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With Co,_.Mn_F, as an example, the rearrangement of the spectrum of magnetic excitations of a lightly
doped antiferromagnet (c 1) is investigated in its dependence on the impurity concentration and on the
distance between the energy levels of the matrix and of the impurity; this distance is varied with an external
magnetic field applied along and perpendicular to the symmetry axis C, of the crystal. The results of the
experiment are compared with the theory of spin excitations in antiferromagnets with magnetic impurities.
The main conclusions of the theory are verified, and the constants of the theory are determined.
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1. INTRODUCTION

This research was devoted to an experimental inves-
tigation of the interaction of natural and impurity-in-
duced excitations in lightly doped crystals. The timeli-
ness of such investigations is determined by the great
possibilities for use of such crystals in modern tech-
nology and by the development of a new theory of lightly
doped crystals. The foundations of this theory were
laid in the papers of Rashba.!® With the interaction of
impurity and exciton states in molecular crystals as an
example, it was shown' that on approach of the impurity
level to the edge of the exciton band, the impurity ex-
citation is delocalized and embraces not only the im-
purity molecule, but also its surroundings. Here the
natural absorption imposes its polarization on the im-
purity absorption. Such interaction between an impur-
ity molecule and the crystal leads to “ignition” or “ex-
tinction” of the impurity absorption line, depending on
which edge of the band (k=0 or k#0, respectively) the
impurity line is near (k is the wave vector of the ex- -
citon wave).

A second paper? developed the theory of impurity ab-
sorption near the exciton band in molecular crystals.
It obtained the dependence of the position, intensity,
and polarization relation of the impurity absorption
bands on the distance between the impurity level and the
edge of the exciton band. A third paper? described the
“pumping” of the oscillator strength of the natural os-
cillations into the impurity oscillations in semiconduct-
ing crystals.

The theory of the interaction of impurity and natural
excitations received its further development, in par-
ticular for antiferromagnets with magnetic impurities,
in papers of Ivanov, Loktev, and Pogorelov.*”’

Earlier, in accordance with the available experimen-
tal data, it had been supposed (see, for example, the
reviews®) that in order to explain the spectra of mag-
netic excitations of single crystals of magnetic mater-
ials containing a small amount of impurity substitution
(with concentration ¢ <« 1), it was not necessary to take
into account the interaction of the impurity ions with
each other. Then the spectrum of the crystal containing
an impurity is described by a simple sum of the spec-
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tra of an ideal crystal and of the impurity, in the sin-
gle-impurity approximation. The results of two exper-
imental papers,®'° however, could not be explained
within the framework of such a theory. Prokhorov et
al. (Ref. 9) revealed significant enhancement of the in-
tensity of impurity absorption on approach of the im-
purity line to the antiferromagnetic resonance (AFMR)
line, and Borovik-Romanov ef al. (Refs. 10) revealed
splitting of the absorption lines of AFMR and of impur-
ity resonance instead of intersection of them.

The recently developed theory*™” made it possible to
explain these experimental data. It was found that al-
lowance for the low-symmetry part of the single-ion
anisotropy, in the description of magnetic materials,
may lead both to a more complicated type of dependence
of AFMR in pure crystals and to a specific resonance
interaction of the magnetic excitations of the matrix
and of the impurity in lightly doped crystals. This
interaction leads to delocalization of the impurity state
on approach of the impurity level to the edge of the band
of natural states of the crystal. In antiferromagnets
with magnetic impurities, with which we shall be con-
cerned hereafter, such an approach is easily accom-
plished with an external magnetic field, when the im-
purity level lies below the bottom of the spin-wave
band. Delocalization of the wave function of the impur-
ity and the corresponding increase of the radius of the
impurity state,

Fimp=a[Q/ (0 AFMR—0 jmp) ] *

(here a is the lattice constant, @ is the coefficient of
the quadratic term in the dispersion law near the bot-
tom of the spin-wave band, and w,gyp and w,,, are the
frequencies of the AFMR and impurity absorption lines,
respectively), make the oscillations of the matrix and
of the impurity interdependent on decrease of the value
of Wypup — Winy- This leads to an increase of the inten-
sity of the impurity absorption. And when r,,  increas-
es so much that it becomes comparable with the mean
distance between impurities, 7,,,~ac™/?, the coupling
between the oscillations of separate impurity ions be-
comes important, and a collective rearrangement of
the spectrum of the crystal occurs. Then if c>c,
=n(m/Q)° (n is a numerical factor, m is the constant of
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resonance interaction of the matrix and the impurity),
the rearrangement is a coherent rearrangement (CR):
the impurity oscillations form a characteristic band of
spin waves, i.e., are described by a wave vector; in
the absorption spectrum, a splitting of the lines is ob-
served, accompanied by a pumping of the intensities
between them. I c<c., incoherent rearrangement
(ICR) of the spectrum occurs: the neighborhood of the

edge of the spin-wave band is found to be filled by fluc- :

tuational levels. Then the impurity states do not form

a spin-wave band; the concept of an isolated local or

quasilocal impurity level also disappears; the absorp-

tion lines of the AFMR and of the impurity oscillations
" fuse.

