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In this work, we report resistivity measurements on MgB, polycrystalline samples with increasing degree of
doping (disorder) up to temperatures higher than 900 K. In all cases the normal state curves are linear with
increasing temperatures, with no sign of flattening or downward bending (saturation) at high temperature. This
behavior, in sharp contrast to what is observed in superconducting compounds such as A15 and Chevrel phases,
can be explained considering the dominant 77 contribution to the electric conduction, together with the smaller
electron-phonon coupling of 7 carriers in MgB,, as compared to characteristic coupling strength of those
compounds. This indicates that in MgB, the disorder introduced in the lattice by thermal oscillations even at
900 K can still be considered as a perturbation within the Boltzmann description of transport.

DOI: 10.1103/PhysRevB.79.134508

I. INTRODUCTION

Superconductivity in MgB, is universally recognized to
be of conventional phonon mediated character.! In single
band superconductors, the transition temperature 7. can be
expressed in terms of the electron-phonon coupling constant
N. In turn, A is closely related to its transport counterpart A,
(Ref. 2), which determines the temperature dependence of
the normal state resistivity.

In the case of a multiband superconductor the situation is
more complex and 7. can be expressed in terms of a combi-
nation of all the elements of the matrix of the coupling con-
stant coefficients.> In MgB,, the o and = bands are both
coupled with phonons, particularly with the optical E,,
mode, but with different intensities: the o bands are strongly
coupled, whereas the 7 bands are weakly coupled. The two-
band model predicts therefore that the high 7. value in MgB,
is mainly determined by the largest eigenvalue of the cou-
pling matrix, that is, by the coupling coefficient of the o
bands.? On the other hand, transport properties are generally
dominated by the more conducting bands, less coupled with
phonons, namely, the 7 bands.* However, this picture might
fail in disordered samples.*~® Therefore, the analysis of nor-
mal state transport with increasing disorder up to high tem-
peratures is important to explore the role of the two kinds of
bands in the different disorder and temperature regimes,
which, in turn, is crucial to determine relevant superconduct-
ing properties such as the upper critical field.

In most metals, the temperature-dependent resistivity is
well described by the generalized Bloch-Griineisen (B-G)
law:

n (Op/T n
p(T) = po+ (n— 1)P'®D<®—TD> fo mdﬁc,
(1)

where pg is the low-temperature residual resistivity due to
impurity scattering, 0, is the Debye temperature, p’ is the
coefficient of the high-temperature linear slope and n is a
coefficient between 3 and 5. According to the Bloch-
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Griineisen theory, the temperature dependence at all but the
lowest temperatures arises from the assumption that the scat-
tering cross section for electrons is largely proportional to
the mean square thermal motion of the atoms, linearly pro-
portional to T at high temperatures. Yet, in many ‘“conven-
tional” superconducting compounds, a downward curvature
and a corresponding flattening of the resistivity curve, which
is commonly referred to as “saturation,” are observed at high
temperature. For example, such anomalous saturation is ob-
served in A15 compounds such as V;Si, Nbs;Pt, Nb;Al (Ref.
7), Nb;Sn (Ref. 8), Nb;Ge, V;Ge (Ref. 9), Chevrel phases,'?
transition-metal alloys,'' and iron oxypnictides.'””> On the
other hand, no saturation is observed in ZrN (Ref. 13) and
other compounds'#'® as well as in high-T, and other non-
conventional superconductors, despite in most cases the re-
sistivity reaching values even larger than those of A15 and
other saturating compounds.

The most crude explanation of resistivity saturation is
that, when the charge carrier mean free path € approaches the
interatomic spacing a, the classical Boltzmann theory breaks
down and the concept of mean free path itself loses validity,
because the uncertainty in the k vector of an electron is
comparable to the size of the Brillouin zone. The resistivity
reaches its saturation value pg, when € ~a, which is known
as the Ioffe-Regel criterion.!” Wiesmann et al.'® first intro-
duced the phenomenological parallel resistor model:

1 1 1 Up
—=———+—, with py=—,  (2)
p(T) pideal(T) Psat t SO‘QIZ;a

where vy is the Fermi velocity, (), is the plasma frequency,
Pideal 18 described by the Bloch-Griineisen law and the re-
sidual resistivity becomes p(0)=($+$)‘1. Experimental
values of pg, fall between 100 and 300 € cm in most of
the above-mentioned superconductors.

