PHYSICAL REVIEW B VOLUME 59, NUMBER 14 1 APRIL 1999-II

Two-magnon processes and ferrimagnetic linewidth calculation in manganese ferrite
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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 MnE©, 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 existenc&'of&®mns in the
sample. Additional measurements on magnetization in manganese ferrites are presented.
[S0163-182699)00214-3

I. INTRODUCTION magnon” is created. The scattering from the uniform preces-
sion to the degenerate mode is an important relaxation source
The magnetic properties of manganese ferrites have beén magnetic materials, such as spinel ferrites, and can be
a subject of interest in the last few years. The general quesnduced by different mechanisms: pits left on the surface of
tion of what happens to the bulk properties of a macroscopithe sample by the polishing process, pores between the
body as one or more of its dimensions are reduced to atomigrains in polycrystalline samples, random orientation of the
sizel? the behavior of the size-dependent Curieanisotropy energy axes from grain to grain, etc.
temperaturé;® the study of the variation of the magnetiza- A physical description of the two-magnon linewidth pro-
tion with temperaturé,the cation distributiof,and the fer- cess has been fully investigated by different autfars’
rimagnetic resonance linewidth due to scattering of the uniSparks has calculated the two-magnon linewidth induced by
form magnon have been some of the main stufifes. pits left on the surface of isotropic spherical sampfem
The selection of manganese for this work was based othis approach, a surface pit is represented by a single spheri-
the importance of this cation in different kinds of materials.cal void in an infinite medium. This void will produce a
The recently rediscovered “colossal magnetoresistance” irdemagnetization field with its axis along the magnetization
the perovskite manganaf®;_,B,MnO; (with R=La, Pr, direction. If the magnetization preceer example, the uni-
Nd, Sm andB=Ca, Sr, Ba, Pphas renewed attention in form precession the demagnetization field will be modu-
these system$:'2 The difficulty one faces when studying lated at the precession frequency. The interaction between
these systems is to make sure that the samples are well chdire modulated demagnetization field and a degenerate mag-
acterized and of good quality. Compounds prepared underon will change the energy of both the uniform precession
similar conditions often exhibit different properti&sX-ray ~ and the degenerate magnon. The main results obtained from
powder diffraction frequently does not indicate the presencéhis highly oversimplified model are physically reasonable.
of spurious phases or any evidence that would suggest that The analysis to determine the two-magnon contribution to
the samples are inhomogeneous. On the other hand, it h&fse FMR linewidth is based on the transition probability cal-
been shown that magnetic resonance is an extremely sensidlation. This requires the dispersion relation to be calcu-
tive and useful technique to study the quality of the sample$ated and the Hamiltonian to be diagonalized by means of
in these systems:° Holstein-Primakoff transformatiorfé. Making the first and
Because of these reasons and the ample experience of dine second transformation it is possible to approximate the
group in ferrimagnetic resonaneMR),1’~?*the goal of this  Hamiltonian into the diagonal form. In this case the disper-
work is to study the FMR linewidth in single and polycrys- sion relation obtained is
talline manganese ferrite. In particular, we developed a two-
magnon linewidth calculation for these ferrites which do not .
supgport Sparks’ and Schimnn’s theorie$>%° ho=DK* 4o+ (12 o sif b, @)

where w;= yH;=y(Ho—47N,M) (y is the absolute value
of the electron gyromagnetic ratibl is the resonance field,
The microscopic theory of the two-magnon process i\, is thez component of the demagnetizing tensor, &b
based on a simple model in which one magnon of the unithe dynamic magnetizationw,,=4myMsg, wy,=7yHo=wq
form precession is annihilated and another magnon with théw,, is the frequency of the uniform mode at resonance. For
same energy and nonzero wave vector called “degeneratpherical samplesy,= w,),?’ the D parameter characterizes
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the strength of the exchange afidis the angle between the wly | |
wave vectork and the internal static fielt; . Oc=n2 | 8=0
If the third Holstein-Primakoff transformation is matfe,
the exact dispersion relation is found: S
H, + 21Mg
D : /
fio=[(DK?+ A w,)(DK?*+ A w;+hwy,sir? 6,142 (2) (Hi(Hi+41cMs))”2)E:' o 5
R dépenierdte magnons
The set of curves for all values of $if is called the St /
spin-wave manifoldSWM). The complete spectrum fde H —
=0 lies in a frequency band betweeyH; and y[H;(H; Magnetostatic Spin-wave manifold
+47M S)]l/Z. modes
This two-magnon analysis has been limited to materials : .
which are either isotropic or have relatively small levels of 103 em’