The purpose of the present work was to investigate
experimentally the interaction of natural and impurity-
induced magnetic excitations in lightly doped antiferro-
magnets, and to compare the data obtained with the re-
cently developed theory,*” with tetragonal Co,_.Mn,F,,
c¢<1, as an example. In this crystal, the magnetic mo-
ments of the impurity ions Mn* and of the ions of the
Co matrix are collinear, and the energy of the magnetic
excitation of the impurity lies below the bottom of the
spin-wave band.!' This makes it possible to investigate
the rearrangement of the spectrum of the crystal on ap-
proach of the low-frequency AFMR mode from the upper
and lower Zeeman sublevels of the magnetic excitation
of the impurity, by orientation of the external magnetic
field along and perpendicular to the C, axis of the crys-
tal. The corresponding ranges of interaction are de-
noted by the numbers 1, 2, and 3.

2. EXPERIMENTAL METHOD AND SPECIMENS

In the high-frequency range, 22-42 cm™, the experi-
ment was conducted on a longwave IR diffraction spec-
trometer.'?> A magnetic field of intensity up to 6 T was
produced with a superconducting solenoid. Scanning of
the spectrum could be accomplished by sweeping of the
frequency at fixed magnetic field or by sweeping the
magnetic field at fixed frequency. Both forms of scan-
ning were used in order to increase the accuracy of the
experiment on determination of the form and intensity
of the absorption lines. The magnetic field was mea-
sured with high accuracy (~0.2%) on the basis of the
value of the current through the solenoid.

In the frequency range 12-30 cm™, a pulsed submil-
limeter spectrometer of transmission type'® was used.
The sources of radiation were backward-wave tubes,
the receiver an n-InSb crystal cooled to 4.2 K. The
wavelength was determined by means of an interference
wavemeter with accuracy 0.2%. The stability of the
wavelength depended principally on the stability of the
voltage on the decelerating system of the tube (~10™),
By measuring this voltage with a digital voltmeter, it
was possible also to determine with high accuracy the
wavelength at an arbitrary instant of time, according to
a calibration curve taken beforehand.

The specimen was placed at the center of an ordinary
solenoid or Helmholtz coil and was clamped by two con-
ical lenses of teflon or quartz.’* The use of conical
lenses and of a spring-controlled mounting made it pos-
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sible to insure wide-band properties of the spectro-:
meter and small losses during the brining in of radiation

to the specimen, and at the same time to choose a pres-
sure on the specimen for which there was no distortion
of the resonance lines and the specimens were pre-
served, even on attainment of the transition field (~22
T) in a CoF, crystal, which has a large value of the
magnetostriction.

The intensity of the magnetic field was determined by
integration of the signal from a test coil, placed in the
channel of the pulsed solenoid in the immediate vicinity
of the specimen. Calibration of the magnetic field was
accomplished on the basis of the EPR line in a-
diphenyl-B-picryl hydrazyl (DPPH) or the AFMR line in
RbMnF;. A polyethylene pellet containing a small quan-
tity of one of these substances was placed near the
specimen. Use of calibration markers, allowance for
the nonlinearity of the field-recording channel, and
prescription of the zero level of the magnetic field made
it possible to improve the accuracy of the field mea-
surement to 1-2%.

In the present work, the determination of the exact
value of the intensities of the resonance and impurity
lines was of basic importance. Whereas for ordinary
(optical) spectrometers this problem has been suffi-
ciently well worked out, for submillimeter spectro-
meters, operating with pulsed magnetic fields and low
power sources of radiation, with a very irregular am-
plitude characteristic, there are many difficulties.
These difficulties are removed, to a considerable de-
gree, by recording the zero and 100-percent levels of
absorption on the screen of a memory oscillograph;
they are registered each time immediately before ap-
plication of the pulsed magnetic field.'*> Thus on the
spectrogram, photographed from the oscillograph
screen, there are records of the signal and of the zero
level of the magnetic field, of the spectrum of the
specimen during scanning over the field, and the 0- and
100-percent levels of the signal at H=0 (Fig. 1). The
presence of all these levels makes it possible to deter-

FIG. 1. Oscillograms for CoF,+3+10 Mn® in interaction
region 2. HIC,, specimen thickness 0.07 mm. a) Enhance-
ment of the impurity absorption line on approach of it to the
AFMR line, v=22.4 cm™'. b) Absorption lines near the cross
point, v=19.6 cm™!. c) Absorption lines after the cross point,
v=19.1 cm™. d) Impurity absorption in the spin-wave band
shows up as a distortion of the right wing of the AFMR line,

v=15.6 cm™.
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mine the parameters of the absorption lines with high
accuracy.

