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Annealing effects on the normal-state resistive properties of underdoped cuprates
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The influence of room-temperature annealing on the parameters of the basal-plane electrical
resistance of underdoped YBaxCuszO7_s and HoBaxCusOr_s single crystals in the normal and su-
perconducting states is investigated. The form of the derivatives dp(T)/dT makes it possible to
determine the onset temperature of the fluctuation conductivity and indicates a nonuniform distri-
bution of the labile oxygen. Annealing has been revealed to lead to a monotonic decrease in the
oxygen deficiency, that primarily manifests itself as a decrease of the residual resistance, an increase

of T, and a decrease of the Debye temperature.

I. INTRODUCTION

Improving the stability of electronic transport charac-
teristics is one of the most crucial applications-oriented
problems in the contemporary physics of high-T, super-
conductivity. This problem is especially crucial for the
most manufacturable and commonly used high-T,. com-
pounds from the so-called 1-2-3 system ReBasCuzOr7_s
(where Re =Y or other rare earths)!2.

The presence of a labile component (oxygen) in these
compounds often leads to a non-equilibrium state which
can easily be induced by application of high hydro-
static pressure®*, an abrupt temperature change®®, and
a long-term aging”™®. These processes often lead to sub-
stantial structural changes®%'0 of each particular sam-
ple, that, in turn, significantly affects the critical and
electrophysical properties'' ' of the system. In par-
ticular, the character of the temperature dependence
of the conductivity may change from metal-like!>'¢ to
semiconductor-like!"'® one. This is accompanied by no-
ticeable shifts of the temperature ranges of further pecu-
liar phenomena such as the pseudogap anomaly!?2°, fluc-
tuation conductivity?!?2, metal-insulator transition®324,
non-coherent electronic transport?>2% and so on. Accord-
ing to current views?” 2% it is these non-trivial phenom-
ena peculiar to the normal state which are expected to
be the key to our understanding of the microscopic na-
ture of high-T, superconductivity whose nature remains
unclear despite an over-30-year-long history of extensive
experimental and theoretical investigations°.

Accordingly, in this work an analysis of the basal-
plane conductivity in underdoped YBasCu3Or_s and
HoBayCusO7_s single crystals is performed in both, the
normal and superconducting states. It is aimed at elu-
cidation of the effect of annealing on the labile oxygen
distribution, fluctuation conductivity, and charge carri-
ers scattering in the normal state.

II. EXPERIMENTAL

The ReBasCusO7_;s single crystals (Re=Y, Ho) were
grown by the solution-melt technique in a gold crucible
as in Refs.%?10 For resistive measurements three crys-
tals K1, K2 (YBaxCuzOr_s5) and K3 (HoBayCuzO7_s)

were selected. Electrical contacts were created in the
standard 4-probe geometry by applying a silver paint on
the crystal surface. This followed by attachment of silver
conductors with 0.05mm in diameter and a three-hour-
long annealing at 200°C in ambient atmosphere. This
procedure has allowed us to obtain a transient contact
resistance of less than 1) and to conduct resistance mea-
surements at transport currents up to 10mA in the ab-
plane. The measurements were done in the temperature-
sweep mode. Temperature was measured using a plat-
inum resistor thermometer. The superconducting transi-
tion temperature was determined at the point of maxima
in the dependences dpq,(T")/dT in the region of the su-
perconducting transition.

For reduction of the oxygen content the samples were
annealed in an oxygen atmosphere at 680°C, 690°C
(YBaz Cu3zO7_s) and 600°C (HoBapCuzO7_s) for 2-3
minutes. Once annealed the samples were quenched to
room temperature within 2-3 minutes, mounted on the
holder, and cooled down to liquid nitrogen temperatures
within 10-15 minutes. All measurements were done while
warming the samples up. For investigations of the effect
of room-temperature annealing, after the first measure-
ment of p(T'), the samples were kept at room temperature
for several hours and the measurements were repeated.
The final series of measurements was done after a room-
temperature annealing of the samples for 5 days.

