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Abstract – Resistivity measurements and temperature-dependent X-ray structural analyses are
reported for the crystalline compounds GdPd3BxC1−x. We show that a controlled tuning of the
temperature coefficient of resistance (TCR) can be done by modifying the structural parameters
and chemical environment of the compounds. We have achieved the result of negative TCR in
an ordered, non-Kondo crystalline compound. Electronic-structure calculations have been carried
out to elucidate some of our observations.

Introduction. – Electrical transport in metals is
in general characterized by a positive temperature
coefficient of resistance (TCR), defined as α(T ) =
1/ρ(T )[dρ(T )/dT ]. However there are also examples of
materials whose resistivity (ρ) decreases with increasing
T over a wide range of temperature [1–3]. Such materials
with negative TCR (NTCR) are amorphous metals,
highly disordered compounds (both structurally [2] and
chemically [3]), liquid metals [4] and quasicrystals [5].
There exists a well-known Mooij criterion that correlates
the sign of TCR with the value of ρ for conductors and
further suggests that the TCR changes sign and becomes
negative when the value of ρ crosses the critical value,
ρc ∼ 150µΩ–cm [6]. Later Tsuei collected more than 500
data over various samples and modified the Mooij criterion
with a value of ρc that can vary from 30 to 400µΩ–cm [7].
In this paper we find the unusual result of a NTCR in an

ordered, non-Kondo crystalline intermetallic compound,
GdPd3B. Our data suggest that chemical disorder is not
the causative factor for NTCR; on the contrary, we are
able to tune the sign of the TCR of GdPd3BxC1−x in
a controlled fashion from negative for x� 0.75 to posi-
tive for x� 0.50 by introducing disorder at the B site
through partial substitution with C. We find this effect by

(a)E-mail: chandan.mazumdar@saha.ac.in

analyzing the electrical transport and structural proper-
ties of the compounds GdPd3 and GdPd3BxC1−x (x=
0.25, 0.50, 0.75 and 1.0). The latter compound crystallizes
in a cubic perovskite (ABO3) like structure with Pm3̄m
space group symmetry[8,9] (top inset, fig. 1). GdPd3 also
crystallizes with the same space group symmetry but the
body center position remains vacant [8]. For comparison
we have also investigated off-stoichiometric compounds
GdPd3Bx (x= 0.50 and 0.75). Experimental studies are
accompanied by electronic-structure calculations for gain-
ing more insight into the conduction mechanism.

Experimental and computational details. –
Polycrystalline compounds were synthesized using the
standard arc melting process. Homogeneity was enhanced
by vacuum annealing at 1000 ◦C for 240 hours. The
structural characterization was performed by powder
X-ray diffraction (XRD) technique in 12–300K range. The
measurements were performed using CuKα radiation on a
Rigaku-D/max-2500/PC high-resolution powder diffrac-
tometer based on the rotating anode X-ray source. The
FullPROF package was used for XRD data refinement
and powder pattern simulations [10]. Electrical resistivity
was measured by a conventional four-probe technique in
20–300K range. Electronic-structure calculations have
been carried out within the local density approximation
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Fig. 1: Powder XRD patterns at room temperature of
(a) GdPd3, and GdPd3BxC1−x with (b) x= 0.50 and (c) x=
1.0. The insets in each layer depict low-angle primitive cubic
peaks, (100) and (110), on a magnified scale along with
Rietveld fits and difference profile. The top left inset shows
the crystal structure of GdPd3BxC1−x, where X denotes the
position of B and (or) C.

(LDA) within the density functional theory (DFT) in
the linear muffin-tin orbital (LMTO) basis [11]. The
calculations for mixed compounds, GdPd3BxC1−x, were
made with supercells of dimension 2× 2× 2 containing
8 formula units. Although the attempts to prepare the
single-phase GdPd3C were not successful, its electronic-
structure calculations were found to be useful for a
systematic comparison.