In the calculation of the absolute values of the inte-
gral intensities, corrections were introduced for in-
strumental functions of the spectrometers and for trun-
cation of the lines. As a rule, the width of the lines
exceeded by several times the width of the instrumental
function of the spectrometers. Therefore the main
correction originated from truncation of the lines. With
allowance for these corrections, and also for deterio-
ration of the signal/noise ratio at some frequencies be-
cause of a drop in the radiation power, we determine
an error in the measurement of the absolute integral
intensities of the amount 30%.

In the experiments, single crystals of CoF,, with
MnF, impurity concentration from 2° 10 to 10°2 by
weight, were used. They were grown by the Bridgman
method, in platinum crucibles, in an atmosphere of
helium evaporated from a Dewar. The MnF, impurity
was introduced by weight into the mixture for growth of
the crystals (CoF,, melted in a stream of HF). In the
crystals obtained, the impurity concentration was mon-
itored by the method of spectral analysis'’ with cali-
bration of the apparatus on sample powders, prepared
from pure CoF, and MnF,, so that the error in the de-
termination of the impurity concentration did not ex-
ceed +20% at ¢ =3+10™ and +5% at c=10"% Orientation
of the single crystals was achieved by x-rays with ac-
curacy +1°. The specimens were plane-parallel or
slightly wedge-shaped plates of size about 3 X3 mm.
Especial attention was paid to the choice of optimum
thickness of the specimens, since for correct investi-
gation of the ranges of interaction of the natural and
impurity oscillations the absorption lines must not be
saturated, while at the same time excessive thinness of
the specimens may significantly restrict the range of
observation of impurity oscillations. The thickness of
the specimens varied from 0.06 to 0.1 mm. Then the
intensity of absorption within the interaction range
amounted to 50-70%.

The crystals grown showed good conoscope figures,
which indicates a high quality of the single crystals;
but the AFMR linewidths were quite significant. This
made it difficult to determine the intensity of the lines
as they approached each other. Therefore the chief
measurements were made on specimens cut from a
crystal with impurity concentration 410, In them
were observed not very broad lines and a quite large
splitting at the cross point, the point of equality of the
integral intensities of the lines, so that the overlapping
of the lines was not great and did not impair the accu-
racy of determination of the intensity of the lines, while
the impurity concentration was sufficient to permit ac-
curate following of the evolution of the impurity and nat-
ural absorption lines over a large interval of magnetic
fields and frequencies.

Finally, we mention that the use of an ordinary sole-
noid and of a Helmholtz coil made it possible to inves-
tigate the same specimens in three regions of interac-
tion of the impurity and natural lines (Figs. 2 and 4), in
which oscillations are excited both with hL1 H (in regions
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FIG. 2. Frequency-field dependence of the absorption lines

in CoF,+4+10°® Mn*, H||C,. Dashed lines: phenomenological
calculation for a crystal without impurities. Solid lines: theo-
retical, for frequency scanning of the spectrum.” The dark
points were obtained with frequency scanning of the spectrum,
the light points with field scanning. The spin-wave band is
hatched. 1) Ay, interaction range 1; 2) Av,, interaction range
range 2.

1 and 2) and with hi| H (region 3), where h is the mag-
netic vector of the electromagnetic radiation. Of course
it was possible to use the Helmholtz coil alone, but we
avoided obtaining a field stronger than 13 T in it.

3. THEORY

A theoretical treatment of the rearrangement of the
spectrum of magnetic excitations of CoF, with MnF,
impurity in an external magnetic field was carried out
by Ivanov, Loktev, and Pogorelov.” We shall discuss
the results of the theory that have a relation to our ex-
periment.

As was shown,® the Hamiltonian of a crystal contain-
ing impurities can be represented in the foxr"mb

=Koo' Hem Y [0(6)+(—1) - ugH1p+ () By (K),

K;jmi,2

1 " z '}
= z Z {765,850 +0—7T (S5 Ss ¢+F+SI:SP:+P) “I4Ss%Se, +0
Pa.P
+4 (S-:)l_BG[ (SD:)Z_ (Slva)z]+l‘gCoHSr:'_2”HU);}- (1)

We are considering the case of z orientation of the ex-
ternal magnetic field: HI| C,; C, is the fourfold sym-
metry axis of the crystal. Here #, is the part of the
Hamiltonian that is exactly diagonalizable by means of
the Bogolyubov-Tyablikov transformation; it corre-
sponds to pure CoF, in magnetic fields H small in com-
parison with the flip field of the sublattices (approxi-
mately 22 T'):

o (k) =0 (0)+ (47) ~"Q(ak)* 2

is the dispersion law near the bottom of the magnon
band of CoF,; #” is the impurity part of the Hamilton-
ian, written on the assumption that the ions with spin
o=5/2 are distributed with uniform probability ¢ <1
over sites p, (a=1,2 is the number of the magnetic
sublattice); the g factor of the Mn* ions is taken equal
to 2, and their exchange interaction (J”>0) with neigh- *
boring Co® ions is taken to be isotropic; S,.., and