This simple parallel resistor approach fails in explaining
why the resistivities of ZrN and other compounds do not
saturate, and, in many cases, either overestimates or under-
estimates the experimental pg, value.'”! Alternative expla-
nations of the resistivity saturation have been proposed in-
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TABLE 1. Parameters of Al-doped samples Mg;_,Al B,: Al content x, transition temperature, defined at
90% of the normal state resistivity value, transition width, defined as the temperature interval where resis-
tivity drops from 90% to 10% of its normal state value, residual resistivity evaluated at 40 K, resistivity
difference Ap=p(300 K)—p(40 K), rescaled residual resistivity calculated as p(40 K)-(7.5 uQ) cm)/Ap
(see text) and residual resistivity ratios RRR, defined as p(300 K)/p(40 K).

Mg,_,AlB, T. AT, p(40 K) Ap Rescaled p(40 K)

sample name Al content x (K) (K) (uQ) cm) (uQ cm) (uQ) cm) RRR
SO 0 39.2 0.2 0.61 9 0.51 15
S1 0.15 334 0.4 13.5 12 8.30 1.9
S2 0.3 27.3 6.0 14.1 8 13.3 1.6
S3 04 25.1 17.0 23.2 194 1.4

cluding thermal smearing in superconducting compounds
characterized by sharp structures in the density of states near
the Fermi level,> unusual phonon anharmonicity,>® phonon
mode softening,>* and thermal expansion of the lattice.”
More recently Millis'® proposed a model based on the break-
down of Migdal approximation for large electron-lattice cou-
pling that well accounts for most experimental observations.

All these possible mechanisms were extensively reviewed
by Gunnarsson et al.?® The same authors?®?’ introduced a
new approach, and calculated the resistivity behavior in the
limit of very strong scattering, linking the latter to the behav-
ior of the optical conductivity o(w). In their treatment, the
Ioffe-Regel criterion is derived quantum mechanically and
many cases of violation of such criterion are explained. Gen-
erally, the loffe-Regel criterion for resistivity saturation is
fulfilled in large bandwidth noninteracting systems. A simple
formula, derived for d electrons in transition metal com-
pounds, is given by Gunnarsson, Calandra, and Han to evalu-
ate the saturation resistivity:

V tha

a3 Ndez ’

Psac=C (3)

where C=35 is a dimensionless factor that depends on the
details of the electronic structure, V is the volume of the unit
cell, and e is the electron charge.

The aim of the present paper is to report on measurements
up to high temperatures (900 K) on MgB, samples with dif-
ferent disorder levels and to discuss the results within the
two-band picture. Our purpose is to detect any anomaly in
the resistivity curves, by approaching on the one hand the
limit of validity of the Boltzmann theory € ~a and on the
other hand the breakdown of the Migdal approximation for
large electron-lattice coupling. The former regime is
achieved by increasing both disorder (decreasing ¢ due to
impurity scattering) and temperature (decreasing € due to
phonon scattering), while the latter regime is achieved by
increasing temperature (increasing electron-lattice interac-
tion). The case of MgB, is of particular interest, because in
order to observe any possible transport crossover between
bands, a broad temperature range must be spanned, but, to
the best of our knowledge, the only measurements of MgB,
samples at high temperature carried out up to now reach 400
K (Ref. 28) and 450 K.2° Moreover, a further reason for

exploring a large temperature range is due to the higher De-
bye temperature of MgB, compared to most superconducting
compounds, including A15s.%°

II. EXPERIMENTAL RESULTS AND DISCUSSION

In order to explore the MgB, resistivity curves also as a
function of disorder, a series of Mg,_,Al B, samples (called
here S0-S3) was prepared by the technique described
elsewhere.’! Irradiated samples®?> are not suitable for this
purpose because defects are recovered by annealing at rela-
tively low temperatures.>* The morphology of the samples
studied by scanning electron microscope analyses shows that
the undoped sample is formed by hexagonal shaped grains of
about 2—5 um in size, while the Al-doped ones consist of
smaller and irregularly shaped grains (<1 wm), with less
porosity.3

The transition temperatures 7, of our Al-doped samples
(defined at 90% of the normal state resistivity value) mono-
tonically decrease from 39.2 K to 25.1 K and the residual
resistivity values p(40 K) monotonically increase with in-
creasing doping, for substitutions up to 40%, as reported in
Table I.

Four probe resistivity measurements are carried out from
room temperature down to 5 K in a PPMS Quantum Design
commercial system and from room temperature up to almost
1000 K in a homemade apparatus. In this equipment, the
electrical contacts are realized by copper leads mechanically
pressed on the sample by springs and the temperature is mea-
sured by a chromel-alumel thermocouple. The heating rate is
about 0.5 K/min in order to minimize the stress due to the
different thermal expansion coefficients of the sample holder
components. A vacuum of nearly 107 mbar is maintained
throughout each measurement.

