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Two-magnon processes and ferrimagnetic linewidth calculation in manganese ferrite

A. G. Flores,* V. Raposo, L. Torres, and J. In˜iguez
Departamento de Fı´sica Aplicada, Universidad de Salamanca, E-37071 Salamanca, Spain

~Received 2 June 1998; revised manuscript received 28 October 1998!

A procedure has been developed to obtain the two-magnon linewidth contributions in single and polycrys-
talline ferrites in which, working with ferrimagnetic resonance experiments, the applied field was only slightly
larger than the value required to saturate the sample. This theory has been shown to work in manganese
ferrites. Single-crystal MnFe2O4 has been prepared by the floating-zone technique and polycrystalline ferrite by
the ceramic method. The spinel structure and composition have been confirmed by x-ray and inductively
coupled plasma spectrometry, respectively. Fitting of the experimental ferrimagnetic resonance linewidth ob-
tained by means of the Bloch-Bloembergern formalism show errors less than 4%. The fit gave the following
parameters: averaged radius of the sample surface pits, porosity in polycrystalline sample, activation energy,
and values of the conductivity. The values of the activation energy imply the existence of Fe21 cations in the
sample. Additional measurements on magnetization in manganese ferrites are presented.
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I. INTRODUCTION

The magnetic properties of manganese ferrites have b
a subject of interest in the last few years. The general qu
tion of what happens to the bulk properties of a macrosco
body as one or more of its dimensions are reduced to ato
size,1,2 the behavior of the size-dependent Cu
temperature,1–5 the study of the variation of the magnetiz
tion with temperature,1 the cation distribution,6 and the fer-
rimagnetic resonance linewidth due to scattering of the u
form magnon have been some of the main studies.7,8

The selection of manganese for this work was based
the importance of this cation in different kinds of materia
The recently rediscovered ‘‘colossal magnetoresistance’
the perovskite manganateR12xBxMnO3 ~with R5La, Pr,
Nd, Sm andB5Ca, Sr, Ba, Pb! has renewed attention i
these systems.9–13 The difficulty one faces when studyin
these systems is to make sure that the samples are well
acterized and of good quality. Compounds prepared un
similar conditions often exhibit different properties.14 X-ray
powder diffraction frequently does not indicate the prese
of spurious phases or any evidence that would suggest
the samples are inhomogeneous. On the other hand, it
been shown that magnetic resonance is an extremely s
tive and useful technique to study the quality of the samp
in these systems.15,16

Because of these reasons and the ample experience o
group in ferrimagnetic resonance~FMR!,17–24the goal of this
work is to study the FMR linewidth in single and polycry
talline manganese ferrite. In particular, we developed a t
magnon linewidth calculation for these ferrites which do n
support Sparks’ and Schlo¨mann’s theories.25,26

II. THEORY

The microscopic theory of the two-magnon process
based on a simple model in which one magnon of the u
form precession is annihilated and another magnon with
same energy and nonzero wave vector called ‘‘degene
PRB 590163-1829/99/59~14!/9447~7!/$15.00
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magnon’’ is created. The scattering from the uniform prec
sion to the degenerate mode is an important relaxation so
in magnetic materials, such as spinel ferrites, and can
induced by different mechanisms: pits left on the surface
the sample by the polishing process, pores between
grains in polycrystalline samples, random orientation of
anisotropy energy axes from grain to grain, etc.

A physical description of the two-magnon linewidth pr
cess has been fully investigated by different authors.25–30

Sparks has calculated the two-magnon linewidth induced
pits left on the surface of isotropic spherical samples.27 In
this approach, a surface pit is represented by a single sp
cal void in an infinite medium. This void will produce
demagnetization field with its axis along the magnetizat
direction. If the magnetization precess~for example, the uni-
form precession!, the demagnetization field will be modu
lated at the precession frequency. The interaction betw
the modulated demagnetization field and a degenerate m
non will change the energy of both the uniform precess
and the degenerate magnon. The main results obtained
this highly oversimplified model are physically reasonabl