magnetocrystalline anisotropy so that the behavior of the _ ) _ N )
spin-wave band is essentially the same as for isotropic ma- FIG. 1. Rfelatlon dispersion spectrum and position of the uni-
terials. Schloann? among others, has shown that anisot-0rm Precession modex).
ropy can have a significant effect on the spin-wave disper-
sion and the corresponding SWM. The effect of anisotropycial instance of such a magnetostatic mode. The complete
has been fully developed in anisotropic ferrite films by magnetostatic spectrum lies in a frequency band between
Hurben3® The objective of this work, as is related above, is YHi and y(H; +27My).
to develop a two-magnon linewidth calculation in manganese The second and the third cases,*ginnot small and the
ferrite which is an isotropic material, and so Sparks’ theoryapplied field only slightly larger than the value required to
will be valid for now. saturate the sample, respectively, have not been analyzed. No
In most cases of practical interest the dispersion relatiogXxpression is given to obtain the FMR linewidth because of
used is the one given by E@l), simplifying, in a great the complexity of substituting the third Holstein-Primakoff
manner, the calculus. The expression obtained for the lindn EQ. (2).
width is therd” We are going to report an experimental procedure to ob-
tain this linewidth in cases in which the ferromagnetic reso-
R 72 o [(3cog6,—1)%+1.6] nance frequency is such that the app!ied field saturates the
AHg=4TMg— = — . 3 _sar_nple and the resonance frequency is out o.f thg SWM bgt
To 128 w; cost, inside the magnetostatic spectrum. This situation is shown in
Fig. 1.
whereR is the pit radiusy, is the sample radius, angj, is In this case(frequency out of the SWhbut with a single
the angle between the wave veckoof a magnon in the limit  and symmetrical peak in the absorption curve, Sparks’ theory
as k approaches zer@the uniform magnohand the static s not valid to explain the scattering of the uniform mode.
field. We propose a model in which this uniform mode of preces-
However, the approximation of Eql) is very good ex-  sjon relaxes first to other magnetostatic modes with the same
cept for the case in which at least one of the following con-frequency and after that with the different modes of the spin-
ditions is fulfilled?’ (1) k is very small,(2) sir? 6, is not  wave manifold as it can be seen in Fig. 1.
small, and(3) the applied field is only slightly larger thanthe |t is to be noted that the modes dominating the relaxation
value 47N,Mg required to saturate the sample. In any ofinduced by pits on the surface are those with wavelength
these three cases the third Holstein-Primakoff transformatiop\ = 27/k) which is on the same order of magnitude as the
is necessary. pit radius?’?® The radius of the pits in these samples are
The first casek very small, has been studied in spherical ground 50um which impliesk~1.3x 10° cm™*. Looking at
samples by Walket! In a classical ferromagnetic resonance Fig. 1, this case corresponds to a mode in the spin-wave
experiment a spheroid is placed with its symmetry axis alongnanifold, close to6= /2. However, all modes are taken
a uniform static magnetic field strong enough for saturationinto account. Since the procedure that has been followed to
if a uniform rf magnetic field is applied in the perpendicular obtain the linewidth is the same as the one proposed by
direction across the sample, the dipoles precess in phase tgparks, the relaxation time for the uniform mode has been
gether about the demagnetized internal static magnetic fielgptained by integrating frok=0 to k= ky, (the maximum
This will give rise to a single, symmetrical peak in the ab-wave vector of a magnon degenerate with the uniform
sorbed power as a function of static field at resonance. Howprecession?’
ever, when the sample is not small enough or when it is  As the dominating contribution is the one given by the
placed at a point in the cavity where the rf magnetic field ismode with = /2, if we substitute this angle into E@),
sufficiently inhomogeneous to vary even over the smalkhe superficial ferrimagnetic resonance linewidth given by

