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A theory has been advanced providing an adequate description of thermal-activated
relaxation resonances of various physical origins in defect-containing materials. The al go-
rithm has been proposed for processing the temperature spectra of absorption and suscep -
tibility defect to determine the relaxation process activation parameters.

HpeﬂJIO}KeHa Teopusd, IIO3BOJAIIadA ajeKBaTHO OIIMChIBATH HU3KOTEeMIIepaTypHble TePMU-
YeCKU aKTHUBHUPYEeMble peJIaKCallUOHHBbIE€ pPe30HaHCHI paBJII/I‘{HOﬁ Q)HBI/IIIECKOI';‘I IOpupoasl B Ma-
TepuaJjgax C ,E[e(beKTaMI/I. Onwncan aJITOPUTM OIIpefesIieHNnd aKTHUBaAllMOHHBIX IIapaMeTpPOB COOT-
BETCTBYIOIIIEIr'0 IIpoIiecca, OCHOBAHHBINI Ha aHAJIM3e TeMIIepaTyPHBIX CIIEKTPOB IIOIJIOIIIEHUA U

,ue(be}c'ra BOCIIPUMMYUBOCTHU.

When a solid is excited by external
fields, the distorted equilibrium is restored
spontaneously; the relaxation process exhib -
its a time lag from the change of parameter
characterizing the external action. The
process duration is characterized in the sim -
plest cases by a certain relaxation time, T,
while in more complex ones, by a set of
relaxation times.The excitation can be due
to a mechanical stress, magnetic or electric
field, so the relaxation is referred to as the
mechanical, magnetic, or dielectric one, re-
spectively. To obtain data on the relaxation
physical mechanisms in solids, it is conven -
ient to apply dynamic spectroscopy methods
making use of low-amplitude harmonic ac-
tions with a period of the order of the re-
laxation time 1. In such experiments, the
body to be studied is subjected to a per-
turbation o = agexp(iwt) with the ampli-
tude 0y and circular frequency w and its
response P = Bgexp(i(wt-¢)) is registered;
here By = Bg(w) is the response amplitude
and ¢ = ¢(w), the phase shift of the re-
sponse with respect to the external action.
The response linearity and periodicity at
the frequency w are provided by the small
amplitude ag. The ratio B/a = MH(w) =
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Mq(wW)—iMy(w) is referred top as the mate-
rial complex susceptibility. For vibrations
of a specific physical type, M;(w) has the
sense of dynamical elasticity module, mag -
netic susceptibility, or dielectric one. The
ratio My(w)/M(w) = tgdp(w) characterizes
the energy dissipation of the respective vi-
bration process due to relaxation.

An acceptable model to describe the dy-
namic excitation of most real materials is
based on a standard linear body for which
the susceptibility (module) defect
AM(w)/M,, and reverse quality @ l(w) are
used as the relaxation macroscopic charac-
teristics:

AM(w) _ M, — My () _ A, (1)
M, M, 1+ w2’
i =2, ox

M, v

where M is the unrelaxed susceptibility;
A, = C,A,, the relaxation force; A;,, the
characteristic dimensionless elementary con -
tribution to the material dynamic response;
C,, the relative dimensionless volume con -
centration of elementary relaxation oscilla-
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tors interacting with the sample vibration
mode being considered.

In many cases, the relaxation processes
at the microscopic level are due to elemen -
tary thermal-activated structure rearrange -
ments and the relaxation time T(T) is de-
scribed by the Arrhenius law:

U(T) = 1gexp(Uy/ kT), (2)

where 1, and U, are the try period and
activation energy, respectively, of the ele-
mentary relaxators; k&, the Boltzmann con-
stant; T, temperature. When such processes
are studied using the dynamic methods, the
Debye relaxation peak and a blurred "step”
corresponding thereto are observed in tem -
perature dependences of @1 and AM/M,
obtained at a fixed frequency w = const or
in frequency dependences of Q1 and
AM /M, obtained at a fixed temperature T =
const. The resonance condition is defined by
the relationship wt = 1, therefore, in tempera-
ture spectra of relaxation at a fixed frequency,
the resonance is localized near the temperature

T},O) = —Uy/klnwi, and the corresponding ab-
sorption peak has a characteristic width at
the half-maximum amplitude

Uy In(2 +V3)

0 -
(Inwty)? - (In(2 + V3))

Tsto) = 2

In frequency spectra of relaxation at a fixed
temperature, the resonance is localized near

the frequency (Jolgo)=(T0exp(U0/lszT))’1 and
the corresponding absorption peak has a
characteristic width at the half-maximum
amplitude wf0) = 2V3 (t1yexp(Uy/kT))"L. The
main task to be solved using the dynamic
spectroscopy methods is to reveal such reso -
nances and to consider those in order to
determine the parameters of elementary re-

laxators, 15 and Uj,.