Op, are the spin operators of the matrix and of the im-
purity, respectively; A, B>0 are the parameters of the
single-ion anisotropy; Z is the number of nearest
neighbors.
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In the present case (Co,_ .Mn.F,, HI| C,), we may neg-
lect interaction between impurity ions belonging to dif-
ferent sublattices. When the eigenfrequencies of the os-
cillations of the impurity ions are close at H=0, the
interaction between them is exponentially small:
~ eXP(~7 100/ 71mp)» T tmp > ¥1mpr AN When, with increase
of H, one of the impurity levels approaches the edge of
the spin-wave band and the radius of its state increases,
the interaction between impurities with opposite direc-
tions of the spins gives only an insignificant nonreso-
nant correction to the frequencies of their oscillations.
Therefore further consideration of the natural and im-
purity oscillations may be carried out for each Zeeman
impurity sublevel independently, since each of these
sublevels belongs to ions of one of the sublattices.

The spectrum of eigenfrequencies of the crystal and
the absorption spectrum of electromagnetic radiation
can be described by means of a diagonal Green function
G(k,k). For the upper Zeeman sublevel of the impurity
(region 1 of interaction in Fig. 2), in the approximation
linear with respect to ¢, one can obtain the following
expression for G(k, k):

Gk k) =[6"""(k, k) —R:] 7"

G-t =— (40 (g.(-))-' )
= (Gt )

(3)

M:»—;M:o—z(uil)’, Mol (2 —y) 12,
e=lysot[ (Jysot A)2+3B*)"—[ (Jyso—A)*+3B*]) %,

W= 21*2 ee.
)

Here the quantities x, v, x’, and y’ are defined in Ref.
7, J, and J, are exchange constants, and s, is the root
of the equation

Z=J$ (:’“——y"’)/;’,

(so—"02) [ (st Al,)*+ (V3 BI1,)*] = (s0+A/].)".

In the expression for the matrix of the polarization op-
erator

Ru=ct* (k) P (1—6°P) g (k) . (4)

¥ is the matrix of the perturbation produced by the im-
purity center;

G= Y B E) 6K, v (k)
k'wk
P(k’) and y*(k) are the column and row vectors in the
space of the S representation of the point group of the

impurity center'®; and N is the number of sites in the
crystal.

The absorption spectrum far from the region of
collective rearrangement

The poles of the matrix G(k,k), which determine the
spectrum of elementary excitations in a crystal with
impurities, are the solutions of the equation

. Du=det [6“'- (k, k) — Rx] =0. (5)

The eigenfrequency w,*(H) (the index + everywhere cor-
responds to the upper Zeeman sublevel of the impurity),
in the single-impurity approximation, is determined by
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the root of the equation
D* (w0, (i), HY=0, (6)

where
D* (o, Hy=1—V*[*(w, H),
V=M (e,F0) Vot Vi (e —0®) [~ (0. H) (W) -1,
WH=1—[M?1V, (e,~0) ]/ (o, H),

1
(o, !1)=F; nilas(k) ],

A* (k) =(oxtpgH)*—a*(k);

V,, V,, V; are the elements of the perturbation matrix
V.

In the single-impurity approximation and with consid-
eration only of the upper Zeeman sublevel of the impur-
ity, the expression (5) can be written in the form
Di=37(k) [A*(k) —R* (k)] =0.  R*(k)=cy’V'[D* (0. H))"". (1)
The first factor in (7) corresponds to the unperturbed
upper branch w,(k, H), while the second gives the dis-
persion equation for oscillations of the lower spin-wave

branch w,(k, H) of the matrix coupled with oscillations
of the impurity.

The states of the elementary excitations in a crystal
with impurities can be of two types: band states (char-
acterized by a wave vector) or localized (at one or sev-
eral impurity sites) states. The spectrum of band
states, corresponding to coupled oscillations of the low-
er spin-wave branch of the matrix and oscillations of
the impurity, is determined by the solution of the dis-
persion equation

(w+pgll): —w* (k) —Re R~ (k) =0. (8)
Such solutions, however, have physical meaning only if
they lie within the range of convergence of the renor-
malized representation for R*(k).'® The region outside
the spectrum of band states is filled by fluctuational lo-
calized states; outside the region of concentrational
broadening of the impurity level A*(H), the density of
such states is provided mainly by states localized at
pairs of impurities lying close together. When the im-
purity level w,’(H) is far from the region of collective
rearrangement of the spectrum, so that r, (H)<r,_,
solutions of Eq. (8) lying outside of A*(H) do not corre-
spond to real band states, since the renormalized rep-
resentation for R*(k) in this region diverges. Thus far
from the region of collective rearrangement of the
spectrum, states near the impurity level remain local-
ized.

It can be shown that in small fields H, the field depen-
dence of the impurity frequency is linear:

0" (H)=0,7(0) +ng el

With increase of field, the w,*(H) dependence becomes
significantly nonlinear, as is described by numerical
solution of equation (6). The impurity level begins to be
“repelied” by the bottom of the spin-wave band of the
crystal (see Fig. 2).