Structural characterization. – Figure 1 shows
XRD profiles for two extreme compositions: GdPd3
and GdPd3B along with one intermediate composition,
GdPd3B0.50C0.50. All the peaks in this figure could be
indexed with respect to the cubic unit cell. In principle,
GdPd3 may be ordered or disordered with primitive or
face-centered cubic lattices (fcc), respectively. In the
uniformly disordered GdPd3, the space lattice would be
fcc for which the permitted reflections are those whose
Miller indices correspond to either three odd or three even
integers only, but not to odd-even mixed integers. For
the ordered GdPd3, the space lattice becomes primitive
for which even mixed (i.e. both odd and even) integer
indices are permitted. In order to verify if our GdPd3 is
ordered or disordered, we depict in the inset to fig. 1(a)
the zoomed profile for the 2θ range from 20 to 32 degrees.
The presence of 100 and the 110 cubic peaks in the insets
clearly rules out a completely disordered fcc lattice. The
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Fig. 2: (a) Experimentally observed (normalized with respect
to the 111 Bragg peak) powder XRD patterns of GdPd3 and
GdPd3B, depicting (100) and (110) Bragg peaks. A polynomial
fit has been used to subtract the background. (b) Simulated
pattern of the same compounds.
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Fig. 3: (a) Simulated XRD patterns of GdPd3B. The bottom
row exhibits the pattern with an ordered arrangement. The top
row exhibits the pattern of a partial disordered arrangement
(where one-sixth of Pd atoms have exchanged their positions
with Gd atoms). (b) The same simulated pattern on an
enlarged scale to depict 100 and 110 Bragg peaks.

simulated powder pattern using the Pm3̄m space group
for the fully ordered GdPd3 matches very well with the
observed one, as can be seen from fig. 2, which depicts
the observed and calculated profiles for the 100 and 110
reflections. This suggests the formation of an ordered
GdPd3 compound free from disorder. It is in agreement
with what is known in the literature for this family of
compounds [8]. For the other extreme composition, i.e.
GdPd3B, the situation is a little complex. In contrast
to GdPd3, the space lattice of GdPd3B shall always be
primitive even if Gd and Pd are fully disordered. This is
because of the B atom sitting at the body center position
of the cubic unit cell. It is evident from fig. 2(b) that
the presence of B modifies the relative intensities of 100
and 110 reflections in the sense that 110 is now stronger
in intensity than 100, whereas it was just opposite for
the pure GdPd3. In the case of GdPd3B, intensities of
the characteristic primitive cubic reflections (e.g., 100
and 110) would be modified drastically by the inclusion
of even a partial Gd/Pd disorder. We illustrate this in
fig. 3, which depicts the simulated powder patterns for
GdPd3B considering the fully ordered (i.e. with no cross
site substitution) and partially disordered arrangements
of Gd and Pd atoms at the cube corner and face-centered
positions, keeping always boron at the body-centered
position. In the absence of ordered arrangement of Gd and
Pd, the intensities of the two peaks are reduced dras-
tically (from about 1 and 1.5% to about 0.12 and
0.4%, respectively, when one-sixth of Pd atoms have
exchanged their positions with Gd atoms). Figure 2
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Fig. 4: Observed, calculated and difference profiles of ordered
and different disordered arrangements in GdPd3 and GdPd3B.

compares the observed and simulated profiles for the fully
ordered GdPd3B compound. The agreement between
the two profiles is very good in terms of the relative
intensities of the 100 and 110 peaks. The presence of
Gd/Pd disorder would have reduced the intensities of
100 and 110 reflections well below 0.5%, as can be
inferred from fig. 3. We may thus infer that GdPd3B is
also ordered. Further, for the intermediate compositions
(GdPd3BxC1−x) also, the 100 and 110 reflections are
not only present but their intensities are of the order
of 1 and 1.5%, respectively (see fig. 1 for x= 0.50), as
expected for the ordered arrangement of Gd and Pd
atoms. For a more quantitative confirmation of the
ordered arrangement of atoms, we carried out full pattern
Rietveld refinements for ordered (i.e. Gd at (0, 0, 0)
and Pd at (12 ,

