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Ineffectiveness of the triplet diffusion correction in the electron transport of disordered systems
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The mystery of the field-independent 7'/ behavior of resistivity in single-crystal Th,CoSi; is unraveled
through the lens of interacting electrons in disordered systems. Consistent with theoretical predictions, our
magnetotransport studies illuminate a scenario where a robust spin-orbit interaction renders the triplet term in
the diffusion contribution ineffective. As a consequence, the magnetic field exerts no influence on the diffusion
correction, giving sole dominance to weak localization and classical effects in shaping the magnetoresistance. In
addition, marginal temperature variation of the weak localization at low temperatures results in the 7''/? relation
being predominantly dictated by the singlet term in the diffusion correction.

DOLI: 10.1103/PhysRevB.110.094201

In the weak disorder limit, electrons in metals spo-
radically encounter imperfections in the crystal structure,
making the classical description of electron transport ap-
plicable. However, as the disorder increases, the mean free
path of the electrons decreases, so the interference of elec-
tron waves scattered by impurities or defects cannot be
neglected. As a consequence, the constructive interference
of electron waves leads to enhanced coherent backscattering,
which in turn, gives rise to the quantum corrections to clas-
sical electron transport due to the weak localization (WL)
or electron-electron interaction (EEI) effect [1-4]. Typically,
these corrections lead to an increase in resistivity with de-
creasing temperature [5—12], in contrast to what is observed
for conventional metals. Notably, however, while the temper-
ature dependence of the WL is governed by the respective
dominant inelastic scattering mechanism, the interaction cor-
rection (IC), according to the Altshuler-Aronov (AA) theory,
in the three-dimensional disordered Fermi liquids follows a
T1/2 relation [3,4].

Interestingly, this peculiar behavior of resistivity in disor-
dered systems may also be attributed to a non-Fermi-liquid
excitation spectrum as a result of the two-channel Kondo
(2CK) effect. In this scenario, two degenerate channels of
conduction electrons interact identically with tunneling states,
functioning as pseudospin variables [13,14]. However, unlike
the quasiparticle description within the disordered Fermi liq-
uid approach, the non-Fermi-liquid—based model requires a
specific type of disorder that allows the formation of multi-
level systems akin to those found in glassy materials [15-17].
Furthermore, the non-Fermi-liquid state can be disrupted ei-
ther by breaking the degeneracy between the channels or
through spontaneous tunneling between different energy lev-
els [13,14]. Consequently, experimental confirmation of the
2CK effect resulting from disorder-induced tunneling states
in bulk crystalline disordered compounds is thus extremely
challenging [18-20].
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The most interesting case is when the anomalous AT'!/2
increase in resistivity is independent of the magnetic field.
Such an experimental observation is considered in the liter-
ature as a necessary condition for the nonmagnetic scenario
within the 2CK model, although it should be noted that at
the same time it does not invalidate the realization of the
Altshuler-Aronov model of interacting electrons. Therefore,
attempts are made to use other characteristic features of both
models to find out which of them is most likely in a partic-
ular compound studied [20-28]. One way is to compare the
experimental value of the coefficient A with its expected value
calculated using the theoretical relation and the numerical
material data, but we should be very careful when using this
criterion, because the incorrect use of the model with respect
to the properties of the studied compound may lead to false
conclusions [27,28].

Another method described in the literature to distinguish
experimentally between these two mechanisms is based on
the search for a logarithmic correction of the resistivity
that emerges directly from the non-Fermi-liquid behavior
above the Kondo temperature Tx. This characteristic resis-
tivity change has been observed in some ferromagnetic thin
films and is considered to be a manifestation of the 2CK
effect [23-25]. On the other hand, the absence of a logT
dependence in ferromagnetic Co,MnAl [29] and Co,MnGa
[30] has been argued, among other reasons, as evidence for
EEI corrections. In these compounds, as well as in the su-
perconducting ZrAs; sgSeo 39 [27,28], the insensitivity of the
T'/2 dependence to magnetic field strength is attributed to
the vanishingly small electron-electron interaction constant.
However, it is important to note that other mechanisms can
also lead to the absence of magnetoresistance in the correc-
tion of interacting electrons. Therefore, given the controversy
and lively discussion surrounding this topic, it is crucial to
highlight such examples and experimentally explore the the-
oretical predictions of the Altshuler-Aronov correction in this
field. As an another example of this kind of behavior, in this
article we investigate the ineffectiveness of the triplet term as
a conducting channel, driven by strong spin-orbit scattering
[31]. Surprisingly, this aspect remains relatively unexplored.
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Previous experimental research has mainly focused on spin
relaxation from the perspective of the WL effect [32-36].
Only a few investigations have addressed this issue, suggest-
ing that the triplet contribution vanishes when the spin-orbit
relaxation rate falls in the range of 107! to 10713 s7!, al-
though the field independence of the IC has not been directly
addressed [8,37].