The analysis to determine the two-magnon contribution
the FMR linewidth is based on the transition probability c
culation. This requires the dispersion relation to be cal
lated and the Hamiltonian to be diagonalized by means
Holstein-Primakoff transformations.27 Making the first and
the second transformation it is possible to approximate
Hamiltonian into the diagonal form. In this case the disp
sion relation obtained is

\vk5Dk21\v i1~1/2!\vm sin2 uk , ~1!

wherev i5gHi5g(H024pNzM ) ~g is the absolute value
of the electron gyromagnetic ratio,H0 is the resonance field
Nz is thez component of the demagnetizing tensor, andM is
the dynamic magnetization!, vm54pgMS , vu5gH05v0
~vu is the frequency of the uniform mode at resonance.
spherical samples,vu5v0),27 theD parameter characterize
9447 ©1999 The American Physical Society
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the strength of the exchange anduk is the angle between th
wave vectork and the internal static fieldHi .

If the third Holstein-Primakoff transformation is made,27

the exact dispersion relation is found:

\vk5@~Dk21\v i !~Dk21\v i1\vm sin2 uk!#
1/2. ~2!

The set of curves for all values of sin2 uk is called the
spin-wave manifold~SWM!. The complete spectrum fork
50 lies in a frequency band betweengHi and g@Hi(Hi
14pMS)#1/2.

This two-magnon analysis has been limited to mater
which are either isotropic or have relatively small levels
magnetocrystalline anisotropy so that the behavior of
spin-wave band is essentially the same as for isotropic
terials. Schlo¨mann,26 among others, has shown that anis
ropy can have a significant effect on the spin-wave disp
sion and the corresponding SWM. The effect of anisotro
has been fully developed in anisotropic ferrite films
Hurben.30 The objective of this work, as is related above,
to develop a two-magnon linewidth calculation in mangan
ferrite which is an isotropic material, and so Sparks’ theo
will be valid for now.

In most cases of practical interest the dispersion rela
used is the one given by Eq.~1!, simplifying, in a great
manner, the calculus. The expression obtained for the l
width is then27

DHsup54pMS

R

r 0

p2

128

v

v i

@~3 cos2 uu21!211.6#

cosuu
, ~3!

whereR is the pit radius,r 0 is the sample radius, anduu is
the angle between the wave vectork of a magnon in the limit
as k approaches zero~the uniform magnon! and the static
field.

However, the approximation of Eq.~1! is very good ex-
cept for the case in which at least one of the following co
ditions is fulfilled:27 ~1! k is very small,~2! sin2 uk is not
small, and~3! the applied field is only slightly larger than th
value 4pNzMS required to saturate the sample. In any
these three cases the third Holstein-Primakoff transforma
is necessary.

The first case,k very small, has been studied in spheric
samples by Walker.31 In a classical ferromagnetic resonan
experiment a spheroid is placed with its symmetry axis alo
a uniform static magnetic field strong enough for saturati
if a uniform rf magnetic field is applied in the perpendicul
direction across the sample, the dipoles precess in phas
gether about the demagnetized internal static magnetic fi
This will give rise to a single, symmetrical peak in the a
sorbed power as a function of static field at resonance. H
ever, when the sample is not small enough or when i
placed at a point in the cavity where the rf magnetic field
sufficiently inhomogeneous to vary even over the sm
sample, a much more complicated absorption curve is
served with a large number of peaks whose position is in
pendent of the frequency and the applied field.31–34 These
peaks have been classified by Walker as the magnetos
modes. They are important for low values ofk, so the uni-
form mode of precession (k50) can be considered as a sp
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cial instance of such a magnetostatic mode. The comp
magnetostatic spectrum lies in a frequency band betw
gHi andg(Hi12pMS).

The second and the third cases, sin2 uk not small and the
applied field only slightly larger than the value required
saturate the sample, respectively, have not been analyzed
expression is given to obtain the FMR linewidth because
the complexity of substituting the third Holstein-Primako
in Eq. ~2!.

We are going to report an experimental procedure to
tain this linewidth in cases in which the ferromagnetic res
nance frequency is such that the applied field saturates
sample and the resonance frequency is out of the SWM
inside the magnetostatic spectrum. This situation is show
Fig. 1.

