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Possible conversion of the charge carriers
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A complex study of the temperature dependences of electrical conductivity, thermo-
EMF and thermal conductivity in the high-entropy alloy Al, ;CoCuCrNiFe have been carried
out in order to established the nature of the anomalies of the kinetic coefficients in the
temperature range ~ 300...77 K. It is shown that, as the temperature is lowered from ~
210 K to ~ 170 K, these characteristics exhibit anomalies, the signs of which indicate an
increase in the rate of growth of electrical conductivity and a slowdown in the decrease in
thermoelectric power and thermal conductivity. A concept is proposed to explain the
discovered anomalies by the hole-electron (2 — e) conversion in the carrier system. Data on
the effect of rolling deformation on kinetic coefficients have been obtained.

Keywords: high-entropy alloy, kinetic coefficients, conversion and mobility of charge
carriers, plastic deformation.

Moxnausa konsepcia Hociis 3apany y Bucoxoentpomiiimomy cmaasi Aly ;CoCuCrNiFe.
B.M.Boegodin, B.0O.@poanos, €.B.Kapacvosa, O.B.May, €.B.Casuyrx, B.O.Corxoaernro,
T.M.Tuxonoscvra, O.C.Topmirka

IIpoBegeHo KoOMILJIEKCHe BUBUEHHS TeMIEPATYPHUX 3aJIeKHOCTEll eJeKTPOIIPOBiIHOCTI,
TepMoepc i TemnomporigHOCTi BucokoerTpomiiinoro cmumaBy Aly;COoCUCINiFe 3 meroro Bera-
HOBJIEHHSI IPUPOAU aHOMAaJill Kinernunux Koedinienris B inTepBani ~ 300-77 K. Iloxasamo,
mwo mpu sHmwKenHi Temneparypu Bix ~ 210 K go ~ 170 K Brasani xapakTepucTUKU KeMOH-
CTPYIOTH aHoMAaJtii, 8HAKM AKWX CBiZUaTH IPO IPUCKOPEHHSA POCTY €JeKTPOIpoBimzHocTi i
SHUIKEHHS CIaxy TepMmoepc i remmompoBimgHocTi. 3anponoHOBAHO KOHIENI[iI0 MOSCHEHHS BU-
ABJEHNX aHOMAJiNl IipKOBO-eJIeKTPOHHOI (£ — €) KOoHBepciew y cucrteMi HociiB 3apazy.
Orpumano maHi mpo BuiuB Zedopmallil IpoKaTkow Ha KimeTwuHi xoedimienTn.

IIpoBeseHo KOMILJIEKCHOE M3yUeHIE TeMIePATYPHBIX 3aBUCHUMOCTEH 3JIEKTPOCOIPOTUBIIE-
HHUS, TePMOSJC U TeILIOIPOBOAHOCTH BBICOKORHTponuiiHoro citasa Aly sCOCUCINiFe ¢ menpro
YCTAHOBJIEHUsI NPUPOABLI AHOMAJNUN KUHeTHUYecKuX KoadduiuentoB B uHTepBase ~ 300—
77 K. Ilokasamo, uro mpm mnoHmenuu rtemueparypsl orT ~ 210 K mo ~ 170 K yrasaumbie
XapaKTepUCTUKN AeMOHCTPUPYIOT aHOMAaJUN, 3HAKKM KOTOPBIX CBULETEILCTBYIOT 00 yBejude-
HUN CKOPOCTY POCTA 3JIEKTPOIPOBOLHOCTH U TOPMOYKEHUU CIIALa TEePMOSIAC U TEILIIOIPOBOJ-
noctu. IIpegmosxena KoHIleNIUsA OOBACHEHUA O0HAPYIKEHHBIX AHOMAINHN ABIPOYHO-3IEKTPOH-
HOl (h — e) KoHBepcuell B cucTeMe HocuTeselli 3apana. [lomydeHbl gawmHBIe O BINSHUU
TedopMalmy IPOKATKON Ha KMHeTHUYeCKNe Kod(PUITeHTh.