IIT. RESULTS AND DISCUSSION

A. Influence of defects on the fluctuation
conductivity and phonon scattering

In our works®"32 it has been shown that the temper-

ature dependence of the in-plane normal-state resistiv-
ity of the high-T,. 1-2-3 system, p,(T) can be approx-
imated well by the Bloch-Griineisen formula describing
the charge carriers scattering on phonons and defects

pu(T) = po + Cs (g) / Q/T%. 1)
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FIG. 1. Temperature dependence of the basal-plane resistance
of sample K3 (HoBa2CuszOr_s) after quenching from 600°C.
The symbols denote the experimental data while the solid
line is a fit of the normal-state resistance to Eq. (1). Inset
(a): Temperature dependence of the derivative dpqs(T)/dT
for the same sample in the whole investigated temperature
range. The solid line is calculated by Eq. (1). Inset (b):
Dependences of the residual resistivity po on the annealing
time for all investigated samples. Solid lines are guides for
the eye.

Here pq is the residual resistivity due to the defects, C,, is
the phonon scattering coefficient, 6 is the Debye temper-
ature, and n = 3 that corresponds®? to interband scat-
tering.

Equation (1) describes the experimental curve pq,(T)
very well, refer to Fig. 1. The average error in the tem-
perature range from T, to 300 K does not exceed 1%. The
derivative dpqp(T')/dT calculated by Eq. (1) qualitatively
agrees with the derivative calculated from the experimen-
tal dependence pqp(T"). The systematic deviations may
be associated with inhomogeneity of the sample and the
fact that Eq. (1) does not account for all mechanisms of
charge carriers scattering®* 38,

In particular, at high temperatures the experimental
values pap(T) and dpep(T')/dT turn down from the ap-
proximation by Eq. (1) that points to a tendency to
saturation. This tendency is typical for many transition
metals and their alloys, including superconducting ones.
The mechanisms of resistance saturation are discussed,
e.g. in Refs.39744,

The approximation parameters for Eq. (1) for all
pap(T) analyzed in this work are reported in Table I

According to Eq. (1) the derivative dp,, /dT exhibits a
smeared maximum at 7,4, = 0.350 that corresponds to
Trnaz =~ 100 + 200K. Below T4, the resistivity tem-
perature derivative exhibits a sharp maximum at 7.
as the sample transits into the superconducting state,
dpsc/dT |7, > dpy, /dT|r,,,.. Between these two maxima
one sees a minimum in dp/dT which points to the onset
of the superconducting transition, that is to a transition

Quenching Annealing Annealing
from 600°C (a)| at 20°C for | at 20°C for
20 hours (b) |120 hours (c)
K1 YBaCu3zOr7_5
Te1,K 36.7(0) 39.975(8.9) | 40.675(10.8)
Te2, K 43.7(0) 43.4(-0.7) 43.8(0.2)
Te3,K 49(0) 46.55(-5.0) 47.05(-4.0)
Tea, K — 50.4(-5.0) 49.35(-2.1)
ATps5-1,K 3.525(0) 2.20(-37.6) 2.20(-37.6)
ATy5-2,K 2.94(0) 1.531(-47.9) | 1.50(-49.0)
ATp5-3,K 3.20(0) 2.01(-37.2) 1.33(-58.4)
ATy 5-4,K — 3.525(0) 6.41(81.8)
po, mem 0.7765(0) 0.669(-13.8) | 0.637(-18.0)
C3, mQcm 10.3(0) 9.495(-7.8) 9.315(-9.6)
0,K 913.5(0) 912(-0.2) 924.5(1.21)
K2 YBaCu3zOr7_5
Te1,K 43.950(0) 47.7(8.5) 48.45(10.2)
Te2, K 49.35(0) 51.4(4.2) 52.0(5.4)
ATys5-1,K 1.602(0) 2.275(42.0) | 2.137(33.4)
ATp5-2,K 3.917(0) 2.352(40.0) | 3.525(35.5)
po, mflcm 0.395(0) 0.378(-4.3) ]0.2395(-39.4)
C3, mQcm 8.87(0) 8.995(1.4) 8.425(5.0)
0,K 910(0) 957.5(5.2) 970(6.6)
K3 HoBasCuzO7_g
Te1,K 64.2(0) 70.08(9.2) 73.91(15.1)
Te2, K 65.6(0) 72.10(0) —
Te3, K 71.9(0) 74.80(0) 77.90(0)
ATps5-1,K 0.95(0) 1.24(0) 1.98(0)
ATy5-2,K 1.41(0) 1.66(0) —
ATys_3,K|  4.15(0) 2.94(0) 2.33(0)
po, mflcm 0.088(0) 0.06425(-27.0) | 0.0522(-40.7)
Cs, m{lcm 3.19(0) 2.5(0) 1.95(0)
0,K 576.5(0) 620.5(0) 583(0)