Real materials contain randomly distrib -
uted structure distortions and imper-
fedtions arising both during the manufac-
turing process and at subsequent treat-
ments. In this case, the elementary
relaxators parameters U,, Ty, and A, take
random additions in different regions of a
crystal, so, instead of those parameters,
random quantities and distribution func-
tions corresponding thereto are to be con-
sidered. The response functions of a macro -
scopic sample AM(T,w)/M, and Q 1(T,w)
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are transformed into complicated functions
AM(T,w)/M,, and @ 1(T,w) obtained by sta-
tistical averaging of (1) [1].

A change in the material defect struc-
ture may change both the localization tem -

perature and width (T, # T},O) and T, # T{Y)

of the relaxation resonances. The interpre-
tation of such changes is among important
problems in the dynamic relaxation theory.

It is obvious that the temperature and
frequency dependences AM(T,&))/MOO and
Q 1(T,w) must be influenced at the highest
extent by the averaging over the distribu-
tion of the activation energy and try period.
In the case of low temperatures, BT <<U,,
only the statistical character of activation
energy can be taken into account while the
dispersion of A, and T, can be neglected at
an exponential accuracy, that is, the influ-
ence of the structure defects can be de-
scribed taking into account the scatter of
activation energy U local values.

A change in the material defect struc-
ture may result in a shift of the resonance
temperature Tp both towards higher and
lower temperatures. That is, the structure
changes increasing the activation energy
scatter with respect to the initial value U,
may enrich both high-energy (U > U,) and
low-energy (U < U,) states of relaxation os-
cillators. Both these cases can be described
using the quasi-Gaussian distribution func-
tion P(U) at a small dispersion D <<U,, the
parameter V being selected in a suitable
manner.

P(U,U,,D,v) = 3)

N, 2Uylu
“vEnD U+ oV o V2D
4U3 + vD?

v = Ty

’

where N, is the normalization coefficient
meeting the normalization condition

(29

j P(U,Uy,D,v)dU = 1.
0

At a statistical distribution of the acti-
vation energy, the response functions aver -
aged over (3) should be considered instead
of the Debye relaxation spectrum (1):
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AM
M

00

Q1 =A, u@(T,w,1y,Uy,D,v),

= A, WAN(T,w,14,Uy,D,v) and @

(o)

1
(1) =
v = [ W2 exp(2U/ kT)
0

(29

wtyexp(U/ kT)

u@ :J’
1 + w?tdexp(2U/ kT)
0
In what follows, the frequency and tem -
perature relaxation spectra are considered
separately.
Frequency relaxation spectrum. Let new
problem parameters be introduced: 6
[exp(Uy/kT)]™ 1, dimensionless temperature,

Q= /&0 = wry Cexp(Voyr) = wig/ B,  di-

mensionless frequency; d,=V2D/U,, di-
mensionless dispersion characteristic; x =
exp(U/kT), the new integration wvariable.
Then,

P(U,Uqy,D,v)dU.

® (5)
i) = N{.‘f) oo DI % 0 (%585 QAo V),
1

00

ug) = N&‘;) wa [Bwa DI dx wa(xae(,)’Qw’d(x)’v)’
1

fw(x9 ew’ Qw’ dw’v) =

- 1 0 Inx
(-InB)V + (Inx)¥ 62Q%x2 + 1

2
Onx + 1n6,,0]

X ji
exp 0 d DlnGw =

_ 2(-1nB,)V" -2
Xo = vnd,

8 + vd2

() )

N g

The frequency dependences of normalized
dynamic response function pf{l) and p2) are
presented in Fig. 1.

The following characteristics of a relaxa -
tion resonance are measurable in experi-
ment: , or Q8 dy, V) =w,/w,?, the
positions of absorptlon peak ang 1nf1ect10n
point of "step” of the susceptibility defect
step at the frequency axis determined from
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P(U,U,,D,v)dU and

ou 2) 02u(1)
the condition 6—5:;20 or 65)% =0 and

w, = i) — wh) or Q,(8,,d,V) = 0,/ 0)570), the
absorption peak width where w5~ means
the frequency values where

ug)(T’q:—’_),TO’UO’D’V) =
= (1/2) Omax P2(T,w,1,U¢,D,V) =
= (1/2) Cu(T,w,,T0,U¢,D,V).
At d,=0to 1 and 6,= 1008 to 11073,
the relaxation resonance parameters are re-

lated to those of elementary relaxators by
the following relations:

=1+ CY) O(d,Inb,)2, (6)

— 2 or W, = 00(0) D% + Cg‘;) 2T2§

Cg\;) =

Q, = 959 M+ B{y) D(dmlnem)za (7)
By =2

where Q{0) =

peak width.
The values v < 2 answer to the resonance
shift towards lower frequencies (oop < w1(70))

YV or oy, = w0 U1 + BY) 2T2)

2V3 is the Debye absorption

while v > 2, to that towards higher frequen -
cies (w, > w},o)).

