
for the absorbing ion and to a splitting of the absorption
bands.

However, when the crystal goes over into the magnet-
ically-ordered state, one should not expect considerable
changes in the spectrum, since the exchange energy for
the majority of antiferromagnetic compounds is of the
order of 100 cm™, and the energy of the optical transi-
tion is 10°-10* cm™ (infrared region) or 10*~10° cm™
(visible and ultraviolet regions). Nonetheless, ordering
may be accompanied by a noticeable change in the fine
structure of the spectrum, Sugano and Tanabe'®*! pro-
posed to explain the influence of the exchange interaction
on the electronic spectrum of magnetically-ordered
crystals from the point of view of the molecular-field
theory; this is a rather crude approximation but explains
many experimental results.

From the point of view of the molecular-field theory,
the influence of the ordering on the spectral lines re-
duces to a consideration of the Zeeman effect in the ef-
fective exchange-interaction field

6FT M;

1[1-.' = 75\—’—"5’2}"‘;; NiST D (S 1)“ O

(6.1)

where Ty is the Neel temperature, N is Avogadro’s
number, g is the Lande factor, ypg is the Bohr magneton,
S is the spin of the magnetic ion, and M; is the sublattice
magnetization. At T = 0°K, the maximum value is
reached:

BhT N

I gup (S0 7

(6.17)

It should be noted that Hg acts only on the spin of the
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ion. If the ion has a total angular momentum J differing
from the spin, then it is acted upon by a certain effective
field Hggf, which is connected with the exchange field by
the relation

”eff :"25251—11&- (6.2)
Heif is in general anisotropic and depends on the orien-
tation of the sublattice magnetizations relative to the
crystallographic axes: Heff = AMj. The latter circum-
stance can lead to anistropy of the internal Zeeman ef-
fect upon reorientation of the sublattices by an external
field. The splitting of the light absorption lines in a
magnetically ordered crystal was observed in the case
of europium iron garnet'*»*! and the antiferromagnetic
crystals Cr,0; ®%° and Dy;Al1;0,,. 5"

Most investigated antiferromagnets, however, are
characterized not by splitting but by shifting of the ab-
sorption bands as a result of magnetic ordering (usually
towards the short-wave side). This circumstance can
be understood by taking into account the difference in
the populations of the Zeeman components of the ground
level of the ion, which is plit in the field Hggt at low
temperatures. The simplest case is when the Zeeman
splitting of the excited-state level is very small com-
pared with the splitting of the ground term. Since at low
temperatures (T <« Ty) only the lowest component of
the ground level is populated, and the splitting of the ex-
cited state can be neglected, the shift of the absorption
band by an amount determined by expression (6.1) be-
comes obvious. Such a simple case is realized in the
antiferromagnetic compounds of nickel: NiF,, %%
KNiF,,* NaNiF,,""»** RbNiF,,"™ and also NiCl,.

V,,cm
400
KNiFa
FIG. 14. Plot of the value vy = 300k
gugHE of the exchange splitting of
the Ni** ion vs. the magnetic-order- NaliF,
ing temperature in the following 2008 -
crystals: KNiF, [%°], RbNiF; and 4
NaNiF, [¢%], NiF, [*'], and NiCl,. 100+ NiF,
NiCL,
0 100 200 3I00 TymK

e

The effective exchange-interaction field splits the
ground level of the Ni®* ion, *A,, into three components
with mg = -1,0, and +1. When T < Ty, only the com-
ponent with mg = -1 is populated, and its energy is
lower by an amount gu gHE relative to the *A, level in
the paramagnetic phase (T > Ty). On the other hand,
the splitting of an excited level, say 'E, vanishes in
the first approximation. Consequently, the observed
shift of the absorption band of Ni®** is determined by
the splitting of the A, level and is equal to vy =gugHE-
In accordance with (6.1’), v ~ Ty, which is in good
agreement with the experimental data shown in Fig. 14.

A sharp change of the absorption-band frequency fol-
lowing magnetic ordering was observed also for many
antiferromagnetic compounds of manganese and cobalt:
MnCl, - 4H,0,'%" MnBr, . 4H:0," MnF2,"?* % * MnCOs,
145,47 065C0,, 7 CoF,, "+ %% %) and CoCl,."**?* This
shift is illusirated in Fig. 15 with MnCO; as an example.
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FIG. 15. Shift of light absorption frequencies in MnCOj; following
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doublet °A g(°S) > 4’ng(“D).

In the case of Mn®* and Co®* the situation is somewhat
more complicated than in the case of Ni**. For these
ions, the spin differs from zero also in the excited
states, which are therefore split following the magnetic
ordering and complicate the behavior of the absorption
band frequencies near Ty. However, the shift of all the
absorption bands in the spectrum of one and the same
crystal is practically the same, in spite of the fact that
the bands are due to transitions to different excited
states (see Fig. 15). On the other hand, the magnitude
of the shift is directly proportional to the Neel temper-
ature of the crystal Ty."" The observed connection
between Av and kTy is in good agreement with the con-
clusions of the theory of Tanabe and Sugano. The fact
that the shift of all the absorption bands in the spectrum
of one and the same crystal is practically the same of-
fers evidence that the splitting of the excited-state lev-
els in the field Hgff is much smaller than the splitting
of the ground state. This question was discussed by
Stout'®?! with MnF, as an example. In the case of total
magnetic ordering (T = 0), both the ground and the ex-
cited states of Mn® are split in the effective field Heff.
The interval between two neighboring Zeeman compo-
nents with mg and mg+ 1 is equal to gugHegr (6.17).

One must, however, take into account the fact that the
exchange interaction in the compounds under consider-
ation has an indirect superexchange character, in which
the nonmagnetic ions F~, C1°, and Co?™ take part. For
MnF,, the separation of each mechanism is realized as
a result of the overlap of the d orbits of Mn®" with the
neighboring F~ ions. Since the Mn®' ion in the MnF, is
in the center of an octahedron made up of chlorine ions,
the overlap is the largest for the dy orbits. The ex-
change integral is therefore proportional to the popula-
tion of the dy orbits by electrons with a spin oriented
along the C, axis of the crystal. According to Stout,
this population is not the same for different states of
Mn®*, and amounts to 1/5 for the ground °A,, state, 2/15
for “Alg(‘*G), 4,21 for ‘*Eg(“c), and 1/7 for “Eg(‘D). Thus,
the exchange integral, and consequently also Hgff, should
not greatly change on going over from the ground state
to the excited state (this change amounts to 20-30% for
different excited states), and the differences between the
exchange energies and the states under consideration
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are determined mainly by the value of the spin. When
account is taken of the figures given above for the dy-
orbit populations, the energies of the exchange interac-
tion in different states with a surrounding of unexcited
ions should be in the ratio 5/2 X 1/5):(3/2 x 2/15):
(3x2x4/21):(3/2 x1/7). Thus, the levels of all the
excited states of the Mn®* ions, whose spins (3/2) are
smaller than the spin of the ground state (5/2), are
shifted much less by the magnetic ordering than the
ground levels, and the shifts of the levels of all the
excited states can be assumed the same within 20%
accuracy. Consequently, in the first approximation it
can be assumed that the shifts of all the Mn®" bands in
the case of antiferromagnetic ordering are due to dif-
ferent changes of the energy of the ground and excited
states, in view of the fact that their spins are different,
while the effective field Heff can be regarded as being
the same for all the states.

A similar conclusion was reached by Tsujikawa and
Kanda,'"® who investigated manganese bromide and
chloride. In the interpretation of their results they have
also assumed that Heff is the same in the ground and in
the excited states of the manganese. In this case, the
shift of the ground-state level of Mn*' following magnetic
ordering is (5/2) gugHesf, and that of the excited level
is (3/2)guBHeff, and consequently the shift of the ab-
sorption bands should be gupgHeff. Using the experimen-
tally observed quantities (0.9 cm™ for the chloride and
1.5 cm™ for the bromide), it is possible to estimate
Heff. The values of Heff obtained by such an estimate
(9,000 Oe for the chloride and 16,500 Oe for the bro-
mide) are in good agreement with the results of inves-
tigations of the magnetization. Within the framework of
such an approximation, it is also easy to understand why
the absorption bands due to transitions between states
with identical spins do not experience an anomalous shift
in the case of magnetic ordering (the B band and CoCOs,
461 the infrared band v ~ 7,000 cm™ in CoF, and CoCl,
[14,28]).