1. Introduction should take into account the possibility of

tructural lectronic t f ti i
When predicting the operational proper- structural and electronic transformations in

ties of a new class of functional materials-
high-entropy alloys (HEAs) [1-3], one electrophysical and mechanical charac-

them which can affect the thermophysical,
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teristics. The purpose of this work is to
clarify the nature of the anomalies in the
kinetic and acoustic coefficients of HEA
Aly 5CoCuCrNiFe known from literature
sources, which arise at temperatures sig-
nificantly exceeding the expected operating
temperature range (cryogenic) where high
strength is combined with high plasticity
[4]- The interest to the problem was due to
the following circumstances. Earler, the
anomalies of mechanical, acoustic and ki-
netic properties HEA Aly sCoCuCrNiFe were
observed in the temperature interval ~ 200~—
150 K [4-8] (inserts a, b in Fig. 1). Despite
all this, according to [4], the strength of
Aly 5CoCuCrNiFe increases nonlinearly below
T ~200 K (Fig. 1, inset a), which may be
associated with a response to a certain
transformation. On the other hand, the ab-
sence of structural features below ~ 230 K
[56, 6] gave hope to discover an exclusively
electronic transformation and its effect on me-
chanical properties, which, in addition to prac-
tical interest, was also of theoretical interest.

To register structural-electronic trans-
formations in extended temperature ranges,
methods of studying fundamental kinetic
characteristics — electric, thermoelectric,
magnetic, electromagnetic, thermal, ther-
modynamic and their various combinations
are usually used, since any such transfor-
mation changes the electronic configuration
of the material [9]. The most complete in-
formation about the electronic subsystem,
along with the Hall coefficient, is provided
by the thermoelectric coefficient, S, which
characterizes the charge transfer under the
action of the temperature gradient. In this
work, the emphasis was placed on the study
of the dependence S(T), which made it pos-
sible to track the processes occurring in the
system of charge carriers, in particular,
those caused by distortions of the crystal
lattice. An impressive picture of the influ-
ence of the latter on thermo-EMF is a
change in the sign of S in copper as a result
of rolling deformation [10]. According to
[11], such a change of sign of charge carri-
ers is classified as “conversion of charge
carriers”. Taking into account that the crys-
talline structure of HEA is distorted in a
scale of the unit cell even in the state of
structural relaxation, we do not exclude the
possibility of transformation processes in
the Aly5;CoCuCrNiFe charge carrier system,
which manifest themselves in the features
of the temperature dependence S(T). As for
the fundamentally possible effects associ-
ated with the difference in the scattering of
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Fig. 1. Solid lines — dependences o(T)/c,
S(T)/S, and K(T)/Ky<k(T)/k for initial samples.
Insert (a): conventional yield point, G, ,, and
high-speed perceptibility of normal deforming
tension, Ac/Alne at € ~ 2 % as a function of T
[4]. Insert (b): creep rate € [8] and dynamic
Young’s modulus E as a function of T [5, 6].
The use of dashed lines is explained in the text.

charge carriers of different signs by phonons
— electrons (electron-like) and holes (hole-
like), additional information for interpreta-
tion of the results can be the temperature
dependences of two more kinetic coefficients
— electrical conductivity ¢ and thermal
conductivity k.

It was also interesting to establish the
effect of plastic deformation on kinetic co-
efficients of AlysCoCuCrNiFe. For this pur-
pose the rolling deformation was applied.

2. Experimental

HEA plates of AlysCoCuCrNiFe (~
50x3x0.7 (mm?3) were cut out from a billet
obtained by rolling ingot which was manu-
factured by alloying the components (wt. %:
Al — 4.46; Co — 19.48; Cu — 21.01; Cr —
17.18; Ni — 19.4; Fe — 18.46 with a purity
of 99.9 %) in an argon atmosphere [5, 6].
The plates were annealed during 12 h at T
= 975°C. The structural state formed as a
result of annealing is referred below as the
initial one. The experiments began by meas-
uring the predicted dependences on the in-
itial samples. After completing these meas-
urements, the samples were deformed by
rolling along the long axis at T ~ 295 K to
the degree of deformation € = 48 %. For &,
the ratio of the difference between the in-
itial and final plate thicknesses to the in-
itial value was taken. After this, measure-
ments of similar dependences on deformed
samples were repeated. Thus, the results
below refer to the same sample.
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The temperature T of the samples was
measured with an accuracy of ~1 K with
a copper-constantan thermocouple. Elec-
trical resistivity r = 1/0 (o is the electri-
cal conductivity) was measured with an
accuracy of no worse than ~1 % by the
4-points method at direct current ~ 1-10
mA. To designate the absolute (specific)
thermopower S, the ratio S =08U/dT is
taken, where 8U = U; — U, is the potential
difference between the ends of the sample,
which arose due to the presence of a sta-
tionary drop 6T = (T; — Ty) (5-10) K. The
8U measurement accuracy was ~ 1077 V.
The presence of 8T was a consequence of the
stationary heat flux @, which was supplied
to one of the ends of the sample; 0T was
measured with a sensitivity of ~ 1073 K by
two  copper-constantan  thermocouples,
switched towards each other. An accuracy
of determining the absolute value of S was
estimated as ~ 5-10 %.