TABLE 1. Heat processing, the approximation parameters for
pab(T') in the normal state by Eq. (1), and the characteristics
of the superconducting transition by Eq. (2).

to the regime of fluctuation conductivity. It should be
noted that the minimum in dp/dT is seen very well for
underdoped samples where T}, essentially exceeds Tr.
For optimally doped samples with T},4. > T, this mini-
mum is not necessarily observed. In this case, the onset
temperature for the fluctuation conductivity can be esti-
mated from the data of Refs.*%46,

The symbols in Fig. 1 depict the dependence p(T)
for one of the samples (K3 after quenching from 600°C),
while the solid curve is a fit of p(T) to Eq. 1. The
derivative dp/dT for the same sample is plotted in inset
(a) in Fig. 1. One recognizes a maximum in dp/dT at
about 165K, a minimum in dp/dT at about 80 K, below
which the regime of fluctuation conductivity sets on, and
maxima in the vicinity of the superconducting transition.

In inset (b) of Fig. 1 the dependences of the residual
resistivity po on the annealing time are displayed. Since
po is associated with defects, one can assume that these
defects are mostly oxygen vacancies. The reduction of
po attests to a reduction of the number of defects in the
course of annealing.

In Table I one sees that py changes for the investigated
samples in different ranges that allows one to plot de-
pendences of the approximation parameters according to
Eq. (1) as well as the onset temperature of the fluctua-
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FIG. 2. Fluctuation conductivity onset temperature Tjyce
versus residual resistivity po. Inset: Dependence of the Debye
temperature 6 and the phonon scattering coefficient C's (both
as approximation parameters) on pg. The data are presented
for the HoBasCuszO7_5 crystal with 0.05 < po < 0.09 (mQcm)
investigated in this work and two YBay;CusO7_; single crys-
tals with 0.2 < pg < 0.4 (mQcm) and 0.6 < po < 0.8 (mQcm)
from Ref.?"*2. Lines are guides for the eye.

tion conductivity Tfyuce on the residual resistivity.

The resulting dependences are displayed in Fig. 2. One
should note that the data for HoBasCusO7_s fall onto
the data for YBayCuzO7_s, that is substitution of Y for
Ho does not substantially affect the electronic transport
properties of the considered system not only in the case
of optimally-doped samples with § < 0.15%7, but also
in the case of underdoped samples. The latter finding
agrees with the experimental data of Ref.*® where it was
observed that in compounds of the 1-2-3 system, substi-
tution of Y by lanthanides of smaller ion radii such as Ho
and Er affects the dependence T'(9) only slightly.

In Fig. 2 one sees that the reduction of pg is associated
with an increase of Tfiyer up to Truer = 100K, that is
with a transition of the system into the regime of opti-
mal doping®®46. This supports the assumption that pg
is primarily associated with oxygen vacancies.

In the inset to Fig. 2 one sees that the phonon scat-
tering coefficient C3 decreases with decreasing pg that is
with improvement of the lattice quality. A similar effect
was previously observed, e.g. in Ref.?9. For the system
investigated by us the change of the phonon scattering
coefficient can be associated with the deformation of the
phonon spectrum of the sample in the presence of defects,
see e.g.%Y, which are represented by oxygen vacancies in
our case.