1
2 , 0), (

1
2 , 0,

1
2 ) and (0,

1
2 ,
1
2 )) and partially

disordered (i.e. Gd1−xPdx at (0, 0, 0) and Pd3−xGdx at
( 12 ,

1
2 , 0), (

1
2 , 0,

1
2 ) and (0,

1
2 ,
1
2 ) with x= 0.10, 0.25, 0.50,

0.75) arrangements. Figure 4 depicts the fits between
the observed and the calculated profiles along with the
difference profiles, for the (100) and (110) Bragg peaks of
two extreme compositions, GdPd3 and GdPd3B. As can
be seen from this figure, the fully ordered structure gives
the best fits for both the compounds. A very small peak
(� 0.15%) around 29◦ in GdPd3 is due to a trace impurity.
It is also evident that exchange of even 10% Gd sites
with Pd deteriorates the fits considerably, the effect being
more pronounced for GdPd3B. With further increase in
disorder, the fits worsen drastically. We can therefore
conclude that GdPd3, GdPd3B and GdPd3BxC1−x are
ordered phases.
We also performed the total energy and force calcu-

lations [12–14] to check the most stable configuration of
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Fig. 5: Resistivity ratio, ρ(T )/ρ300K, of GdPd3 and
GdPd3BxC1−x as a function of temperature. T ∗ has been
marked by a dotted vertical line. The inset shows the vari-
ation of ρ300K and α300K as a function of B stoichiometry.
The x= 0.0 datum represents the value for GdPd3 (

†).

atoms in the lattice. These calculations suggest that the
minimum energy configuration is achieved only when B/C
are in body-centered position and Gd/Pd antisite disorder
is absent. Movement of B to any other sites, e.g. (12 , 0, 0),
is energetically not favorable. In short, we did not find
any detectable disorder and antisite movements in these
compounds. We can thus conclude that within the limit of
resolution of our XRD measurements (> 0.2%) the GdPd3
and GdPd3B compounds form well-ordered structures.

Electrical transport and electronic structure. –
Figure 5 shows the temperature dependence of ρ(T )/ρ300K
for GdPd3 and GdPd3BxC1−x. We notice that room
temperature resistivity increases with an increase in
the B content (inset of fig. 5). The residual resistivity
ratio (RRR) for the host compound, GdPd3, can be
approximately estimated to 0.7. The value of RRR for the
non-magnetic analogues of GdPd3, viz. YPd3 and LuPd3,
is 0.68 and 0.66, respectively. A similar magnitude of RRR
in polycrytalline GdPd3 and its diamagnetic analogues
suggests a non-magnetic origin of the observed high RRR
in these compounds. It may be noted that for the electron-
phonon (e-ph) interaction in crystalline materials, RRR
depends sensitevely on the Debye temperature. Focusing
on the high-temperature behavior, the important feature
to notice is that the sign of the TCR varies from a positive
for GdPd3 to a negative value for GdPd3B. In other words,
the sign of TCR varies from a positive to a negative value
as the B content (x) is increased in the GdPd3BxC1−x
series. On partial replacement of B with C, the TCR
can be tuned from a negative value for x= 0.75 to a
positive value for x= 0.25. The other feature to notice is a
transition in ρ(T ) around T ∗ ≈ 45K in the GdPd3BxC1−x
series; below T ∗ the TCR has positive sign for all
values of x. The crossover at T ∗ is relatively less sharp
for the stoichiometrically symmetric compounds with
x= 0.50 and 1.00 but quite sharp for x= 0.25 and 0.75.
The variation of α300K with x is linear as α changes sign
from positive to negative (inset of fig. 5).
Magnetic measurements exhibit that all the five

compounds investigated are paramagnetic in the discussed
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Fig. 6: Non–spin-polarized LDA band structure of GdPd3,
GdPd3B and GdPd3C, plotted along the high symmetry direc-
tions of the cubic BZ, Γ= (0, 0, 0)-M = (π,π, 0)-X = (π, 0, 0)-
R= (π, π, π). The zero of energy is fixed at Fermi level. The
bars indicate the dominant band characters.

