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Non-Arrhenius stretched exponential dielectric relaxation in antiferromagnetic TiBO;
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Dielectric spectra of TiB@single crystals, grown by the chemical vapor transport technique, have been
studied at temperatures between 40 and 200 °C and frequencies from 100 Hz to 1 MHz. The shape of the
spectra is well parameterized in terms of the temperature-independent Kohlrausch-Williamssthtithed
exponentigl form, modified with the superimposed low-frequency dispersion and dc component. A deviation
of the relaxation time from the Arrhenius law has been observed, which cannot be fitted into the known
formulas. This deviation is phenomenologically explained by the screening effect. A formula has been pro-
posed to describe such a complex dielectric relaxation behavior that is expected to exist in many more
materials.
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I. INTRODUCTION ®(t)=exd — (t/ Tepw)?1, (1)

The compounds oMBO; family, whereM is a trivalent  and/or by the empirical Havriliak-NegariHN) function
transition-metal ion, crystallize into a calcite-type structtire.

FeBO; has been the most studied compound of this family

due to the interest generated by its magnetic properties. It is X (W) =&+ XiN=Ent e 2

an antiferromagnet with a étemperatureTy) around 348 [1+ (i o7in) "]

K, associated with a weak ferromagnetism above room ) _
temperaturé. Such a relatively highTy, which is unusual [N the above expressiongyy stands for complex suscepti-
for oxide systems, facilitates the investigation of critical phe-bility representing relaxation process= 2 f is the angular
nomena. Added to this is the crystal transparency in the visequency.s.. represents the asymptotical value or the per-
ible region right up to the Nal temperature, which makes it Mittivity at high frequenciesz; is the value of the opposite
a potential candidate for high-speed magneto-optic applicdimit, 7vy and 7xww stand for relaxation timewhich, in
tions. Recently, intensive investigations have been carriegeneral, is not equal to the reciprocal frequency of the loss
out on the electronic structure and magnetic properties oP€ak,wm), @, B, andy are parameters determining the spec-
FeBO,.37 tral shape(0<a, B, ay<1).

So far not a single study of the physical properties of the The KWW function deals with the data in time domain,
titanium borate TiBQ@ has been reported. This is mainly due While the HN expression is used in the frequency domain
to the difficulties encountered in synthesizing TiB@ystals, (the well-known Cole-Cole and Cole-Davidson expressions
which requires the stabilization of i valence state witd? ~ are the limiting forms of the HN function with=1 anda
configuration. Recentf§,we have successfully grown the =1, respectively The KWW law(1) was found to apply not
single crystals of TiB@ with controlled trivalent state of only to dielectrics, but also to other forms of relaxation, in-
Ti®*, using a specially designed chemical vapor transporgluding mechanical, enthalpic, light scattering, nuclear mag-
techniqué® The availability of single crystals has allowed us netic resonancéNMR), magnetic relaxation, chemical reac-
to investigate the dielectric, electric, and magnetic propertie§ons, luminescence decay, quasi-elastic neutron scattering,
of TiBO,;. The magnetic measurements by superconductin§tc- This law is not just an empirical expression, but has a
quantum interference device show that Ti@haves as an Profound theoretical significancéIn particular, the rigorous
antiferromagnet with a magnetic phase transitonTat Mathematical investigation on the basis of theory of stochas-
—923K.10 tic phenomena showed that only certain solutions of the re-

This paper reports the results of the first dielectric specl@xation function are possible and this function has the
troscopic study of TiB@ single crystals. The dielectric re- KWW form (1)." This conclusion is valid independently of
sponse of TiBQis found to exhibit frequency dispersion and &Ny microscopic physical model; it is dictated exclusively by
relaxation, which can be described phenomenologically usthe stochastic nature of th_e relaxat|(_)n_process. To obt_aln the
ing a modified stretched exponential form. more complex HN relaxation form, it is necessary to intro-

duce in the stochastic analysis the concept of clusters com-

posed of the relaxing entities having common motions due to
Il THEORETICAL APPROACH mutual interactiond® On the other hand, the consideration in

the frame of percolation theory revealed a direct connection

The dielectric relaxation in condensed systems can oftebetween the KWW relaxation and the fractal nature of ma-
be described by the Kohlrausch-Williams-WattKWW)  terial. The space fractal structure necessarily leads to the
function (or the “stretched exponential” functioht—*3 stretched exponential relaxation, and the inverse relation was
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suggested to hold, namely, when a system is observed to
relax in a stretched exponential way, it is the signature of the
fractal morphology?®