sample, a much more complicated absorption curve is obsparks goes to infinity. Taking into account that the relation
served with a large number of peaks whose position is indepetweend, and the static fieldH is given by

pendent of the frequency and the applied figic* These
peaks have been classified by Walker as the magnetostatic Ho—(2/3)47M
modes. They are important for low values lofso the uni- co2 g =—2 Vs
form mode of precessiork& 0) can be considered as a spe- Y 3[Ho—(1/3)47Mg]’
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and that for spherical samplesw;=yH;=%[H, As long as the anisotropy field is decreased with respect
—(413)7M ], w,=yHo=wq, we can rewrite Eq(3) in the  to 47wMg this independent-grain approach loses validity, di-
following form: polar interaction dominates and grains resonate all together
(for example in the uniform modeNow, the fluctuation of
R m? 3Hy orientation of the anisotropy energy axes from grain to grain
AHgyp=47M Sto 1283H,— 47Mg can be considered to be a perturbation. Consequently, the

additional term to the Hamiltonian is given by this fluctua-

A7Mg 2 tion of the anisotropy. The contribution to the linewidth
X 3H,—47Mg +1.6/G(6y) (3 given by Schimann for a spherical sample is
with G(6,)=1/cosb,,. 8mv3 H2 | 02-(/3+19/360
If we substituted,= /2 in this equation, the only part AHa= 21 4nMs| J(Q-133%Q-2/3) |’ ®

which diverges is the functio(6,). We propose to use
this expression to calculate the linewidth of the superficialyhere
contribution, assumin&( 6,) does not change with tempera-
ture and calculatingG(6,) through experimental results ® Ho —4(3K;+K,)
from single-crystal experimental data. N 0= YArMs daMg HaT T omg 9
In polycrystalline samples there are additional sources of
two-magnon linewidth&”**Considering first the effect of and K, andK, are the first and second anisotropy constant,
the pores between the grains, Sparks proposes the followingspectively.
contribution to the linewidth by a similar treatment given in  The treatment followed by Schitann, the same as the

superficial contributior?’ one applied by Sparks, is only valid if the operational fre-

quency is inside the SWM. Doing the same suppositions in

T Vpits @ [(3 cog 6,—1)%+1.6] superficial and porosity contributions, and using the relation-
AHpor:§47'f SV o cosé, . ®  ship between fields and cég, Eq. (8) can be written in the

following form:
whereV is the sample volume and;/V is the fraction of
the sample occupied by pores, frequently called pordgity s H§ 360— 120 + 1902
This contribution is by the pores inside the sample, respon- AHazl_o547.r,\/| (3—a)? G(6,) (10
. .. . . . S

sible for an additional demagnetization term to the Hamil-
tonian. Depending on the technique used in the fabrication ofvith a=47Mg/Hy andG(46,) is the same as in the super-
the sample this value varies between 3 and 5 %. ficial contribution.

This expression, equivalent to the one given by the super- As we will demonstrate in the next section, in situations
ficial contribution, is valid for frequencies situated inside thewhere the frequency of the homogeneous mode lies above
SWM spectrum. Following the same treatment as we usethe spin-wave spectrum, but inside the range of frequencies

before, Eq.(6) can be written as of magnetostatic modes, a very small anisotropy broadening
is predicted. Because of that we are able to say that the most
T 3H, important sources of relaxation in two-magnon scattering are

AHpo=g 4m™Msp 3Hy—47Mq the superficial and porosity contributions.

Apart from two-magnon scattering there exist other

A7Mg 2 sources of relaxation in single and polycrystals. Because they
X m +1.6/G(6u), () are not the purpose of this paper we are only going to present
them as follows.
wherep is the porosity of the samplé&lefined above ap Three mechanisms which give rise to a linewidth showing

=V,is/ V) and G(6,)=1/cosé,. The value ofG(6,) is the ~ a maximum as a function of temperature:

same obtained for the superficial contribution. This value has (i) Valence-exchange mechanisinis important in high-
been calculated for the single crystal and the same value witonductivity spinel ferrites. This contribution is a possible
be used for the porosity contribution in polycrystalline source of linewidth in crystals containing both *Feand
samples. Fe** ions on equivalent sites in a crystal.