The integral (integrated over w at H=const) intensity
of absorption by the impurity level w,"(H) can, with the
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aid of the Green function (3), be put into the form
Limp(H) =cKA(H)P(H), P(H)={1+'[6.d,~*(H)]"}"",
AH)=[1+m. a7 (H)),  di(H)=0:(0, H) —oo* (H),

where m, is the constant of resonance interaction of the
impurity with the matrix, 8, =m}/Q3, and K is a nu-
merical factor.

(9

As has been shown,® the quantity P(H) is the square of
the modulus of the wave function § of the impurity state
at the impurity site. Far from the region of rearrange-
ment of the spectrum, ¥ is practically completely lo-
calized at the impurity site, and P(H)=1., Withap-
proach to the region of rearrangement, the state de-
scribed by ¢ is delocalized, and P(H) decreases. But
as is evident from (9), there is still the factor A(H),
which increases faster than P(H) decreases. The in-
crease of A(H) is due to the fact that a contribution to
the absorption at the impurity frequency is made not
only by the oscillations of strictly impurity type, but
also by oscillations, coupled with them through the con-
stant m,, of the matrix with k=0, and this corresponds
to an increase of r,, . The resonance increase of A(H)
leads to “ignition” of the impurity absorption line when
it approaches the AFMR line, at the cost of weakening
of the latter. It must be noted that when the impurity
level and the optically inactive (in our case, the upper)
edge of the band approach each other, A(H) will not
undergo a resonance increase, while at the same time
¥ will be, as before, delocalized. As a result, instead
of ignition, “extinction” of the impurity line will occur.

Collective rearrangement of the spectrum

When H reaches the value H,* at which 7, ~7,.., the
interaction between separate impurity ions becomes
significant, collective rearrangement of the spectrum
occurs, and the single-impurity approximation ceases
to be valid.* Here the broadening A*(H) of the impurity
level increases from an exponentially value to the value

LMt 1 m,\*
A*(”,‘*)"C 5';.,’_‘_(—‘:”*’)—,.‘- ccr+=7|(g—]:) .
The collective rearrangement of the spectrum may be
coherent or incoherent, depending on the relation be-
tween c and c..*. For c <c_, the value of

N (U ~EQ
is of the same order of magnitude as
d.(H")=o.(0, 1) —o,* (I1,*),

so that for H= H,* the impurity absorption line fuses
with the AFMR line. The intensities of the two lines
are comparable. A neighborhood of the edge of the
spin-wave band, of width ~c?/3Q, is filled with fluctua-
tional levels, and here one may not speak of band
states, but the concept of an isolated local or quasilocal
impurity level also disappears. Such structure of the
spectrum corresponds to incoherent resonance (ICR).
With increase of the field intensity, the ICR disappears
when again 7, (H)<7, . But here the impurity level is
not of resonance type but virtual, because of the large
attenuation caused by transitions of impurity excitations
to excitations of the spin-wave spectrum of the crystal.
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FIG. 3. Dependence of the value of the frequency interval be-
tween absorption lines, repelling each other at the cross point,
on impurity concentration. 1) Av, in region 1; 2) Av, in re-
gion 2,

On further increase of the field, there appears in the
continuous spectrum a quasilocal resonance impurity
level.

K c>»c,, then at fields H=H,* a coherent-resonance
(CR) spectrum occurs. For CR, in contrast to ICR,
solutions of the dispersion equation (8) written for the
case H~ H,® have physical meaning also within a certain
neighborhood of the impurity level (H,’ is the field for
fusion of the impurity line and AFMR in ICR in the limit
c-0). The solutions of this equation at k=0 have the
form

—g,* +g,* 2 h
2.t =o +nEE ey 2 { (W E - | +emir}

(OV*/0H) y, (10)

ot=wt (H,*), gt=——r .
o (HY), g 2 (0V58)

The results of a calculation of the absorption frequen-
cies shown in Fig. 2 were obtained, in contrast to the
single-impurity approximation (8), by means of a cer-
tain self-consistent approximation similar to the meth-
od of the coherent potential, and therefore are correct
in the region of collective rearrangement of the spec-
trum.

In fields H>H,*, a second dispersion-impurity branch

r'

of the spectrum, Q,, is formed, of width

ou(I1)=Qu (H)>A* (H) ~c"m /0.