To determine if the frequency dependence of the permit-
tivity in a particular material corresponds to the KWW-type
relaxation, one can transform the KWW function into the
frequency domain by means of Fourier transformation of its
time derivative,

e*(w)=eu+ Xkww

logqo (™)
logyo (")

=soc+(ss—sx)fw(—dd)/dt)exq—iwt)dt, (3
0

200°C

and use the result to fit the experimentdl(w) data. It is QDo [
known that the Fourier transforit8) does not coincide ex- N 3
actly with the HN function(which is usually employed for 21 X, . -
fitting in the frequency domajn Thus, one can expect the Y “"?@»‘-"&"‘
existence of an approximate correspondence between Egs. e %’ﬂ
(2) and (3). Such a correspondence was established after a " SR 40°C
great deal of work®! but it appears to be valid only in the
vicinity of the loss-peak frequencgnote that any Fourier
transform of KWW function into frequency domain can be 2 3 4 5 6
approximated by a HN function, but not vice vers@n the logy, [f (H2)]
other hand, there exists a rigorous way to discriminate be-
tween HN and KWW functions in the frequency domain. At
frequencies much lower than the loss-peak frequency, th
HN function follows the relatior”ocf¢, but the KWW form ¢4, right: T=40, 60, 80, 100, 120, 140, 160, and 200 °C. The
gives the relatione”ocf (which is valid only in the Cole-  gjig jines represent the fits to Eq) with the terms calculated by
Davidson limit of the HN functioh Egs.(3), (5)—(7).

The analysis of this behavior by Hift'® based on the

literature data revealed that among a hundred dipolar mate- .
rials, only ten show a low-frequency slope of the loss peakehexagonal platelet or polyhedral morphology and a typical

which is compatible with KWW formula. It is important to Size of 0.5¢0.5x0.2mnf. The wo parallel(001) faces of

mention for further discussion that all these ten exampleéhe crystals were painted with silver paste and a gold wire
refer to the dispersion observed at high frequencies. Thus' 2> attached to ea_ch of them. The electrode connections
the question arises as to why the KWW law, which is be_Were_ mad(_a after drying at 80°C for 2 h.

. X ! r Dielectric spectroscopic measurements were performed
lieved to be a fundamental one in the time domain, seems t

. : . y means of a computer-controlled Solartron-1260 Imped-
work SO sca_rcely in th_e freque_ncy domain. By the a_naIyS|s %nce Analyzer/Solartron 1296 Dielectric Interface system, in
the dielectric properties of TiB§) we attempt to find an

answer to this question. the frequency range of 100 Hz to 1 MHz and in the tempera-

We will show that TIBQ is an example of the materials in ture interval between 40 and 200 °C. To avoid any possible
which the loss peak can be well fitted to the HN function,OX'da“on of TF" ions, the sample was heated in a silicon oil

while the KWW form cannot be used satisfactorily. Never- bath, the temperature of which was sensed by a Cr-Al ther-

theless, the real spectral shape of the relaxation process is E%OCOUPIG and controlled by an Omega CN3000 temperature

KWW type, but the dielectric spectrum is distorted by the ntroller.

superimposed contributions from other processes. This situ-

ation is expected to be common to many more materials. We IV. RESULTS AND ANALYSIS

have also found a deviation from the Arrhenius law )

= 7o expE/KT) for the temperature dependence of the relax- The experimental data on the frequency dependences of

ation time in TiBQ, crystals. Such deviations in other mate- réa!l (¢") and imaginary £") parts of relative permittivity at

rials are usually accompanied by a temperature-induceY@rious temperatures are presented in Fig. 1. The plots show

change in the shape of the loss peak, which remains urfwo Vvisible reIaxat|on propesses.'The first one m'amfests it-

changed in the case of TiBO self as a Debye-like peak if'(f ) with a corresponding drop

in '(f). Thee"(f) peak[or thee’(f) drop| observed at

about 5 kHz for 40 °C shifts to higher frequencies with in-

creasing temperature. The variation of the frequency "of
Single crystals of TiB@Qwere grown via chemical vapor maximum (f,,) as a function of reciprocal temperature ex-

transport taking place in a sealed quartz tube at 950 °C fohibits a nonlinear dependence, indicating a non-Arrhenius

120 h. The grown crystals show a dark brown color withbehavior, as shown in Fig. 2.