temperature range (20–300K) [15]. However, compounds
undergo antiferromagnetic-like ordering at further low
temperatures with TN = 6K for the host compound
GdPd3, consistent with the reported value [16]. Among
these compounds, the highest observed TN is 15K for
x= 0.25. Details of the magnetic properties shall be
discussed elsewhere [15].
Band structure calculations have been carried out for

all the five compounds presented in fig. 5 considering the
room temperature crystal structure data, but results are
shown for only GdPd3, GdPd3B and also for GdPd3C
(fig. 6). These suggest that all the compounds are metal-
lic. This conclusion has been checked in the presence
of magnetism of Gd-4f states and correlation effects
beyond LDA in Gd and Pd via LDA+U calculations.
We have also verified our results from energetically more
accurate, full potential augmented plane-wave (LAPW)
calculations [17]. The effect of the spin-orbit coupling
in the presented electronic-structure calculation has been
checked and found to be not important for the para-
magnetic phases under consideration. The basic electronic
structure of GdPd3 consists of nearly full Pd-d and nearly
empty Gd-d bands. With the introduction of B, B-p
states which are partially filled appear close to the Fermi
level and strongly hybridize with Pd-d. The hybridization
between Gd-d and B-p is small due to large inter atomic
separation of the 2nd nearest neighbors. Replacing B by
C results in three primary effects: i) the hybridization
between C-p and Pd-d is enhanced since the C-p level
is much closer to the Pd-d level than B-p is to Pd-d.
ii) The C-Pd bond becomes more directional. iii) C has one
more electron than B, which acts as a band filling effect,
moving the Fermi level up in energy. For both GdPd3 and
GdPd3C, highly dispersive bands cross the Fermi level,
therefore it is expected that the Fermi velocity and the
mobility of the carriers will be high and hence the effective
mass (meff ) will be low. On the other hand, for GdPd3B
the Fermi level lands in a region of flat bands with
low velocity. The mobility of the carriers is therefore
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Fig. 7: Density of states of one formula unit of GdPd3BxC1−x.
The line at zero denotes the position of the EF .

expected to be low with high meff . One would there-
fore predict the resistivity of GdPd3 and GdPd3C to be
lower than that of GdPd3B and the compounds with rela-
tively higher carbon stoichiometry in GdPd3BxC1−x to
be more conducting. Accordingly, we have calculated the
conductivities of GdPd3B and GdPd3C using the density
of states at the Fermi level and Fermi velocity. The elec-
trical conductivity [18] of GdPd3C is found to be about
3 times that of GdPd3B. This trend is also found in exper-
iments (inset of fig. 5). The computed density of states
presented in fig. 7 show a hump-dip-hump kind of struc-
ture which arises due to the hybridization between Pd-d
and B-p. We observe the systematic effect of band fill-
ing and the simultaneous pronouncing of the hump-dip-
hump structure as one changes the B concentration from
1.0 to 0.0. Therefore, one would also expect a systematic,
monotonic decrease in resistivity as the B concentration is
reduced from 1.0 to 0.0, as is also observed in experiment.
Figure 8 shows that as long as (x) is � 0.75, NTCR

persists in the stoichiometric compositions. However,
NTCR can result even for x< 0.75 in the off-stoichiometric
composition, e.g., GdPd3B0.50 (fig. 8). The introduction
of C in the off-stoichiometric compound GdPd3B0.50,
thereby turning it to GdPd3B0.50C0.50, causes drastic
changes in that the sign of the TCR reverts from negative
to positive. This suggests that disorder at B site is not the
causative factor for observed NTCR [3]. This conclusion
is in conformity with electronic-structure calculations,
which indicate that the introduction of C in the lattice
makes the compound more conducting. We notice from
the inset of fig. 8 that GdPd3B0.50 and GdPd3B0.50C0.50
which show a large difference in the value and sign of
TCR also concurrently show a large difference in the
lattice parameter. The compounds GdPd3B0.75 and
GdPd3B0.75C0.25 that have nearly the same lattice
parameter also show a similar resistivity behavior. This
suggests that along with chemical stoichiometry the
structural parameters also play an important role in
determining the sign of TCR. The size of B is more than
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the size of octahedral void at the center of the cubic unit
cell; thus its introduction causes a negative pressure or
a tensile stress and results in the lattice expansion [8].
By substituting B with C, which is smaller in size than
B, the lattice parameter decreases (inset of fig. 8) and
one can fine-tune the magnitude of the negative pressure
generated by the oversized B atom. We believe that this
negative pressure is crucial to the NTCR behavior in our
system.