However, such a simplified approach turns out to be
highly inadequate for the explanation of the anomalous
behavior of the absorption bands of the antiferromag-
netic crystals CoF, and CoCl, in the infrared region
(800-2,000 cm™). Figure 16a shows the temperature de-
pendence of the frequency shift of two infrared absorp-
tion bands in the CoF; spectrum. It is important that
both bands experience an anomalous frequency shift
towards the long-wave side when the crystal is cooled
below TN, and the magnitude of the shift is different in
the two bands investigated in detail (1345 and 1295 cm™
—their frequencies at 15°K). On the other hand, the band
v = 1006 em™ (T = 15°K) in CoCl, (Fig. 16b) shifts in the
TN region to the short-wave side when the temperature
is decreased. These facts can be explained when account
is taken of the detailed identification of the infrared-
absorption bands of CoCl, and CoF,, which was men-
tioned earlier (Sec. 3). We shall regard the exchange
splitting as the result of the Zeeman effect in an effec-
tive field Hgff. However, in the case of Co®' it is neces-
sary to take into account the fact™® that the low-sym-
metry crystal field and the spin-orbit interaction cause
the wave function to be superpositions of states with
different orbital m; and spin mg quantum numbers. In
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FIG. 16. Temperature dependence of the frequency shift of the in-
frared absorption bands in: 1) CoF, (1 — 1345 cm™ band, 2 — 1285
cm™ band [%]), b) CoCl, (1006 cm™ band) (T = 15°K) [2°].

this case Heff acts on the total angular momentum. It
is assumed that the field Hggf is the same for all the
states, and the operator of interaction with it has the

same form as for the external field:!?!
= sl gr (— L 28) . (6.3)

Then the Zeeman splitting of the Kramers doublet \IJ”t
is determined by the expression

A= WE| (= L 28) | W5 ol e (6.4)
On the other hand, we can write
AL = 2goprupH gy S. (6.5)

The anisotropy of the Zeeman effect can be taken into
account by introducing the anisotropic gefr factor, which
can be determined by equating (6.4) with (6.5) for an ef-
fective spin S = 1/2.

If the z direction coincides with the C, axis of the
CoCl; crystal, then the magnetic-field operator takes
the form

FHn = ol oty (—5 Lot 28.) . (6.6)
Assuming that the anisotropy of Heggs in the basal plane
of CoCl, is very small (as is confirmed by measure-
ments of the magnetic susceptibility), we write down
the magnetic-field operator for this direction

Hy—ppll et [ (Lr—L7)+2(S+— 8], (6.7)

where
Lt =Ly+tily, L~==L,—iL,.

The values of geff calculated on the basis of the fore-
going express1ons for the levels (E, - Eg) of the lowest
triplet *T . (* Fg ) of the Co®" ion, which determine the
infrared agsorptlon spectrum of CoCl, in the 600-2,000
cm™ region, are given in D4 since the magnetic mo-
ments in CoCl; lie in the basal plane of the crystal, we
confine ourselves to the case Heff 1 C, and assume that
Heff is the same for all the levels Ej (i = 1-6). Judging
from the values of the g factors, the greatest splitting
after magnetic ordering should be experienced by the
ground level E,. The levels E,, E;, and Eg are not split
at all in the linear approximation. Thus, we can expect
CoCl,; infrared bands connected with the transitions in
question to experience a short-wave shift following
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magnetic ordering. Such a picture agrees qualitatively
with the results of the experiments (see Fig. 16b).

In the case of CoF,, Lines® calculated the splitting
of the two lowest levels of Co® under magnetic ordering
nf the crystal. Even in this simple case, it was neces-
sary to introduce a number of anisotropic parameters,
the values of which were chosen such as to obtain the
best agreement between calculation and experiment.
The extension of such a calculation to the case of a
large number of levels involves an increase in the num-
ber of the adjustment parameters and affects the unique-
ness of the results. It is possible to employ the proce-
dure described above. To explain the long-wave shift of
the infrared bands of CoF, in this case, however, it was
necessary to make the additional assumption that Heft
is different in the ground and excited states of Co?** (14
Attention is called to the fact that the absorption-band
shift due to the exchange interaction is observed not
only near the magnetic ordering temperature, but also
considerably above it. This gives grounds for assuming
that the change in the electronic spectrum is due to the
appearance of a short-range magnetic order. A similar
conclusion that the singularities of the optical-spectrum
structure of antiferromagnets is connected with short-
range magnetic order was arrived at by Cooke et al.,
who investigated the absorption spectrum of the anti-
ferromagnetic _garnet Dy;AlL0;; (T = 2.49°K). Using the
band A = 3649 A as an example, they succeeded in dem-
onstrating that the temperature dependence of the fre-
quency shift of this band is similar to a temperature
dependence of the magnetic energy, obtained by inte-
grating the magnetic part of the specific heat of
Dy3Al;0,, and does not coincide with the temperature
dependence of the sublattice magnetization.

The conclusion that a major role is played in the for-
mation of the optical and infrared spectrum singularities
is played by the short-range magnetic order is con-
firmed by the results of an investigation of the light ab-
sorption spectra in antiferromagnetic crystals contain-
ing transition-group impurity ions in addition to the
main jons. In spite of the fact that this changes greatly
the structure of the crystal spectrum, it is possible to
identify the absorption band with optical transitions of
the magnetic ions contained in both the matrix crystal
and in the impurity ions—for the system xMnF,—

(1 -x)CoF,. The temperature dependence of the ab-
sorption-band frequencies of the antiferromagnetic-
crystal impurity ions, as shown by experiment, is de-
termined by the magnitude of the exchange interaction
between them and the magnetic ions of the matrix. ™™

7. Anisotropy of Exchange Splitting of the Energy Levels

As noted above (Sec. 6), the exchange splitting of the
energy levels can be anisotropic for states with appre-
ciable spin-orbit interaction. The first to observe the
amsotropy of exchange splitting of the energy levels of
Yb** in the exchange field of iron ions in ytterblum iron
garnet was Wickersheim,"™ with the E; ,(°F, )

5/2( F;,2) transition as an example. In this case the
structure of the exchange splitting could be easily
changed by rotating the spontaneous magnetic moment
of the crystal relative to the crystallographic axes with
the aid of relatively weak external magnetic fields. The
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experimental results have made it possible to determine

the exchange splittings of the doublets of the ground and
excited states as functions of the orientation of the ef-
fective exchange-interaction field. On the basis of the
similarity between the exchange splitting of the ground
state and the splitting and the external field, observed
with the aid of paramagnetic resonance of ytterbium in
gallium and aluminum garnets, Wickersheim proposed
that the exchange splittings of this doublet can behave
in exactly the same manner as the g-tensor of a two-
level system, i.e., the splitting has the following form:

AE =[(AE)L® + (AE)im® + (AE)?) V"

where AEx, AEy, and AEg are the principal values and
{, m, and n are the direction cosines of the exchange
field relative to the principal axes of the system (AE;

= gupHeft. i, 1 =X, y, 2). For the ytterbium iron garnet
ion with an exchange field bounded by the plane (110),
for example, there are four nonequivalent sites, and the
exchange splittings of the doublets are given by the re-
lations

AE,=[AE%-cos? + AE%-sin® 0)'/%,
AE, = [AE%-cos? § 4- AE?.- sin? 8]"/%,

AEaz[AEi-Sm; e—]—AE?J (605226«}_sin: 8_:_sin(;-/c;sf)) 4

AR (005229 ‘ 511419_ sing/-’/c;se)]1;’2Y
AEQ:[AEi-sm;e—}—AE‘; (cos;BV‘ Sjrfe_iin%/'.;oi) B

L AE? (cos;9+si;;29+ sini{céose)]i 2 ,

(7.2)
where 6 is measured relative to the [100] direction in
the (110) plane. Using the known values of the g-tensor
for ytterbium in ytterbium-gallium garnet and the ex-
perimentally obtained exchange splittings, Wickersheim
succeeded in determining the principal values of the ef-
fective magnetic fields Heff, and consequently, in ac-
cordance with formula (6.2), also the exchange fields
for the ground state of the ytterbium iron, which are
equal to 349, 611, and 678 kOe along the x, y, and z
axes, respectively. If the g-tensor for the excited state
is known, say from the optical Zeeman effect, then it is
possible to determine the effective magnetic field for
the excited state of the rare-earth ion. On the basis of
the experimental data,"? Levy'™ and Koster (see ')
advanced the hypothesis that the exchange interaction
between the rare-earth ions and iron cannot be de-
scribed by an isotropic interaction of the Heisenberg
type.

G. S. Krinchik and M. V. Chetkin!™! were the first to
notice the connection between the polarization of the ab-~
sorption bands in the orientation of the magnetization
vector of iron garnet. Inasmuch as the splitting of the
lines is determined by the orientation of the magnetic
sublattices relative to the crystallographic axes,m] it
is natural that the mutual orientation of Hy, and M; in
the case of magnetic dipole transitions, and of E, and
M;j in the case of electric dipole transitions, determines
the relative intensity of the Zeeman components. This
has been confirmed experimentally and has made it pos-
sible to justify the optical method of investigating mag-
netic anisotropy, which we shall illustrate with erbium
iron garnets Er;Fe O;, as an example.