FIG. 1. Frequency dependences of the (epper set of curves
and the imaginary partdower set of curvesof dielectric permit-
ﬁvity of a TiBO; crystal measured at different temperatugiem

IIl. EXPERIMENT
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FIG. 2. Dependences upon reciprocal temperaturdijthe
logarithm of the reciprocal relaxation timery) obtained from FIG. 3. Normalized plots of the dielectric losses against fre-
the fitting of dielectric spectra to E¢4) (filled circles, and(ii) the ~ duency at several temperaturés, represents the loss-peak fre-
logarithm of the loss-peak frequenty, , triangles. Solid and bro-  quency.e, the loss-peak amplitudieDashed and solid lines repre-
ken lines represent the fits af., data to Eq.(8) and to the  sent the fit to the Havriliak-Negami functidieq. (2)] and to the
Vogel-Fulcher law, respectively, in the high-temperature rangeKohlrausch-Williams-Watts formiEg. (3)], respectively, obtained
(130—200 °Q, and the extrapolations of the fitted curves to lower With the following values of parametera:=0.87, y=0.89, andg
temperatures. =0.77.

The second relaxation process appears as a steep risetiim, where the experimental data deviate from the master
the values ot’(f ) ande”(f) in the low-frequency range at curve in the whole frequency range. Such a deviation is
high temperatures. In the frequency range where this processearly due to the overlapping LFD that appears at high tem-
dominates, it is possible to describe the loss curves by thgeratures. The reasons for the small deviations observed at
fractional power law g"f""', with a practically low frequencies and low temperatures will become clear in
temperature-independent parameter valug-60.15. Such a the following discussion. The analogous master curve can
behavior of dielectric permittivity is known as “universal also be constructed for the real part of permittivityot
law.” ** The closeness af values to zero and the extremely shown.
high value ofe”(>10% allow us to refer the frequency de-  The existence of a master curve indicates that the spectral
pendence of permittivities in TiBOto the category of low-  shape of relaxation process does not change with tempera-
frequency dispersiorflLFD). This kind of dispersion was ture. In order to describe this shape analytically, we have
widely observed in different materials and is usually attrib-tested both HN and KWW formulas. In the course of fitting
uted to the polarization of slowly mobile electronic or ionic to the imaginary parts of E¢2) or (3), the values ofy, y (or
charge carrier$! In the case of LFD, the real part of permit- g), and 7y, (O Tww) Were considered as free parameters
tivity ¢’ also increases with decreasing frequency accordinghat were changed independently to obtain the best results.
to the fractional power lave’«f"~1 with the same param- The value of integral in Eq3) was calculated numerically. It
etern (there is an apparent difference between the LFD andppeared impossible to fit experimental data in the whole
the dc-related loss at whict'’ remains frequency indepen- frequency range reasonably well, and the successful fitting
den). Due to the closeness of tlmevalue to zero, the values was performed in the vicinity of”(f ) maximum only(Fig.
of ¢’ at LFD should be much smaller thaif at the same 3). It is evident that the HN function fits in the low-
frequency[see Eq.(6)], so that the pure power law far’ frequency range much better than does the KWW form, but
cannot be observed as a result of overlap with the dominartioth of them fail at very low and very high frequencies.
contributions from the first(high-frequency polarization To explain this failure, we recall the fact that the LFD is
process. Nevertheless, the corresponding rise’ ofith de-  accompanied, as a rule, by a high-frequency tail, which fol-
creasing frequency is clearly visible. At lower frequencies orlows the “universal law,”s " «&”f"~1, but with ann value
higher temperatures, the validity of the power law édrcan  much larger than that at low frequenciesuallyn>0.6) and
also be expected. with moderate values of los@sually ¢”<10 in the radio