Furthermore, for k<kg,, ~c'/?a™ the attenuation of im-
purity states over a wavelength is small, so that im-
purity band states can actually exist. The width of the
quasigap between the ground and impurity bands, w,(0)
- w;, amounts to cm, (Ref. 4), so that the distance
between the AFMR frequency §,(H) and the impurity
resonance frequency Q,(H) amounts to 2c*m,. The ex-
perimental Ay(c) relation, corresponding to ZCfm,, is
shown in Fig. 3. The value of Zc*m, exceeds the value
of A*(H), therefore in CR, two lines are observed in
the absorption spectrum over the whole frequency
range; this corresponds to splitting of the absorption
lines. For H>H !, the impurity oscillation falls within
the spin-wave spectrum of the crystal, in which a nar-
row region (quasigap) is formed where all states are
localized and where pairs of impurities are produced,
located at distances »_ <7... When the width of the
quasigap becomes comparable with A*(H) (on further in-
crease of H), the quasigap “collapses,” and there re-
mains in the spectrum a single continuous region of
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band states with a quasilocalized level, similar to the
case of ICR.

The intensities of the two absorption lines with fre-
quencies Q,(H) and Q,(H), in the CR region, have the
relation

L _ Qi) —et () (11)
L ot (@) -u(H)

whence it is evident that with increase of H, there oc-
curs in this region a “pumping” of intensity from the
AFMR line [Q,(H)] into the impurity line [Q,(H)] (see
Fig. 1). The results of a calculation by formula (11)
for the value ¢ =310 are shown in Fig. 4.

As is easy to see, the treatment of the interaction of
the low-frequency AFMR mode with the lower Zeeman
sublevel of the impurity oscillation (interaction region
2 in Fig. 2) is completely equivalent to that given above
for the upper Zeeman impurity sublevel with the field
value H replaced by —H. Then the dispersion equation
(7), for example, will have the form

A*(k) [A~(k) —R- (k)] =0,
R~ (k) =cy!V-[D~(0, H)]"', D~(0,H)=1—V-f*(o. H),
V-=M,;—(e.—0)V,+Vi(e.,'— 0% f(0, H) (W)~
W-=1—[M:+V,(e:~0)] f (0, H).

Similarly, all the expressions describing the upper im-
purity sublevel and its interaction with AFMR remain_
in force for the lower level if in them we replace w},
m,, and V' by w,”,m_, and V" respectively.

The results of a theoretical treatment of the interac-
tion of oscillations of the impurity with the low-fre-
quency AFMR mode in CoF, +cMn® (everywhere here-
after, we shall for simplicity use the notation CoF,
+cMn® instead of Co,..Mn.F,) for the case HL C, (inter-
action region 3 in Fig. 4) were given in Ref. 18. Cal-
culation of the frequency-field relation of the absorption
lines (see Fig. 4) shows that even for orientation H
1 C,, splitting of the absorption lines occurs in CR. In
ICR, the absorption lines must fuse.

4. RESULTS OF THE EXPERIMENT AND
COMPARISON WITH THEORY

Frequency-field relation of the absorption lines
(HIC,)

The field dependence of the frequency of the natural
and impurity absorption lines in CoF,+4*10*Mn?*, for
the case H|| C,, were investigated over the frequency
range 12-42 cm™, in constant magnetic fields up to 6 T
and in pulsed fields up to 17 T. At H=0, the widths of
the impurity and AFMR lines were about 1.5 and 2.2
cm™, respectively, and they did not change appreciably
with change of H. The shape of the lines was interme-
diate between Lorentzian and Gaussian (see also Ref.
19). The experimental points are shown in Fig. 2.
Theoretical curves were calculated by use of the values
A=24 cm™,B=43 cm™, g,=2.6.7"* The parameters
J,=35 cm™ and J, =42.1 cm™ were so chosen as to in-
sure best coincidence of the theoretical and experimen-
tal data. The good agreement of the experimental and
theoretical relations confirms the correctness of the
. theoretical model chosen for description of the system
CoF,+cMn?*,
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FIG. 4. Frequency-field relation of absorption lines in
CoF,+cMn®*, H1C,. The experimental points were obtained
by scanning of the spectrum with respect to field. Light points,
c=3+1073; dark, ¢=3+10"%. Solid and dashed lines, calcula-
tion for c=2 10", respectively with and without allowance for
CR.'"® Dashed-dotted curve and experimental points continuing
it, proposed behavior of the oscillations for c=3+10"3, The
spin-wave band is hatched; 3) Av;, interaction region 3.

Interaction region 1

Interaction region 1 was investigated in specimens of
CoF, having concentrations of Mn® impurity in the
amounts ¢=10"*,4+10"%, and 1072 by weight. For all
three concentrations, the rearrangement of the spec--
trum was coherent: on approach to the AFMR line, the
impurity line was enhanced, in the rearrangement re-
gion splitting of the absorption lines was observed, and
it was accompanied by pumping of the intensity from
one line to another. When the impurity line fell within
the spin-wave band, it rapidly diminished in intensity
and broadened. The variation of the value Ay of the
splitting of the absorption lines at the cross point (the
point of equality of the integral intensities of the lines)
with the concentration of the impurity is shown in Fig.
3. Within the limits of experimental error, the depen-
dence of Ay on ct is linear, in accordance with the
theoretical relation.