(7.1)
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FIG. 17. Anisotropy of exchange splitting in the region of the
;572 = *S3/, transition of the Er** ion in erbium iron garnet (T =
4.2°K) ("],

In one of our investigations we study in detail in the
anisotropy of the exchange splitting in the region of the
1, 2 S, sz transition of the absorption spectrum of
Er® in erbium iron garnet.”™ In Fig. 17 we can see,
even in a weak magnetic field, a jumplike change of the
spectrum at definite values of the angle ¢ between the
easy-magnetization axis [100] and the external field H.
A detailed investigation of the dependence of the struc-
ture of the exchange splitting on the intensity of the ex-
ternal magnetic field has shown that appreciable mag-
netic fields are necessary to saturate the magnetic mo-
ment Mg along an arbitrary direction in the plane of the
sample. An external magnetic field H sufficient to over-
come the anisotropy energy of the iron garnet, when de-
flected from the [100] axis, drags with it the moment
Mg, but the latter does not become parallel to the field
and makes an angle § with the [100] direction. Investi-
gations in polarized light have shown that to each direc-
tion of the external magnetic field in the plane of an er-
bium iron garnet plate there correspond two mutually
perpendicular directions of the electric vector E, of
the linearly polarized light, at which the polarized bands
of the *I;5/2 — °S,,» transition have an extremal intensity.
Figure 18 shows the spectra corresponding to the best
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FIG. 18. a) Absorption spectrum of Er** in polarized light. The
angle between the vector E of linearly polarized light and the [100]
axis corresponds to the extremal intensity of the polarized absorption
bands. 0 €9 <€ 80° (H = 21.7 kOQe, T = 4.2°K). b) Dependence of the
angle 0 between the magnetization vector Mg and the [ 100) axis on the
angle ¢ between the external magnetic field H and the [100] axis (H =
21.7kOe, T = 4.2°K) ["]
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polarization of the lines at different orientations of the
external field (a), and also the connection between the
angles 6 and ¢ (b). Knowing the angles 8 and ¢ it is
easy to determine the first and second constants of the
magnetic crystallographic anisotropy of erbium iron
garnet. To this end, we write down the free energy of
the ferromagnetic crystal as the sum of the anisotropy
energy and the energy in the external field, confining
ourselves to the constants K, and K,:

W =W, Wy =K, (ala}--aja;+-afad) + Kojale—Hls. (71.3)

If H lies in the (110) plane we have «, = cos 6 and a,
= a4 = (Y2 /2)sin 6, and Eq. (7.3) takes the simpler form

W= 1 K\ (sin* 0 -sin? 26) 1 1 K, sin® 20— Igll cos (¢—0). (7.4)

The experimentally measured equilibrium angle 6 is
given by the equation

aw
&5 = 0. (7.5)
Using the values of 0 obtained with the aid of the pro-
posed optical method, the known value of the saturation
magnetization Ig = 20 ug/mole, and the unit-cell param-
eter a = 12 A, we obtain K, = 9 x 10° erg/cm® and K, = 5
x 10" erg/cm®. These agree with the data obtained by
the traditional magnetic methods.

Since anisotropy of the exchange splitting is to be ex-
pected only for states with appreciable spin-orbit inter-
action,™ in the case of manganese compounds this
anisotropy is connected with the splitting of the excited
states, since the ground state is °Ss/2 (L = 0). The sim-
plest example to understand is that of a uniaxial col-
linear antiferromagnet. In this case, an external mag-
netic field oriented along the principal crystallographic
axis Cp turns over the magnetic moments of the sub-
lattices when a critical intensity He = V2HEHA is
reached (Hp—magnetic anisotropy field, Hg—exchange
field), so that the magnetic moments change their ori-
entation jumpwise from Mj i Cp to M; L C,. The turn-
ing of the magnetic sublattices is accompanied by an
abrupt change in the structure of certain optical transi-
tions (the ¢‘threshold’’> Zeeman effect). Such an effect
was observed by Stager'™ in the spectrum of Cr,0,

(Hc = 60 kOe) and by one of authors'®® in the spec-
trum of MnF, (H; = 95 kOe). In the case of MnF,, the
¢‘threshold’’ Zeeman effect is observed only in the re-
gion of the A, (°S) — *T,(*D) transition (Fig. 19) and
has a sharply pronounced anisotropy (Fig. 20). The
‘‘threshold’’ Zeeman effect is interpreted on the basis
of a calculation of the exchange splitting of the energy
levels with allowance for the spin-orbit interaction. It
turns out that the g factor is anisotropic in a rhombic
crystal field (the case of MnF?) only for states that are
characterized by the ‘Tg representation in the O, group.
Therefore changes in the spectrum structure following
rotation of the magnetic sublattices are observed only
for the D group of the MnF, bands connected with the
transition to the excited state “Tig(‘D), and the structure
of the remaining groups is not changed, since their g-
factor is isotropic.

The behavior of the electric dipole absorption bands
of MnF,; in an external magnetic field can be regarded
as unique proof of the exciton mechanism of light ab-
sorption in magnetically-concentrated crystals, or at
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FIG. 19. “Threshold” Zeeman ef-
fect in MnF, for bands in the region
®A1g(°8) = °T(°D} transitions (T =
20°K) [®1). H is parellel to the tetra-
gonal axis.
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FIG. 20. Anisotropy of the
“threshold” Zeeman effect for the
MnF, band v = 28238 cm™ (T =
20°K) [%°].

least in MnF,. Indeed, while an external magnetic field
H oriented along the C4 axis and smaller in intensity
than the critical field He = 95 kOe, does not split the
levels of the individual ions (the local symmetry is D,h,
and the Kramers degeneracy is lifted by the exchange
field Hy), it does increase the energy of the ions in one
sublattice (+gupssSH) and decreases that of the other

(- gpeffSH). For the manganese ion, for example, the
spin of the ground state S = 5/2 (- 5/2) differs from the
spin of the excited state S'=S-1=3/2(-3/2). Inan
external magnetic field, the band corresponding to ex-
citation of the ion of one sublattice shifts by an amount
[sueffHS — g’ueffH (S - 1)], while for the ion of the sec-
ond sublattice it shifts by [~ gueffHS + g’ ueffH (S~ 1)],
i.e., the line corresponding to the transition between
the considered states is split in an external magnetic
field H symmetrically by an amount

A=2uerrl (g8 —g' (S—1)). (7.8)

Consequently, if the transitions were localized, then a
Zeeman splitting of the bands would be observed in a
field H < H¢, owing to the lifting of the sublattice de-~
generacy. On the other hand, the exciton absorption
bands connected with the collective excitations cannot
split if H 1| C,and is lower in intensity than Hg, for in
this case the symmetry of the crystal does not change.
The splitting of the exciton bands is possible when H¢
is reached, since the magnetic symmetry of the crystal,
defined as the intersection of the factor group D4, and
the magnetic-moment group th changes strongly when
the sublattices are turned. It is precisely under these
conditions that the ‘‘threshold’”’ Zeeman effect of the
electric dipole bands of MnF, is observed, thus demon-
strating their exciton nature. The absence of an influ-
ence of the external magnetic field up to 190 kOe on
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other electric dipole transitions in MnF, (®A;(°S)

— “Ag*Eg(G) and °A,(°S) — “E(*D))"™"! likewise does not
contradict the assumption that they have an exciton na-
ture. As to the weak magnetic dipole absorption bands,
their behavior in an external field can be correctly in-
terpreted by means of the single-ion model. In ** they
observed a Zeeman splitting of weak magnetic dipole
absorption lines E1(18419.6 cm™) and E2 (18436.6 cm™)
for the transition *A;g(°S) — *T;g(*G) of MnF, in a field
H < Hg, oriented along the tetragonal C, axis, which was
interpreted as a result of lifting of the sublattice degen-
eracy in the external magnetic field H. The validity of
such an analysis was subsequently corroborated by Sell
et al.’®"! According to their analysis, the result does
not mean that the E1 and E2 bands are not due to exciton
effects, since splitting due to the lifting of the sublattice

degeneracy is possible within the framework of the collec-

tive (exciton) model if the excitation migrates only over
ions situated in one of the sublattices. Sell et al.'®! have
shown theoretically that such a situation can be realized
in the case of MnF, for purely electronic excitations.
They considered a rather simplified model consisting

of N unit cells, each of which contains two non-equivalent
magnetic ions, and each ion has h optically active elec-
trons. The influence of the phonons is neglected. The
system has only two energy levels: the ground level gnpu
and the excited one ep ;. In the zeroth approximation, the
ions do not interact, and each ion is described by a Ham-
iltonian Hn s where ny pertains to the p-th position of
the ion in the n-th unit cell. Then the wave function of
the ground state of the entire crystal is given by

N 2,
16 A ] 1w (7.7
n fpu=1
and for a state in which the n-th ion is excited
[ B == I Aénp j\HﬂuK}v>’ (7'8)

where A is the operator that antisymmetrizes the wave
functions of the crystal. If we now turn on the energy
Vny,jv of the interaction between the nj.-th and ju-th
ions, then the Hamiltonian of the entire crystal is

N 5

N 4
o 1 .
F= 3 D Fwtz D 2 Vi

(7.9)
LIEXS BN TR | n, 7= 1w, ve=1
The matrix elements of the Hamiltonian
(EYK | 5 EYR) = 8o (E) + Vi (k) (7.10)

are the energies of the crystal with one excited ion.