The changes of the Debye temperatures, which also
decreases with decreasing po, are in line with the discus-
sion above. Since A0/0 ~ —aAV/V +55f/f (AV is the
change of the volume of the unit cell and A f is the change
of the force constants), the primary changes of 6 at the
crossover from the optimal doping to a large oxygen de-
ficiency are largely stipulated by the increase of the force

constants, that is associated with the deformation of the
phonon spectrum.

B. Inhomogeneity of the superconducting state in
underdoped samples of the 1-2-3 system

As is known?%! for underdoped samples from the 1-
2-3 system, a series of narrow and high peaks is observed
in dp/dT below T.. This points to a subsequential tran-
sition in the superconducting state of regions with the
different T.s, that is different . The resistance vanish
attests to that at some temperature a superconducting
region appears, which spreads over the entire sample vol-
ume and shunts all other superconducting regions with
lower T.s and/or non-superconducting regions. As is well
known, these regions may not be considered as connected
in series or in parallel in the general case®?. Therefore,
the experimental curves p(T') characterize some effective
resistivity values.

Maxima in dp/dT in the vicinity of the superconduct-
ing transition can be described as®?

1
— T, —-T
” exp( )
d i
Pi
— = Pin ; 2
dr <1 N exp(Tei — T)>2 @
w;

where T,; and w; characterize, respectively, the tempera-
ture of the superconducting transition in the i-th region
and its width (the width of the maximum in dp/dT at half
height amounts to ATy, ., ~ 3.5w;). Further, p; = const
is the normal-state resistivity of the ¢-th region just above
the superconducting transition. The parameters of the
maxima in dp;(T')/dT according to Eq. (2) for the inves-
tigate samples in the superconducting transition region
are reported in Table I.

The number of these maxima in dp(T')/dT for the dif-
ferent samples varies and it is not conserved in the course
of aging. However, in all cases there exist the most high-
and low-temperature maxima, whose parameters corre-
late with the residual resistivity pg. These correlations
are displayed in Fig. 3. As for the normal state, here the
data for HoBasCu3zO7_5 and YBay;CuszOr_s are lying on
the same curves, that is substitution of Y by Ho does not
noticeably affect the characteristics of the superconduct-
ing transition.

One sees that with decreasing po, that is with a de-
crease of the degree of disorder of the sample, both T,;
increase up to the values typical for optimally doped sam-
ples. This means that in the course of annealing the
oxygen content increases and tends to its optimal value.
We believe, this process is stipulated by the coalescence
of clusters of oxygen vacancies in the sample, which in
the very end should disappear after going out onto the
crystal surface®. The coalescence of clusters of nonsto-
chiometric oxygen vacancies leads to a narrowing of the
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FIG. 3. Correlations of the most high Tt nign and low Ttiow
from the superconducting transition temperatures with the
residual resistivity po for the HoBasCuszOr_s5 crystal with
0.05 < po < 0.09 (mQcm) investigated in this work and two
YBaxCu3zOr_s single crystals with 0.2 < po < 0.4 (mQcm)
and 0.6 < po < 0.8 (mQcm) from Refs.?"32. Inset: The same
for the respective superconducting transition widths, ATcq 5.
Lines are guides for the eye.
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FIG. 4. Correlation pg — § for the samples studied, con-
structed on the basis of the dependences T.(§) from Ref.**.
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maxima in dp(T)/dT: The widths AT, 5; decrease with
decreasing po, refer to the inset in Fig. 3.

The correlation between T, and pg allows us to present
the respective correlation between pg and 6. In Fig. 4 this
correlation is plotted on the basis of the data of Ref.4®.
One sees that for § < 0.5 the residual resistivity is propor-
tional to the oxygen index pg &~ ad. This means that the
residual resistivity caused by nonstoichiometric vacancies
is noticeably larger than that due to other defects. At
0 > 0.5 one recognizes a nearly vertical drop of T, in
the dependence T.(¢), which is why it is impossible to
extend the correlation between T, and pg into this range.
Probably, at such values of d, pg depends not only on the
defect concentration but also on the density of the charge
carriers, which here changes.