To gain a better understanding of this phenomenon, we
have carried out a detailed magnetotransport study of dis-
ordered Th,CoSi;. It is a nonmagnetic representative of
the AIB,-type structure compound with the general formula
M,TSi3, where T = transition element and M = La, Ce, U
[38,39]. Similar to many of these materials [40—44], Th,CoSi;
exhibits an unusual increase in resistivity at low tempera-
tures. However, its field independence makes it unique among
other M, T Siz compounds. This, combined with the presence
of strong spin-orbit interaction in this material, makes it an
excellent candidate for investigating how electron spin relax-
ation affects the IC and provides an opportunity to check on
previous experimental findings and hypotheses.

A single crystal of Th,CoSi; was grown by the Czochralski
pulling technique in a tetra-arc furnace under an ultrapure
argon atmosphere. The orientation and structure of the crystal
were determined by x-ray diffraction. The lattice parameters
derived from the XRD of powder samples give a = 4.0338(1)
A, ¢ =4.1872(1) A, which are very close to those previously
determined [38,39]. Magnetic properties, heat capacity, and
resistivity were investigated using Quantum Design MPMS
and PPMS instruments. Two oriented single-crystalline sam-
ples with dimensions of 0.8 x 0.7 x 3.2 mm and 0.5 x 0.6 x
2.8 mm were used for electron transport measurements. Elec-
trical connections were made using 50 um silver wire and
silver paint. The four-point AC resistivity measurements were
performed with the current either parallel or perpendicular to
the ¢ axis of the hexagonal unit cell in magnetic fields up to
9 T and in the temperature range of 2-300 K. To enhance
measurement quality, external Lake Shore AC 370 Resistance
Bridges were employed.

A preliminary characterization of the Th,CoSi; single-
crystalline samples was carried out by studying the thermo-
dynamic properties. As shown in Fig. 1(a), the heat capacity
shows no phase transitions over the whole temperature range
studied. At high temperatures its magnitude approaches the
Dulong-Petit limit, i.e., 3n,R ~ 150 mol~' K~', where n,
is the number of atoms per formula unit and R is the gas
constant. In turn, as shown in Fig. 1(b), the ratio of specific
heat to temperature is a linear function of 72 below 7 K.
Employing the Debye model approximation, the obtained
electronic specific heat coefficient y and Debye temperature
®p were determined to be y = 8.5 mJ mol~ ' K~2 and ©p =
370 K, respectively. The y value is similar to that obtained
for La;NiSiz (y = 11 mJ mol~! K—2) [43]. This may suggest
that the slightly enhanced y coefficient of the nonmagnetic
representatives of the AIB,-type structure compared to the
simple s-type metals is most likely due to the contribution of
the d electrons to the total density of states.

Figure 1(c) shows the temperature dependence of the
magnetic susceptibility (x) of Th,CoSiz measured with the
magnetic field directed along the ¢ axis and the a axis of the
hexagonal unit cell. Irrespective of the sample’s orientation,
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FIG. 1. (a) Heat capacity, C, of Th,CoSi; vs temperature.
(b) C/T vs T?. The solid line is a Debye model fit to the
low-temperature heat capacity data. (c) Magnetic susceptibility of
Th,CoSis as a function of temperature measured with the magnetic
field oriented along crystallographic a and ¢ axes. (d) Magnetiza-
tion of Th,CoSi; for different orientations of magnetic field and
temperatures.

the x changes with temperature in a similar manner. As ev-
ident from the plot, it remains almost constant between 400
and 50 K, indicating Pauli paramagnetic behavior. However,
below about 50 K the x increases rapidly, probably due to the
presence of paramagnetic impurities. The magnetization (M)
measurement shown in Fig. 1(d) supports this interpretation.
The M (B) observed at 2 K has a Brillouin-like shape which is
attributed to the paramagnetic impurities. However, with in-
creasing temperature its contribution to the total M decreases
in favor of a linear Pauli paramagnetic term.

