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Anomalous electrical transport behavior in the vicinity of the first-order magnetostructural
transition in the giant magnetocaloric Gd4ScGe4
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Magnetic, specific heat, and electrical transport measurements of Gd4ScGe4 single crystals reveal sharp,
discontinuous, nearly anhysteretic first-order magnetostructural transformation at TC = 63 K. The electrical
resistivity exhibits two distinct regions where it increases with decreasing temperature: between TC and
120 K, as well as below 3 K; electronic transport remains conventionally metallic at all other measured
temperatures, up to 325 K. The dispersion of charge carriers due to electron-paramagnon scattering is the likely
reason for the observed anomalous transport above TC. Additionally, the existence of intermediate lattice states
near the transition recognized by the spike in the interslab Ge-Ge distances is expected to reduce the mean
free path of the electrons contributing to the unusual behavior of the electrical resistivity between TC and 120 K.
Beyond conventional electronic and lattice terms, the third component of likely magnetic origin contributes to the
low-temperature heat capacity; the presence of spin waves may be responsible for the increased electron-magnon
scattering below 3 K. Minor magnetocrystalline anisotropy is observed with the b axis as the easy magnetization
axis in Gd4ScGe4. A negative deviation from linearity in the temperature dependence of the inverse magnetic
susceptibility is detected below 150 K.
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I. INTRODUCTION

Examination of solids reacting reversibly and vigorously to
external stimuli advances fundamental science by answering
questions such as why a specific physical response occurs,
what are the underlying mechanisms, and how the effect(s)
can be enhanced, suppressed or replicated? Those solids are
also important for applied science because they help to de-
velop approaches to manipulate the responses and optimize
relevant functionalities and identify ways to exploit them in a
variety of energy systems and devices. Extraordinarily strong
responsiveness of materials is commonly associated with dis-
continuous or nearly discontinuous phase transformations that
can be triggered by rather weak external influences, such
as minor variations of temperature, pressure or stress, and
magnetic or electric fields.

Less common when compared with continuous, second-
order phase transitions, first-order phase changes actuated by
weak stimuli result in major and rapid variations of multi-
ple physical parameters. For example, when the trigger is
a variable external magnetic field, the most obvious, eas-
ily observable, and potentially functional result is sharp and
substantial change of bulk magnetization. The latter is un-
derpinned by major rearrangements that occur in a sublattice
of individual magnetic moments, such as switching between
magnetically disordered and ordered states, or reorienting
the moment directions and changing magnetic structure. Fur-
ther, when the magnetic lattice is strongly coupled to the
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crystal structure, concerted magnetic and crystallographic
transformations, as well as changes in the electronic structure
and electrical transport behavior are often observed. There
is ample evidence that robust magnetoelastic coupling real-
ized in diverse material’s systems, including ferromagnetic
shape-memory alloys [1,2], perovskite-type manganites [3],
and rare-earth intermetallic compounds [4–7], may lead to
multifunctionality, such as giant magnetoresistive, giant mag-
netostrictive, and giant magnetocaloric effects, all observed in
a single material [2–4].

The R5T4 family of compounds, where R is rare earth
and T is group 13–15 elements (Ga, Si, Ge, Sn, Sb), is rich
with representatives known to react actively to temperature,
pressure, and magnetic field varying individually or together
[7–9]. While not every R5T4 material is strongly respon-
sive, those that are adopt peculiar crystallography, where a
three-dimensional crystal lattice is built from distinctly two-
dimensional atomic slabs stacked along the longest axis of
its unit cell, usually the b axis (Fig. 1) [8]. Each of the slabs
is a five-layer assembly, where the central flat atomic layer
composed of R and T atoms is surrounded by two identi-
cal, densely populated, nearly flat layers of R atoms capped
on both sides with loosely populated layers of T atoms. In
this structure, the stacking of the slabs is flexible, controlled
by variable interslab bonding that makes it possible for the
lattice to adjust in response to external thermodynamic stim-
uli through shear displacements of the slabs with respect to
one another. The shifts of neighboring slabs occur in op-
posite directions along the a axis, resulting in diffusionless,
discontinuous first-order phase transformations [4]. Notably,
the intraslab interatomic distances (and bonding) remain
practically intact across such displacive transformations, but
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FIG. 1. Schematic illustrating unique crystallography of R5T4

compounds using Gd5Ge4 as an example. The main difference
between the O(II)-Sm5Ge4 and O(I)-Gd5Si4 structure types consti-
tutes breaking and forming of the interslab T-T bonds reflected by
variable interatomic distances of, respectively, d (T −T ) = 3.6 and
d (T −T ) = 2.7 Å.