We focus our study on the resistivity curve shape, without
exploring how the absolute value of resistivity evolves with
disorder, since p in MgB, is dramatically affected by the
sample connectivity.>> This has been taken into account by
Rowell® rescaling the data in such a way that Ap
=p(300 K)-p(40 K) is forced to be a fixed value. In Table
I, we report the values of Ap, which, in our case, do not vary
very much from sample to sample, but without following any
monotonic trend. We rescale the resistivity curves by keeping
Ap~17.5 pQ cm for all samples, which is chosen as an av-
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FIG. 1. (Color online) Upper panel: Rescaled resistivity curves

of Al-doped samples up to 910 K. Lower panel: same resistivity

curves, after subtraction of the respective residual resistivity values,
plotted in log-log scale. The dashed lines indicate 7° and T slopes.

erage among experimental Ap values found in literature.’
The rescaled residual resistivity values of our Al-doped
samples, which range from 0.51 @) cmto 19.4 () cm, are
reported in Table I. We point out that the scaling procedure
clearly hides small changes in Ap due to intrinsic reasons.
However it has been suggested that material parameters such
as electron-phonon coupling, plasma frequency, and density
of states are not strongly affected by low level Al
substitutions.?”

In the upper panel of Fig. 1, we show the rescaled experi-
mental resistivity curves up to 910 K. It can be seen at a
glance that all the curves follow an overall linear trend at
high temperatures. Weak but detectable superlinear and sub-
linear deviations from linearity are observed that could be
related Mg loss as demonstrated by a thin layer of conduct-
ing Mg found on the walls of the sample chamber after each
measurement. Despite irreversible Mg loss, no phase trans-
formation takes place during heating, as demonstrated by
x-ray analysis; indeed, MgB, decomposition is expected to
occur around 1130 K at 107 mbar (Ref. 38), beyond the
range of our measurements. We also notice that the abrupt
jump at 450 K observed by Shen? is not present in our data,
as it is related to oxidation of free Mg at the grain bound-
aries, not occurring in our measurements, which are carried
out in vacuum.

In the lower panel of Fig. 1, we plot the same resistivity
curves in a log-log scale, subtracting the respective residual
resistivity values. Such plot emphasizes that all the curves
collapse, presenting the same T° behavior at low tempera-
tures and linear 7 behavior at high temperature. We conclude
that no crossover of transport between o and 7 bands does
occur.* This proves that at all temperatures the resistivity is
dominated by the 7 band (the one less coupled with
phonons) only, even in the most doped samples. Such out-
come, not obvious a priori, especially in the temperature
range where impurity scattering is not negligible, due to the
Al doping introduced disorder in the 7r band,?® justifies the
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TABLE II. Parameters p’ obtained by fitting resistivity curves of
Al-doped samples up to 900 K by using the Bloch-Griineisen law
(1) and the corresponding transport electron-phonon coupling con-
stant \,, calculated by Eq. (4).

!

p
Sample (2 cm K7') B-G fit N
SO 3.8X 1072 0.36
S1 3.6X 1072 0.38
S2 3.7X 1072 0.40
S3 3.9%x 1072 0.45

application of the Rowell criterion to disordered samples in a
self-consistent way.

The most important outcome evident from Fig. 1, for our
purposes, is the high-temperature linear behavior, which in-
dicates no resistivity saturation. Indeed, the four resistivity
curves are well described by the generalized Bloch-
Griineisen Eq. (1), with n=3, the same value of ®, around
1035 K and values of the temperature coefficient p’ ranging
from 0.036 to 0.039 Q) cm K~!. The coefficient n=3 is ex-
pected in multiband systems, where the conduction in one
band prevails and this band is strictly correlated with the
others by interband scattering processes.*’ This situation
fairly applies to MgB,: indeed, in the regime of phonon scat-
tering the inter- and intraband scattering rates of the m carrier
are comparable, yet remaining always much smaller than the
intraband scattering rate of the o carriers.*

For the sake of simplicity, and supported by the above
observation that at all temperatures the resistivity is domi-
nated by the 7 band, we are neglecting here the two-band
transport.*! In Table II the p’ fitting values are reported, to-
gether with the transport electron-phonon coupling constants
Ny Which are approximately extracted from p’ using the
single band relation:

2

Ny = Mﬂp', 4)