Figures 2(a) and 2(b) show the temperature dependence
of the resistivity of Th,CoSi; measured along the main crys-
tallographic directions. As can be seen, both p, and p. are
very typical of disordered metals. Although in the broad
temperature range measured, p, and p. predominantly de-
crease with decreasing temperature, the residual resistivity
ratio takes a value close to unity in both cases. This is mainly
due to the significantly increased residual resistivity (o)
compared to clean metals, indicating that elastic scattering
at crystal structure imperfections is the dominant scattering
mechanism in this compound. Another characteristic of dis-
ordered metals observed in Th,CoSis is the low-temperature
increase in resistivity, which manifests itself below the min-
imum at T,;, = 20 K. Significantly, as shown in Figs. 2(c)
and 2(d), this additional contribution to resistivity is propor-
tional below 7* ~ 10 K to the T'/? relation, regardless of
the crystallographic direction. Employing least-squares fitting
of the experimental data below 10 K to the simple formula
Api(T) = pi(T) — poi = A;T'/?, where i represents either a
or c as the crystallographic direction, we obtained the follow-
ing parameters: po. = 250 uQcm, A, = —0.17 uQem T~ 1/2,
and pg, = 326 u2cm, A, = —0.22 uem T2,
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FIG. 2. [(a), (b)] The resistivity p, and p. of Th,CoSi; measured
along the crystallographic axes a and c, respectively. [(c), (d)] The
0o and p. vs T2, [(e), (f)] Effect of the magnetic field on the
quantum correction to the resistivity. The dashed lines represent the
fitted relation T''/? to the experimental data. The arrows indicate the
onset of the T/ relation in p(T) for B =0 and 9 T. [(g), (h)] The
resistivity data for B=0 T and 9 T, plotted on a log T scale. The
B =9 T data are shifted for clarity. The dashed lines represent the
log T dependence, while the arrows indicate the 7' range over which
it holds. The solid lines represent the fitted curves, which consist of
two components of opposite sign: —T''/? and T°.

Figures 2(e) and 2(f) show the effect of a magnetic field
on the AT !/? resistivity correction. These figures clearly show
that as the magnetic field strength increases, T, and T* shift
toward higher temperatures, while the A coefficient remains
unaffected. The absence of a visible magnetic field effect
on the resistivity upturn rules out an interpretation based on
the magnetic single-ion Kondo effect. The magnetic-field-
induced increase of 7*, which in the 2CK model can be
associated with the Kondo temperature Tk, suggests that this

scenario is also not relevant in the studied compound. Ad-
mittedly, as shown in Figs. 2(g) and 2(h), there is a small
temperature interval in o(7") that can be described by the
alog T relation, but the a coefficient changes when the mag-
netic field is increased to 9 T. These experimental observations
are not typical for the nonmagnetic two-level system (TLS)
Kondo model, as it would imply that Tx varies with the
magnetic field. The change in the a factor in this case may
indicate that this narrow temperature range is governed by
a power law, since alog7 = log T“. In fact, if we consider
that p(T) consists of two terms with opposite signs: —7'!/2
and T, then we can obtain a very good agreement with the
experimental data, as shown by a solid line in Figs. 2(g) and
2(h). This additional contribution to p(T"), which is propor-
tional to 79, is most likely due to the superposition of the
classical and WL effects in electron transport [see Figs. 5(b)
and 5(¢)].

