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Abstract

Using the partial-wave method, the residual electrical resistivity and the
additional and characteristic thermopowers of dislocations for noble and
alkaline metals are calculated. Just the scattering of electrons by the dislocation
core is considered. The existence of resonance electron states near the Fermi
energy within the thermal scatter kg7 is supposed. The lattice dilatation
AV = b% (bp is the steady Burgers vector) is taken into account. Various forms
of rectangular potential simulating the dislocation core are investigated. It is
shown that unlike the dislocation resistivity, the thermoelectric characteristic of
dislocations shows high sensitivity to change of the width of the resonance level
and its localization relative to the Fermi energy. A model dislocation potential
is suggested; with it, a rather good agreement with available experimental data
is obtained.

1. Introduction

It is known that thermopower is very sensitive to any slight changes in the structure and
composition of a metal, especially when they cause disturbances of the electronic energy
structure near the Fermi surface. The thermopower is closely connected with the electrical
resistivity. However, despite significant success in the theoretical explanation of the dislocation
residual resistivity [1-6], calculations of additional thermopower due to dislocations are far
less common. Except for our early work [7], in which we explained the sign and order of the
value of the dislocation contribution to the thermopower for copper, as far as we know, there
are no other results in the literature. The fact is that the calculated value of the additional
thermopower due to defects depends not only on the value of the scattering cross section, but
also on the character of its dependence on the energy near the Fermi surface. For this reason,
models of defects used rather successfully for calculation of the residual electrical resistivity
appear often to be unsuitable for calculation of the additional thermopower.

The debate in the literature on the disturbances of the crystal lattice caused by dislocations
has continued for more than 40 years. It can now be confidently stated that there are two
basic mechanisms responsible for the scattering of conduction electrons by dislocations: the
first is connected with the long-range elastic strain fields and the second with the short-range
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inelastic distortion of the lattice in the dislocation core [8, 9]. The investigations performed
during the last few years have shown that a dislocation’s elastic strain field causes the small-
angle scattering of electrons, whereas the dislocation core causes the large-angle scattering
[10, 11]. The former exhibits strong deviation from Matthiessen’s rule, i.e. a dependence of
the dislocation resistivity per unit dislocation density Ap,;/N, on the dislocation density Ny
and temperature 7. However, the large-angle scattering by the dislocation core is independent
of Ny and T at least in a first approximation. The earliest attempts to calculate the residual
resistivity of dislocations were connected with the estimation of the influence of the elastic
strain fields using linear elasticity theory [12], as well as a second-order elasticity treatment
[13, 14]. However, they all resulted in values of Ap,/N, that were too small—almost two
orders of magnitude lower than the experimental data. A review of this work is given, for
example, in [3] (part 4.1).

Even within linear elasticity theory there is a change of the crystal volume, caused by the
dislocation strain field, AV,,, which is not equal to zero. The total change of the volume due
to dislocations AV consists of the elastic change of the volume, excluding the area of the core
(AVy,), and the inelastic volume change in the dislocation core (AV,,,), and AV = b% where
bp is Burgers’ vector [15-17].

Harrison was the first to consider the inelastic dilatation in the dislocation core for copper,
applying the Born approximation [18]. Simulating the dislocation core by a chain of vacancies,
he increased the calculated value of Ap,;/ N, by an order of magnitude. Later, using the partial-
wave method with the same dislocation model [2], it became possible to obtain agreement with
experiment as regards order of magnitude. However, the attempts to explain the thermoelectric
properties of plastically deformed metals within the framework of these representations have
failed. It was not possible to explain even the sign of the observed thermoelectric effect [7].

The subsequent progress is connected with the consideration of the dislocation resonance
electronic states, localized close to the Fermi surface [3-5]. Their existence for linear defects
was predicted by Brown [19]. Later experimental confirmation was obtained by measuring
the temperature dependence of the dislocation resistivity for a number of metals (Cu, Al, Mo,
W, Zn, Ag, K) [20-23]. To explain the temperature dependence, the presence of additional
electron levels on dislocations a few meV above the Fermi level has been assumed [20].