To register the temperatures and signs of
anomalies in the thermal conductivity coef-
ficient k£, we used a version of the classic
method of uniaxial stationary heat flux
(USHF) developed by us [8, 12] for the
range of 300-77 K [13]. It makes possible
to avoid accounting all possible heat losses,
that, as known, is a difficult problem. In
this method, the adequacy of the results
was provided by measuring the tempera-
ture dependence of the same characteristic
8T = (T; — T5), but — this is the essence of
the difference from USHF — under condi-
tions of a strictly monotonic change in T in
all heat losses. Writing down
OT(T)=1/[k(T)x¥Y(T)], where ¥ is the tem-
perature coefficient monotonic in 7, and de-
noting [kR(T)x¥(T)] = K(T), where K(T) has
the meaning of the coefficient of thermal
conductivity monotonically scaled in T, we
obtain a visual representation of the
changes with T in real k using the curve
K(T). All measurements of the dependences
were carried out in the mode of a step-by-
step T decrease of the sample which was in
a thermal field of gaseous nitrogen in a
vertically oriented Dewar vessel with liquid
N,.
2The configuration of isotherms of this
field provides: a monotonic decrease in T as
it approaches the level of liquid nitrogen,
and simultaneously the monotonic change in
the coefficient W(T') [8, 12]. Note also that
two thermalizations are required to obtain
an adequate result: with a duration of ~
10 min to stabilize the current temperature
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Fig. 2. Solid lines — dependences o(T)/0,,
S/S, and K/K,~<k/k, for samples deformed
by rolling to € =43 %. The use of dashed
lines is explained in the text.

of the sample T; at @ =0, and approxi-
mately the same time for the thermalization
of the state that was established after con-
necting Q.

3. Results and discussion

The graphs of normalized dependences
o(T)/cg, S(T)/Sy and K(T)/Ky= k(T)/kg
(Ty = 295 K) for initial samples are shown in
Fig. 1. It can be seen that each curve
has an anomalous section in the range
of ~ 210-170 K, in which the temperature
derivative of the measured value differs
markedly from the value above T ~ 210 K.
The dashed lines show the linear extrapola-
tion of the sections of the graphs available
in the range of 295-210 K to the region of
anomalies. The meaning of this operation is
to identify the sign of an anomaly, i.e. the
sign of the difference between the experi-
mental and extrapolated values, for exam-
ple, S(T)¢*P — S(T)**!". You can see that all
coefficients have an anomaly with the sign
"+7. The latter means that with decreasing
T, the presence of an anomaly increases the
growth rate of ¢ and slows down the rate of
decrease in S and K.

There are also weak anomalies in the re-
gion of ~ 230 K on the curves o(T)/c, and
S(T)/Sy. Their different signs indicated a
different nature of this anomaly in compari-
son with the nature of the previous one.

On graphs of analogous dependences for
deformed samples, Fig. 2, one can see a car-
dinal change in the configurations of the
S(T)/Sy, and K(T)/K, curves. Thus, the
anomaly in S(T)/S, near ~ 230 K has be-
come visible. Roughly the same configura-
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tion has appeared in the same place of T the
anomaly section of curve K(T)/Kj.

The extended anomaly inherent in the in-
itial structures in the range of ~ 210-170 K
was also significantly transformed. First,
the temperature of its upper boundary (in-
dicated by the arrow) dropped to ~ 180 K.
Second, below of ~ 130 K the signs of the
temperature derivatives of the dependences
S(T)/S, and K(T)/K, changed from "+" to
"—" although the signs of the anomalies
themselves remained the same. The latter
indicates the same nature of this anomaly
as the anomaly in the initial structure.