In this case,~frequency out of the SWM! but with a single
and symmetrical peak in the absorption curve, Sparks’ the
is not valid to explain the scattering of the uniform mod
We propose a model in which this uniform mode of prec
sion relaxes first to other magnetostatic modes with the s
frequency and after that with the different modes of the sp
wave manifold as it can be seen in Fig. 1.

It is to be noted that the modes dominating the relaxat
induced by pits on the surface are those with wavelen
(l52p/k) which is on the same order of magnitude as t
pit radius.27,28 The radius of the pits in these samples a
around 50mm which impliesk'1.33103 cm21. Looking at
Fig. 1, this case corresponds to a mode in the spin-w
manifold, close tou5p/2. However, all modes are take
into account. Since the procedure that has been followe
obtain the linewidth is the same as the one proposed
Sparks, the relaxation time for the uniform mode has be
obtained by integrating fromk50 to k5kmax ~the maximum
wave vector of a magnon degenerate with the unifo
precession!.27

As the dominating contribution is the one given by t
mode withu5p/2, if we substitute this angle into Eq.~3!,
the superficial ferrimagnetic resonance linewidth given
Sparks goes to infinity. Taking into account that the relat
betweenuu and the static fieldH0 is given by

cos2 uu5
H02~2/3!4pMS

3@H02~1/3!4pMS#
, ~4!

FIG. 1. Relation dispersion spectrum and position of the u
form precession mode~3!.
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and that for spherical samplesv i5gHi5g@H0
2(4/3)pM #, vu5gH05v0 , we can rewrite Eq.~3! in the
following form:

DHsup54pMS

R

r 0

p2

128

3H0

3H024pMS

3F S 4pMS

3H024pMS
D 2

11.6GG~uu! ~5!

with G(uu)51/cosuu .
If we substituteuu5p/2 in this equation, the only par

which diverges is the functionG(uu). We propose to use
this expression to calculate the linewidth of the superfic
contribution, assumingG(uu) does not change with tempera
ture and calculatingG(uu) through experimental result
from single-crystal experimental data.

In polycrystalline samples there are additional sources
two-magnon linewidths.27,35,36Considering first the effect o
the pores between the grains, Sparks proposes the follow
contribution to the linewidth by a similar treatment given
superficial contribution:27

DHpor5
p

8
4pMS

Vpits

V

v

v i

@~3 cos2 uu21!211.6#

cosuu
, ~6!

whereV is the sample volume andVpits/V is the fraction of
the sample occupied by pores, frequently called porosity~p!.
This contribution is by the pores inside the sample, resp
sible for an additional demagnetization term to the Ham
tonian. Depending on the technique used in the fabricatio
the sample this value varies between 3 and 5 %.

This expression, equivalent to the one given by the sup
ficial contribution, is valid for frequencies situated inside t
SWM spectrum. Following the same treatment as we u
before, Eq.~6! can be written as

DHpor5
p

8
4pMSp

3H0

3H024pMS

3F S 4pMS

3H024pMS
D 2

11.6GG~uu!, ~7!

wherep is the porosity of the sample~defined above asp
5Vpits/V) andG(uu)51/cosuu . The value ofG(uu) is the
same obtained for the superficial contribution. This value
been calculated for the single crystal and the same value
be used for the porosity contribution in polycrystallin
samples.

Another important source of losses in polycrystalli
samples is the random orientation of the anisotropy ene
axes from grain to grain. The contribution from this source
the FMR linewidth was studied by Schlo¨mann.26,37 In poly-
crystalline ferrites with large anisotropy (HA@4pMS), the
dipolar interaction can be neglected when it is compared
anisotropy inside each grain. In this case, the individ
grains go through resonance independently at a freque
and at a resonance field determined by the anisotropy
and the orientation of each grain. The shape of the reson
line is essentially determined by the number of grains tha
through resonance in a given range of the applied static fi
l
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As long as the anisotropy field is decreased with resp
to 4pMS this independent-grain approach loses validity,
polar interaction dominates and grains resonate all toge
~for example in the uniform mode!. Now, the fluctuation of
orientation of the anisotropy energy axes from grain to gr
can be considered to be a perturbation. Consequently,
additional term to the Hamiltonian is given by this fluctu
tion of the anisotropy. The contribution to the linewid
given by Schlo¨mann for a spherical sample is

DHa5
8p)

21

Ha
2

4pMS
F V22V/3119/360

A~V21/3!3~V22/3!
G , ~8!

where

V5
v

g4pMS
5

H0

4pMS
; Ha5

24~3K11K2!