Another important source of losses in polycrystalline (ii) Presence of a slowly relaxing impuritin this situa-
samples is the random orientation of the anisotropy energtion, a paramagnetic ion plays a role quite similar to that of
axes from grain to grain. The contribution from this source tothe extra 8 electron in the valance-exchange mechanism.
the FMR linewidth was studied by Schann?®*" In poly- (i) Rapidly relaxing impurity.Just as in the slowly-
crystalline ferrites with large anisotropyH(>47Msg), the  relaxing-impurity case the Bé& is indirectly coupled by the
dipolar interaction can be neglected when it is compared t@xchange coupling with the rare-earth impurity, however, the
anisotropy inside each grain. In this case, the individuarelaxation time is very small.
grains go through resonance independently at a frequency Kasuya-Le Craw.It is the confluence of a uniform-
and at a resonance field determined by the anisotropy fielgrecession magnon with a phonon to form a second magnon.
and the orientation of each grain. The shape of the resonandeis a uniform precession to the lattice relaxation process.
line is essentially determined by the number of grains that gd his mechanism is dependent on frequency, temperature, and
through resonance in a given range of the applied static fieldhe magnetization.
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Eddy-current-lossilt is important at high temperatures ac-
cording to a semiconductor behavior. It involves a loss of 250 — momoapoodbm
energy from the uniform precession to the lattice through the S5 °
conduction electrons without involving the degenerate or 200 — ey
thermal magnons. In the cases in which the skin depth is & s
large with respect to the sample size, eddy-current-loss is = 150 - s
dependent on sample size, conductivity, and frequency. E M&j v”
In the samples presented below, apart from two-magnon ;s’ 100 —o -
mechanism, eddy-current contribution is also present. In /
MnFe0,, the skin depth can be considered large with re- 50 &>
spect to the 0.4 mm spherical radius of the sample and so the o s .."”
eddy-current contribution to the linewidth is given?by 0
| | | | I
27, 100 150 200 250 300
AHedm 7 _0olyow, (11)
C™y Temperature (K)

wherer, is the radius sample is the speed of light, and FIG. 2. FMR linewidths of single crysta®) and polycrystal-
is the conductivity given by line (O) manganese ferrites (MgFe,Os).

C E : o : o

o= ?exr{ — k_T) (12 whereH is the static fieldAH is the FMR linewidth, andH

is the resonance field. Gaussian units will be used throughout
with C a constant independent of temperatids the acti-  this work.

vation energy of the process, akds Boltzmann’s constant. The variation of the FMR linewidth with temperature is
presented in Fig. 2. The maximum experimental error esti-
Il. RESULTS AND DISCUSSION mated is about 5%.

Manganese ferrite is characterized by its high saturation

In this section we present the analysis of the two-magnomagnetization(7000 G at 0 K. The use of our cylindrical
linewidth in single and polycrystalline manganese ferrite,cavity working in TE;; mode, involves resonance fields of
Mn; oFe, (O, The single crystal was grown by the floating- 3000 Oe. This field assures the saturation of the sample as
zone technique and annealed for 72 h in;@GDtemperatures seen in Fig. 3; however, the permanence of uniform preces-
between 1150 and 1190 °C. The polycrystalline sample wasion mode inside the SWM is not satisfied. If we substitute
fabricated by the ceramic method in a thermogravimetridield values in expressioy(H;+27Mg), the operational
equipment manufactured by Setaram, model no: TG-DTArequency(8.9 GH3, although is out of the SWM, is inside
92. The sample was sintered at 1300 °€ 4oh in CG, at-  the magnetostatic mode spectrum.
mosphere. Both samples were characterized by x-ray diffrac- The FMR line shape on examination shows a symmetrical
tion, while inductively coupled plasma spectrometry showedpeak. There is no reason for more peaks to appear because
a nominal composition. the sample is small enough and it is placed at a point in the