The coefficients of thermo-EMF of both
kinds of samples for the range of ~ 300-
77 K are positive (S > 0), that indicates
predominantly electronic conductivity. In
spite of this Sy(e =0) = 8.3 uV/K, Sye=
43 %) = 6.0 uV/K.

The morphology of the initial structure.
The HEA ingot of AlysCoCuCrNiFe has a
dendrite structure in which the dendrites
are enriched in Fe, Cr and Co, and interden-
drite gaps (IDG) — by Cu (65 %), Al (up to
15 %) and depleted in Fe, Cr, Co [5, 14,
15]. High-temperature annealing do not
change the composition of the dendrites
while the Cu and Al contents in the IDG
decrease and the contents of other elements
increase. For our work it is important that
as a result of annealing the particles are
formed at the boundaries between dendrites,
and IDG are enriched in Ni (~30 %), Al
(>20 %) and Cu (>20 %) having an ordered
bee lattice of the type B2.

It has been established by several meth-
ods that the presence of these particles
causes an anomaly in the properties of an-
nealed samples at T ~ 230 K. Thus, the tem-
perature dependence of the dynamic
Young’s modulus has a weak feature here
[5, 6] (marked with an arrow in the inset b
in Fig. 1), which correlates with the relaxa-
tion resonance of acoustic absorption (Koiva-
Hasiguchi). In our work, the o(T)/c, and
S(T)/8S, dependences also have features at the
same T (indicated by arrows in Fig. 1). Addi-
tional attention we focus on one more ex-
perimental fact: on the E(T) plot below ~
210 K, there are no features indicating any
structural transformations [5, 6]. Because
of this, it can be assumed that the anomaly
in the range of ~ 210-170 K has an exclu-
sively electronic nature due to thermal com-
pression.

The working hypothesis and its premises.
There are data in the literature on the de-
pendences S(T) for AlysCoCuCrNiFe HEAs
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with equiatomic composition [16, 17], which
indicate not only their hole-like conductiv-
ity (§<0) at T ~300 K, but even the
change in the sign of S with decreasing T,
i.e. the presence of conversion of free
charge carriers, which leads to prevalence
of electron-like carriers (S > 0). These re-
sults may indicate a significant effect of
the component composition of the HEA on
the type of electrical conductivity in a wide
temperature range.

Having no reason to associate the discov-
ered anomalies with structural changes (see
above), we considered the possibility of
their explanation by the conversion of free
charge carriers. In presenting the proposed
concept we restrict ourselves to phenome-
nology of the phenomenon and assume that
electrons and holes make independent con-

tributions to ¢, S and & [19]:

6 =nleu, + n,lelu,, (1)
S8, - IS, (2)
k=k,+ky+kyy, (3)

In (1)-(3), density and mobility of elec-
trons and holes are denoted by symbols n
and u with corresponding indexes, and the
charge-conjugate (e and £) and phonon com-
ponents of the thermal conductivity k& are
denoted by symbols k,, k;, and k.

Obviously, the phenomenon of conver-
sion will manifest itself most expressively
in the change of total thermoelectric power
S =18, — S,- In this case, the changes in the
values of ¢ and k£ must correspond, in par-
ticular, to the degree of change in the concen-
trations of the carriers included in the
ensemble. In this regard, let’s consider
some variants of temperature behavior of
the total thermoelectric power S of a
typical metal (S=T) with mixed electrical
conductivity. At the same time, we will
remain within the framework of experi-
mental situation available in our work:
IS,| = |S,l =S| > 0, and S > 0.

a) Let no carrier conversion take place in
a certain interval Ty — T3. Then the graph
of the dependence S(T)/Sg will be similar to
curve I, Fig. 3.

b) Suppose further that in the interval
T,-T,, the conversion of a certain number
of holy carriers into the same number of
electrons takes place in the system of
charge carriers. This situation can occur in
the case of a change in the configuration of

Functional materials, 28, 4, 2021
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Fig. 3. Schematic picture of possible variants
of dependences S(T')/S; for typical metal that
having mixed electric conductivity with pre-
dominantly electron-like carriers: I — con-
version of charge carriers is absent; 2 — in
interval T; — T, part of holes transforms in
electrons; 3 — in the interval T, — T, part of
electrons transforms in holes.

the holy sheet of the Fermi surface with
formation of an electron pocket in another
Brillouin zone due to changes in the degree
of overlap of the wave functions of neigh-
boring atoms. An example of a complex
shape of the Fermi surface of a metal is the
holy "monster™ for Be and MgB in the review
by Kosevich [19]. Within the framework of
such a model, |S| will decrease starting from
T, more slowly than in the case (a), and the
curve S(T)/8Sy in the Ty — Ty interval will be
located above the corresponding portion of
curve I, Fig. 3.

c¢) Suppose finally that in the interval T
— Ty, part of electrons on the Fermi surface
turns into holes. As a result, starting from
T, |S| will decrease faster than in the ab-
sence of the conversion, and the curve
S(T)/Sy will be located below the corre-
sponding portion of curve 1, Fig. 3.