On the origin of NTCR behavior. – Focussing on
possible explanations for observed NTCR in high B stoi-
chiometry compounds, we may rule out oft-quoted mech-
anisms, e.g., the Ziman model [19], the structural Kondo
model [20] and incipient localization [21] etc., as all these
refer to highly disordered systems and exhibit a nonlinear
ρ(T ) behavior, except the Ziman model which yields a
linear T -dependence for T � θD (θD: Debye temperature).
But the Ziman model is relevant only for liquid metals
where there is no structural correlation between atoms. In
addition, the presence of sufficient density of states at the
Fermi level (fig. 7) rules out the possibility of a narrow
band gap semiconductor-like behavior [22]. Grain bound-
ary effects can also be ruled out as they primarily cause
a change in magnitude of resistivity by a constant factor
in metallic systems [23]. Moreover, grain boundaries are
present in all the compounds studied here, irrespective of
negative or positive TCR. In addition, the optical micro-
graph of the host compound, GdPd3, suggests a good qual-
ity of the sample. We believe that long duration of anneal-
ing has homogenized the ordered phase and the grain size
is large enough so that the grain boundary volume fraction
becomes negligible in comparison to the grain volume.
One might be tempted to use the Baym-Meisel-Cote

(BMC) theory [24,25] to explain the observed NTCR,
as it predicts the occurrence of NTCR and a linear
variation of ρ(T ). However, this theory is valid only for
non-magnetic amorphous compounds exhibiting weak

Pauli paramagnetism [25]. In contrast, as mentioned
earlier, the crystalline compounds studied here undergo
antiferromagnetic-like ordering at low T and exhibit
Curie-Weiss paramagnetic behavior at high T . Hence,
the possibility of weak Pauli paramagnetism can be ruled
out. Considering the above deviations, the application
of the BMC theory does not seem suitable here. For
example, let us consider GdPd3B, which shows largest
NTCR. This compound exhibits magnetic ordering at
low T (TN = 8K) and paramagentic character at high T
(µeff = 8.04µB and θP =−20.2K)[15]. To use the BMC
theory for GdPd3B, we need to consider the presence of a
significant structural disorder (which is not distinctively
discernible in XRD studies) and extend the validity of the
theory to compounds having substantial paramagnetic
moment. Thus, for the present experimental observations,
this approach does not seem to be applicable.
The other possible scenario could be the interpretation

of observed ρ(T ) within the Drude framework in which
the T -dependence arises from the product of ν (scattering
rate) and meff , which occur in the numerator of ρ(T )
in a product form (ρ= νmeff/ne

2). Because ν is known
to increase linearly with T for the e-ph scattering in
crystalline metals, this increase must be offset by a more
accelerated decrease of meff with T . Such a scenario is
indeed possible as the size of the octahedral void would
increase with T due to the linear thermal expansion of
metallic Pd-B/C bonds, resulting in a reduction of strain
and thereby causing a decrease in the strain-modulated
e-ph mass enhancement [1]. The rate at which meff
decreases with T is expected to increase with increasing B
stoichiometry. The strong T -dependence ofmeff on higher
B stoichiometry is discernible in the experiments. We do
not, however, need an exceptionally large change in meff
to observe this effect. Indeed for GdPd3B0.75C0.25, where
the change is maximum, a reduction of meff by a factor
of ∼ 1.78 can produce the observed results. This value
is close to those reported for some alkali metals [26]. We
must mention here that this decrease in strain-modulated
e-ph mass enhancement with the increase in T should not
be confused with normal lattice expansion effects that lead
to band narrowing and hence in turn result in an increase
in meff . Our electronic-structure calculations suggest
that the lattice expansion in the discussed temperature
range does not produce any significant band narrowing.