27K, B

where (), is the plasma frequency of the relevant band aver-
aged over the crystallographic directions ({2, values for the
pure sample and for different Al contents are taken from
Refs. 42 and 43 and listed in Table III), & is the Planck
constant, g, the vacuum dielectric constant, and Ky the Bolt-
zmann constant. We point out, however, that the extracted A,
absolute values must be taken with some caution, as they
clearly depend on the value imposed to Ap. Our extracted
Nu(m) Values (Table IT) well agree with theoretical evaluations
by Monni and co-workers* that give Ny(;=0.43 and Ay,
~(.93. Al doping is suggested to decrease severely A, while
density of states of 7 band increases with doping, suggesting
an increased \,3”* as experimentally observed. Further-
more, we notice that the transport coupling constant values
given in Table II are pretty small as compared to typical
coupling constants of other superconducting compounds that
exhibit high-temperature resistivity saturation (e.g., N~ 1.7
for Nb3Sn, A ~1.7-1.9 for Nb;Ge, A~ 1.4—1.6 for Nb3Al).
Instead, they are comparable with coupling constants of non-
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TABLE III. Theoretical parameters for Al-doped samples, taken form Ref. 43, namely, plasma frequencies
and Fermi velocities of the 7 and o bands, averaged over the crystalline directions. In the last three columns,
values of saturation resistivities calculated either from the Ioffe-Regel criterion Eq. (2) considering the 7
band only (sixth column), or from the Ioffe-Regel criterion Eq. (2) considering the 7 and o bands in parallel
(seventh column), or from the Gunnarsson-Calandra model Eq. (3) (last column). In the latter case, there is

PHYSICAL REVIEW B 79, 134508 (2009)

no dependence on Al content, since we neglect the few percent variation in the lattice parameters.

Psa from Eq. (2)  pgy from Eq. (2)

with 7w band  with 7 and o bands pg, from
Q,n Q4 VF(m) UF(o) parameters in parallel Eq. (3)
Sample (Hz) (Hz) (m/s) (m/s) (u) cm) (uQ) cm) (u) cm)
SO 932X 101 5.04x 10 578X 10° 3.28X 103 423 279 474
SI  9.79x 105 438X 10 6.21xX10° 3.01X 10 412 291 474
S2  1.01x10' 3.44x10% 6.76X10° 2.60X 10 423 325 474
S3  1.03x10' 2.78x 10 7.26X10° 2.60X 10 435 362 474

saturating superconducting compounds such as ZrN (A
~0.6) (Ref. 13).

We can now estimate the value of p, for MgB, using the
simple Toffe-Regel Eq. (2). The Fermi velocities as a func-
tion of Al content can be calculated as vF(W,),:% N(STOU)
(Table III), using the values of the density of states N, and
N, and plasma frequencies calculated in Ref. 43. In this
equation, the subscript i indicates the crystallographic direc-
tion. Assuming the boron-boron distance a=1.780
X 10719 m as lattice spacing, neglecting the variations of
lattice parameters due to Al doping and considering the
band only, we obtain the pg, values listed in Table III, around
~423 uQ cm for the different Al doping levels, all well
above the largest measured resistivity p(900 K)
~53 w) cm of our most doped sample. If we considered
the o and 7 bands in parallel, we would obtain smaller p,
values from 280 to 360 () cm for the four samples, as also
reported in Table III. For the electron-phonon scattering
mean free path, we have!”

fi
{~ LG(T)
2’77)\”KBT
T \3 (©0T 3
where G(T)=2<—) f o dx,
0p) Jo (=D -e™)

(5)

which gives, at 900 K, €~1.5-1.9 nm with 7 band param-
eters, 1 order of magnitude larger than the lattice spacing a.
If we considered the o and 7 bands in parallel, the € values
would turn out to be smaller, not far from the lattice spacing
value.

We can estimate the expected saturation resistivity value
also using the Gunnarsson relation (3). In MgB,, four orbit-
als contribute to transport: the 771 and 72 bands, formed by
the p, orbitals of boron atoms, and the ol and o2 bands,
formed by sp*-hybridized orbitals stretched along boron-
boron bonds; thereby, this yields N;=4 in Eq. (3). Assuming
a=~1.780 X 107! as above, we obtain py, ~474 ) cm.