9MS
, ~9!

andK1 andK2 are the first and second anisotropy consta
respectively.

The treatment followed by Schlo¨mann, the same as th
one applied by Sparks, is only valid if the operational fr
quency is inside the SWM. Doing the same suppositions
superficial and porosity contributions, and using the relati
ship between fields and cosuu , Eq. ~8! can be written in the
following form:

DHa5
p

105

Ha
2

4pMS
F3602120a119a2

~32a!2 GG~uu! ~10!

with a54pMS /H0 andG(uu) is the same as in the supe
ficial contribution.

As we will demonstrate in the next section, in situatio
where the frequency of the homogeneous mode lies ab
the spin-wave spectrum, but inside the range of frequen
of magnetostatic modes, a very small anisotropy broaden
is predicted. Because of that we are able to say that the m
important sources of relaxation in two-magnon scattering
the superficial and porosity contributions.

Apart from two-magnon scattering there exist oth
sources of relaxation in single and polycrystals. Because t
are not the purpose of this paper we are only going to pre
them as follows.

Three mechanisms which give rise to a linewidth show
a maximum as a function of temperature:

~i! Valence-exchange mechanism.It is important in high-
conductivity spinel ferrites. This contribution is a possib
source of linewidth in crystals containing both Fe21 and
Fe31 ions on equivalent sites in a crystal.

~ii ! Presence of a slowly relaxing impurity.In this situa-
tion, a paramagnetic ion plays a role quite similar to that
the extra 3d electron in the valance-exchange mechanism

~iii ! Rapidly relaxing impurity.Just as in the slowly-
relaxing-impurity case the Fe31 is indirectly coupled by the
exchange coupling with the rare-earth impurity, however,
relaxation time is very small.

Kasuya-Le Craw.It is the confluence of a uniform
precession magnon with a phonon to form a second mag
It is a uniform precession to the lattice relaxation proce
This mechanism is dependent on frequency, temperature,
the magnetization.
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Eddy-current-loss.It is important at high temperatures a
cording to a semiconductor behavior. It involves a loss
energy from the uniform precession to the lattice through
conduction electrons without involving the degenerate
thermal magnons. In the cases in which the skin depth
large with respect to the sample size, eddy-current-los
dependent on sample size, conductivity, and frequency.

In the samples presented below, apart from two-mag
mechanism, eddy-current contribution is also present.
MnFe2O4, the skin depth can be considered large with
spect to the 0.4 mm spherical radius of the sample and so
eddy-current contribution to the linewidth is given by27

DHed'
2p2

c2g
sr 0

2v2, ~11!

wherer 0 is the radius sample,c is the speed of light, ands
is the conductivity given by39

s5
C

T
expS 2

E

kTD ~12!

with C a constant independent of temperature,E is the acti-
vation energy of the process, andk is Boltzmann’s constant

III. RESULTS AND DISCUSSION

In this section we present the analysis of the two-mag
linewidth in single and polycrystalline manganese ferri
Mn1.0Fe2.0O4. The single crystal was grown by the floatin
zone technique and annealed for 72 h in CO2 at temperatures
between 1150 and 1190 °C. The polycrystalline sample
fabricated by the ceramic method in a thermogravime
equipment manufactured by Setaram, model no: TG-D
92. The sample was sintered at 1300 °C for 4 h in CO2 at-
mosphere. Both samples were characterized by x-ray diff
tion, while inductively coupled plasma spectrometry show
a nominal composition.

