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The fine structure of the *Ax — 'T% and Ay — TR transitions in the Ni2*-containing compounds
KNiFs;, K;NiF4, RbNiF; and NiF. possessing different crystallographic and magnetic structures is
studied in detail. The temperature was varied between 1.3° and 77°K. At low temperatures

(T < TN), a T* dependence of the line shifts and broadening is found for all the no-magnon absorp-
tion bands; this is consistent with the theory in(®']. The observed unique correspondence between
the shift and broadening for no-magnon bands also agrees with (], The nonlinear relation between
the shift and broadening for the v =20 622 cm™ band in NiF; is interpreted as an additional proof

of its electron-magnon nature.

THE effect of magnetic ordering on the positions and
widths of 3d optical absorption bands in antiferromag-
netic dielectrics has been determined experimentally.
ally.“"‘] Attempts have been made to obtain a theo-
retical explanation of this effect at low temperatures
T < Ty (the Néel temperature). InL5) a study was
made of the broadening and shifts of pure electronic
transition lines, resulting from an interaction between
absorption-center electrons and spin waves in ferro-
magnets and antiferromagnets. Similar questions have
been discussed for exciton transitions.[®] However the
theories could not be tested, mainly because the experi-
mental data at T < TN were not very accurate as a
result of the wide absorption bands representing transi-
tions in the unfilled 3d shell of a transition metal ion,
even at low temperatures. We have therefore investi-
gated the temperature dependence of the widths and
spectral positions of the narrowest Ni?" absorption
bands in magnetically ordered crystals.

Our experimental samples were four compounds
containing Ni?* , with different crystallographic and
magnetic structures; these were collinear antiferro-
magnets (KNiF; and K:NiF,), a ferrimagnet
(RbNiF3), and a weakly ferromagnetic antiferromagnet
(NiFz). Table I gives the known data regarding the
structures.

Using as examples the transitions 3Aag - sz'g and
*Axg — ST?g in the Ni®" ion, for which very narrow
absorption bands exist at low temperatures, we con-
sider the possible enabling mechanisms for these
transitions in the investigated crystals. The narrowest
absorption bands in RbNiF3, KoNiF4, and NiF, were
investigated with regard to their spectral positions
and widths in the temperature interval 1.3° —77°K.

The measurement technique has been described
in(3), The samples were placed in a cryostat having
transparent quartz windows. The absorption spectra
were photographed with a DFS-8 diffraction spectro-
graph having 3 A/mm linear dispersion. The photo-
metric work was then performed with an MF-2 micro-
photometer.
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STRUCTURE OF THE ABSORPTION SPECTRA

Figures 1 and 2 show the absorption spectra of the
given crystals for the transitions *Ag — 'T%; and
3Aag — 3Tll)g. Both transitions are symmetry-forbidden;
the first transition is also spin forbidden, which may
account for the fact that it is less intense than the
other. It should first be noted that at low temperatures
(T < 77°K) these transitions in all the crystals con-
sist of wide absorption bands with a distinct fine struc-
ture at the long wavelength edge. The details of the
structure differ for the same transition in the different
crystals.

In{') the fine structures of the two transitions in
KNiF3 have been interpreted as vibronic, with vibra-
tional frequencies close to those found in the infrared
spectrum.[2 3]

We know that the electron-phonon interaction gives
rise to vibronic sidebands in the light absorption spec-
trum; in the case of a strong interaction these satel-
lites merge to form a broad quasi-continuous spectrum.
In the case of antiferromagnetic crystals we can as-
sume that the phonon mechanism is accompanied by a
magnonic enabling mechanism;[*4] the ionic transition
to an excited state is then accompanied by the genera-
tion of a spin wave. An analysis of the *Az — 'T2
transition in NiF5''%] has shown that the » = 20 622 cm™
band (Fig. 1) can be associated with an electric-dipole
transition that is allowed because of the interaction
with a magnon of the maximum frequency vy = guBHE
=100 cm™ (HE is the exchange field). The
v =20 717 cm™ band results from the creation of an
exciton and two magnons having equal but opposite
momenta. The remaining bands of this transition can
be accounted for within the framework of the usual
vibronic mechanism participated in by known optical
frequencies of the NiF, vibrational spectrum.