Then
W () = (Fot | S, Eop) (7.11)

characterizes the so-called energy shift of the band.
The diagonal term

A

Vi (k)= _\: Crifor | Var, o1 ! Pgurear) cos (Kryy) (7.12)
and the non-diagonal term
v
Vie th) = X (€agot | Ve, o1t Pganter) cos (kry,») (7 -13)
|

n

determine the excitation transfer between ions of one
sublattice and ions of opposite sublattices respectively;
P is the perturbation operator.
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In MnF,, all the narrow-band optical transitions are
spin-forbidden. For such transitions, the inter-sublat-
tice coupling V,,(k) is negligibly small, as follows in-
tuitively from the results of Moriya,'®® namely, for
spin-forbidden transitions, the z-component of the total
spin momentum changes by 2 whenever the excitation
goes over from one sublattice to another, a fact forbid-
den by the momentum conservation requirement. Such
a process calls for a ground-state spin-orbit coupling
that is weak compared with the intrasublattice interac-
tion in the case of Mn®* ions. The same conclusion is
obtained when the values of Vy,(k) and V,,(k) are esti-
mated,

In the case when V,, = 0, the properties of the exci-
tons simplify greatly. This leads to the consequence
that the sublattice states become eigenstates of the
system. The excitation thus belongs to equivalent states,
whereas the general case is equally distributed among
two non-equivalent sublattices. It is easy to see that no
exciton effects will be observed for purely electronic
absorption, such as the E1 and E2 ions. Since the light
has a large wavelength, the momentum conservation
law calls for the momentum of the produced exciton be
equal to zero. There can be no Davydov splitting, since
V,2(0) ~ 0. Thus, the main basis for describing purely
electronic absorption by the single-ion model is the fact
that the excitation belongs to one sublattice.

The considered two-level model obviously holds for
Mn®* ions, which have many excited states in the 3d°
configuration, only in the first-order approximation
(but a higher-order approximation leads to great com-
plicationg). This approximation is not fully applicable
even to the exciton bands connected with the E1 and E2
lines, since these bands have practically the same en-
ergy, although in this case this approximation appar-
ently holds true. To obtain satisfactory agreement with
experiment for all the transitions in MnF,, one appar-
ently cannot consider the collective model independently
for each excited state of Mn®* while neglecting the cou-
pling between the nondegenerate ion states, since the
mixing between these states can obviously be appre-
ciable.

However, the foregoing analysis of the Zeeman effect
for bands of different nature in MnF, leads to the follow-
ing conclusion: Weak magnetic dipole transitions, which
are allowed in the crystal as a result of the spin-orbit
interaction, can be described by the single-ion model.
Conversely, strong electron dipole transitions, which
become allowed in the crystal by a much more compli-
cated mechanism (Secs. 3 and 8) are described by the
collective (exciton) model.

8. Magnon Participation in Light Absorption

Magnetic ordering of crystals produces, besides the
already considered change in the electron spectrum as
a result of exchange splitting of the levels of the unfilled
ion shells, also a new energy branch connected with ex-
citation of oscillations of the magnetic moments. If we
confine ourselves to the region of low temperatures
T < 0.3TN, then we are dealing with the magnon or
spin-wave branch of the spectrum. For nonmagnetic
crystals, the interaction of the electronic excitations
with the crystal-lattice vibrations (electron-phonon
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interaction) causes singularities in the form of the
absorption bands and in the structure of the spectrum.
In magnetically-ordered crystals, owing to the exciton-
magnon and phonon-magnon interaction, new details of
the structure and form of the absorption bands are also
possible.

In this section we discuss the antiferromagnetic
crystal spectrum-structure features connected with
excitation of spin waves when light is absorbed. We
shall consider in succession the possible mechanisms
of light interaction with a spin system of a crystal in
concrete regions of the spectrum: a) the far infrared
region (two-magnon absorption), b) the infrared region
(phonon-magnon absorption), and c) the visible and ul-
traviolet region (electron-magnon satellite bands).

a) Two-magnon absorption. In the investigation of
the absorption spectrum of antiferromagnetic fluorides
of the iron group, FeF,, MnF,, and CoF,, in the far in-
frared region of the spectrum, electric dipole absorp-
tion bands were observed at the frequencies 154.4, 110,
and 120 cm™.®* %) The singular features of these bands
made it possible to propose that they are connected with
magnetic ordering of the crystal. Notice should be taken
of the most characteristic features of this absorption,
which were investigated in detail for the antiferromag-
netic FeF, and MnF,: 1) the absorption band is sharply
polarized, and the absorption is strongest when the elec-
tric vector is polarized along the tetragonal axis of the
crystal. 2) The intensity of the band is maximal at T
— 0 and is comparable with the intensity of the antifer-
romagnetic resonance line. 3) When the temperature is
increased, the band broadens and vanishes near the Neel
temperature of the crystal. 4) The frequency of the band
decreases less sharply than the frequency of the antifer-
romagnetic resonance line when T — Ty. 5) The band is
insensitive to an external magnetic field of intensity up
to 50 kOe.

A similar absorption was recently observed by Rich-
ards'®! for at the weak-ferromagnetism antiferromag-
nets NiF, and MnCO;. Unlike the previously considered
easy-axis antiferromagnets, the two-magnon absorption
is not observed in NiF, and MnCOQ; in a zero external
field, and has a number of singularities that have not
been investigated in detail either theoretically or ex-
perimentally. A comparison of the frequencies of the
observed absorption bands for the case of FeF, and
MnF, with the known neutron-diffraction investigations
of the spin-wave dispersion in these crystals has made
it possible to propose that they are connected with the
absorption of light, wherein two short-wave spin waves
are simultaneously created, with frequencies and wave
vectors near the boundary of the Brillouin zone.

To explain the possibility of two-magnon absorption,
is necessary to understand first how the electric field of
the light wave interacts with spin waves in a magnetic-
ally-ordered crystal. As mentioned in Sec. 3, transi-
tions within the limits of the 3d™ configuration are
parity-forbidden in the electric-dipole approximation;
the observed strong electric dipole absorption cannot
be explained within the framework of the single-~ion
model. Electric dipole transitions become possible if
two interacting ions take part simultaneously in the ab-
sorption. The theory of such a process with a case of
solid was developed by Dexter.'®® The two-magnon ab-
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sorption mechanism described below can be regarded as
a particular case of this theory. Independently of its con-
crete nature, the interaction between the pair of ions i and
j should lead toallowance of such a transition, wherein
theion i changes its spin component by AS% = ~1 and goes
over into any odd (even) state of the freeion |e), whereas
the neighboring ion j changes the spin component by
AS? = +1, and remains in the ground orbital state |g).
This leads to the appearance of an electric dipole mo-
ment, the interaction of which with the E , vector of the
light wave can be written in the form

N7 S
E,nifatS].

(8.1)

where af = |e)(g| is the transition operator between
the states |e) and |g), and n%g is the dipole moment

of the transition. Since the process in which the ion j
goes over into the state |e) and the ion i remains in
the ground state |g), is equally probable the Hamilton-
ian of the exciton-magnon electric dipole transition in
the pair of ions i and j can be written in the form

ofpeX—Inag >t tot ~ __rd -
’j{/ij S l:u,:rr;jaiSj - Lmnjl a,»SZ .

(8.2)

For the particular case when the final orbital state
of the two ions is the ground state, and the only spin
components change, the Hamiltonian is transformed
into

02 I h) y
iz = By (T -+ m) S7ST,

(8.3)

since the exciton operators are in this case connected
with the spin operators by the relations '

st Nt
aj == . als s

R (8.4)

and the denominator (Zs)‘/z is taken into account in the
moment 7. If we sum in the Hamiltonian (83.) over all
the ion pairs in the lattice and take into account only the
interaction between the nearest neighbors in the oppo-
site sublattices, a group-theoretical analysis with allow-
ance for symmetry makes it possible to write in each
concrete case the Hamiltonian of the two-magnon inter-
action; for example, for MnF, (FeF,) it takes the form

SEETE . N (AE. 0%+ A*E 0% - BE.o%iolal;) S787, (8.5)

<y 3
where A and B are simple combinations of the compo-
nents 7jj and 7jj, and ojai{ (a = x, y, z) takes on the val-
ues +1, depending on the sign of the o component of the
vector joining the ions i and j.

The spin Hamiltonian (8.5) is invariant against all
operations of the magnetic-symmetry group of MnF,
(FeF,), including the time-reversal operation. Other
symmetry-allowed terms of the Hamiltonian (8.5) do
not lead to two-magnon absorption.