In order to carry out FMR measurements, the samp
were fabricated into spheres with diameters between 0.7
0.8 mm. FMR experiments were accomplished by monit
ing the reflected wave in a TE111 mode cylindrical cavity
working atX band frequency~8.9 GHz!. A dielectric support
~teflon! with a center hole was placed at the bottom of t
cavity to introduce the sample in such way that it was free
orientate along the external field. The system is fully co
puterized and the operational temperature range is 77–
K. At each temperature the full FMR line shape was stored
order to analyze the real and imaginary part of the susce
bility and obtain the FMR linewidth by means of a nonline
fitting technique: a modified version of the torque equat
involving the addition of phenomenological damping term
which account for the relaxation of the magnetization be
used. In this work the Bloch-Bloembergen formalism is us
because it is physically consistent with the two-magnon p
cesses. The relationship between the imaginary part of
susceptibility and FMR linewidth and resonance field
given by

x9

xmax9
5

~DH/2!2H@4H0
21~DH/2!2#

H0@„H0
22H21~DH/2!2

…

214H2~DH/2!2#
,

~13!
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whereH is the static field,DH is the FMR linewidth, andH0
is the resonance field. Gaussian units will be used through
this work.

The variation of the FMR linewidth with temperature
presented in Fig. 2. The maximum experimental error e
mated is about 5%.

Manganese ferrite is characterized by its high satura
magnetization~7000 G at 0 K!. The use of our cylindrical
cavity working in TE111 mode, involves resonance fields o
3000 Oe. This field assures the saturation of the sampl
seen in Fig. 3; however, the permanence of uniform prec
sion mode inside the SWM is not satisfied. If we substitu
field values in expressiong(Hi12pMS), the operational
frequency~8.9 GHz!, although is out of the SWM, is inside
the magnetostatic mode spectrum.

The FMR line shape on examination shows a symmetr
peak. There is no reason for more peaks to appear bec
the sample is small enough and it is placed at a point in
cavity where the rf magnetic field is sufficiently homog
neous. Since the permanence of the uniform precession m
inside the SWM is not satisfied, it should be necessary to
Eqs. ~5!, ~7!, and ~10! to obtain the different two-magnon
contributions to the linewidth. If we use the data of the po

FIG. 2. FMR linewidths of single crystal~d! and polycrystal-
line ~s! manganese ferrites (Mn1.0Fe2.0O4).

FIG. 3. Hysteresis loop for polycrystalline manganese fer
(Mn1.0Fe2.0O4) at room temperature.
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PRB 59 9451TWO-MAGNON PROCESSES AND FERRIMAGNETIC . . .
crystalline sample (4pMS56500 G, v/g53150 Oe, and
HA5465 Oe at 77 K! the contributions to the linewidth
from the superficial, porosity, and anisotropy mechanism

DHsup'1300 G~uu! Oe; DHpor'2600 G~uu! Oe;

DHA'200 G~uu! Oe,

respectively.
It can be observed that the anisotropy linewidth is 5%

the superficial and porosity contributions together, so it c
be neglected, without performing an error larger than
experimental one. This assumption is consistent with
theory for isotropic or with relatively small levels of magn
tocrystalline anisotropic materials. Anisotropy fields o
served for our samples are presented in Fig. 4.

In order to obtain the superficial contribution to the lin
width it is necessary to use the expression given by Eq.~5!.
Magnetization as a function of temperature has been m
sured using a vibrating-sample magnetometer and fitting
experimental results by means of theT3/2 law. Magnetic mo-
ment per molecule obtained is 4.78mB (mB is the Bohr mag-
neton! for polycrystalline sample. The fitting attained is pr
sented in Fig. 5.

The sample radius is 0.4 mm; the resonance field va
(H05v/g) has been obtained from the operational f
quency~8.9 GHz! and usingg values given in the literature
@g(77)52.019; g(300)52.004#.38 The only unknown pa-
rameters are the pit radius~R! and theG(uu) function. They
have been obtained by means of an iterative program w
presents the most suitable parameters for each set of ex
mental data. The fitting of the experimental data for t
single crystal can be observed in Fig. 6.