IV. CONCLUSION

The conducted analysis of the temperature depen-
dence of the basal-plane resistance of HoBasCuzO7_5
and YBayCu3zOr7_s single crystals in the normal and su-
perconducting states allows us to conclude the following:
The behavior of dp(T)/dT in the normal state attests
to the charge scattering on phonos and defects. In the
superconducting state, the presence of several derivative
maxima dp(T')/dT indicates an inhomogeneous oxygen
distribution. The sharp minimum in dp(7T)/dT points
to the onset of the fluctuation conductivity. The scat-
tering parameters in the normal state, the fluctuation
conductivity range and the characteristics of the super-
conducting state correlate with the residual resistivity po.
For 0 < 0.5 the residual resistivity is determined by the
oxygen index.

ACKNOWLEDGEMENTS

The research leading to these results has received fund-
ing from the European Union’s Horizon 2020 research
and innovation program under Marie Sklodowska-Curie
Grant Agreement No. 644348 (MagIC).

! M. K. Wu, J. R. Ashburn, C. J. Torng, P. H. Hor, R. L.
Meng, L. Gao, Z. J. Huang, Y. Q. Wang, C. W. Chu, Phys.
Rev. Lett. 58 (1987) 908-910.

2 R. Vovk, N. Vovk, G. Khadzhai, I. Goulatis, A. Chroneos,
Sol. State Commun. 190 (2014) 18 — 22.

3 'S. Sadewasser, J. S. Schilling, A. P. Paulikas, B. W. Veal,
Phys. Rev. B 61 (2000) 741-749.

4 D.D. Balla, A. V. Bondarenko, R. V. Vovk, M. A. Obolen-
skii, A. A. Prodan, Low Temp. Phys. 23 (1997) 777-781.

5 J.D. Jorgensen, S. Pei, P. Lightfoor, H. Shi, A. P. Paulikas,
B. W. Veal, Physica C 167 (1990) 571-578.

6 R. V. Vovk, N. R. Vovk, O. V. Dobrovolskiy, J. Low Temp.
Phys. 175 (2014) 614-630.

" B. Martinez, F. Sandiumenge, S. Pinol, N. Vilalta,
J. Fontcuberta, X. Obradors, Appl. Phys. Lett. 66 (1995)
T72-T74.

8 D. A. Lotnyk, R. V. Vovk, M. A. Obolenskii, A. A. Zav-
gorodniy, J. Kovac, V. Antal, M. Kanuchova, M. Sefcikova,
P. Diko, A. Feher, A. Chroneos, J. Low Temp. Phys. 161
(2010) 387-394.

9 7. Li, H. Wang, N. Yang, X. Jin, S. L., J. Chin. Ceram.
Soc. 18 (1990) 555-560.


http://link.aps.org/doi/10.1103/PhysRevLett.58.908
http://www.sciencedirect.com/science/article/pii/S0038109814001549
http://link.aps.org/doi/10.1103/PhysRevB.61.741
http://scitation.aip.org/content/aip/journal/ltp/23/10/10.1063/1.593445
http://www.sciencedirect.com/science/article/pii/0921453490906766
http://dx.doi.org/10.1007/s10909-014-1121-9
http://link.aip.org/link/?APL/66/772/1
http://dx.doi.org/10.1007/s10909-010-0198-z

11

12

13

14

16

17

18

19

20

21

22

23

24

26

27

28

29

30

R. Vovk, N. Vovk, G. Khadzhai, O. Dobrovolskiy, Z. Nazy-
rov, J. Mater. Sci. Mater. Electr. 25 (2014) 5226-5230.

J. Kircher, M. Cardona, A. Zibold, K. Widder, H. P.
Geserich, Phys. Rev. B 48 (1993) 9684-9688.

R. V. Vovk, Z. F. Nazyrov, M. A. Obolenskii, I. L. Gou-
latis, A. Chroneos, V. M. Pinto Simoes, J. Alloys Compd.
509 (2011) 4553 — 4556.

R. P. Gupta, M. Gupta, Phys. Rev. B 51 (1995) 11760
11766.

A. V. Bondarenko, A. A. Prodan, M. A. Obolenskii, R. V.
Vovk, T. R. Arouri, Low Temp. Phys. 27 (2001) 339-344.
H. A. Borges, M. A. Continentino, Solid State Comm. 80
(1991) 197 — 199.