We have found that the low-temperature part of experifrequency range™ This tail spreads over many decades of
mental data can be normalized into a single-valued curve bfrequency and due to a large appears as a background that
plotting the frequency dependences of loss in the coordinatds slightly dependent on frequency. It can be considered as
of log,o(f/f) vs &”(f)/e"(f,,) for each temperature. The the result of a separate relaxation process. We will show
results of normalization are shown in Fig. 3. It can be seerbelow that taking into account this mechanism, one can de-
that all the low-temperature curves, except for the very low-scribe the dielectric spectrum of TiB@erfectly.
frequency ones, collapse onto a single curve. But the normal- The final fitting was performed using the following
ization is perturbed for the high-temperature part of specequation:
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FIG. 4. Complex plane plot of the losses against the real per- 0 e X T T . 0
mittivity at 40 °C. Solid line represents the fit to E@l). Broken 2 2.4 2.8 3.2
line is the fit to Eq.(4) in which the susceptibilityy iy is substi- 1000/T (1/K)

tuted by x{y. The best-fit values ofy, y, A, ny, &, and (s
—¢,) are equal to 0.016, 0.668, 79, 0.73, 36, and 176, respectively. FIG. 5. Dependences upon reciprocal temperature of the param-
etersA., A,, &, and (gs—¢.,) obtained from the fitting of dielec-

o tric spectra to Eq(4).

8*(w):8w+XI+X§+X§WW_ig1 (4) . o '
0 The second step dealt with the fitting of the two high-

where the real value of.. can be considered related to all temperature pointél50 and 210 °Cin succession with the

“fast” processes, including nonrelaxational electronic andvanablese, s, A, N1, A, Ny, Tiww, ando (with S

lattice polarizations and any other polarizations with the re—f'XEd)' The best-it values obr obtained at these two tem-

laxation regime lying in a frequency range much higher tharperatures were used to calculate the_ activation energy of dc
the measurement frequencies, the susceptibiifty, is ex- ConddUCtéOP E(,)Iand the preexponential facter, using the
pressed by Eq(3), gq is the permittivity of free space, and standard formula
the last term refers to the contribution from dc conductivity — o exp —E, /KT) 7
o (the high-temperature data cannot be fitted reasonably well 7= 90 v '
without taking into account the dc-related logs@#ie values  The values ofE, and o, were found to be 1.2 eV and 6
of xi'=x{ —ix{ stand for the LFD i{=1) and for the high- %107 Q~*m™2, respectively. Note that, because of a narrow
frequency low-loss “universal” componenti€2). The temperature interval used in the fitting, the value gives
imaginary parts are expressed in the conventionalWay,  the magnitude of the activation energy only.
Fittings at all other temperatures were performed by vary-
xi=Afnt (B)  inge., s, Ar, Ny, Ay, Ny, and Ty With the value of8
. ) fixed at 0.83 and the value of calculated for each tempera-
The real parts are considered as the Kramers-Kronig tranggre from Eq.(7) using the above-mentioned values B

forms of the imaginary ones: ando,. The temperature dependences of the best-fit values
L of the parameters are presented in Figs. 2 and 5. The values
Xi = xi tan(n;m/2). (6)  of exponents are found to be practically temperature inde-

pendent(n;=0.81-0.85; n,=0.144, which is consistent

The fitting procedure was divided into several steps. In allwith the known fact that for a given material,is usually
the cases, the real and imaginary parts of the spectra wemnstant or depends on temperature only weskly.
fitted simultaneouslywith the same parameterfor a given An excellent agreement between the calculated and the
temperature. Since the LFD and the dc conductivity at lowexperimental frequency dependences:bfande” has been
temperatures are expected to be negligible, the initial fittingbbtained for all temperatures. Figure 1 shows such a consis-
was performed at 40 °C witR] = y;=0=0. The parameters tency for selected temperatures, and Fig. 4 represents the
€., €5, Ay, Ny, B, and Ty Were considered as indepen- dependence in the complex plane for 40 °C.
dent variables. The best fits were obtained with0.83, Fairly good fitting results can be obtained using the HN
which are shown by solid lines in Fig. 1 as the frequencyfunction instead of the KWW one in Ed4). This is not
dependences af ande”, and in Fig. 4 in a complex plane. surprising in view of the above-mentioned correlation be-
As shown above, the shape of the KWW relaxation peakween them. The example of such fitting is given in Fig. 4.
(which is determined bypg) is temperature-independent. The linear dependence of & vs 1/T, as represented by the
Thus, the value ofB was fixed to be 0.83 in the further solid line in Fig. 5, points to a thermally activated nature of
fitting. the relaxation responsible for LFQvith E;=1.24 eV).
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It is found that the Arrhenius law is not valid for the ergy is caused by screening effects. It was theoretically ar-
temperature dependence of relaxation timgyy . Like in  gued by Jonsch&r? that all polarizing specieipoles or
the case off,,, the function In(1fxww) Vs 1T shows a hopping chargesin a material, irrespective of their nature,
curvature, which is clearly visible at high temperatures andare subjected to the screening by the neighboring polarizing
becomes less significafibut still remain$ with decreasing species of the same nature. It was shown that this kind of
temperaturgFig. 2). In other words, the mechanism of re- screening broadens the dielectric spectrum. Evidently, the
laxation causing the violation of the Arrhenius law becomesmoving charges other than the considered polarizing species
more and more pronounced with increasing temperature. (including free carriefscan also take part in the screening.