The absorption coefficient can be written in the form

o (V) ~ S @3k | M, (k) > 6 [hv— 2E ()], (8.6)
where M;(k) is the matrix element of the electric dipole
transition in which two magnons with opposite momenta
are produced (i = 1, 2 corresponds to E, I C and E,
1 C), n is the refractive index, v is the frequency of the
absorbed photon, and E(k) is the energy of the magnon
with wave vector k. In two-magnon absorption it is nec-
essary to take into account the energy and momentum
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conservation laws:

Eiiky) - Ea (ko) =Tv, ki + ky==Q~0; (8.7)

here fiv is the energy of the absorbed photon, E (k,) and
E,(k,) are the energies of the two magnons produced
upon absorption of light, respectively, k,; and k, are their
quasimomenta, and Q = 0 is the wave vector of the light.
Taking the conservation laws (8.10) into account we ob-
tain from (8.6) a final expression for the absorption co-
efficients

. d Ik -1 .
av) N (l{{é:’) 1S (k) .

(8.8)
Thus, the shape of the two-magnon absorption band is
determined by the spectral distribution of the density
of states in the spin-wave band (dE(k)/dk)™ and by the
dependence of the probability of simultaneous excitation
of two ions on the wave vector of the magnon S(k). The
constant C depends on the concrete mechanism whereby
the transitions are induced.

Knowing the spin-wave dispersion law for the con-
crete crystal, we can determine the density distribution
of the magnon state. Figure 21 shows the critical points
in the distribution of the state density for the case of
MnF,. The exchange constants used in the calculations
are J, = 0.34°K, J,; = 1.74°K, and J; = 0.05°K between
the first, second, and third neighbors, respectively, and
the magnetic anisotropy field employed was Hp = 1.05°K.
In antiferromagnetic fluorides of the iron group, the se-
lection rules are such that for an electric vector Ey, 11 C,
a singularity appears in the two-magnon absorption line
shape at the point A of the Brillouin zone, while for E,
L C,4 the corresponding singularity lies at the point X.

From relation (8.8) and the known spin-wave disper-
sion law we can determine the frequency of the absorp-
tion maximum:*®”

vy =2 (v,

(8.9)

If ki C,axis; va = yHA and vg = yHE (HA and Hg are
the anisotropy and exchange fields and y is the gyromag-
netic ratio) are connected with the antiferromagnetic
resonance frequency by:

Varur = (Vi 2vv) VR (8.10)
Using, for example for FeF,, the known values
VAFMR = 53 cm™ and v p /vy = 0.371, we obtain for two-
magnon absorption 2vy = 154 cm™, in splendid agree-
ment with the experimental value 154.4 cm™.%*% On the
other hand, for the quantitative theory of the shape of
the observed two-magnon absorption, it is necessary to
specify concretely the mechanism of simultaneous exci-
tation of two magnetic ions. Halley and Silvera, ‘%!
proposed a ‘‘spin-orbit’’ mechanism of ‘‘pairing’’ of
two ions, while Tanabe, Moriya, and Sugano (TMS),%2!
who verified the Halley and Silvera ‘‘exchange’’ mecha-
nism on the basis of the Coulomb interactions between
the ions, have shown the ‘‘pairing’’ between the ions can
occur as a result of interaction between the electron di-
pole moment of the ion i and the electric quadrupole
moment of the ion j. This interaction is induced by the
spin-orbit interaction if a high-frequency spin wave with
k # 0 is excited. In this case the energies of the even
exciton states of the magnetic ion appear in the denomi-
nators of the theoretical expressions for A, A*, and B

bl
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FIG. 21. Brillouin zone and distribu-
tion of the magnon-state density for anti-
ferromagnetic MnF, [®7)
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of the Hamiltonian (8.5) the i.e., a virtual allowed mag-
netic-dipole transition in the crystal, between the near-
est even exciton states of the magnetic ion, occurs in
the Halley-Silvera mechanism. I should be noted that
the nearest even excited state for the Fe®" ion is located
1000-2000 cm™ above the ground state, whereas for the
Mn?* ion this interval amounts to ~20,000 cm™. In this
connection, in accordance with the Halley-Silvera theory,
the intensity of the two-magnon absorption in the case

of MnF, should be smaller by four orders of magnitude
than in the case of FeF,. Yet experimentally these quan-
tities are of the same order.

This disparity, however, is eliminated when the TMS
mechanism is used. The *‘pairing’’ between the two
magnetic ions is then the result of superexchange inter-
action between them. A virtual electric dipole transition
between two odd states of the magnetic ion, which goes
beyond the limits of the 3d shell, and is allowed in the
crystal, takes part in the process. Since the aforemen-
tioned odd excited states have comparable energies for
the Fe®" and Mn® ions, the intensity of the two-magnon
absorption lines should be of the same order. Accord-
ing to the theory, the line in MnF, should be weaker by
a factor of four than in FeF,, which agrees with the ex-
perimentally observed value ~2.5."! The foregoing
considerations allow us to conclude that the Halley-
Silvera theory is apparently not universal for all the
iron-group metals. However, as shown by a comparison
with the experimental results for FeF,, it can explain
the main features of two-magnon absorption in the case
of ions with appreciable spin-orbit interaction in the
ground state. The Halley-Silvera mechanism explains
the frequency of the absorption band in FeF, (154.4 cm™)
and its temperature dependence and polarization, and
qualitatively also the temperature dependence of the
band intensity.™®°3 As to the shape of the band, it fol-
lows from Fig. 22 that the theory gives a sharper ‘‘red”’
asymmetry with a distinct short-wave edge, whereas
the experimentally observed shape is less asymmetrical.
The authors of the theory have proposed that this is con-
nected with neglect of the relaxation effects.

In the case of MnF,, satisfactory agreement with the
experimental data concerning the shape of the band were
obtained by Allen and co-workers'®™ on the basis of the
TMS mechanism with allowance for the interaction be-
tween the magnetic ion and not only the nearest neigh-
bors but also the more remote ones (Fig. 22a). Allow~
ance for the nearest neighbors only gives a shape analo-
gous to the case of Fer.[m This apparently offers evi-
dence that the real interaction range is longer than that
of the exchange interaction. However, in the case of
MnF, the short-wave edge of the band turned out to be
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FIG. 22. Experimental two-magnon absorption line shape for
MnF, (a) [3"] and FeF, (b) [®¢]. Theoretical curves: a) TMS with allow-
ance for long-range interaction; b) Halley-Silvera theory with allowance
for interaction with the nearest neighbors. The two experimental curves
in case b) correspond to different methods of separating the absorption
background [®¢]. The intensity scales are different in (a) and (b).

sharper in the calculation than that observed experi-
mentally.

The insensitivity of the experimentally observed band
to the external magnetic field follows from the assump-
tion that in the process under consideration the two
magnons appear in opposite sublattices. In the TMS
theory this naturally follows from the form of the super-
exchange interaction constant. In this case the external
field increases the frequency of the magnon in one sub-
lattice and decreases it in the other; consequently, the
experimental band is independent of the field. Taking
into account the qualitative difference between the ex-
perimental shapes of the bands of two-magnon absorp-
tion for the crystals MnF, and FeF, (Fig. 22) and the
difficulties encountered by Allen and co-workers™® in
explaining the band shape in the case of MnF,, Halley
proposed a third mechanism to explain two-magnon
absorption in MnF,."*! This mechanism is based on
allowance for second-order mechanism and can be il-
lustrated by Fig. 23. The electric field of the light wave
interacts with the optical phonons of the crystal, which
in turn interact with the spin waves via a magnetically-
ordered interaction. The phonon that takes part in such
a process is virtual. As shown by Halley, allowance for
the indirect interaction between light and the spin waves
leads to a Hamiltonian that includes the terms used by
Allen et al. in the phenomenological interpretation of
their results. With the aid of the developed theory it
was possible to explain qualitatively the difference be-
tween the band shapes of MnF, and FeF,, as well as
their weak dependence on the external field. However,
no quantitative estimates were obtained, in view of the
lack of information on the values of the constants of
magnetically-ordered interaction, and also on the force
constants and on the frequency of the optical phonons
for MnF,.

The considered three mechanisms for the appear-
ance of two-magnon absorption in antiferromagnetic
fluorides explain the main experimental results in each
concrete case. This gives grounds for assuming that
they are competing mechanisms, and that each of them
can prevail in a concrete case. None of the described
mechanisms, however, explains the experimentally de-
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veloped short-wave wing observed in the investigated
absorption bands. This fact must be regarded as the
main shortcoming of these mechanisms.

A thorough analysis of the shapes of two-magnon ab-
sorption bands may turn out to be very useful, since it
can serve, in conjunction with information on the crystal
symmetry, as a method of optically identifying the ener-
gies of the singular points on the boundary of the
Brillouin zone. Even the average value of the magnon
frequency on the boundary of the Brillouin zone is ob-
tained from optical data much more readily than from
investigations on neutron scattering.

b) Phonon-magnon absorption. In the infrared region
of the absorption spectrum of the crystals Ni (1100 and
1940 cm™)*4 gnd KNiF, (1230 cm ™)™ there were ob-
served bands which, like the previously considered two-
magnon bands, are apparently connected with antiferro-
magnetic ordering. These bands depend strongly on the
temperature. With increasing temperature, their maxi-
mum shifts towards longer wavelengths, and the spectral
width of the lines increases in such a way that the band
merges completely with the background near TN.