R. V. Vovk, N. R. Vovk, G. Y. Khadzhai, 1. L. Goulatis,
A. Chroneos, Physica B 422 (2013) 33-35.

D. M. Ginsberg (Ed.), Physical properties of high temper-
ature superconductors 1., Word Scientific, Singapore, 1989.
R. V. Vovk, G. Y. Khadzhai, O. V. Dobrovolskiy, Appl.
Phys. A 117 (2014) 9971002.

M. V. Sadovskii, I. A. Nekrasov, E. Z. Kuchinskii, T. Pr-
uschke, V. I. Anisimov, Phys. Rev. B 72 (2005) 155105.
R. V. Vovk, G. Y. Khadzhai, O. V. Dobrovolskiy, Solid
State Commun. 204 (2015) 64 — 66.

T. A. Friedmann, J. P. Rice, J. Giapintzakis, D. M. Gins-
berg, Phys. Rev. B 39 (1989) 4258-4266.

R. V. Vovk, N. R. Vovk, G. Y. Khadzhai, O. V. Dobro-
volskiy, Z. F. Nazyrov, Curr. Appl. Phys. 14 (2014) 1779
— 1782.

K. Widder, D. Berner, H. Geserich, W. Widder, H. Braun,
Physica C 251 (1995) 274 — 278.

R. Vovk, A. Zavgorodniy, M. Obolenskii, I. Goulatis,
A. Chroneos, V. Pinto Simoes, J. Mater. Sci: Mater.
Electr. 22 (2011) 20-24.

P. W. Anderson, Phys. Rev. Lett. 67 (1991) 2092-2094.
R. V. Vovk, M. A. Obolenskii, A. A. Zavgorodniy, I. L.
Goulatis, A. I. Chroneos, V. M. Pinto Simoes, J. Mater.
Sci.: Mater. Electron. 20 (2009) 858-860.

J. Ashkenazi, J. Supercond. Nov. Magnet. 24 (2011) 1281—
1308.

R. V. Vovk, M. A. Obolenskii, A. A. Zavgorodniy, D. A.
Lotnyk, K. A. Kotvitskaya, Physica B 404 (2009) 3516
3518.

A. L. Solovjov, L. V. Omelchenko, V. B. Stepanov, R. V.
Vovk, H.-U. Habermeier, H. Lochmajer, P. Przystupski,
K. Rogacki, Phys. Rev. B 94 (2016) 224505.

J. Bednorz, K. Miiller, Z. Phys. B Cond. Matt. 64 (1986)
189-193.

32

33
34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

51

R. Vovk, G. Khadzhai, I. Goulatis, A. Chroneos, Physica
B 436 (2014) 88 — 90.

R. V. Vovk, G. Y. Khadzhai, O. V. Dobrovolskiy, Z. F.
Nazyrov, A. Chroneos, Physica C 516 (2015) 58 — 61.

L. Colquitt, J. Appl. Phys. 36 (1965) 2454-2458.

V. M. Apalkov, M. E. Portnoi, Phys. Rev. B 65 (2002)
125310.

R. V. Vovk, C. D. H. Williams, A. F. G. Wyatt, Phys. Rev.
B 68 (2003) 134508.

I. N. Adamenko, K. E. Nemchenko, V. I. Tsyganok, A. I.
Chervanev, Low Temp. Phys. 20 (1994) 498-504.

R. V. Vovk, C. D. H. Williams, A. F. G. Wyatt, Phys. Rev.
Lett. 91 (2003) 235302.

P. J. Curran, V. V. Khotkevych, S. J. Bending, A. S. Gibbs,
S. L. Lee, A. P. Mackenzie, Phys. Rev. B 84 (2011) 104507.
T. Aisaka, M. Shimizu, J. Phys. Soc. Jap. 28 (1970) 646—
654.

P. B. Allen., Theory of Resistivity “Saturation” in Super-
conductivity in D- and F-Band Metals, Academic Press.
New York, 1980.