Brown suggested a dislocation resonance model based on a §-function potential giving
electron resonance states at the Fermi surface, and obtained in a calculation of Ap;/N, quite
a good agreement with experiment for a large number of non-transition metals [3]. However,
this model had a number of drawbacks, such as the fact that the results are independent of
the value of the Burgers vector and the orientation of the dislocations relative to the electrical
current, and also the neglect of the lattice dilatation in the dislocation core.

Our dislocation model is devoid of these shortcomings. The model proved quite successful
in the calculation of Ap;/N,; for a wide range of monovalent, polyvalent, and transition
metals [5]. In the present work we investigate this model and show that it can be applied
successfully for the calculation not only of the dislocation resistivity but also the thermoelectric
characteristics of dislocations. Only monovalent metals (i.e. noble and alkaline) will be con-
sidered, as their Fermi surfaces are simpler and better measured, and consequently can be
taken into account in the calculations of the thermopower more precisely.

2. Approaches to and method of calculation

We believe that the dislocation core gives rise to the major contribution to the electron scattering
and change of the electron-transfer properties. The scattering due to the long-range elastic strain
fields surrounding the dislocation can be neglected, because their influence is several tens of
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times weaker both for separate dislocations and for dislocation arrays [24]. The influence of
dislocations on the resistivity and diffusion thermopower is considered assuming the validity
of Matthiessen’s rule.

The scattering cross section of the dislocation is calculated by the partial-wave method
(PWM). It should be noted that the PWM is an exact scattering theory method, and it allows
one to choose one parameter of the scattering potential self-consistently, taking into account
the screening effects [8]. As a result, the calculated cross section is almost independent of the
form of the scattering potential, and the more complicated Coulomb potentials can be replaced
by simpler square ones without loss of precision.

First, as a scattering potential, we considered an axially symmetrical potential used earlier
for calculation of the dislocation resistivity in [5]:

Vi r < Ry
Vi) =3 W Ri<r<kR ()
0 r > Rs.

This potential is one of the simplest that permits one to take into account the main features of
the perturbation of the crystal lattice in the dislocation core—that is, the dilatation of the crystal
lattice, and the existence of resonance quasi-stationary electron states in the area of positive
values of energy, in particular near the Fermi energy. Such a form of potential reflects real
distortion of the lattice in the dislocation core, namely the existence of a compressing area side
by side with the expanding one, which can capture the conduction electrons forming short-lived
states. Although the scattering potential for individual dislocations is non-axially symmetrical
(especially for an edge dislocation), the average dislocation potential for a polycrystal with a
random dislocation distribution may be considered as axially symmetrical.

In view of the fact that the dislocation length is much greater than the width of the
dislocation core, the edge effect can be neglected, which allows one to regard just the
perpendicular component of the wavevector k; = ksin¢ as changing during the scattering
(here k is the value of the wavevector at the Fermi level and ¢ is the angle between the
dislocation axis and vector k).

The solution of the Schrodinger equation for potential (1) is given in [5] in detail. The
expressions for the phase shifts 7, are given there too; they represent a superposition of
potential («,,) and resonant (8,,) components:

Nm = 0y + ,Bm (2)
where
F}ﬂ

2(Erm - EJ_) .
Here, £, = ki = k?%sin? ¢, E,,, and I, are the position and width of the mth resonance
level. The width of the level I',, determines the lifetime of this electron state, t,, ~ %1/ T,,.

Now we shall stop briefly to consider the choice of potential parameters. The external
radius R, is determined from the value of the lattice dilatation in the dislocation core AV.
According to [15], AV = b% per unit of dislocation length; thus R, = bp/y/7. As the
vector bg, we take the steady Burgers vector of the full dislocation; thus for FCC metals, it is
(1/2)(110) and has the value ag/ V2 (ap is the lattice parameter). For such a choice, the value
of R is close to the atomic radius for cubic structures.