Figure 5 shows the ratio of the integral intensity of
the impurity absorption line to the intensity of the
AMFR line in interaction regions 1 and 2 for impurity
concentration c=4+1073, The theoretical variation of

limp./!AFMR

0.8 -

0.6 +

a4

23 S °
| I WS S U T S S |
] 0.5 1

iz

FIG. 5. Variation of the ratio of integral intensities of ab-
sorption lines in CoF, +4 *10 Mn*. Dark points, for inter-
action region 1; light, for interaction region 2. Solid curve,
theory.” The intensities of the absorption lines of AFMR and
of the impurity at H=0 are 2/ =600 cm™ and 21, =100 cm™
(the factor 2 is due to the presence of degeneracy of the levels
at H=0). Hgy,, are the fields of the cross points in regions

1 and 2.
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the ratio of integral intensities is plotted according to
formula (11). The disagreement of experiment and
theory in the region H/H,, ,<0.5 confirms the inappli-
cability of this formula far from the cross point. It
may also indicate the necessity for taking account of all
three oscillations in this field range.

Interaction region 2

Interaction region 2 was investigated on specimens of
CoF, containing Mn* impurity in the amounts ¢ =210,
3-107, 5-10™, 107, 3-107°, 4-10°%, and 10°2 by weight.
In the specimen containing 2:10~°* Mn® impurity, the
rearrangement of the spectrum was incoherent. The
difference of ICR from CR showed up in the fact that the
impurity absorption line fused with the AFMR line and
that its width did not change appreciably during this
process, whereas for CR the widths of the lines had a
tendency to become equal. After fusion of the lines, the
impurity line never manifested itself within the spin-
wave band of characteristic excitations of the crystal.
For the remaining specimens, coherent rearrangement
of the spectrum was observed, similar to that de-
scribed for region 1. The values of the linewidths of the
the impurity absorption and of AFMR at frequency 22.5
cm™ (far from the cross point), as well as the coordi-
nates of the cross points, are given as functions of the
impurity concentration in Table L It is seen that with
increase of concentration the cross point shifts toward
larger v (smaller H); this is caused by the beginning of
the rearrangement of the spectrum at smaller fields
(at smaller r,,, ) because of decrease of 7, ..

The variation of the amount of splitting of the absorp-
tion lines at the cross point with the impurity concen-
tration is shown in Fig. 3. For interaction region 2, as
well as for region 1, the variation of Ay with ct is lin-
ear; this also corroborates the correctness of the theo-
retical description given.

Interaction region 3

In the orientation HL C,, specimens were investigated
with impurity concentration ¢=3+10", 10™%, 3-1073, and
1072, For these concentrations, the rearrangement of
the spectrum was found to be coherent, with interaction
of the lower AFMR mode with the lower impurity os-
cillation. For concentrations 3:10™ and 1073, the
amounts of splitting were 0.7 and 1.5 cm™, respective-
ly; this agrees with the value 1 cm™ for c¢=2'10"* (Ref.
18) and is close to the value of the splitting in region 2.

TABLE I. Linewidth of AFMR and of the impurity and coordi-
nates of the cross point in interaction region 2.

c 2-10-3 3-10—¢ 5-10-¢ 10-° 3-10-3 4-10-) 10-2

AArMR.cm”! 1.0 13 1.2 12 16 22 [ 24

Aimps cm”! 0.2 05 05 1.0 1.6 15 | 32

Veraecm! 17 183 184 19 20 205 | 217
(fusion point)

Hers T 135 12,9 132 126 118 | 114 | 102

(fusion point)
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But for concentrations 3107 and 10°%, the amounts of
cross splitting were 6 and 9 cm™ respectively; these
considerably exceed the values predicted by theory (2.5
and 4.2 cm™). This disagreement can be explained by
the presence of still another absorption line in the re-
gion of rearrangement of the spectrum. We actually
detected this line in the specimen with impurity concen-
tration 3- 10 and . identified it with the upper impurity
oscillation (Fig. 4, oscillation II), The dashed-dotted
lines in this figure give the approximate course of the
frequency-field relations of oscillations I, II, and IIL
In this crystal, the widths of the absorption lines are
appreciable, but the slopes of the field dependences of
the frequencies of the impurity oscillations (and, near
the cross, also of the AFMR) are small (for HLC,);
and in consequence of the redistribution of intensity be-
tween the oscillations during sweep of the spectrum by
the magnetic field, the maxima of the observed absorp-
tion lines are found to be shifted from their natural po-
sitions. The absorption lines of all three oscillations
overlap each other; therefore it is difficult to deter-
mine accurately the redistribution of intensities among
them. So far we have succeeded only in determining
that the cross field of oscillations II and III approxi-
mately coincides with the cross field of oscillations I
III (apparently the first of these lies slightly higher in
frequency). Hence we understand the so strong influ-
ence of the first of these oscillations on the second upon
increase of the impurity concentration.