F. Claisse, M. Cormier, C. Frigout, High Temp. High Press.
4 (1972) 395.

E. A. Zhurakovskiy, V. F. Nemchenko, Kinetic properties
and electronic structure of interstitials, Naukova dumka,
Kiev, 1989.

V. F. Gantmacher, Electrons in disordered media, Fiz-
matlit, Moscow, 2013.

V. Sankaranarayanan, G. Rangarajan, S. R., Pramana 23
(1984) 423.

B. Leridon, A. Défossez, J. Dumont, J. Lesueur, J. P. Con-
tour, Phys. Rev. Lett. 87 (2001) 197007.

R. V. Vovk, G. Y. Khadzhai, O. V. Dobrovolskiy, S. N.
Kamchatnaya, P. V. M., Physica B 518 (2017) 47 — 50.
G. Y. Khadzhai, N. R. Vovk, R. V. Vovk, Fiz. Nizk. Temp.
40 (2014) 630-635.

W. Wong-Ng, L. P. Cook, H. B. Su, M. D. Vaudin, C. K.
Chiang, D. R. Welch, E. R. Fuller, J. Z. Yang, L. H. Ben-
nett, J. Res. Natl. Inst. Stand. Technol. 111 (2006) 41-55.
V. I. Khotkevich, B. A. Merisov, M. A. Ermolaev, A. V.
Krasnokutskiy, Fiz. Nizk. Temp. 9 (1983) 1056.

Y. M. Kagan, A. P. Gernov, J. Exp. Theor. Phys. 60 (1971)
1832.

G. Y. Khadzhai, R. V. Vovk, N. R. Vovk, Y. I. Boiko, S. N.
Kamchatnaya, V. M. Pinto Simoes, O. V. Dobrovolskiy,
Submitted.

P. L. Rossiter, The electrical resistivity of metals and al-
loys., Cambridge University Press, 2003.

B. N. Rolov, V. E. Yurkevich, Physics of smeared phase
transitions, RGU, Rostov-on-Don, 1983.


http://dx.doi.org/10.1007/s10854-014-2292-5
http://link.aps.org/doi/10.1103/PhysRevB.48.9684
http://www.sciencedirect.com/science/article/pii/S0925838811001575
https://link.aps.org/doi/10.1103/PhysRevB.51.11760
http://scitation.aip.org/content/aip/journal/ltp/27/5/10.1063/1.1374717
http://www.sciencedirect.com/science/article/pii/0038109891901804
http://www.sciencedirect.com/science/article/pii/S0921452613002433
http://dx.doi.org/10.1007/s00339-014-8670-2
http://link.aps.org/doi/10.1103/PhysRevB.72.155105
http://www.sciencedirect.com/science/article/pii/S0038109814005067
http://link.aps.org/doi/10.1103/PhysRevB.39.4258
http://www.sciencedirect.com/science/article/pii/S1567173914003113
http://dx.doi.org/10.1007/s10854-010-0076-0
http://link.aps.org/doi/10.1103/PhysRevLett.67.2092
http://dx.doi.org/10.1007/s10854-008-9806-y
http://dx.doi.org/10.1007/s10948-010-0823-8
http://www.sciencedirect.com/science/article/pii/S0921452609003366
https://link.aps.org/doi/10.1103/PhysRevB.94.224505
http://dx.doi.org/10.1007/BF01303701
http://www.sciencedirect.com/science/article/pii/S0921452613007692
http://www.sciencedirect.com/science/article/pii/S0921453415002142
http://scitation.aip.org/content/aip/journal/jap/36/8/10.1063/1.1714510
http://link.aps.org/doi/10.1103/PhysRevB.65.125310
https://link.aps.org/doi/10.1103/PhysRevB.68.134508
http://link.aip.org/link/?LTP/20/498/1
https://link.aps.org/doi/10.1103/PhysRevLett.91.235302
http://link.aps.org/doi/10.1103/PhysRevB.84.104507
http://link.aps.org/doi/10.1103/PhysRevLett.87.197007
http://www.sciencedirect.com/science/article/pii/S0921452617302387