the interslab distances and bonding change significantly. In
particular, the interslab T-T bonds, highlighted in Fig. 1, can
be either completely (every slab is displaced with respect to
its neighbors) or half-broken/reformed (a slab is only dis-
placed with respect to one of the neighboring slabs) across
the transition (also see Fig. 9 for the temperature dependence
of d(T-T) in Gd4ScGe4), and this bond shuffling essentially
determines both the atomic and magnetic structures within the
R5T4 family [5,8].

The gadolinium germanide, Gd5Ge4, is one of the most
interesting among hundreds of known R5T4 compounds [5,10–
14], even though one of its Si-substituted counterparts,
Gd5Si2Ge2, is the most studied to date due to the giant
magnetocaloric effect it exhibits near room temperature [6].
Among many fundamentally interesting phenomena reported
in Gd5Ge4 [15], low-temperature kinetic arrest and associated
metastability are of particular importance. Nonequilibrium
states that emerge at certain combinations of temperature and
magnetic field affect the low-temperature physical behaviors
of this compound, revealing strong history dependence and
resulting in several unusual effects, such as magnetic defla-
gration [11,12].

Binary Gd5Ge4 adopts the Sm5Ge4-type crystal structure
at ambient conditions, also known as the O(II) type, where
all of the interslab T-T bonds are long (broken), see Fig. 1.
Upon cooling, paramagnetic (PM) Gd5Ge4 orders antiferro-
magnetically (AFM) at the Néel temperature, TN, of 130 K,
remaining AFM when cooled down to 1.8 K as long as the
external magnetic field, H, remains below critical, Hcr, which
varies between 10 and 15 kOe depending on the crystallo-
graphic orientation with respect to the magnetic field vector
[8]. The increase of magnetic field above Hcr, however, trig-
gers a discontinuous magnetostructural transformation from
the AFM O(II) phase into the ferromagnetic (FM) phase with

a closely related Gd5Si4-type crystal structure, also known as
the O(I)-type, where all of the interslab T-T distances contract
by nearly 1 Å reflecting reformation of the corresponding
bonds [5]. Remarkably, bonding between the nonmagnetic Ge
atoms determines whether the material is FM or AFM, so
in Gd5Ge4 the FM state is always associated with the O(I)
structure, while both AFM and PM states are supported by
the O(II) structure [5,10].

In addition to interesting magnetism, Gd5Ge4 shows an
unusual yet so far not fully understood electronic transport.
Levin et al. [13] reported that above TN the temperature de-
pendence of electrical resistivity, ρ, is nonmetallic, that is, ρ
decreases with increasing temperature with the hopping con-
ductivity as the likely mechanism, while in the magnetically
ordered state the behavior is that of a metal. The negative
∂ρ(T )/∂T above TN in Gd5Ge4 was independently confirmed
by Szade and Skorek, who also revealed that between 300 and
400 K ∂ρ(T )/∂T ∼= 0 [16], as well as by Xue et al. [17], who
found that the ρ(T ) behavior above TN is not affected by the
magnetic field, but it becomes anomalous at low-temperatures
in H = 20 and 40 kOe, reflecting field-induced O(II) AFM ↔
O(I) FM transitions. A number of first-principles calculations
[13,18] point to a pseudogap at the Fermi level in the density
of states (DOS) of Gd5Ge4, which may be responsible for the
nonmetallic behavior.