The height of the potential barrier Vj is determined self-consistently from the screening
condition (the Friedel sum rule), which for linear defects has the form [13]

ko7&
;/0 Y @) singdp =¢ 3

m=—00

B = arctan
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where £ is the line density of charge along the dislocation axis, expressed in terms of the
quantity of electron charge as & = ny AV/Q,, where Q, is the atomic volume and n; is
the number of carriers per atom (for monovalent metals, n; = 1). The left-hand side of (3)
represents the number of additional electronic states created by the charged linear defect per
unit dislocation length.

The localization of resonance states depends on the depth of the potential well V. The
criterion for choice of the value of V; is based on the assumption that the dislocation resonance
levels are close to the Fermi energy—within the thermal scatter kg 7'

|E, — Ep| < kgT 4)

because electrons with such energy take part in the electron-transfer process and in that case
their interaction with the resonance states will be the most intense. Only the zero level E,
satisfies condition (4); the levels E, ,, for m > 1 were too far from the Fermi energy and were
not taken into account (from here on, E, o = E,).

The last parameter of the potential is the internal radius R;; it is a free parameter in
the analysis. Change of this parameter varies the width and consequently the lifetime of the
resonance state. We assumed in [5] that Ry = R;/2, and it was noted there that the variation of
R/ does not significantly influence the scattering cross section if the height of the potential Vj is
chosen self-consistently. In the present work will investigate, in more detail, how the variation
of the parameter R, affects the results on the calculated electrical resistivity and thermopower
due to dislocations.

The transport scattering cross section averaged over all possible directions of the
wavevector relative to the dislocation axis can be presented as a superposition of the resonance
(QRr), potential (Q p), and interference (Q;) components [25]:

1 /’T 2 2[I?sindy — ['(EL — E,) sin(25p)]
T2 Jo \(EL —E)?2+T2/4 (E, —E,)*+T?/4

Q

o0
+4) sin’ 5m> do

m=0

2 [T
0kt Qi+ 0r =7 [ Y st )y 5)

m=0

where §,, = a,;, — Ujp41-

The potential and resonant components are always positive. The interference component
Q; is negative for the negatively charged defect. Thus, the interference of the potential and
resonant scattering results in the general scattering cross section Q being less than the sum of
the potential and resonance ones. Moreover, if the line charge density of the defect & is fairly
large, the value of Q can even be less than the potential component Q p. The dependence of
the general cross section Q and its components Qp, Qr, and Q; on the electron energy E
for copper are presented in figure 1 (corresponding curves: 2, 1, 5, and 6). Here E, = Ep
is assumed; this energy is shown by a vertical line. The maximum of the resonance peak is
displaced considerably to the right relatively to the resonance energy E,. The main cause of this
displacement is that here a random orientation of dislocations is considered and the scattering
cross section is averaged over the angle ¢. When all of the dislocations are perpendicular to
the current direction (that is, k; = k), the maximum of the resonant peak coincides with the
resonance energy (curve 4). It is obvious that in this case the maximum value of the scattering
cross section is higher.

The change of the electrical resistivity due to dislocations per unit of their density, within
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Figure 1. The dependence of the scattering cross section Q and its resonance (Q g ), potential (Q p),
and interference (Q;) components on the electron energy E for copper: 1: Qp; 2: Q; 5: Qg;
6: Qr; 4: Q(FE) for normal incidence of electrons on the dislocation axis (k; = k); 3: Q(E) for
the cylindrical potential barrier (n = 0).

the relaxation-time approximation, is defined by

Aps Tk, Q

ok ©)

Ny nge

The change of the absolute thermopower due to a unit of dislocation density (additional

thermopower) is estimated from the expression [26]