Thus in a quantitative description of the process of
collective rearrangement of the spectrum in region 3,
it is necessary to take into account the interaction of
all three oscillations, and the theory*”” briefly set forth
in Sec. 3 is in need of modification. But the key theo-
retical conclusions —the possibility of collective rear-
rangement of the spectrum, the splitting of absorption
lines during CR, the presence of a critical concentra-
tion, etc.—remain in force.

We note also that since the absorption line II owes its
large intensity to interaction with oscillation III
(AFMR), its polarization also corresponds to the polar-
ization of AFMR (h|l H, see Refs. 1 and 2), and not h
LH, as should be the case outside the region of collec-
tive rearrangement of the spectrum.

The new absorption line II was observed in the speci-
men with impurity concentration ¢=3:1073, It could not
be observed in the other specimens. Here the thickness
of all the specimens was 0.07-0.1 mm. In the specimen
with ¢ =102, the “absence” of the line is apparently ex-
plained by the significant linewidth (see Table I). In the
specimens with ¢=3:10"* and 1073, the intensity of this
line should be weak at the given specimen thickness, so
that it would be difficult to observe. Far from the re-
gion of rearrangement of the spectrum, the line under
consideration is no longer enhanced by interaction with
the AFMR line; this explains the absence of experimen-
tal points on the rising section of the frequency-field
relation of oscillation IL Furthermore, a broad line is
here to be expected on sweeping with the field, because
of the slight dependence of the resonance frequency on
the field.
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In our view, the absorption line corresponding to os-
cillation II was present also in the spectrograms of
Fig. 36 of Ref. 11, which investigated the interaction of
impurity and natural magnetic oscillations in CoF,
+2°10™ Mn*®. There this line showed up as a kink on
the right wing of the absorption line of the lower im-
purity oscillation L Its observation at small impurity
concentration proved possible because of the use of
thick specimens (0.5-1.5 mm).

Quantitative oomparisonvwith theory

The carrying out of the experiment on specimens with
different impurity contents makes it possible substan-
tially to increase the accuracy of determination of the
constants of resonance interaction », and m_ and of the
critical concentrations c..* and ¢~ for interaction re-
gions 1 and 2 respectively, and also to determine the
numerical factor 7 in the expression for C.. For inter-
action region 2, ICR is observed at impurity concen-
tration ¢=2:10"°, and CR is observed at ¢ =3-10™; con-
sequently, the critical concentration lies within these
limits, 2:10™<c,~<3:10™, whence the most probable
value is ¢, =(1.5+1):10™, The slope of the straight
lines in Fig. 3 corresponds to the values m, =17.5+ 2
em™,m_=20.5+1.5 cm™, found from the expression
Av, ;= 2mtci.

Use of the value of the quantity 2=45+5 cm™, cal-
culated from results of a neutron-diffraction analysis
of the dispersion of spin waves in CoF, (Ref. 21), en-
ables us to determine the numerical factor 7 by the
formula ¢ *=7(m,/Q)®, starting solely from experi-
mental data. Taking the numerical values of ¢~ and
m_ for region 2, we get 1=0.02, which agrees well with
the theoretical value n=0.05, since allowance for the
experimental errors gives a permissible value 0.08.
Use for interaction region 1 of the value 7=0.02 and of
=45 cm™ and m,=117.5 cm™ gives the value c.*
=710,

Table II, for comparison, gives the values of the con-
stants obtained in the present work and the theoretical
values.” It is seen that the experimental and theoretical
values of the constants of resonance interaction n:, and
m_ and of the factor 1 agree satisfactorily. The differ-
ence of the theoretical values of c . * from the experi-
mental is due to the high power to which the constants
m, are raised in the formula for c_*.

5. CONCLUSION

Cobalt fluoride with manganese impurity was found to
be a convenient object for investigation of the influence
of an impurity on the energy spectrum of a crystal. The
investigation carried out confirms the deductions of the
theory to the effect that the presence and character of
the rearrangement of the spectrum are determined by
the concentration of the impurity and by the distance be-
tween the energy levels of the matrix and of the impur-
ity. Still unconfirmed so far is the deduction of the the-
ory regarding formation of an impurity magnon band
during coherent rearrangement of the spectrum. We
hope that experiments we plan on two-magnon absorp-
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TABLE II. Experimental and theoretical values of the con-
stants of collective interaction for Co,. . Mn.F,.

. 4 - M
m+, cm-! m-. cm™! Cor cer n Q. cm-!
Experiment 17.5 20.5 7-10-3 1.5-10-¢ 0.02 45 (Ref. 21)
Theory” 223 213 6-10-¢ 2-10-3 0.05 46.5

tion will shed some light on this question. Experiments
on scattering of neutrons would make possible a direct
test of this deduction, but one must remember the nec-
essity for high accuracy in such an experiment: even
at impurity concentration 1%, the width of the impurity
band is estimated to be of amount 1-2 cm™, which is
difficult for neutron spectroscopy.

The results of the investigation have also shown that
in a number of cases one may not use a two-level sys-
tem. More complicated theoretical calculations are
necessary.

""We thank L. E. Usenko for his careful carrying out of the
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