Partial substitution of Ge with Si removes the kinetic ar-
rest present in the Gd5Ge4 parent, and the magnetostructural
transition between the AFM-O(II) and FM-O(I) phases is no
longer impeded in a zero magnetic field [19]. Sousa et al.
presented a detailed investigation of the electrical resistivity
behavior in the Gd5Si0.4Ge3.6 compound [20], which is quite
complex: on cooling from room temperature to TN the resis-
tivity increases, then starts decreasing similar to Gd5Ge4, but
there is a sharp increase in ρ when the temperature approaches
TC. A local maximum in ρ(T) observed at TC is followed by
a rapid reduction of ρ down to 2 K. Repeated measurements
indicate that cycling across TC has little effect on the electrical
resistivity below TC, but it strongly affects the behavior above
TC – namely, a systematic rise in ρ is observed to the point
where the peak at TC disappears and the transition at TC
becomes manifested as a steep change in ρ(T ) for the 20th

cycle and beyond.
Removal of the kinetic arrest can also be achieved by

minor Sc for Gd substitutions [21,22]. Specifically, in the
pseudobinary Gd5−xScxGe4 system stabilization of the ferro-
magnetic phase accompanied by the rise in TC is observed
when the concentration of scandium, x(Sc), remains below
1; when x(Sc) > 1 a dilution of the Gd sublattice by the
nonmagnetic Sc weakens the magnetic exchange, gradually
reducing both the molar magnetic moment and ferromagnetic
ordering temperatures. The primary difference in the physi-
cal behavior between the Si-poor Gd5SixGe4−x and Sc-poor
Gd5−xScxGe4 is vanishing of the global PM-AFM magnetic
transition near x(Sc) = 1; the magnetostructural transition at
TC becomes order-disorder magnetically in Gd4ScGe4, unlike
order-order type in, for example, Gd5Si0.4Ge3.6 [19,20]. The
volume change at TC is lower in Gd4ScGe4, �V/V = 0.7%,
when compared with the �V/V = 1.15% in Gd5Si0.5Ge3.5
[23]; however, the compound is still expected to be affected by
significant strain/stress developing across the transformation
boundary. The initial enhancement of ferromagnetism as the
result of Gd/Sc substitution was, however, quite surprising,
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and was explained by the enhanced hybridization of Sc 3d and
Gd 5d states, a subsequent increase in the density of d states
at the Fermi level (EF) and, consequently, stronger mediation
of 4 f -electron exchange by the conduction electrons [21]. Ac-
cording to first-principles calculations [21], the enhancement
of DOS near EF also shifts the location of the pseudogap down
to −1 eV below EF for the majority and down to -0.6 eV for
the minority spins, respectively, making it similar to Gd5Si4
[18] where electronic transport properties are metallic [16]. It
is reasonable to assume that the lack of pseudogap near EF
will change the electronic transport of Sc-doped Gd5Ge4.

The main goal of the current study is, therefore, to exam-
ine the effect of Sc substitution on the electronic transport
of Gd5Ge4. The Gd4ScGe4 composition was selected based
on the results reported in Ref. [21]. Specifically: (1) among
all Gd5−xScxGe4 compounds this optimally-doped Sc con-
centration has the highest TC = 65 K; (2) the material is
borderline first-order, exhibiting giant magnetocaloric effect
with �Smax = −26 J/kg K for �H = 20 kOe at 67.5 K and
negligible thermomagnetic hysteresis; (3) the first-principles
calculations were performed specifically for this composition,
allowing for direct comparison between theory and experi-
ment; and (4) the temperature-dependent crystallography of
Gd4ScGe4 has been established revealing a magnetostructural
transition between the high-temperature O(II) and low-
temperature O(I) polymorphs similar to Gd5Si0.4Ge3.6 [19]
and Gd5Si0.5Ge3.5 [23] compounds. To minimize the influence
of extrinsic effects often present in polycrystalline materials,
we prepared a single-crystal Gd4ScGe4 compound using a
triarc crystal pulling technique. Heat capacity and magnetic
measurements were performed to complement and rationalize
the electronic transport data.