In Fig. 2 we report the experimental curves for SO and S3
samples, as representative of the whole set of samples. The

latter sample should be the best of the series to look for
saturation effects, since it presents the largest resistivity, but
with increasing Al doping the plasma frequencies increase
and the Fermi velocities change in such a way that saturation
resistivities increase. Smaller saturation resistivity values are
indeed expected for the undoped sample SO (see Table III).
For each sample, two theoretical fitting curves, also plotted
in the figure, are obtained using the parallel resistor formula
with pjge given by the Bloch-Griineisen Eq. (1) and two
different pg, values, namely, the largest and the smallest of
those reported in Table III. The Ilargest pg, is the
Gunnarsson-Calandra saturation resistivity from Eq. (3)

30} SO]

20+

Py, =474uQcm

p_=279uQcm

sat

10+

p (uQ cm)
g

Py =474uQcm

200 400 600 800
T (K)

FIG. 2. (Color online) Rescaled resistivity curves of the un-
doped MgB, sample SO (upper panel) and most doped Mg ¢Aly 4B,
sample S3 (lower panel) together with the fitting curves obtained (i)
with pigear given by the B-G Eq. (1) and pg, obtained from the
Gunnarsson-Calandra Eq. (3), assuming four intermixed bands
(green continuous lines, not distinguishable from experimental data
points in this scale, in both panels) and (ii) with p;ge, given again
by the B-G Eq. (1) and pg, obtained from Ioffe-Regel formula (2)
assuming 77 and o bands in parallel (red dashed lines, clearly dis-
tinguishable from experimental data points at the highest tempera-
tures in the upper panel).
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(pea=474 L) cm for both SO and S3 samples); the smallest
one is the loffe-Regel saturation resistivity with the two
bands 7 and o in parallel (py, =279 w( cm for SO and
Pear=362 wf) cm for S3). It is clear that for sample S3 all
our estimations of pg, using either Ioffe-Regel or Calandra-
Gunnarsson relations nearly overlap with experimental data.
However, for the SO sample, a departure from linearity at the
highest temperatures would be expected in the hypothesis of
the Toffe-Regel formula with two bands in parallel (pgy
=279 w ) cm), while no sign of such departure is seen in the
experimental data. Instead, the Gunnarsson-Calandra satura-
tion resistivity well describes the experimental curve of SO.
These results show that the parallel conduction between o
and 7 bands fails to account for the resistivity versus tem-
perature behavior; indeed, the distinction between o and 7
bands is meaningless in the frame of high phonon scattering
and short mean free path. On the other hand, provided that
only the 7 band is taken into account, the simple Ioffe-Regel
equation explains the absence of saturation in MgB, up to
900 K. This indicates that such effects as temperature-
dependent bandwidth and temperature-dependent hopping
kinetic energy play no role in large bandwidth MgB,. Simi-
larly, also the Gunnarsson criterion describes the absence of
saturation, taking into account all the four 7 and o bands.
As already explained, we cannot inspect the evolution of
Ap with disorder in our experiment; however, such analysis
is possible on Gandikota’s experimental data on 2 MeV al-
pha particles disordered MgB, films.*> In that case, due to
their specific irradiation technique, carried out on the same
sample in successive steps, Ap should not be affected by
changes in intergrain connectivity. They found that Ap de-
creases by 30% as the residual resistivity increases and they
ascribe it to resistivity saturation. However we calculate that
ascribing this decrease to saturation effects would lead to
Pea=407 Q) cm, only slightly smaller than the Gunnarsson-
Calandra saturation resistivity. We conclude that the Ap de-
crease observed in that experiment may be explained in

PHYSICAL REVIEW B 79, 134508 (2009)

terms of saturation, but other effects such as DOS decrease
cannot be completely ruled out as well.

III. CONCLUSIONS

We report measurements of resistivity curves of MgB,
polycrystalline samples with increasing degrees of disorder
obtained by Al doping. Experimental data available up to
temperatures larger than 900 K, never reached before in lit-
erature to the best of our knowledge, provide information on
transport mechanisms in MgB,.

The temperature-dependent terms of all the samples
merge together and present a 7° behavior at low tempera-
tures and linear 7 behavior at high temperature. This allows
to achieve two main conclusions: (1) in the whole tempera-
ture range no crossover of transport between o and 7 bands
does occur with increasing disorder and only the most con-
ducting channel is effective (7). (2) No flattening out of the
resistivity curves is detected even in the most resistive
samples, which instead are well described by the Bloch-
Griineisen law.

The absence of saturation in our experimental data indi-
cates that in MgB, the disorder induced in the periodic lattice
by thermal vibrations and doping is not dramatic enough to
cause the breakdown of the Boltzmann description, so that
electron-phonon coupling can be treated perturbatively, even
at temperatures as large as 900 K.'® In this respect, the cru-
cial parameter is the coupling constant of the 7 band elec-
trons (Ay(;=0.4), which is low in comparison with values
of most superconducting compounds (A >1).
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