AS, A A

Z0d Soﬂ 2 (7
Nd de X

where p = pg + Apy, and

8111,00
X =—
OInE Jp_p,

d1n Apy k (00 dln F
Ax = — —ra - | = + = Axg + Axp.
OnE Jp_ g 20\ 0k s OInE)p g,

Here Sy and py are the absolute thermopower and electrical resistivity of annealed metal at
temperature 7'; kp is the Boltzmann constant; e is the electron charge; F is the area of the
Fermi surface. These expressions are correct for temperatures T < Tp and T > Tp (here Tp
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is the Debye temperature), where it is possible to neglect the phonon-drag effect and inelastic
scattering of electrons by phonons and defects [26].
The characteristic thermopower of the dislocations is

kT (81n Apd> kT
E=Er

T T 3e] IE " 3lelEr ®)
Thus, to calculate the thermoelectric characteristics of dislocations it is necessary to know the
values of the parameters Axy and Axp. The theoretical estimates of Axr differ substantially
between various studies and remain far from the experimental values; in the present work, as
the value of Axp, the magnitude obtained from the thermoelectric size-effect measurements is
taken [27]. Among the available experimental data, preference was given to those which were
measured for foils. The results obtained on the thin films show a wide scatter of values, because
of the uncontrolled impurity contents and the high concentration of defects, which sometimes
have a great dependence on the film thickness (the false size effect). In view of the absence
of reliable experimental data for alkaline metals, as the value of Axp the free-electron-model
value is taken: Axy = 1, in view of the closeness of their Fermi surfaces to the free-electron
sphere [28].

The derivative (dQ/dk’)i— needed for calculation of Ax, was approximated by the
average value of the ratio obtained for a change of k by about £0.001 A. Decrease of the
interval of differentiation by an order of magnitude did not change the average value up to the
third digit. Summing over m was carried out up to m = 10; the screening condition (3) was
fulfilled within an accuracy of 1074,

3. Results and discussion

In the work described, all parameters of the potential (except R;) are determined quite
unambiguously. Therefore it was necessary to estimate first of all how the change of radius R;
influences the results for the electrical characteristics of dislocations. The variation of R; was
defined through the coefficient n, showing what part of R; arises from R;; thatis, Ry = nR».
The coefficient n was changed from 0 to 0.9. The results of this analysis for copper are given in
table 1. These are: the variation of the dislocation electrical resistivity Ap,/Ny; thermoelectric
parameters Axg, Ax; the potential parameters Vi, V; and the width of the resonance level I'
for Er = EF (AXF =—1.20 [27])

Atn = 0 we have a simple cylindrical potential barrier of height V) with radius R;; quasi-
stationary states are absent for such a potential. Such a model of dislocations reflects only
the fact of lattice dilatation in the area of the dislocation core which creates a negative surplus
charge in the lattice. Itis obvious that in this case the parameter Ax takes on a classical value
equal to 0.5. The dependence Q(E) for n = 0 is shown by the chain line in figure 1 (curve 3).

It is obvious that the variation of n from 0 to 0.9 results in a change of the disloc-
ation residual resistance, from 1.95 to 1.76 x 10713 739 cm?; this is by about 10%. The
measured values of the dislocation resistivity (Apy/N4)¢*P for copper are within the interval
(1.3-2.3) x 10713 1 cm? [10]; more rigorous analysis gives (1.640.2) x 10~13 1 Q cm? [3].
Therefore, the calculated value of Ap;/N, agrees quite well with the measured one for any
R.. However, a different situation arises for the calculated thermoelectric characteristics of the
dislocations. Asis seen fromtable 1, the value of Axy has more than doubled in magnitude over
the same range of variation of R;, and has even changed in sign; the value of Ax, proportional
to Sy, has altered substantially too. This means that there is an obvious ambiguity in the choice
of radius R in the calculation of the dislocation thermoelectric characteristics. Thus, potential
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Table 1. The dependence of the scattering parameters and electrical characteristics of the
dislocations on the value of the internal radius R of potential (1) for copper.

Vo Vi r Apg/Na
n ev) (eV) eV) (107 Qem®) Axg Ax
0 6.50 — 0 1.79 0.50 —0.70
0.1 1739 12505 1.14 195 -073 —1.93
03 1883  23.68 130 191 —0.84 —2.04
05 21.66 1041 1.64 190 -095 -2.15
07 2955 362 187 184 —1.14 —234
0.9 68.63 053 290 1.76 —1.35 —2.55

(1), which is quite suitable for calculation of the dislocation resistivity, appears to be unsuitable
for calculation of the dislocation thermopower.