II. EXPERIMENTAL

An approximately 4 cm long, 0.5 cm maximum diameter
crystal of Gd4ScGe4 containing several large grains has been
grown by the triarc crystal pulling method in a unit manufac-
tured by Materials Research Furnaces Inc. using a 20 g charge
prepared by arc-melting stoichiometric amounts of elemental
Gd, Sc, and Ge. Gadolinium and scandium obtained from
the Materials Preparation Center of Ames Laboratory were
99.8+ at. % pure with respect to all other elements in the
periodic table. Germanium was purchased from Materion and
was at least 99.999 wt.% pure with respect to the most com-
mon impurities (Cd, Cr, and Pb). The single crystal growth
was initiated by dipping an 1/8′′ diameter tungsten seed rod
into the center of the molten pool between the three arcs and
then slowly lowering power until evidence of solidification
around the edge of the seed was seen. The system was allowed
to equilibrate at this state for approximately 10 min before
withdrawing the seed at a rate of 0.254 mm/min. The growth
interface was monitored, and the power was adjusted manu-
ally as needed to regulate the diameter of the pulled specimen.
The obtained grains were crystallographically oriented by
back-reflection Laue using a PANalytical PW1830 generator
with a Photonic Science camera. Since it can be difficult
to distinguish between the [100] and [001] crystallographic
directions in the Gd5Ge4 systems by the Laue method alone,
verification was done by x-ray diffraction using a PANalytical

FIG. 2. Rietveld-refined x-ray diffraction pattern measured at
room temperature using a powder prepared by grinding a piece of
as-grown Gd4ScGe4 single crystal.

X’Pert Pro system, which confirmed that only the families
of (h00), (0k0) or (00l) Bragg reflections were present in the
diffraction patterns collected with standard θ–2θ scans.

A specimen taken from the as-grown crystal was ground
using a mortar and a pestle, and a powder diffraction pattern
was recorded at room temperature using Mo Kα radiation
on the Rigaku TTRAX rotating anode diffractometer. The
Rietveld refinement of the x-ray diffraction pattern was
performed using FULLPROF [24], revealing phase-pure
compound crystallizing in the O(II) (Sm5Ge4-type) structure.
The Rietveld-refined powder diffraction pattern is illustrated
in Fig. 2 and derived crystallographic parameters are listed
in Table I. The refinement of site occupancies indicates
Gd-rich, off-stoichiometric composition Gd4.19(1)Sc0.81(1)Ge4.
One must, however, take into account that the least-squares
standard deviations of free variables included in the Rietveld
refinements are commonly underestimated because the
number of experimental observations (intensity data points)
is much higher than the number of Bragg peaks. Hence, the
formal errors in the refined Gd4.19(1)Sc0.81(1)Ge4 composition
are likely 5 – 10 times higher. Further, the analysis of lattice
parameters (Table I) also shows that the unit cell volume, V , of
the Bridgman-grown crystal, 850.59(4) Å3, is slightly larger
than V = 846.11(8) Å3 of the polycrystalline sample reported
in Ref. [21], confirming a minor increase of the Gd/Sc ratio
in the former but pointing at a slightly different composition,
Gd4.1Sc0.9Ge4. Considering that physical behaviors of the sin-
gle crystal studied in this work are quite similar to those of the
polycrystalline Gd4ScGe4 examined in Ref. [21], we use the
nominal Gd4ScGe4 stoichiometry throughout the manuscript.

Three parallelepiped-shaped crystals measuring
1.16 × 1.71 × 0.98 mm3, 0.98 × 1.71 × 1.08 mm3, and
1.71 × 0.92 × 0.98 mm3 with the first dimension listed par-
allel, respectively, to [010], [001], and [100] crystallographic
directions for magnetic property measurements were cut from
the as-grown crystal using electrical discharge machining.
Another parallelepiped measuring 7.55 × 2.54 × 1.31 mm3

with the longest edge parallel to the [100] direction was cut
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TABLE I. Crystallographic parameters obtained from the Rietveld refinement of the pattern illustrated in Fig. 2. The refined lattice
parameters are a = 7.5278(2) Å, b = 14.6395(4) Å, c = 7.7183(2) Å, and the calculated unit cell volume is V = 850.579(4) Å3.