A mechanism for explaining the observed absorption
was proposed by Koide, Mizuno, and Tsuchida.'®® They
have noted that in Ni and KNiF; crystals, where each
pair of the magnetic ions has a symmetry center, the
TMS mechanism cannot lead to the occurrence of mag-
non-induced electric-dipole transitions. In this connec~
tion, the lattice vibrations should play an important role
in the explanation of the absorption bands that depend on
the magnetic ordering. The observed bands were attrib-
uted to an electric-dipole transition, induced in a spin
system by an optical phonon (see Sec. 3) and including
the excitation of two magnons and one phonon. Using
the Weiss approximation for the exchange interaction,
the authors obtained the transition energy at T <« TN:

(8.11)

where hvypg = 2zJ (S, ) is the exchange-interaction en-
ergy and hyy is the phonon energy. The temperature
dependence of hvg is obviously determined mainly by
the analogous dependence for (Sz). The theoretically
obtained temperature dependences of the frequency and
of the absorption band shape are in satisfactory agree-
ment with the experimental results.

¢) Magnon satellite bands in the optical spectrum.
Insofar as we know, the first manifestation of additional
light-absorption bands in the spectra of rare-earth iron
garnets were observed by Krinchik and co-authors, %!

g = 2hvy = hvy,.
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Table I. Optical transitions for different antiferromagnetic
crystals, in which exciton-magnon satellites
were experimentally observed

| Substance Reference

| Ton Optical transition
! \
| e 5.dyg (65) > 174 (16)
Edyg (88) =>4y, (36)
Gy (93) > T34 (46)
| AT 5 (1G) —> 6.1, (85)
811 (53) = 21y B (16)
6 lig (En) —> 1. lmlllvg (46)
‘i‘,r]'g (Ii,\') —> 1 ';g'-’fg (J(})
L 11g (w;‘g') —> 1 ]lgl/:'g (40)
idyg (88) => 1T, (31))
o I‘E (65— 4[{g (»J[)’)
S dyg (851 IR, (1D)
Sl (88) = g (D)
Sy (58) —> 14y (OP)
Fe2+ 5Ty —> 3Tag
5oy ——>3ty,
Niz+ B lag—> 170y
ol —> 1,
Co2t \. 47‘1‘;,(»11.‘)*» 47-2g(;p)

50, 5§, 32, 97, 98
103
103
HIR

Anky
KMul,
RbMIF,
Anky 103
MnF, v 100
KAInky 89, 100 i
RbMnt, "m i
CsMnky Jos
NMnly 1o
X Mnky 4
KMnF, -
1RbMnF; 101
MuFs 52, 102
Felfy 101, 105, 106
Fel, o
Nik, .
KNiF, 82, 107
CoFa | ! ‘

who also interpreted the additional bands as electron
transitions accompanied by spin-wave production.

In Table I is gathered the most reliable information,
in our opinion, concerning the additional absorption
bands observed in the optical spectrum of antiferromag-
netic crystals at T < TN. A more detailed table is given
in Sell’s brief review.[!®*) These bands are called mag-
non satellites or exciton-magnon transitions. It is char-
acteristic that the magnon satellites are connected with
electric-dipole transitions, are separated from the
purely electronic transition by an interval ~kTp, are
strongly polarized, and exist when T < Ty; some of
them are characterized by a clearly pronounced ‘‘red’’
asymmetry, whereas others are practically symmet-
rical.

The first attempt to explain the additional ‘‘mag-
netic’’ bands was undertaken by Tanabe and Sugano.
They noticed first of all that the appearance of additional
lines cannot be attributed to simple splitting of the
ground or excited level in the exchange field Hg. In ad-
dition to the usual electronic transitions in Niz, these
authors considered also transitions in which one pho-
ton is absorbed by two exchange-coupled ions, one of
which goes over to the excited state, and the other to
the Zeeman component mg = 0 of the ground state,
which is split by the exchange field Hg (Amg = +1).

In addition to such a double transition, ordinary single
transitions are also possible. Such an analysis explains
the appearance, following the magnetic ordering of the
crystals, of satellites that are separated from the
ground bands by an interval Avyp ~ gugHg = kTN. How-
ever, it is impossible to explain within the framework of
this theory the shapes of the additional bands and the
temperature dependence of the band shape. To solve
these problems it is necessary to take into account the
collective character of the excitations (excitons, mag-
nons) and the energy dispersion in the spin-wave band,
whose width may be appreciable.®*,*

It must be emphasized that the additional bands are
connected with electric-dipole transitions, which are
forbidden in the crystal (Sec. 3) if the ion is located at
the symmetry center. In analogy with the mechanism
described earlier (Sec. 3) for the appearance of phonon

(s3]

satellites, the magnons can change the local symmetry,
leading to the appearance of electric dipole magnon sat-
ellites. Such a process can be brought about by the
mechanisms considered in Sec. 8a. In this case the
Hamiltonian of the exciton-magnon electric-dipole tran-
sition can be obtained by summing in (8.2) over all pairs
of ions in the crystal.

In Fig. 24, the exciton-magnon transitions are illus-
trated by diagrams from the paper of Halley and Sil-
vera."™ The same figure shows the schemes of the
exciton-magnon transitions, demonstrating the satis-
faction of the energy and momentum conservation law
(8.10) in such transitions. Figure 24 illustrates also
the particular case of exciton-magnon transitions when
two quasiparticles of the same kind, namely two mag-
nons with equal but opposite momentum directions, are
excited following the absorption of the photon.

Obviously, if we disregard the dispersion in the ex-
citon band, which is negligibly small (Sec. 5), then the
shape of the exciton-magnon band, as well as of the two-
magnon bands, is determined by Eq. (8.8), and its max-

Photon }Exciton | Exciton i B Ve
_ (odd)  (even) |
Electric- . B
di Exciton \
ipole \

interaction . magnon
interaction v

L V=2V
A N 1)
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i
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Electric- Spin-
dipote orbit
i i . interaction
interaction g .o int
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s 0 me K

e K Varur

magnon
interaction

FIG. 24. Diagram and scheme illustrating the mechanism of exciton-
magnon transitions in antiferromagnets: a) exciton-magnon transition;
b) two-magnon transition. VAFMR — frequency of antiferromagnetic
resonance; vM — frequency of spin waves with maximum momentum;
ve — minimal exciton energy; A — width of exciton band (A > (vM —
VAFMR)).
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imum is shifted towards the short-wave side from the
purely electronic line by an amount equal to the maxi-
mum energy of the spin waves vy (8.9).

The first to analyze the shape of the exciton-magnon
band and to compare it with the structure of the optical
absorption spectrum in the region of the longest-wave-
length electronic transition °A,o(°S) = *T,(*G) in man-
ganese fluoride were Greene etal.B The spectrum of
this transition consists of two narrow weak magnetic
dipole lines E1(18419.6 cm™) and E2 (18436.6 cm™) and
three broad relatively strong electric dipole lines ol
(18477.1 cm™), 02(18485.3 cm™), and 71 (18460.8 ci. ™).
The magnetic dipole lines and the two ¢ lines are ob-
served in o polarization, while 71 is observed in 7 po-
larization. The authors identified the E1 and E2 bands
as exciton excitations, and the g1 band as a spin-wave
satellite of the E1 band, which occurs upon simultaneous
creation of an exciton and a magnon. Investigations by
Russel, McClure, and Stout'®’ of the Zeeman effect and
by Dietz and co-authors'®® of the influence of the actual
pressure on the behavior of this group of bands has
made it possible to propose that ¢l and 7l are spin-wave
satellites of E1, whereas ¢2 is a satellite of E2.