The non-Arrhenius behavior of dielectric relaxation is awe pelieve that in TiBQ the screening by thermally acti-

characteristic of the systems having significant disorder iRated carriers gives rise to the change of the activation en-

structure andor) phase transfggma.\tions,. such as the glassgrgy of polarization and consequently leads to the violation
forming liquids and polymer&)** orientation glasse¥,and ¢ the Arrhenius law.

i .23
relaxor_ferroelectrics” In those cases, the well-known ™ 1 giccuss this effect in more detail, it is necessary to note

Vogel-Fulcher(VF) relation7= 7o exdEve /k(T—To) | is Of- 4,5 every single dipole contributing to the polarization pro-
ten em.ploy_ed to describe the temperature dependence of t'&%ss in a solid can be considered as a charge, which may hop
relaxation timer. When the system approaches the tempera—Olue to thermal excitatigrbetween twolor mor8 localized

ture Ty, the dielectric properties are usually characterized b . . . .
a brogdening of the replaxgtion spectrum. Ir): particular, in mapotennal wells’® The height of the potential barrier between

: . : ells (E) determines the frequency of hopping, and conse-
terials forming a glassy statéthe KWW exponent typically w o ) S
depends on temperature @s- (T—T,). In TiBO,, however, quently, the position of the loss peéle., the relaxation time

we have observed a dielectric process whose relaxation timoef the process The charge localized in the well attracts op-

significantly deviates from the Arrhenius behavior, while thepo_snely charged partlcle(snclqdmg free qarrlet‘sfrom_the
spectral shape remains unchanged at the same time neighborhood. Such a screening results in a deepening of the

To investigate the applicability of the Vogel-Fulcher rela- well, a rise of activation energy, and co_nsequently an in-
. s . . . crease of relaxation time. Thus, the activation energy be-
tion, we tried to fit the experimental data by using least