In order to carry out FMR measurements, the samplegavity where the rf magnetic field is sufficiently homoge-
were fabricated into spheres with diameters between 0.7 antkous. Since the permanence of the uniform precession mode
0.8 mm. FMR experiments were accomplished by monitorinside the SWM is not satisfied, it should be necessary to use
ing the reflected wave in a Tl mode cylindrical cavity Egs. (5), (7), and (10) to obtain the different two-magnon
working atX band frequency8.9 GH2. A dielectric support  contributions to the linewidth. If we use the data of the poly-
(teflon) with a center hole was placed at the bottom of the
cavity to introduce the sample in such way that it was free to :
orientate along the external field. The system is fully com- 80 (COBC000C000E000E0
puterized and the operational temperature range is 77—320 :
K. At each temperature the full FMR line shape was stored in
order to analyze the real and imaginary part of the suscepti-
bility and obtain the FMR linewidth by means of a nonlinear
fitting technique: a modified version of the torque equation
involving the addition of phenomenological damping terms

40 —|

Magnetization (emu/g)
feme]
|

which account for the relaxation of the magnetization being 3000 Oe
used. In this work the Bloch-Bloembergen formalism is used -40
because it is physically consistent with the two-magnon pro- o
cesses. The relationship between the imaginary part of the .80 —| ©oooooonnononoomo :
susceptibility and FMR linewidth and resonance field is I I ] I I
given by -10000 -5000 O 5000 10000
X/r (A H/2)2H [4HS+ (A H/2)2] Applied field (Oe)
Xmax  Hol[(H5—H2+ (AH/2)2)?+4H2(AH/2)?]" FIG. 3. Hysteresis loop for polycrystalline manganese ferrite

(13 (Mn, JFe&, (O,) at room temperature.
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[=]
o 0 100 200 300 400 500 600
| i | 1 1 | |
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3 T 5 75
E 300 — Dq: et
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FIG. 4. Anisotropy field for polycrystalline manganese ferrite o " y )
(Mn, Fe, O,). FIG. 5. Magnetization fitting byT®? law for polycrystalline

manganese ferrite (MrFe, O.).

crystalline sample (4Ms=6500 G, w/y=3150 Oe, and material usefand for G(6,)~2X 10 2. For the eddy cur-

Ha=465 Oe at 77 K the contributions to the linewidth rent contribution we obtain a value of 0.06 eV for the acti-

from the superficial, porosity, and anisotropy mechanism areation energy and 8% cm 1K for the C constant of Eq.
(12). This activation energy is on the order of the magnitude

AHg,~1300 G(6,) Oe; AH,,~2600 G(6,) Oe; of the electronic hopping between¥eand Fé*.%°-*' The
residual linewidth is lower than 5 Oe which shows the cor-
AHA~200 G(6,) Oe, rectness of the fitting.

In the polycrystalline sample the porosity contribution
5% Ofshould also be included. Since the superficial mechanism

. . S . only depends on the geometry of the sample and the compo-
the superficial and porosity contributions together, so it Ca@iti())/n, itpis reasonablg to thin>k/ that for sin%le and polycrys?-

be ne_glected, W'thOUt. performlng_ an error '?‘fger thgn theralline samples, with the same composition and similar sizes,
expenmen_tal one. Th's_ assumption Is consistent with th‘?he contribution will be the same for both. To analyze poros-
theory for isotropic or with relatively small levels of magne- ity contribution it is necessary to assume that the parameter
tocrystalline anisotropic materials. Aniso;ropy fields Ob'G(au) is the same as the one obtained from superficial con-
served for our Sa”.‘p'es are pre.sgented |n.F|g.. 4. . tribution in the case of single crystal. Adopting this proce-

. In o_rc_ier to obtain the superficial cont_rlbutl_on to the line- dure, the fitting of the linewidth for the polycrystalline man-
width it is necessary to use the expression given by(BJ. anese ferrite is presented in Fig. 7. The fitting parameters

Magnetization as a function of temperature has been medye 394 fqy porosity and 0.04 eV for activation energy and 54
sured using a vibrating-sample magnetometer and fitting th?l cm™ 1K for the C constant of Eq(12). The residual line-

experimental results by means of fhi&? law. Magnetic mo- width is lower than 7 Oe
ment per molecule obtained is 448 (ug is the Bohr mag- '
neton for polycrystalline sample. The fitting attained is pre- 150
sented in Fig. 5.