The activation energy U, and its disper-
sion D can be estimated proceeding from the

known temperature value T and experimental
values of the resonance localization frequency

W, and the absorption peak width wy,:
H 2@y -cy [ ©®
E}O(273 OBY Cw, - “’h)ﬁ

P Ak

2%799 Cwy, - 2V3 OB{Y m%

Ug = kT [n

The relaxation force A, can be found

from the condition
AM( ) experlment
= ug)[l
M,
® Qu«oo Hs

Temperature relaxation spectrum. Let
new problem parameters be introduced [2-6]:

6y = T/TY) = —kTIn(wry)/ Uy, dimensionless
temperature; Qpr = wT,, dimensionless fre-
dp =V2D/kT® = —V2 DIn(wty)Uo,

w“, M, = A,

quency;
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Fig. 1. Transformation of frequency dependences of normalized dynamic response functions MS) and

M2 at fixed parameter value 6, = 10073 and different values of parameter v: v =0 (a), Vv = 2 (b),
V=26 (c); d,=0 (1), 0.1 (2), 0.2 (3), 0.5 (4), 1 (5).

dimensionless dispersion characteristic; x =
exp(U/ET), the new integration variable. Then,

9)
W = N Dxp DI_ Of g, 87, Q7 dr,V),

0o

“&2) = N9{) DXT DQT DI dx DfT(x’eT’QT’dT’V)’
1

1
fr(,0p,Qp,dp,v
7(%,07,Qp,d V) = (CInQy)" + (Bl
2
_Inx Bplnx + anTB
57
Q2 2 + 1 O
0 _ S(InQT)2 + vd%
&= 81nQ)2
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The temperature dependences of normal -
ized dynamic response function p{t) and pi@

are presented in Fig. 2.
The following characteristics of a reso-
nance are measurable in experiment: T, or

6,(Qr,dp,v) = T,/T), the positions of the
peak and the "step” inflection point at the
temperature axis determined from the con-

dition ou@) /0T = 0 or 92u})/90T2 = 0, their

width and amplitude.
As the absorption peak width charac-

teristic, the parameter T, =T{)-T{) or
eh(QT’dTaV) =

(Ts;'") means the temperature values where

Ty/TQ) is used as a rule

u(T?) s;-’_)’w’.[()’UOaDaVE:
= (1/2) Omax pP(T,0,7,Ug,D,v) =
= (1/2) uP(T,

W, T,Uq,D,V).

When experimental data are processed,
one has to do with relaxation peaks ob-
served against the background absorption

Functional materials, 11, 2, 2004
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Fig. 2. Transformation of temperature dependences of normalized dynamic response functions ug)

and u&?) at fixed parameter value Q, = 1007* and different values of parameter V: V=6 (a), v = 4

(b), v=2(c); dp =0 (1), 1 (2), 3 (3).

noise, so the use of T}, requires the correct
background subtraction. If the background
depends (even slightly) on the temperature
at the peak width, it is difficult to be sub-
tracted. More convenient is to use the parame -
ter Ty = T{) - T or 8(d, Q, v) = T}/TY) as
the peak width characteristic almost inde-

pendent of the background absorption

(Tﬁ;”‘) means the inflection points at the

temperature
where 92pR)/0T2 = 0 at T = T,).

dependence of absorption
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To characterize the width of "step” of
the susceptibility defect step width, let the
parameter

T,=T() - T() = (10)
-1
H ow(T, 0,70, Ug, D,v) U H
= 0 or
E oT 0 H
0 r=r, U

0,(Qpndy.v) = T/ T,

be introduced where T,(*?) are temperature
values at which tangents to the "step” in
the inflection point Tp intersect the high-
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temperature and low-temperature asymp -
totes of the "step” (experimental depend -
ences of the susceptibility defect are to be
normalized to C,A; so that the high-tem-
perature asymptote of the experimental de-
pendence should be equal to 1).