Low-temperature anomalies. – Turning to the
low-temperature behavior and issues of the existence
of T ∗, we now discuss the low-temperature structural
analysis, where we observe a quite distinct behavior of
the compounds with a symmetric distribution of B and C
(x= 0.50 and 1.0) and the compounds with asymmetric
distribution (x= 0.25 and 0.75). The low-temperature
XRD pattern of GdPd3B0.75C0.25 exhibits a redistribution
of the peak intensities of (111)/(200) and (331)/(420)
Bragg peaks below T ∗ (inset of fig. 9), associated with a
redistribution of the peak width of the (111) and (200)
peaks (fig. 9). For example, below T ∗, the peak width
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function of temperature. The FWHM of the (200) peak for
GdPd3B0.75C0.25 has also been presented. Lines are a guide to
the eye. The inset shows the XRD profile of GdPd3B0.75C0.25
at two different temperatures.

of the (111) peak exhibits a sudden increase though the
peak intensity gets reduced, while the reverse is true
for the (200) peak. No such behavior is observed in the
XRD pattern of other compositions (x= 0.25, 0.50 and
1.0). A detailed analysis of the structural changes in
GdPd3B0.75C0.25 below T

∗ is beyond the scope of this
work and still in progress. However, our observations
suggest that the change from NTCR to positive TCR
at T ∗ in this compound may be linked with a structural
phase transition occurring in the same temperature
region. This again infers that electrical transport in this
series exquisitely depends upon the structural parameters.
In contrast, in GdPd3B0.25C0.75, which also has the asym-
metric distribution of B and C, the sign of the coefficient
of thermal expansion becomes negative below T ∗, i.e. the
cubic lattice parameter decreases down to about T ∗ and
then increases with further decrease in T below T ∗ leading
to negative thermal expansion (NTE) [27]. The NTE can
be ascribed to transverse vibrations (TV) resulting from
the anisotropy in the site occupancy in this compound.
If we assume a uniform distribution of B and C over the
lattice and consider a supercell of dimension 2× 2× 2, we
have a configuration of eight corner-sharing octahedra,
six of which are C-Pd6 and two are B-Pd6. At low T ,
the asymmetry around Pd atoms could lead to TV of Pd
atoms along C-Pd-C bonds, perpendicular to the cubic
face, which in turn will decrease the distance between Gd
atoms, causing an NTE [28]. These low-energy anisotropic
TV would of course be present at higher temperatures
but are masked by high-energy longitudinal modes,
yielding the usual lattice expansion with temperature.
Gradual freezing of these TV below T ∗ is expected to
be the reason for the observed sharp downfall of the
resistivity below T ∗ in GdPd3B0.25C0.75 [29]. In the
case of GdPd3B and GdPd3B0.50C0.50, where we have
symmetric distributions of B and C, no NTE is observed
and no remarkable change in the ρ(T ) behavior below T ∗

is noted either (fig. 5). In the case of GdPd3B0.75C0.25,
where we have asymmetry with higher B stoichiometry,

the effect seems stronger causing more significant changes
in the structural parameters (inset of fig. 9), leading
probably to a structural phase transition.

Conclusions. – We have observed unusual NTCR
in an ordered (within the resolution limit > 0.2%) poly-
crystalline compound. Our data suggests that chemical
disorder is not the causative factor and the possible origins
of NTCR have been discussed. Electronic-structure calcu-
lations confirm the metallic nature of the compounds
throughout the concentration range. We have observed
contrasting electrical and structural properties of stoichio-
metrically symmetric (x= 0.50 and 1.00) and asymmetric
(x= 0.25 and 0.75) compounds in the low-temperature
region. GdPd3BxC1−x series of compounds show the
existence of a transition temperature with a distinctly
different low-temperature behavior, which is more
prominent in stoichiometrically asymmetric compounds.
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[23] Dolinšek J. et al., Phys. Rev. B, 77 (2007) 054201.
[24] Cote P. J. andMeisel L. V., Phys. Rev. Lett., 39 (1977)

102.
[25] Mizutani U., Introduction to the Electron Theory of

Metals (Cambridge University Press) 2003, Chapt. 15.
[26] Elliot R. J. and Gibson A. F., An Introduction to Solid

State Physics and Its Application (Macmillan, London)
1974.

[27] Pandey A. et al., Appl. Phys. Lett., 92 (2008) 261913.
[28] Barrera G. D. et al., J. Phys.: Condens. Matter, 18

(2005) R217.
[29] Hancock J. N. et al., Phys. Rev. Lett., 93 (2004) 225501.