Greene and co-authors™® have shown that the shape
of the electric-dipole absorption bands, their spectral
position (they are separated from the purely electronic
bands by Av = vy + A = 57 cm™, where v = 55 cm™ is

the maximum frequency of the spin waves and A = 2 cm™

is the width of the exciton band) agree with the assumed
exciton-magnon mechanism of light absorption. The re-
sult of a comparison of the calculated and experimental
investigations of the spectral distribution of the absorp-
tion coefficient in the region of the satellite band is
shown in Fig. 25, which is taken from %!, The agree-
ment is perfectly satisfactory if account is taken of the
fact that no consideration was given to the finite lifetime
in the excited state and to the nonzero value of tempera-
ture. A more detailed mterpretatlon of the exciton-
magnon bands of the *A,(°S) — — *Tg(*G) transition with
allowance for magnetic symmetry of MnF, is given by

a number of authors, %% who developed the TMS
mechanism for this case. The polarization of the ab-
sorption bands has been explained. The experimentally
observed difference in the shapes of the two-magnon
absorptlon bands and of the magnon satellites of the
°A,5(°S) — *T,¢(*G) transition have been quantitatively
demonstrated The latter is clear from a comparison
of the experimental curves of Figs. 22 and 25. This
circumstance can be qualitatively understood by taking
into account the fact that the appearance of the satellite
bands in the optical spectrum and of the two-magnon ab-
sorption bands in the far infrared region is connected
with the excitation of spin waves in different singular
points of the Brillouin zone. As noted earlier (Sec. 8a),
the 7 and ¢ two-magnon bands in MnF, are connected
with excitation of spin waves with k-vectors at the
points A and X of the Brillouin zone respectively (see
Fig. 21). The satellite 71 in the optical spectrum has a
shape which is not similar to ¢ absorption in the infra-
red spectrum. The shape of o1 demonstrates that it is
the result of excitation of spin waves with k i C, ~
tetragonal axis at the point Z of the Brillouin zone. The
energies of the spin waves with k vectors at the points
A and Z of the zone are approximately equal, and the
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FIG. 25. Spectral distribution of the light-absorption coefficient in
the region of the exciton-magnon absorption band (T = 2.2°K) [*°L.
@ — calculation in accordance with (8.2); A — experiment.

energy difference between A and X is of the order of
5 cm™. At the same time, the experimental difference
between the 71 and o1 peaks is 16 cm™. Tanabe and
Gondaira'®® could not explain this difference within
the framework of the theory developed by them, even
when account was taken of the width of the exciton band
(A ~ 3 cm™). Nor was it possible to explain the singu-
larities of the shapes of the 02 and 7l bands, which re-
veal no clearly pronounced ‘‘red’’ asymmetry, or the
fact that the 72 band was not observed experimen-
tally. These questions, and also details of the behavior
of the satellites of the 6Alg( S) — “T,g(*G) transition of
MnF, under pressure,'® remain unclear to this day and
call for additional investigations. The exciton-magnon
bands in the region of the *A;g(°S) — *Tyg(’G) transition
of the absorption spectrum of MnF, were investigated in
greatest detail both experimentally and theoretically.
This is connected with the fact that the ground state of
the Mn®’ jon (3d° configuration) is °A,g, and the spin-
wave spectrum is the simplest one, since there is no
spin-orbit interaction. On the other hand, for the re-
maining ions of the iron group (Fe?', Co®, and Ni®") the
situation is more complicated. For example, the ground
state of the Fe®" ion is the result of the 5ng state, near
which there are several exciton states. The transition
to one of them, 5Eg, leads to an intense spin-allowed
exciton transition, for which a magnetic dipole satellite
is observed."® It is possible that in the case of FeF,
an important role may be played by the spin-orbit inter-
action proposed by Halley and Silvera.'® For the Ni?
ion, we have investigated in greater detail'®"! the section
of the spectrum corresponding to the A, — T, transition
in NiF, (see Fig. 6). Besides the exciton-magnon band
v = 20621 cm™, a two-magnon band, corresponding to a
transition including two magnons {vy;) and an exciton
(voo) Was observed in the spectrum. This peak is lo-
cated accordingly at a distance 2v); from the purely
electronic transition. A similar result was obtained by
Van der Ziel and Guggenheim,*°™ who observed in com~
pounds containing the Co?" ion two-exciton transitions
corresponding to the case when the final excited states
of both ions of the pair correspond to exciton states.
Particular interest attaches to exciton-magnon tran-
sitions in the spectrum of the cubic antiferromagnet
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RbMnF,."* The period of the magnetic structure of
this crystal is equal to double the period of the crystal
structure (apg = 2ak). Taking this circumstance into ac-
count, it is easy to show that the ‘‘pairing’’ parameter
Sm is equal to zero in the expression for the absorption
coefficient (8.8) on the edge of the Brillouin zone (k=7/a)
and is maximal on the edge of the magnetic Brillouin
zone (k=7/2a)."" It follows therefore that in the optical
spectrum there should appear predominantly spin waves
with energy E (7/2a) and not E (7/a). According to neu-
tron-diffraction data, E (r/a) = 72 em™ and E (7/2a)

= 56 cm™. The intervals Ay = 56 cm™ is clearly sepa-
rated in the optical spectrum.!®*°® This equality
agrees well with the assumption that the satellite bands
in RbMnF, have an exciton-magnon nature, all the more
since their shape and the temperature dependence of the
spectral position also confirm this hypothesis.

Just as in the case of tetragonal fluorides (MnF, and
NiF,), exciton-magnon transitions in the cubic antifer-
romagnetic RoMnF,, judging from the intensities, are
electric-dipole. But the magnonless bands in the spec-
tra of the tetragonal fluorides are due to weak magnetic-
dipole transitions, and in RbMnF, they are no less in-
tense than the electron-magnon satellites. This sug-
gests that the magnonless bands are in themselves al-
ready combined (electron-phonon) bands, and the satel-
lite bands are due to transitions in which an exciton,
phonon, and a magnon are simultaneously produced.

Such complicated optical transitions are realized
also in tetragonal antiferromagnets, for example MnkF,.
This statement is based above all on an analysis of the
behavior of the magnetic satellites in an external field.
It was noted above that in spite of the collective exciton
character the magnetic dipole purely electronic absorp-
tion lines are split'® in an external magnetic field H
Il C4, since the electronic excitation migrates over the
ions of only one sublattice,'®*® and the external fields
lift the ‘‘sublattice degeneracy.’” The electron-vibra-
tional (electric-dipole) bands in an external electric
field H oriented along the C, axis and having a lower
intensity than He do not become split. Apparently, this
is not surprising, since the field H i C, does not change
the magnetic symmetry of the crystal, and the interac-
tion with oscillations that are asymmetrical relative to
the inversion center ‘‘mixes’’ the electronic excitations
of both sublattices, so that there is no ‘‘sublattice’’ de-
generacy for such states. Since the spin-wave branch
of the spectrum splits in a field H 1l C, into two, this
explains the behavior of the magnon satellites of the
magnetic-dipole and electric-dipole bands. To this end
it is necessary to use an expression that determines the
shape and the spectral position of the exciton-magnon
band in the optical spectrum of the antiferromagnet,
(8.8), and the expression for the spectrum of spin waves
in a field Hy < He = V2ZHAHE and Hz > Hc.''®? The re-
sults of such a calculation are illustrated in Fig. 26. The
bands of the ‘‘double’’ (exciton-magnon) transitions—
satellites of magnetic dipole lines—should not split in an
external field, since the Zeeman splitting of a purely
electronic transition is compensated by the splitting of
the spin-wave branch (see the lower part of Fig. 26); the
doublet structure of the band at H < H¢ is due to more
subtle features of the exciton-magnon interaction. "

On the other hand, the electron-phonon-magnon tran-
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FIG. 26. Calculated and measured influences of the magnetic field
on the light-absorption band in antiferromagnetic MnF, (v = 55 cm™},
He ~ 9 X 10* Qe) [ 1)

sition bands (the magnon satellites of the electric-dipole
bands) should be split in an external field, and this split-
ting is an unambiguous reflection of the behavior of the
spin-wave branch of the spectrum (upper part of Fig. 26),
since the electron-phonon band itself does not respond

to the turning of a field H < He. The latter is connected
with the fact that the electron-vibrational excitations due
to the electric-dipole absorption apparently migrate
over the ions of both sublattices. In this connection, the
assumption®® that all the bands observed by us in the
region of the ®A,,(°S) — “T,, (D) transition of MnF,,"
which did not split in a field weaker than critical, are
exciton-magnon bands can hardly be regarded as justi-
fied, especially if account is taken of the fact that almost
all of them are observed in the paramagnetic phase of
MnF, (T > Ty = 68°K).

It follows from all the foregoing that the appearance
of exciton-magnon absorption bands is usual in spectra
of transition-metal ions in antiferromagnetic dielec-
trics. An investigation of the exciton-magnon absorption
bands can yield valuable information concerning the ex-
citons and magnons near the band boundaries, informa-
tion difficult to obtain by other methods. More detailed
investigations will make it possible to evaluate the dis-
persion of the exciton band, the energies of the singular
points on the boundary of the Brillouin zone, the tem-
perature dependence of the magnon energy, and the na-
ture of the pair interaction. In spite of the fact that the
main properties of the exciton-magnon bands are under-
stood, some difficulties connected with their interpre-
tation still exist and were mentioned earlier. In all the
theoretical papers it is assumed that the exciton-magnon
interaction is too small to change the dispersion law for
excitons and magnons. This statement, however, calls
for proof. In addition, it is necessary to take into ac-
count the influence of the phonons. Nor is the nature of
the pair interaction completely clear. Therefore it is
impossible to predict at present the relative intensity
of the exciton-magnon bands for different exciton states
in a given crystal. These theoretical problems cannot
be solved, however, without additional reliable experi-
mental information.

9. Influence of Electron-magnon Interaction on Magnon-
less Absorption Bands

The electron-magnon interaction is not only manifest
by electron-vibrational satellites in the absorption spec-



340

trum, but also leads to a broadening of the phononless
line. In magnetically-ordered crystals, similar effects
are the result of interaction between the electrons of
the absorbing center and the spin waves. In the preced-
ing section we have dealt with the influence of electron-
magnon interaction on the structure of the spectrum.
Let us discuss now its influence on the shape and spec-
tral positions of the magnonless absorption bands.