Comparing the graphs S(T)/S, (Fig. 1
and 2) with the considered variants of the
temperature behavior of S(T)/S, of typical
metal, it can be seen that for the initial
structures, the behavior of S(T)/S, in the
range of ~ 210-170 K corresponds to the
conversion of holes into electrons, i.e. to
the case (b). In deformed samples the anom-
aly of S(T)/Sy below T ~ 180 K also corre-
sponds to the case (b). The subsequent "ab-
normal” change in |S| increases with de-
creasing T; and below T ~ 130 K, a strong
increase in |S| is observed. Within the
framework of the proposed concept, the
change in the sign of the temperature de-
rivative dS/dT should be interpreted as an
indicator of the intensification of the con-
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version process. An indirect evidence of the
absence of experimental error is the similar
character of the temperature dependence
K(T)/K, below T ~ 130 K.

Possible influence of conversion on ¢ and
Ko k. It was noted above that it is funda-
mentally impossible to exclude the influence
of conversion on the electrical conductivity
o and the charge-conjugate component of
thermal conductivity k, + k;, by changing
the characteristics of scattering of charge
carriers of different signs by phonons. In
other words, one can expect an effect asso-
ciated with a change in the ensemble-aver-
aged carrier mobility u. Registering this
would be an argument in favor of the con-
version hypothesis. Let’s turn to the experi-
ment.

In section "Results™ it was noted that
the anomalies present in both annealed
and deformed samples in the range of ~
210-170 K and below ~ 180 K, respec-
tively (Fig. 1, 2), lead to an increase in
o%XP and K°*P in comparison with the values

o°X(T) and Ke*'*(T) extrapolated from the
higher-temperature sections of the depend-
ences. Based on this, the following conclu-
sion can be drawn. If the detected anomalies
of the kinetic coefficients have really con-
version nature of the "2 — e” type, then the
signs of the quantities Ac = (c®*P — o®¥!") >
0 and AK = (K¢ — K®*") > 0 are indeed as-
sociated with an increase in the concentra-
tion of electron-like carriers. In this case,
electron-like carriers should have a higher
mobility u, (lower effective mass) than the
mobility of hole-like carriers.

Data on the ratio of electron-to-hole mo-
bilities in Aly sCoCuCrNiFe could be a direct
confirmation of the stated hypothesis, but
they are unknown to us. At the same time,
it can be noted that there are alloys, for
example, InSb and GaSb, in which the elec-
tron mobility is almost two orders higher
than magnitude of the hole mobility [11].

4. Conclusions

In the range of ~ 300-77 K, the tempera-
ture dependences of electrical conductivity o,
absolute thermoelectric power S and ther-
mal conductivity £ of HEA Aly sCoCuCrNiFe
in the annealed state and after deformation
by rolling up to € = 43 % were measured
and their comparative analysis was per-
formed. For each of the named structural

states, an extended temperature range was
found (annealed state ~ 210...170 K, de-
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formed one ~ 180... < 77 K) in which the
kinetic coefficients demonstrate the corre-
lated anomalies in the form of an excess of
o, S and £ in comparison with those ex-
trapolated from the neighboring region of
higher temperatures. In both cases, the
thermoelectric power was positive (S > 0),
which indicates predominantly electronic
type of electric conductivity.

To explain the observed effects the concept
was proposed based on the hypothesis of the
conversion of a part of holy charge carriers
into electrons, which may be associated with
changes in the configurations of the holy and
electron sheets of the Fermi surface due to a
change in the degree of overlap of wave func-
tions of neighboring Aly ;CoCuCrNiFe atoms
with decreasing T. A prerequisite for the cor-
rectness of the proposed concept should be
the predominance of the electron mobility
over the hole mobility.
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