Atom Wycoff x/a y/b z/c Fractional occupancies, ga

Gd1 4c 0.3055(7) 0.25 0.0047(6) 0.504(2)
Gd2 8d 0.0102(2) 0.5979(1) 0.1815(2) 1.0
Gd3 8d 0.1411(2) 0.1190(1) 0.3348(2) 0.841(3)
Sc1 4c 0.3055(7) 0.25 0.0047(6) 0.496(2)
Sc3 8d 0.1411(2) 0.1190(1) 0.3348(2) 0.159(3)
Ge1 4c 0.1882(6) 0.25 0.6357(7) 1.0
Ge2 4c 0.4450(7) 0.25 0.3870(6) 1.0
Ge3 8d 0.3034(6) 0.0448(2) 0.0317(5) 1.0

aOverall occupancies of the Gd1/Sc1 and Gd3/Sc3 sites were constrained to maintain gGd + gSc = 1.0.

for the electrical transport measurements. The electrical
resistivity was measured using a standard four-probe
technique with the current applied along the [100] direction
and the magnetic field applied along the [010] direction.
Heat capacity data between 2 and 100 K were measured
using the 1.71 × 0.92 × 0.98 mm3 specimen, the same as
used in the magnetic property measurements. An additional
thin plate with the [010] axis normal to its surface was also
extracted from the as-grown crystal and used in heat capacity
measurements using the 3He system.

Magnetization measurements, both as a function of tem-
perature, M(T), and magnetic field, M(H), were performed
using a superconducting quantum interference device magne-
tometer (model MPMS XL-7, Quantum Design, Inc.) between
2 and 300 K and in applied magnetic fields up to 7 T. By
using the formulas and tables of Chen et al. [25] the de-
magnetizing factors were calculated as 0.32, 0.40, and 0.22
for the crystals oriented along [010], [001], and [100], re-
spectively. The demagnetization correction was applied to
the M(H) data using the Hint = Hext–N ∗ M, where Hint and
Hext are the internal and external magnetic fields, N is the
demagnetizing factor, and M is the volumetric magnetiza-
tion calculated using theoretical (x-ray) density determined
from the crystallographic data of Table I. Heat capacity and
electrical resistivity measurements were performed using a
physical property measurement system (PPMS, Quantum De-
sign, Inc.). The measurements were first performed using the
standard attachments, then the 3He attachment was utilized to
reach temperatures as low as 700 mK.

III. RESULTS

A. Magnetic measurements

As reported, polycrystalline Gd4ScGe4 orders magneti-
cally, exhibiting a sharp, nearly discontinuous phase tran-
sition between the paramagnetic O(II)-type phase and the
ferromagnetic O(I)-type phase at TC = 65 K with negligible
hysteresis [21]. Figure 3(a) shows minor differences between
M(T) of polycrystalline (from. Ref. [21]) and two single-
crystalline samples, the latter with the magnetic field applied
parallel to [010] and [001] directions, all measured in H =
1 kOe. M(T) data measured with the field applied along the
[100] direction are similar to those of [010] and they are
illustrated separately in Fig. 4(a).

The transition temperature of the single crystals, TC =
63 K on heating for all directions measured, is 2 K lower
compared to the polycrystalline sample of Ref. [21], reflecting
higher Gd/Sc ratio, in accordance with the magnetic phase
diagram of Ref. [21] and in agreement with x-ray powder
diffraction data discussed above. Predictably, the single crys-
talline sample shows a sharper transition, but also displays a
more distinct thermal hysteresis, �Th, of about 2 K between
the cooling and the heating branches. The presence of minor
hysteresis further corroborates the slightly shifted toward the
Gd-rich end composition of the single crystal because the
borderline first-order type magnetic ordering transformation
detected when x = 1 becomes more distinctly first-order when
x < 1. At the same time, the observed �Th = 2 K remains
much lower when compared to polycrystalline Gd5−xScxGe4
compounds with 0.125 � x � 0.5, for example �Th = 10 K
when x = 0.25 [22].