To eliminate the uncertainty in the choice of the parameter R, the scattering potential of
the dislocation core was simplified and replaced by the potential

0 r < R
Vir)=1% R <r<R 9
0 r > R,.

This is the same potential as we used earlier for calculation of the dislocation contribution
to the thermopower of copper [7]. This potential is a particular case of potential (1), but it does
not have any ambiguous parameter affecting the form of the potential, which is important for
the thermopower calculation. Now the internal radius R; is determined from condition (4).

The results of the calculation with the potential (9) for temperature 7 = 273 K are listed
in table 2. There are also the parameters used for the material: ag, So, and pg. The values of
the parameter Axy for Cu, Ag, and Au are respectively —1.20, —1.91, and —1.05 [27]. For
comparison, the available experimental data on the residual dislocation resistivity (Apy/Ng)*P
are presented. It is obvious that the agreement with our results is quite good, especially for
noble metals, for which the experimental data are more reliable.

The comparison of the results obtained for the thermopower with experiment is rather
laborious, as the quantitative characteristics of the dislocation contribution to the thermopower
are very poor and are presented only for noble metals in references [29, 30]. Polak reported
measurements of the change of electrical resistivity Ap and thermopower A S due to defects
introduced by plastic deformation (mainly dislocations) in gold [29]. It was found that the ratio
AS/Ap =0.76 VK Q7! cm™!, and the thermoelectric parameter Ax = —2.5. The results
presented here for gold are respectively AS;/Apy = 0.61 VK™! Q7' cm™! and Ax = —2.48.
The characteristic thermopower of dislocations measured at room temperature for noble metals
by Lukhvich is close to 2 uV K~! [30]. The values of Sy calculated here for these metals
at the same temperature are in the range from 2.6 to 4.3 uV K~!. Thus, one may state that
there is a quite satisfactory agreement of the calculated thermoelectric characteristics of the
dislocations with the available experimental data.

As follows from expression (7), the change of the thermopower per unit of dislocation
density AS;/N, and also the ratio AS;/Ap, should not depend substantially on the temp-
erature in the range of quasi-elastic scattering of electrons on phonons and defects (T < Tp
and T > Tp), where Sy and py show practically linear dependences on the temperature.

From comparison of the results for copper obtained with the different potentials (1) and
(9), which are presented in tables 1 and 2, one may conclude that: firstly, the change of the
level width slightly influences the value of the dislocation resistivity, but substantially alters
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Table 2. Parameters of the calculation and the electrical characteristics of dislocations in
monovalent metals for £, = Ef (T = 273 K).

ap 00 So
&) (1€ cm) WvVK™H T
Metal  [31] [8] [27] eV) Axg
Cu 3.615 1.55 1.71 3.10 —1.43
Ag 4.086 1.50 1.38 2.44 —1.43
Auf 4.078 2.04 1.74 2.44 —143
248 —1.54
Li 3.509 8.50 10.60 2.19 —1.89
K 5211 6.30 —12.80 1.00 —1.87
Cs 6.062 19.00 —0.90 0.74 —1.87
Apd/Ng
Apg/Na (10712 @ cm?) Sa ASq/Nqg ASa/Apa
Metal (1071 Q cm?) (experiment) (uV K1 107 v em? K1) (VK'Q Tem™)
Cu 1.73 1.6 +0.2 3] 2.49 0.86 0.50
1.7 [32]
Ag 2.49 1.9 [32] 4.03 4.40 1.77
3.1[33]
Auf 2.48 2.6[32] 2.98 1.51 0.61
247 3.12 1.66 0.67
Li 293 1.26 —3.22 —1.10
K 9.60 4[32] 2.72 23.65 2.46
Cs 15.12 3.69 3.65 0.24

+The second line for gold presents results at E, = Ep + kgT.

the thermopower; secondly, different forms of potentials give approximately identical values
of Apys/ Ny and Sy, if they (other conditions being equal) result in close widths of the resonance
levels (I'). One may note, for comparison, that different scattering potentials give rather close
values of the scattering cross section and values of Ap, /Ny if they satisfy the same screening
condition (the Friedel sum rule); that is, the value of the residual resistivity carries information
mainly about the value of the surplus charge of the defect.