When investigating the shapes of magnonless light-
absorption bands in MnF, crystals, we observed an
anomaly of the temperature dependence of their width,
81 namely, the linear variation above the Neel temper-
ature gives way to a much steeper dependence on going
over to the antiferromagnetic state (Fig. 27). Similar
singularities in the temperature dependence of the band
widths were observed later for a number of other anti-
ferromagnetic compounds (CoF,,"*™**! CoCO,,® *! and
CoCly, " MnCO;'*"»**!). The observed anomaly offered
unique evidence of the decisive role of the electron-
magnon interaction in the formation of the contours of
the absorption bands of antiferromagnetic crystals and
stimulated the appearance of theoretical investigations
of this question. V. A. Popov'® ! considered the in-
fluence of spin waves on the shape of exciton (magnon-
less) absorption bands (see also,"'% while M. A. Krivo-
glaz and G. F. Levenson'***# constructed a theory for
the band shape of light absorption by local centers in
magnetically ordered crystals. The results of the theo-
retical papers reduce qualitatively to the fact that the
temperature dependence of the width and frequency of
the optical band (in the region T « TN) can be described
by a power-law function, whose exponent ranges from
5/3 to 4, depending on the force of the electron-magnon
interaction and on the character of the ordering (ferro-
magnetic or antiferromagnetic).

To verify the results of the theory, an experimental
investigation was undertaken of the temperature depen-
dence of the spectral position and the width of the nar-
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FIG. 27. Temperature dependence of the half-width of the C and D
absorption bands of MnF, [*3]. ® — C band, E, L C(o component);

O — C band, E, l| C(7 component); A — D band, E¢, 1 C.
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row absorption bands in spectra of nickel compounds
with different magnetic structures (NiF,, RbNiF;, and
K.NiF,)."***! Figures 28 and 29 show the temperature
dependences of the shift Ay = yp -y, and of the broad-
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FIG. 28. Temperature dependence of the frequency shift of the
maxima of the absorption bands in RbNiF; and K, NiF, [*!?]. For
RbNiF;: @ — vy = 20459 cm™,, + — vy = 204855 cm™ , A — vy =
22521 em’1; for K,NiF4: o= 23579.2 cm™, Av = »T — v, (T and »,
are the frequencies of the band at temperatures T = 1.3 and 20°K, re-
spectively). In the interval T = 1.3 — 20°K, there is no shift, and the
points for all the bands of RbNiF; coincide at the given temperature
and are designated by squares.

ening A6 = 6~ §, of several magnoniess absorption
bands. The frequencies of the bands were determined
accurate to = 0.2 cm™, and the error in the determina-
tion of the half width is + 0.6 em™. In the entire inves-
tigated temperature region, both the shift and the change
of the half width for all the bands of one crystal are de-
scribed by the same relationships (see Figs. 28 and 29),
which can be represented by formulas™*®

9.1)
(9.2)

A comparison of the experimental data, which could be
carried out most thoroughly for the case of K,NiF, (see
Fig. 28), has shown that the shift of all the investigated
magnonless absorption bands in the low-temperature
region T < 40°K is proportional to T* ( = 4 in formula
(9.1), the coefficient a varied from crystal to crystal).
In Fig. 28, the solid curves were calculated theoretic-
ally in accordance with formula (9.1) with 7 = 4. The
values of the coefficients a for the investigated bands
are listed in Table II. With increasing temperature, the
change becomes smoother and can be assumed to be
proportional to T*2 or T® within the limits of experi-

vp==vo--aT',

8y = By L BT™.

Table II. Characteristic of the investigated optical bands

in crystals containing Ni®

+ [113]

| Com

- it -1 o -1 - oy b,

pound Transition vo, ¢m g, CM 10-6 cm-l/deg‘ 106 cm'l/deg4
RbNiF; | 8.4y, —> 1T, 20458.4 10 1.2 1.7
3dpg —> 1T, 20485.5 12.5 1.2 1.7
3pg —> 3T, 22521 25 1.2 1.7
KNiF, | 3dpg—> 373, 23579.2 15.5 2.9 4.1

vo - 8¢ — frequency and half-width of the band.
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FIG. 29. Temperature dependence of the broadening Ad = 8T — §,
of the absorption bands in RbNiF; and K,NiF, ['"]. For RbNiF;: @ —
vo=20458.4 cm™, + = vy =20485.5 cm™}, A — v = 22521 cm™; for
K NiF,: O — vy =23579.2 cm™ (8T and 8, are the half-widths at tem-
perature T = 1.3 and 20°K, respectively). The bands do not broaden
in the interval T = 1.3 — 20°K, and the points for all the bands coincide
at the given temperature and are designated by squares. Solid curves —
theoretical calculations in accordance with formula (9.2) at n = 4.

mental error. The result obtained for T < 40°K agrees
with the theoretical conclusions obtained by Popov (see
1108,1101y " within the framework of the model proposed
by him, the broadening of the band is the result of in-
teraction between the exciton and the magnons via the
so-called ‘‘exchange spin-orbit interaction,’’ i.e., or-
bital excitation of an ion absorbing the light (exciton)
is dissipated in spin excitations of the neighboring ions,
due to the exchange interaction with the excited ion.
Naturally, the band broadening due to this mechanism
should depend on the exchange-interaction constant Oy.
The constant a in formula (9.1) has an exchange char-
acter:1%%

vp—vp=aT4=M(Ty) (%) (9.3)
where M(Ty) = aTy; = 7330 cm™ = 0.9 eV for K,NiF,.
In this approximation®®®

TV Ta\s
M(Ty) ~ E;; ~ Ty (9—“\) .

(9.4)
and therefore the exchange constant is @y ~ 5.5 x 107°
eV, which coincides in order of magnitude with the esti-
mate calculations of the exchange integral. %

Measurements of the band broadening are subject to
large errors, so that at low temperatures it is more dif-
ficult to determine uniquely the exponent in formula
(9.2). It can be stated that N lies in the range from 5/2
to 4. However, the linear relation between the shift and
broadening in the entire investigated temperature re-
gion, for all the magnonless absorption bands, ™"’ gives
grounds for assuming that the shift and broadening are
described by the same law (/ = n). This experimental
result also agrees with the conclusions of the theory.
Table II lists the coefficients a and b in formulas (9.1)
and (9.2) for all the investigated bands with /=n =4 in
the temperature interval 1.3° < T < 4.2°K. It should be
noted that good agreement with the theory cannot be ex-
pected in the entire temperature region, since the the-
ory has been developed, strictly speaking, only for low
temperatures (T =< 0.1Ty), where the spin-wave approx-
imation is valid. However, the obtained agreement be-
tween the experimental results and the conclusions of
the theory can be regarded as proof of the correctness
of the hypothesis that the ‘‘exchange spin-orbit’’ inter-
action mechanism considered by Popov determines the
real broadening of the bands.

{110]
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III. CONCLUSION

In this review we have considered only the singulari-
ties of light absorption in antiferromagnetic dielectrics.
In a wide range of investigations of the interaction be-
tween light and magnetically-ordered crystals, the ques-
tions touched upon here have been investigated in great-
est detail from the experimental point of view, and their
theoretical interpretation is closest to completion. Al-
though certain details of the light absorption mechanism
in magnetically ordered crystals are not yet fully under-
stood, this mechanism can already be regarded as a well
corroborated method for investigating the structure of
exciton and spin-wave bands.

Very closely related to the questions discussed above
are investigations of absorption in the far infrared re-
gion—both resonant absorption, causing excitation of the
lowest~frequency spin waves with zero quasimomentum
(antiferromagnetic resonance), and nonresonant two-
magnon absorption, which causes simultaneous excita-
tion of two spin waves with maximum frequency and
quasimomentum, corresponding to the boundary of the
Brillouin zone. Such investigations have already yielded
unambiguous information concerning the extremal values
of the energy in the spin-wave spectrum of a number of
antiferromagnetic crystals. Similar information is ob-~
fained from a study of Raman scattering of light by spin
waves in antiferromagnets, observed in MnF; and FeF,,
[115,116] 914 theoretically explained in "'7'*® A number
of recent theoretical papers are devoted to investiga-
tions of Brillouin scattering of light by spin waves,"'®
120,581 put this has not yet been observed experimentally.

We have not touched upon at all questions connected
with singularities of luminescence and the Faraday ef-
fect in magnetically ordered crystals, which recently
have been intensely investigated both in our country and
abroad. Of course, without a detailed analysis of these
secondary phenomena (Faraday effect, luminescence and
scattering of light) it is impossible to obtain a complete
representation of the interaction between light and mag-
netically ordered crystals. But such an analysis must
be preceded by a discussion of the results of an investi-
gation of the primary process, namely light absorption
in magnetically ordered crystals, which we attempted to
do in the present article.
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