The experimental results can be fitted by means of su
ficial and eddy current contributions. The sum of these t
mechanisms is what we have called the theoretical res
The difference between experimental data and the theore
result gives us a notion about the committed error, which
call the residual linewidth.

With this fitting, the superficial contribution forR, the pit
radius, is 0.05 mm which agrees very well with the expec
size ~is on the same order of magnitude as the polish

FIG. 4. Anisotropy field for polycrystalline manganese ferr
(Mn1.0Fe2.0O4).
re
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material used! and for G(uu)'231022. For the eddy cur-
rent contribution we obtain a value of 0.06 eV for the ac
vation energy and 85V cm21 K for the C constant of Eq.
~12!. This activation energy is on the order of the magnitu
of the electronic hopping between Fe21 and Fe31.39–41 The
residual linewidth is lower than 5 Oe which shows the c
rectness of the fitting.

In the polycrystalline sample the porosity contributio
should also be included. Since the superficial mechan
only depends on the geometry of the sample and the com
sition, it is reasonable to think that for single and polycry
talline samples, with the same composition and similar siz
the contribution will be the same for both. To analyze poro
ity contribution it is necessary to assume that the param
G(uu) is the same as the one obtained from superficial c
tribution in the case of single crystal. Adopting this proc
dure, the fitting of the linewidth for the polycrystalline man
ganese ferrite is presented in Fig. 7. The fitting parame
are 3% for porosity and 0.04 eV for activation energy and
V cm21 K for the C constant of Eq.~12!. The residual line-
width is lower than 7 Oe.

FIG. 5. Magnetization fitting byT3/2 law for polycrystalline
manganese ferrite (Mn1.0Fe2.0O4).

FIG. 6. Fitting of the linewidth for single-crystal mangane
ferrite (Mn1.0Fe2.0O4). The theoretical result is the sum of all con
tributions present while the difference between experimental
theoretical results is called the residual linewidth.
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IV. CONCLUSIONS

It can be concluded that in ferrimagnetic resonance
periments with single and polycrystalline ferrites, workin
with fields only slightly larger than the value 4pNzM re-
quired to saturate the sample, the two-magnon theory de
oped in ferromagnetic relaxation is not valid. For such cas
an experimental procedure has been developed in orde
obtain the superficial and porosity contributions to the lin
width. Compared with these linewidths, the anisotropy c
tribution that appears in polycrystalline samples is neglec

FIG. 7. Fitting of the linewidth for polycrystalline mangane
ferrite (Mn1.0Fe2.0O4). The theoretical result is the sum of all con
tributions present while the difference between experimental
theoretical results is called the residual linewidth.
o

a
h

,

g
h

-

el-
s,
to
-
-
d.

This approach utilizes a functionG(uu) temperature inde-
pendent which can be obtained by means of experimen
results in single-crystal samples. The value of this function
applicable to porosity and anisotropy contributions.

In single-crystal manganese ferrites, superficial and ed
current contributions to the linewidth are present. In pol
crystalline manganese ferrites, superficial contribution is
same as the correspondent contribution in single cryst
while porosity and eddy-current contributions also appe
With our two-magnon linewidth approach, the paramete
needed for the fitting have been obtained, getting err
lower than 4%. The presence of the eddy-current contrib
tions indicates the existence of conduction electrons; the v
ues of the activation energies fitted~0.06 and 0.04 eV for
single and polycrystalline samples, respectively! implies the
existence of Fe21 cations in Mn1.0Fe2.0O4,

39–41 since the ac-
tivation energies necessary for the other possible hopp
mechanism Fe311Mn21⇔Fe211Mn31 are of the order of
magnitude;0.3 eV.39 With these parameters the values o
tained for the conductivity are at 300 Ks(300)
'0.04 V cm21 for the polycrystal and s(300)
'0.03 V cm21 for the single crystal.
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Paraninfo, 1965!.
39F. K. Lotgerin, J. Phys. Chem. Solids25, 95 ~1964!.
40V. A. M. Brabers and A. A. Scheerder, IEEE Trans. Magn.24,

1907 ~1988!.
41Z. Simsa and V. A. M. Brabers, IEEE Trans. Magn.24, 1841

~1988!.