The sample radius is 0.4 mm; the resonance field value .
(Hp=w/y) has been obtained from the operational fre-
guency(8.9 GH2 and usingg values given in the literature
[g(77)=2.019; g(300)=2.004.3 The only unknown pa-
rameters are the pit radiyR) and theG( 4,) function. They
have been obtained by means of an iterative program which
presents the most suitable parameters for each set of experi- v
mental data. The fitting of the experimental data for the -\_\/'y/ \/
single crystal can be observed in Fig. 6. ST

The experimental results can be fitted by means of super- 3
ficial and eddy current contributions. The sum of these two |
mechanisms is what we have called the theoretical result. 100 150 200 250 300
The difference between experimental data and the theoretical
result gives us a notion about the committed error, which we
call the residual linewidth. FIG. 6. Fitting of the linewidth for single-crystal manganese

With this fitting, the superficial contribution fd®, the pit  ferrite (Mn, JFe, (O,). The theoretical result is the sum of all con-
radius, is 0.05 mm which agrees very well with the expectedributions present while the difference between experimental and
size (is on the same order of magnitude as the polishingheoretical results is called the residual linewidth.

respectively.
It can be observed that the anisotropy linewidth is

¥ Experimental result

Theoretical result
Residual linewidth

100 —

7
A

Eddy current

w
<
|

Linewidth (Oe)

Superficial

Temperature (K)
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This approach utilizes a functio®(6,) temperature inde-
pendent which can be obtained by means of experimental
results in single-crystal samples. The value of this function is
applicable to porosity and anisotropy contributions.

In single-crystal manganese ferrites, superficial and eddy-
Eddy current current contributions to the linewidth are present. In poly-
crystalline manganese ferrites, superficial contribution is the
same as the correspondent contribution in single crystals,
while porosity and eddy-current contributions also appear.
With our two-magnon linewidth approach, the parameters
needed for the fitting have been obtained, getting errors

250 —{ V¥ Experimental result
¢ Residual linewidth
—— Theoretical result

Linewidth (O¢)

/ Porosity

Superficial

R R R lower than 4%. The presence of the eddy-current contribu-
I I I I I tions indicates the existence of conduction electrons; the val-
100 150 200 250 300 ues of the activation energies fitt€dd.06 and 0.04 eV for
Temperature (K) single and polycrystalline samples, respectiyétyplies the

existence of F& cations in Mn gFe, (0, %! since the ac-
FIG. 7. Fitting of the linewidth for polycrystalline manganese tivation energies necessary for the other possible hopping
ferrite (Mny oFe, (O4). The theoretical result is the sum of all con- mechanism F& +Mn2tsFe#t +Mn3" are of the order of
tributions present while the difference between experimental angnagnitude~0.3 eV32 With these parameters the values ob-
theoretical results is called the residual linewidth. tained for the conductivity are at 300 Ko (300)
~0.04 Qcm ! for the polycrystal and o(300)
~0.03 O cm ! for the single crystal.

It can be concluded that in ferrimagnetic resonance ex-
periments with single and polycrystalline ferrites, working
with fields only slightly larger than the valuem™N,M re-
quired to saturate the sample, the two-magnon theory devel- This work was partially supported by the Consejede
oped in ferromagnetic relaxation is not valid. For such casessomento de la Junta de Castilla y lreander Project No.
an experimental procedure has been developed in order ®A0197, and by project MAT98-0416-C03-03. A.G.F.
obtain the superficial and porosity contributions to the line-thanks Ministerio de Educaaioy Cultura for having been
width. Compared with these linewidths, the anisotropy con-awarded a grant of the “Subprograma General de Perfeccio-
tribution that appears in polycrystalline samples is neglectechamiento de Doctores en el Extranjero.”
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