The relaxation resonance parameters are
related to those of elementary relaxators by
the following relations:

d
= ) 11
Gp 1 +C9J DW’ ( )

4 -v
V) =
cy g o°r
B 2D2[]
T,=TO D% +CHY) DU—%B

The values vV < 4 answer to the resonance
shift towards higher temperatures (T, > T{")
while v > 4, to that towards lower ones
(T, < TO).

8, =600 (1 + BV [dy) or

T; =T 41 - BV Dvlzj—flnwro),

12)

where 0, = 0,,0,,0, and 6(0) = 6(0),6(9),600) are
the parameter values corresponding to the
Debye resonance:

80 =, [InQ,
_ 20n@E+V3) _ 2.63
"m0 - (In@2 +73))® (InQ)?

within the range being of importance for
experiments

Q=10108 — 10102, g, = V3/(In(Q))%,
Z, = 2/(In(Q))%; BY) = (25 - v)/ 60,
B{) = (25 —v)/40, BY) = (25 - v)/ 40.

It follows from (11) that 1y can be esti-
mated from the activation plot:
U§ + 2CY)D?

0 91 4 L . The formu-
Uy kTp
las providing determination of U, and D
proceeding from the known wt, value and
experimental values of the resonance local -
ization temperature T, and its width char-
acteristic T; have the following form:

= -1 _
Inw = Inty,

332

2
Uy = k(Inwrg)3/ 24%9’) + E{sg\ﬁ (inoorg)d O

O 2 20T,
x E}-Z‘HBQ})E T, +

(Inwry)®
, 4 , 2 (13)
HABVY T3 - 448D VT, T,
_D —
H (].n(.OT())S
1/2
4(BP)RCYTID
T (nwt)d ’
( II(A)T()) 0 H

2
D = V2 k(Inwrg)?/ 43, + [BY) Hinarg)JUx

2
E‘Z BUIT 2T, BVT [
x P’ tp ™ - %i it tp -
0 lIl(Ul'O U (14)
1/2 0
4L,CNT, T, 4L,CYTZU E
(Inwry)3 (Inwtg)? O 0 :

The relaxation force A, can be found
from the condition

experiment)

AM(T)O)
(T)D

i = u(ll)lj mr:A
@ |:‘}I'>>Tp

Ors>T r
P

At v =20, the ratio of derivatives with
respect to temperature in the inflection

points of functions Ugg)(eT’QT’dT’V)E}_2 has

the same value
K=—max[0u?)/907] / min[oui?)/a8,],

that depends on the parameter Qp but is
independent of the dispersion parameter dp
and makes it possible to approximate it ana-

lytically as K(Qg)=1+10 / (-InQp)"2 that

provides the determination of Ty by con-
sidering only the peak shape without re-
sort to experiments with wvarying fre-
quency .

In conclusion, the effect of a material
defect structure on the parameters of fre-
quency and temperature spectra of dy-
namic relaxation has been considered theo -
retically. At low temperatures, the struc-
ture defect influence on parameters of a
thermally activated relaxation resonance
can be explained proceeding from the sup-
posed statistical scatter of the process ac-
tivation energy and the dependence of
that statistical distribution on the mate-
rial structure perfection. The increase of

Functional materials, 11, 2, 2004
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the activation energy dispersion has been
found to result in broadening of both fre-
quency and temperature relaxation spectra.
It has been established also that the reso-
nance position at the frequency and tem-
perature axes depends on the activation en -
ergy dispersion, the character of that de-
pendence being defined uniquely by the
form of the activation energy distribution
function. The theory proposed made it pos -
sible to describe adequately the features of
acoustic relaxation spectra in niobium and
iron [3, 4, 6, 7].
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AHani3 HU3BKOTEMIEPATYPHUX peJlaKCcaliiHUX
pe3oHaHCIiB y MaTepiajgax 3 mederKTamMu

B.Jl.Hayux, I0.0.Cemepenko

3ampoIoHOBAaHO TEOpilo, IO MO3BOJISIE aAeKBAaTHO OMMCYBATH peJlaKcalliiiHi pesoHaHCHU
pisuoi ¢ismunoi mpupomu y marepiamax 3 gedpexramu. OmucaHO MeTOH BU3HAUEHHS aKTU-
BaIifHUMX mapaMeTpiB BigmoBizHOro mpomecy, o 0a3yeTbca Ha aHAJNiI31 TeMIepaTypHUX

CHEKTPiB HOTJIMHAHHA Ta COPUNHATINBOCTI.

Functional materials, 11, 2, 2004

333