squares method in the whole temperature ra@d@e-200 °G c_ogwes altzfunct(qun OJ].thfe de_nsn_y of screening dparlil_cﬂiesh
as well as in different temperature intervals. The quality off._ (n). xpanding t |shunlqt|on Into a series and taking the
fitting was assessed by the coefficigft which is the com- lrSt approxmaﬂon n ;] € mezTr term, we ca(r; WrEfén)
monly accepted measure for the quality of a fit. Fitting in the Eo+an. Assuming the usual temperature dependemce
whole temperature range gives rise to the following param—“.eXp(_Eb/I.(D for the qlensny _Of screening charges, we ob-
eters: 7,=2x10"1%s, Eyr=0.2eV, To=112K, and x2 tain a modified Arrhenius law:
=2.4x10"3. But when fitting was made in narrower tem-
perature intervals, the best-fit parameters are considerably
different. The broken line in Fig. 2 shows, as an example, the Eo+b exr{ _ E)
results of fitting to the VF law in the high-temperature range KT
(130—200 °Q, with the best-fit parameters,=3x10"°s, In7=In 7o+ KT ’ ®
Eyg=0.09eV, andT,=214K. More significantly, the ex-
trapolation of the VF fitting with the same parameters to the
low-temperature rangéhe broken ling deviates radically whereE, refers to the activation energy at low temperatures
from the experimental points. The valueygt, calculated for ~where the screening by carriers under consideration is negli-
the whole temperature range by using extrapolation, begible.
comes very large, e.gx?=0.46 for the example shown in The least square fitting of the above-determined relax-
Fig. 2. Thus, we can conclude that the VF law cannot satisation time i to EQ. (8) gives rise to very satisfactory
factorily describe the experimental data. Fittings to someesults with the parameterg=1.3x 10 '%s, E,=0.46 eV,
other known theoretical formulas, such as those presented Hy=134 eV, andE,=0.35eV, and the coefficieny?=6.7
Egs.(3) in the review by Rault! and the relation from the X104 (which is significantly better than the VF fitting
Dissado and Hill theorysee Eq(8.10 in Ref. 11}, were also  Independent fittings within narrower temperature intervals
tried, but the results are not better. lead to almost the same best-fit parameters. Moreover, the
Note that the VF relation coincides with the Arrhenius law dependences so extrapolated can very well describe the ex-
at very high temperature;>T,. It can be formally pre- perimental data in the whole temperature range. The solid
sented as the Arrhenius law in which the activation energyine in Fig. 2 was obtained by fitting the experimental data in
progressively increases with the lowering of temperatthe  the high-temperature rangé30—-200 °G and subsequently
VF relation could be derived by means of the theoreticalextrapolating into low-temperature range. The valueydf
explanation of such an incred8e The situation of TiBQis  (=1.3x10 ®), calculated for this extrapolated curve using
the inverse: we observe an almost Arrheniyg,, (T) de- the experimental data from the whole temperature range
pendence at low temperatures and a deviation from that dé40—200 °Q, is smaller than that obtained from the VF fit-
pendence at high temperatures, which is believed to resuling. All this confirms that Eq(8) is the right formula to
from the increase in activation energy with increasing tem-describe the observed dielectric relaxation behavior in
perature. We suggest that such an increase in activation eiiBO,.
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V. DISCUSSION AND CONCLUSIONS loss peak is comparatively narrow and the measurements in a

TiBO; shows an example of materials whose relaxatior{giztlgﬁmhn: g%ﬁrgﬁﬁgggﬁlb{;g%i made it possible to sepa-

spectrum can .be much better_ described in the frequency do- The mechanism suggested above can explain why in all
main by the single HN function than by the single KWWaefxamples mentioned in Sec. Il the relaxation process com-

fSL:]r;ctg)g% 3189SrzaxgtilgnlzI?(.)cae.sge:/:sfﬂl)er::ﬁ)sl(’a tfr(])? trhe:IIOsSpSecter atibility with the KWW form was observed at high frequen-
P P - resp P€ees. The “universal” dispersion, which should be negligible

may be of KWW type.“ BL.“ It s "d|storted by the superim- at those frequencies, does not hinder the determination of the
posed contributions of “universal” responfEgs.(5) & (6)], real shape of loss peak

V&’C\'/%C :‘3:(::5)0;“::2'1?1; \ézgcmgeﬂ:?sngﬁ Oefrfrgg,tjiggcéise'n-rge In conclusion, we have found that single crystals of
: ; . Perp . pT|BO3 exhibit a relaxation in the frequency spectrum of di-
proximately, while the HN function can do it because of its 4 o : )
) - electric permittivities, which can be described by the
higher versatility related to the presence of two shape paramn)- I
Kohlrausch-Williams-Watts

emperature-independent
eters,a and y. We have recently reported an analogous ex- . ;
. ; - (stretched exponentialtype form with the superimposed

ample of such a behavior in relaxor ferroelectric

) . . 5 low-frequency dispersion and dc component. The relaxation
Pdmgel/“ssr?i%//é)gsal_”?i);;%s?grl:d dzglcur?boen dsg;téaﬁg) and(6) time was found to show a deviation from the Arrhenius law,
with n~1 in a very wide frequency range without loss peakWh'.le the spectral shape of the KWW .relaxa'uon process re-
is a general phenomenon observed in a large number ains unchanged. Such a deviation is phenomenologically
materialst>> Thus, it is quite possible that there exist many escribed and explained by the screening effects. A new for-
more mat.erials in ,which the dielectric relaxation is virtually mu_la (modified Arrhenius lay has been p_ropos_ed to de?
not compatible with the KWW form, and the HKor an- spnbe the temperatyre dependence pf d|electr|c.relaxat|on

X : P . time for those materials whose relaxation process is affected
othep function will have to be used to fit the experimental

data. Nevertheless, the true spectral form is of KWW type.by the screening effects.

The losses corresponding to the “universal” process are usu-
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