Since the explanation of the low-T resistivity in Th,CoSi;
within the 2CK effect scenario is unlikely, the results are
further analyzed in terms of EEI and WL effects. The clear
T'/? dependence of resistivity below T* suggests that the
interaction between particles in the diffusion channel is the
dominant contribution in this temperature range. The result-
ing correction to the conductivity can be described by the
equation [3,4,45,46]

0.915¢2 (4 3\ Dyuky’T'? X
3775 (1)

Ao = DDy D) 2
where D, represents the principal values of the diffusion
coefficient tensor and A denotes the electron screening pa-
rameter. The bracketed terms correspond to the singlet and
triplet diffusion contributions, respectively. However, as will
be shown from the magnetoresistivity data, Th,CoSis; exhibits
significant conduction electron spin relaxation, rendering the
triplet contribution ineffective in this scenario. Consequently,
the IC is solely determined by the singlet diffusion chan-
nel. Furthermore, assuming that the diffusion tensor can be
represented by an ellipsoid of revolution with the principal
long axis aligned with the crystallographic ¢ direction, i.e.,
D, = Dy, = Dy, and D. = D_,, we can easily derive, using
the Einstein relation, that the IC takes the following form
depending on the crystallographic direction [3,4,46,47]:

D2
Api = —Ap} ——T'"?, )
D,
where A, is a numerical factor defined by the constants in
Eqg. (1). These equations accurately represent the experimen-
tal results using the following diffusion coefficients: D, =
1.32cm?s ! and D, = 1.68 cm?s™ .

The possible effect of WL on the low-T resistivity of
Th,CoSi3 was verified by magnetoresistance (MR) measure-
ments. The results of MR and their analysis are shown in
Figs. 3 and 4. The total MR between 0 and 9 T can be de-
scribed as a sum of two components: the WL (MR,,;) and the
classical (MR;). The MR; contribution can be approximated
by the relation MR, = (w.7)*> = a,B?, where w. and T are
cyclotron frequency and relaxation time, respectively. In turn,
MR,,; can be determined by a formula that takes into account
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FIG. 3. Transverse MR of Th,CoSi; between —0.2 and 0.2 T [(a),
(b)] and -2 to 2 T [(c), (d)]. The solid lines represent the fit using
Eq. (3). In both ranges the values of the fit parameters are exactly
the same. In the upper panel the MR data at 4, 6, and 10 K have been
omitted, while in the lower panel the corresponding curves have been
shifted for clarity.

the spin-orbit interaction and anisotropic diffusion [4]:

A _ A.e (eB\'?T1 (B 3 (B ;
%-m(f) [zf(B:)‘zf(B—z)} )

In this equation, A,, which is a parameter resulting
from the anisotropic diffusion coefficient, is defined as fol-
lows: A, = %"(g—j)m, where D, = [detD,,]'? and D? =
D, (Dysin*6 + D, cos’0). Here, D, represents the “cy-
clotron” diffusion coefficient, and 6 is the angle between the
axis of the ellipsoid and the magnetic field induction [4].
Furthermore, the function f (B%) corresponds to the Kawabata

function [48], where the characteristic fields B, and B, are ex-
pressed as B, = B; + 2B, and B, = B; + 2B,/3 + 4B, /3 =
B, + 4B, /3. The characteristic field B; is related to the char-
acteristic scattering time t; by the relation B; = fi/4eD,,7;,
where j =i, so, s refer to the inelastic, spin-orbit, and T -
independent spin-spin scattering times, respectively.

From the analysis, it is clear that in the magnetic field
range up to 2 T, the MR data can be fully described using
only the WL contribution given by Eq. (3). As shown in
Figs. 3(a)-3(d), the fits reproduce the experimental data very
well, both in the initial field region and in the extended scale
up to 2 T, with the parameters 7, 71, 5!, whose values are
given in Fig. 5(a) and Table I. On the other hand, as shown in
Figs. 4(a) and 4(b), it is necessary to consider also the classical
MR in order to obtain agreement with the experimental results
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FIG. 4. [(a), (b)] Transverse MR of Th,CoSi; between 0 and 9 T.
The solid lines represent the sum of the WL [Eq. (3)] and the classical
MR. The corresponding curves have been shifted for clarity. [(c), (d)]
Separated MR, (solid lines) and MR, (dashed lines) contributions.

in stronger fields. Remarkably, it was found that the MR in
the whole field range can be described by a sum of MR,
and MR, using the fixed values of the fitting parameters
obtained from the low-field range and the coefficients a, equal
to 0.0037% T2 and 0.0038% T2 for the a and ¢ axes,
respectively. It is also worth noting that MR, is proportional
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FIG. 5. (a) Dephasing rate in Th,CoSi; determined from MR
analysis. The solid lines represent the fitted relation: 7, ' = 27" +
a;T3. [(b), (c)] The low-T region of p, and p,. The dashed and solid
lines represent the EEI and WL contributions, respectively.
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TABLEI. The q; factor and the characteristic relaxation rates t j"
determined from the MR analysis.