Magnetocrystalline anisotropy was examined by measur-
ing isothermal M(H) data at T = 2 K after cooling the
samples in a zero magnetic field. As seen in Fig. 3(b), dif-
ferences between the three directions are minor, and [010] is
the easy magnetization direction, same as that of the binary
ferromagnetic Gd5Ge4 parent [26]. Since Gd3+ has no orbital
magnetic moment, the weak magnetic anisotropy is present
because both the room temperature O(II) and low-temperature
O(I) orthorhombic unit cells are pseudotetragonal, with the b
axis being approximately twice as long as the other two axes.
Microscopically, the anisotropy was confirmed by X-ray res-
onant magnetic scattering experiments of the Gd5Ge4 parent,
which showed that there is indeed a preferred orientation of
magnetic moments along the slabs (the moments are confined
within the ac plane) in the AFM state [27]. The saturated
magnetization reaches 177 emu/g or 30.5 μB/f.u. at 70 kOe,
which, assuming nonmagnetic Sc, leads to 7.64 μB/Gd. Ac-
cording to density functional theory calculations, the induced
magnetic moment on Sc is 0.24 μB/atom [21]. Taking this
into account, the experimentally determined moment per Gd
atom becomes 7.58 μB. Compared to Gd5Si0.5Ge3.5 [23],
which has a saturation moment of 7.50 μB/Gd, a minor en-
hancement of the moment is due to increased contribution
from the spin-polarized Gd 5d electrons associated with the
introduction of Sc into the lattice.

Isofield M(T) data measured with the magnetic fields of
1 and 20 kOe applied along [100] direction are shown in
Fig. 4(a), and the temperature dependencies of the inverse
magnetic susceptibility (H/M) for the same applied fields –
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FIG. 3. (a) Zero-field cooling (ZFC) and field-cooled (FC) isofield magnetization, M(T), in the vicinity of the magnetostructural transition
for the [010] and [001] orientations of the Gd4ScGe4 crystal compared with the polycrystalline Gd4ScGe4 [21]. (b) Isothermal, M(H), data at
T = 2 K for the three crystallographic axes with the inset presenting an expanded view of the first quadrant.

in Fig. 4(b). The first-order character of the transition is pre-
served at 20 kOe, and the transition temperature is shifted
up by 7 K, indicating dT c/dH = 0.35 K/kOe, which is in
line with dT c/dH =∼ 0.4 K/kOe rate typically observed in
related Gd5T4 compounds with first-order magnetostructural
transformations between the AFM or PM O(II) and FM O(I)
structures [15]. The inverse susceptibility in the paramagnetic
state follows the Curie-Weiss behavior in the whole measured
range for the 20 kOe data, but one can note a negative de-
viation from the linearity in the 1 kOe data around 150 K,
which is commonly associated with short-range correlations,
known as the Griffiths-like phase region [28–30]. The neg-
ative deviation becomes more pronounced in lower applied
magnetic fields, for example, 50 Oe, as illustrated in the
inset of Fig. 4(b) and in the ac susceptibility measurements
(not shown). The Curie-Weiss fit reveals the Weiss tempera-
ture, θp = 33 K, and the effective magnetic moment, peff =
8.2 μB/Gd, which is higher than the 7.94 μB/Gd expected for
noninteracting Gd3+. We note that here we assume zero Sc

moment in the PM state, the induced, due to spin-polarization,
Sc moment mentioned above is for the FM-ordered state. The
slightly enhanced value of peff shows that there is a minor
contribution to the total moment in the paramagnetic state that
comes from the conduction electrons, but scandium is likely
nonmagnetic.

Temperature-dependent ac magnetic susceptibility mea-
surements (not shown) agree with the M(T) data confirming
the sharp PM-FM transition at TC. A minor, weakly frequency-
dependent anomaly, is observed at 20 K and is likely related
to the remnant metastability associated with the kinetic arrest
known to occur in the parent Gd5Ge4 [11], but it does not
correlate with any other physical behaviors measured and
reported here.