The structure of the RbNiF3; and K ;NiF, spectra
(Fig. 2) differs from that already considered for NiF,
and KNiFs. In the case of the *Asg — °T%, transition
single intense narrow band is observed, while the
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Table I. Crystallographic and magnetic properties of the crystals

Lattice : Magnetic
Coma Lattice parameter, I:‘:lgc’:it;: ordering
poun S temperature °K
RbNiF; | Hexagonal, BaTiO3 a=:5,84. Ferroxyplan-type T, =145 [?]
type c=14,31 [7] ferrimagnetic
Déh-—PG-z/mmC["]
KNiFs Cubic perovskite a=4.01[7] Collinear antiferro- TNy=275 [}
Hasg 0,1l [’1 magnetic
K2NiFy | Tetragonal DM i 3: [;6009 Weakly ferromagnetic| 1 n = 220 [}
- 1 antiferromagnetic
NiF, | Tetragonal DHIF] |a=b=471. |Collincar antiferro- | Ty==73.2 [¥]
c=3.11 [ magnetic
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FIG. 1. Absorption spectra in the region of the transi-
tions 34z, — ' T2 and 2 4. — *T14® for KNiF; crystals: 1—d
(crystal thickness) = 1.8 mm, 2—d = 0.27 mm, and a NiF,
crystal: d = 0.9 mm; T = 4.2°K.

FIG. 2. Absorption spectra in the region of the transitions
3454 — 'To,eand 34,4 — °T14® for a RbNiF; crystal (d = 0.3 mm):
1-E|IC, 2—EIC (E is the electric vector of the light wave and C is
the hexagonal axis of the crystal), and a K,NiF, crystal (d =
0.8 mm); T=4.2°K.
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*Azy — 'TZ, transition in RbNiFs is a doublet of such
bands. Since the RbNiF; and K;NiF,4 spectra did not
reveal a clear vibrational structure and we have no
data regarding vibrational infrared frequencies for
these crystals, a vibrational analysis would be difficult.
However, neither the shape nor the temperature depend-
ence of frequencies in the given bands suggests that the
mechanism enabling these transitions in RbNiF; and
K:NiF, is associated with the excitation of a spin wave;
an electron-phonon mechanism appears to be more
likely. A spin-orbit interaction can hardly lead to the
observed fine structure at low temperatures for Azg
- ng especially, because of zero spin in the excited
state. This mechanism can be excluded if we consider
the similar structures of *Azg — Tag and °A

— 378y in KNiF; and NiFs For RbNiFs and KaNiF,
the transition Azg i Tbg consists of one intense

band (Fig. 2), whereas spin-orbit splitting should
result in four bands.

Among the narrow bands comprising the fine struc-
ture of an identical electronic transition in Ni** as a
component of crystals having different crystallographic
and magnetic structures we therefore observe both
electron-phonon and electron-magnon bands. We are
thus able to compare the temperature dependences of
the shapes and frequencies exhibited by bands resulting
from these two different light absorption mechanisms.

TEMPERATURE DEPENDENCES OF ABSORPTION
BAND SHAPES AND FREQUENCIES

For a detailed study of the temperature dependences
of frequencies and shapes we selected the narrowest
and most intense absorption bands in the spectra of our
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FIG. 3. Temperature dependence of the absorption-band-maximum
frequency shift for RbNiF; (upper figure): ®—», =20 459 cm™}, +—p, =
20485.5 cm™, A—vo=22 521 cm™; and for K,NiF, (lower figure): ®—
vo=123579.2 cm™. In the range T = 1.3°—20°K there is no shift; the
points for all RbNiF; bands coincide at a given temperature and are
designated by the symbol 0. The continuous theoretical curve was cal-
culated from Eq.(1) with /=4,

crystals: three bands of RbNiF; (the transitions
*Asg — 'T% and *Azg — *T%), one band of KaNiFs
(*Azg — *T%), and the v = 20 662 cm™ band

(*Agg — 1le’g) of NiF,. We thus investigated four
electron-phonon (no-magnon) bands (for RbNiF; and
K:NiF,) and one electron-magnon band (for NiF;).

Figures 3 and 4 show the temperature dependences
of the frequency shift Av = vT - vy and broadening
A6 = 01 — 6o exhibited by the investigated no-magnon
absorption bands (vT and 67 are the band frequency
and half-width at the temperature T; similarly, v, and
8o at 0°K, or more accurately at 1.3°K (Table II). The
frequencies were determined to within £0.2 cm™, and
the half-widths to within +0.6 cm™.

All the investigated no-magnon bands can be approx-
imated by asymmetric Lorentz curves having more
highly developed short-wave wings (positive asymmetry
sign in Table II). With increasing temperature the no-
magnon band asymmetry diminishes for all our
crystals. For T > 20°K they can be described, within
error limits, by symmetric Lorentz curves.