Axis @ (s7'K) 7' A0K)sTH i (sTh ol (s™h
a 1.89 x 107 1.89 x 10'° 1.22 x 10 2.00 x 102
c 2.08 x 107 2.08 x 10%° 1.30 x 10" 4.52 x 10'?

to B2, as is MR,,; in the low-field limit, but it is much smaller
than MR, so omitting it does not violate the fitting procedure
below 2 T. For example, as shown in Figs. 4(c) and 4(d), which
presents the MR,,; and MR, contributions, even at a field of
2 T, MR,; is only 0.0015%, which is 10 times smaller than
MR, at 20 K.

The 7, '(T) obtained from the MR analysis is shown in

Fig. 5(a). As we can observe, 7, ! decreases rapidly with
decreasing temperature, but below 10 K the rate of de-
crease slows down with a clear tendency to saturation. Over
the studied temperature range, 7, ! can be described by a

relation 7, ! = 277! 4+ ;T". The T-dependent term repre-
sents the dephasing rate due to either electron-phonon or
electron-electron scattering. While in a dirty limit for the latter
mechanism n = 3/2, for the former n adopts value between 2
and 4, depending on the different phonon modes involved in
the scattering process [49-51]. In our case one can obtain a
good fit using the values of a; given are Table I and n = 3.
Thus, it shows that the temperature variation of the 7, Uin
Th,CoSi3 is dominated by the electron-phonon scattering.
Conventionally, it is believed that since the inelastic scattering
of the electron with other electrons or phonons vanishes as 7'

approaches zero, the 7, ! should also vanish. However, it turns

out that in many systems the 7 ! tends to finite value [51-53].

Several mechanisms have been proposed to explain the sat-
uration of 7, !, including zero-point motion, high-frequency
external noise, spin-spin scattering, electron scattering from
TLS impurities, and others [51,52,54-56]. Although the
search for the microscopic origins of zero-T dephasing has

been the subject of extensive theoretical and experimental
investigation, the problem appears to remain unsolved [51].
Among the existing scenarios, spin-spin scattering is often
proposed, because the magnetic impurity-free samples are
usually difficult to obtain [8,57,58]. It seems that this sce-
nario can be considered as most likely in Th,CoSi3, since the
magnetic susceptibility clearly shows the presence of param-
agnetic admixtures.

It is also worth noting that 7! and 7,”' are comparable in
size below about 10 K. To see what effect this might have on
the WL correction, calculations of its magnitude were made
using the relationship [4,59]

e
NGy, = L
Tu = 2 [detDW] [detD,,, "2 < 4% i, )

As evident from the Figs. 5(b) and 5(c), the calculated WL
contribution to p(7') is significantly smaller than that of the
IC. It is worth also noticing that 7y, is much shorter then
7, even at 20 K, which places the investigated Th,CoSi3 in
the antilocalization regime. This causes the WL correction
to increase with increasing temperature; however, the rate of
increase is relatively modest due to the most likely substantial
contribution of the spin-pin scattering term to the dephasing
process.

In conclusion, the magnetotransport results of Th,CoSis
presented in this study validate the scenario within the
Altshuler-Aronov theory in which the triplet diffusion channel
does not play arole in the IC of disordered conducting systems
under strong spin-orbit interaction. As a consequence, the
IC of the conductivity of Th,CoSi; remains unaffected by
magnetic field. Remarkably, the small magnitude of the WL
correction compared to the dominant IC and its saturation
below 10 K ensures that the WL effect does not violate the
T2 dependence in the studied Th,CoSis.

The author thanks M. Daszkiewicz and M. Szlawska for
checking the crystal structure and crystallographic orientation
of the studied samples.
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