B. Heat capacity

First, the heat capacity of Gd4ScGe4 was measured be-
tween 2 and ∼95 K and the data show a sharp peak at TC =

FIG. 4. (a) Field-cooled (FC) and field-cooled warming (FCW) isofield magnetization, M(T), of Gd4ScGe4 measured at the magnetic
fields 1 and 20 kOe applied along the [100] direction. (b) Inverse magnetic susceptibility (χ–1 = H/M) calculated from the data presented in
(a), showing the Curie-Weiss fit of the 20 kOe data. Inset in (b) shows inverse magnetic susceptibility measured in a 50 Oe magnetic field,
highlighting notable deviation from linearity near TG ∼ 150 K.
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FIG. 5. Heat capacity of Gd4ScGe4 measured in zero applied
magnetic field between 2 and ∼95 K. The line is a guide for the
eye.

63 K (on heating), which unambiguously defines the transi-
tion as first order (Fig. 5). No other anomalies are observed in
the studied temperature range.

Next, we collected heat capacity data in the temperature
range between 0.7 and 15 K. The Cp(T ) plot illustrated in
Fig. 6(b) exhibits no obvious anomalies in this temperature
range. Given that the studied material shows metallic proper-
ties below TC, see next section, we attempted to fit the data
using the Cp(T ) = γ T + βT 3 + δT n equation [31], where
γ T represents the electronic heat capacity, βT 3 are lattice
vibrations in the Debye approximation, and δT n are spin-wave
excitations or magnetic contributions. The fit with all parame-
ters unrestrained yields physically unrealistic values with very
large uncertainties (not shown; here and below the uncertain-
ties are taken as the least-squares standard deviations).

The Cp/T vs T 2 plot illustrated in Fig. 6(a) clearly shows
nonlinear behavior below T 2 = 50 K2 (corresponding to T <

∼ 7 K). Similar behaviors were observed in metallic Gd [32]
and intermetallic Gd5Ge4 [13] and were attributed to the
presence of the magnetic δT n term. The downward curvature
is more pronounced in the title material when compared to
Gd5Ge4 [13], although it may simply be due to the fact that
our data extend down to 0.7 K. Because the Cp/T vs T 2 plot
is obviously nonlinear below 7 K, one can safely assume that
there is, indeed, another contribution to the total specific heat
in addition to the electronic and lattice terms.

With this in mind, we fitted the heat capacity data
with Cp(T ) = γ T + βT 3 + δT n equation assuming n = 3/2,
which is expected for the metallic ferromagnetic materials
(see, for example, analysis of the heat capacity of elemental
Gd by Hill et al.) [32]. Keeping n as a constant, we obtained
much lower fit uncertainties and the fit results in the fol-
lowing parameters: γ = 50 ± 11 mJ/(mol K2), β = 1.97 ±
0.04 mJ/(mol K4), and δ = 30 ± 5 mJ/(mol K5/2). The De-
bye temperature, θD, calculated from β, is 207 ± 5 K. By
dividing the values of γ and δ parameters per number of atoms
in the formula unit, we obtain γ = 5.5 ± 1.3 mJ/(g−at K2)
and δ = 3.32 ± 0.58 mJ/(g−at K5/2) and now can compare
these values with those obtained for the Gd metal: γ = 4.48 ±
0.07 mJ/(g−at K2), δ = 1.37 ± 0.06 mJ/(g−at K5/2), and
θD = 169 ± 1 K [32]. The Debye temperature is understand-
ably higher in Gd4ScGe4 due to presence of covalentlike
bonding between Ge atoms, while the electronic specific heat
coefficient, considering the uncertainties, is comparable. The
spin-wave or magnetic contributions appear to be higher in
Gd4ScGe4, which may explain a mild upturn in electrical
resistivity below 3 K by the increased scattering of charge
carriers on the magnetic moments – a similar yet weaker effect
compared to the one observed above TC, which is discussed
next.

C. Electrical transport

The electrical resistivity of the Gd4ScGe4 crystal measured
along the [100] direction is shown in Fig. 7. In addition to
the zero-field electrical resistivity data shown in the Fig. 7(a),

FIG. 6. Heat capacity of Gd4ScGe4 in zero applied magnetic field measured between 0.7 and 15 K: (a) Cp/T vs T 2 plot showing downward
curvature at the lowest temperatures, the straight dashed line is a guide for the eye; (b) Cp vs T data fitted using the equation Cp(T ) =
γ T + βT 3 + δT 1.5.