To find out how sensitive the results are to the position of the resonance level with
respect to the Fermi energy, the results for copper were recalculated for the resonance energy
E, = Er + A, where A = *nkpgT (here kgT = 0.023 eV). The results are presented in
table 3.

It is obvious that the shift of E, by an amount of the order of magnitude of kg T (here,
up to 12 kpT) leads to a small change of the dislocation resistivity whereas the additional
thermopower varies rather substantially. So the value of Ap,; /N, for copper changes by a few
per cent (no more than 12%) and remains practically within the error of the measurements,
whereas the value varies by several times and even reverses in sign. This indicates that
the thermoelectric characteristics of the defects can give quantitative information about the
localization of electronic states on the defects relative to the Fermi energy.

4. Conclusions

Thus, the dislocation model, proposed by us earlier, explains rather well not only the
contribution of dislocations to the electrical resistivity for a wide range of metals [5], but
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Table 3. Influence of the shift E, relative to Er on the dislocation resistivity and thermopower in
copper (E, = Ep £ nkgT) for T =273 K.

A E;, r Apg/Ng ASq/Na
(kgT) (V) (V) Axg (1077 Qem?) (107 Vem? K1)
0 7.036  3.10 —1.43 1.73 0.86

1 7.059 315 —151 172 0.94
-1 7013 349 —138 1.65 0.77

4 7128 322 —1.80 1.67 121
—4 6944 385 —1.18 1.58 0.55

8 7220 334 —211 1.60 1.46
-8 6.852 4.12 —091 1.55 0.28
12 7312 345 —237 1.52 1.63
-12 6.760 438 —058 1.53 —0.03

also the available experimental data on the dislocation contribution to the thermopower for
noble metals (the results for AS; /N, for alkaline metals still require an experimental check).
The basic features of this model are following:

o the dislocation core gives rise to the dominant contribution to the change of the electron-
transfer properties caused by dislocations;

o the lattice dilatation in the dislocation core has a value of about b% which determines the
linear surplus charge of the defect and its radius;

o the existence of the compressing area side by side with the expanding one leads to capture
of conduction electrons, forming short-lived quasi-stationary states near the Fermi energy
(£kgT).

However, the model potential used earlier for calculation of Ap,;/N, [5] appears to
be unsuitable for calculation of AS;/N,, because it contains an ambiguously determined
parameter of the potential form. Changing the parameter results in a change of the resonant
level width that hardly influences the results for Ap,; /N4, but substantially affects the results for
AS,;/N,4 Another model potential is proposed which appears to work quite well in calculations
of the resistivity and thermopower due to dislocations for monovalent metals.

On the basis of the research performed, one may conclude that, unlike the residual
resistivity, the additional and characteristic thermopower are very sensitive to the change of
width of the resonance level and its localization near the Fermi energy.

Therefore, whereas the residual resistivity of defects carries information mainly about the
value of the excess charge of defects in the lattice and does not depend significantly on the form
of the scattering potential (if the Friedel sum rule is fulfilled), the thermoelectric characteristics
of the defects contain additional information about the quasi-stationary electron states localized
on the defects, their energies, and the lifetimes, and depend substantially on the form of the
scattering potential.

Thus the thermopower not only is highly sensitive, but also is a highly informative property.
The experimental data on the contribution of defects or impurity to the thermopower can give
quantitative information about the localization of the electron states close to the Fermi surface.
So our results for gold correlate better with experiment at £, = Er + kB (these results are
given in the second line for Au in table 2); this means that the dislocation resonance states in
gold are located above the Fermi energy by about k3 7. That correlates with the conclusion
reached in [20]. One would like to hope that there will be an expansion of experimental
research into the thermoelectric properties of defects in the near future; that should provide
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new information on the electron states on defects and further develop the electron-transfer
theory.
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