In the entire investigated temperature region both
the frequency shifts and the half-width changes for all
bands of a single crystal can be described by identical
equations:L16]

vp = vo — all, (1)

§p = 8 — bT™. (2)

FIG. 4. Temperature dependence of ab-
sorption band broadening for RbNiF;: @—p
=20458.4 cm™, +—vy=20485.5 cm™,
A—vy=22 521 cm™; and for K,NiF,: 0—p,

& =23579.2 cm™. In the interval T=1.3°—
20°K the bands are not broadened; the
points for all bands coincide at a given tem-
perature and are designated by the symbol
0. The continuous theoretical curves were
7.’k calculated from Eq. (2) with n = 4.
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Table II. Characteristics of the optical bands

6 6
Compound Transition va, cM=1, |8, ca—1 a X_IIO a b )_(‘ 10 a x
(cm™)deg (cm “)deg
3A5—>1T5, 20458.4 | 10 1.2 1.7 1041
RDNiFg{ | 345,175, 20485,5 | 12,5 1.2 1.7 0.16
3A9,—T], 22521 25 1.2 1.7 0.16
K,NiFy 3A2,,—+9T§’g 23579.2 | 15.5 2.9 4.1 0.06
NiF 34,, T, 20622 12.3 —0.09
Remark: a = 2[(v 1/,— Vo) — (Vo— v—1/,)1/80 is the asymmetry of the band; vy, are the

frequencies at which K(the absorption coefficient) = %K ,ax on the short-wave (+) and
long-wave () sides; T = 1.3°K

The experimental data, recorded most carefully for
K:NiF,, showed that the shifts of all the no-magnon ab-
sorption bands for T = 40°K are proportional to T*

[l = 4 in Eq. (1), and the coefficient a varies from
crystal to crystal ]. The continuous theoretical curves
in Fig. 3 represent (1); the values of a for the bands
are given in Table II. With increasing temperature the
frequency -shift curve becomes flatter, and becomes
proportional to T¥? or T® within error limits. The
result for T = 40°K agrees with theoretical calcula-
tions in % 1¢J, The constant a in (1) is of exchange
character. From (1) we have

vr —vo = al* = M(Tx) (T /Tn)*, (3)

where M(TN) =aT} ~ 7330 cm™ = 0.9 eV for K.NiF,
(Tables I and II). Using the approximation of (5] we ob-
tain

M(Tw) = Tn*/On® = Tx(T~/On)3 (4)

whence we derive the exchange constant &N & 5.5

%X 10" % eV, agreeing in order of magnitude with the
exchange integral estimates int"J. The observed
agreement between experiment and theory can be re-
garded as a proof that it is correct to assume a rela-
tion between the actual shifts of antiferromagnet ab-
sorption bands and a spin-orbit exchange interaction.te’

The band-broadening measurements were subject to
large errors. It is therefore more difficult at low tem-
peratures to determine the exponent in (2) uniquely. It
can be stated that n lies between 7> and 4. However
the linear relation between the frequency shift and
broadening in the entire investigated temperature
range for all the no-magnon absorption bands (Fig. 5)
suggests that the shift and the broadening obey the
same law (I =n). This experimental result also agrees
with the theory in{!'$]. Table II gives the coefficients a
and b in (1) and (2) for all the bands with n =1 =4
when T =< 40°K.

It should be noted that good agreement with the
theory inté:16] cannot be expected to occur over the
entire temperature range; the theory was derived
rigorously only for very low temperatures
(T = 0.1 TN), where the spin-wave approximation is
applicable. Since the observed experimental broadening
and shift data pertain to higher temperatures
(T = 0.6 Ty), their interpretation would require taking
into account the temperature dependence of the parame -
ters characterizing the spin system (the exchange inter-
action field HE (T) and the magnetic anisotropy field
HA(T).

Unlike the aforementioned no-magnon bands, the
electron-magnon band v = 20 622 cm ' of NiF, has
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FIG. 5. Broadening of absorption bands versus
shift for crystals of RbNiF;(®), K,NiF4(0), and
NiF,(+); » =20 622 cm™.

FIG. 6. Dependence of maximum mag-
non frequency on Neel temperature for
crystals containing the nickel ion, accord-
ing to different authors: for KNiF;,['®]
RbNiF; and NaNiF;,[**] NiF,,[**], and
NiCl, (private communication from
Prikhot’ko and Ptukha).

0 w0 0 o
Al

negative asymmetry; its long-wavelength wing is
therefore more highly developed (Table II). With a rise
of temperature from 4.2° to 46°K (the region where
this band exists) the asymmetry increases from
-0.09 to -0.24 in accordance with Fig. 2 of[!*). The
broadening and shift for this band obey different laws;
this results in a nonlinear relation between A0 and
Av (Fig. 5). The curve in Fig. 5 was plotted from the
results presented inl%); the difference between the
two curves furnishes an additional proof that the given
band of NiF, is of magnonic origin. It should also be
noted that the interval vy = 100 cm™ observed in[!5]
and interpreted as the maximum magnon frequency fits
well on the straight line representing the dependence
of the magnon frequency vp on the Néel temperature
as plotted from the available experimental data for
antiferromagnetic compounds containing Ni®** (Fig. 6).
In conclusion, we wish to thank V. A. Popov for dis-
cussions of the results and for useful suggestions; also
V. I. Silaev and N. V. Gapon for assistance with the
measurements.
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