174440-6



ANOMALOUS ELECTRICAL TRANSPORT BEHAVIOR IN … PHYSICAL REVIEW B 105, 174440 (2022)

FIG. 7. Electrical resistivity of Gd4ScGe in (a) zero magnetic
field; (b) applied magnetic field of H = 1, 10, and 20 kOe.

electronic transport measurements were also performed in ap-
plied magnetic fields up to 20 kOe [Fig. 7(b)]. One can see that
the residual resistivity increases each time the sample crosses
the first-order transition, which can be explained by the devel-
opment of microcracks due to volume expansion/contraction
associated with the transition (the largest discontinuous lin-
ear strain occurs along the a axis, and is exceeding 10 000
ppm) [21]. The repeated increase of residual resistivity due
to cracking makes an accurate analysis of the temperature
dependence of the electrical resistivity, ρ(T ), in the vicinity
of the first-order transition difficult. Nevertheless, a number
of interesting observations can be deduced.

First, the ρ(T ) dependence is for the most part metallic,
in contrast with the ρ(T ) behavior of Gd5Ge4 reported by
Levin et al. [13], and in agreement with our expectation
of the more metallic behavior caused by the Sc substitu-
tions. However, on approaching the transition (on cooling)
the ρ(T ) reveals a gradual change from its conventional high-
temperature metallic character towards anomalous behavior.
As illustrated in the Fig. 8(b) the slope, dρ(T )/dT , becomes

negative below 120 K. At TC, resistivity drops abruptly re-
flecting the discontinuous nature of the phase transition, and
the temperature dependence becomes metallic again except
at the lowest temperatures, where a weak upturn in ρ(T ) is
seen again below 3 K. The minor upturn can be also seen
on the 3He data collected from 0.7 to 10 K (not shown),
although the data are somewhat noisy (the 3He measurement
was performed after the sample underwent multiple cycles,
crossing TC, at that point developing multiple stress-induced
internal microcracks). Therefore, we could not analyze those
low-temperature electrical resistivity data any further.

The application of magnetic field does not qualitatively
change the electronic transport behavior of Gd4ScGe4. The
continuing increase in the electrical resistivity values should
be attributed to the gradually increasing residual resistivity
due to cracking. In fact, when ρ(T ) data are normalized to
their corresponding 150 K values [Fig. 8(a)], the ρ(T )/ρ
(150 K) curves practically overlap above TC (we note that
the conventional approach of using resistivity at 2 K for nor-
malizing data above TC is less convenient here because the
number of cracks increases when the transition is crossed).
This is in contrast with the behavior observed in Gd5Si0.4Ge3.6

[20], although in our study the number of cycles is smaller.
The magnetic field, however, has a strong influence on TC

(defined as a maximum of dρ(T )/dT , on heating), which
increases from 62 K for 0 kOe to 69 K for the 20 kOe
field. The transition temperature in a zero magnetic field is
slightly lower in the electrical resistivity sample, which was
cut from a different grain compared to the magnetic and
heat capacity specimens, which indicates further enrichment
in Gd compared to the nominal Gd4:Sc1 stoichiometry; the
response to the magnetic field is, however, consistent with
the dT c/dH = 0.35 K/kOe observed in the magnetization
measurements discussed above.

IV. DISCUSSION

According to Levin et al. [13], the negative dρ(T )/dT
behavior above the antiferromagnetic ordering temperature,

FIG. 8. (a) Temperature dependence of the ρ(T )/ρ(150 K) ratio in 0, 10, and 20 kOe applied magnetic fields; (b) dρ(T )/dT plots of the
electrical resistivity data obtained in 0, 10, and 20 kOe applied magnetic fields shown to highlight the sign inversion at 3 and 120 K (large
dρ(T )/dT values at the transition exceed the vertical scale of the plot).
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TN = 130 K, in Gd5Ge4 is best described in terms of hop-
ping conductivity [ρ ∝ exp( T0

T )n], with n = 0.25. Our initial
hypothesis was that the electrical transport properties of
the Sc-substituted Gd5Ge4 compounds would become more
metallic compared to Gd5Ge4, showing enhanced electric
conductivity due to the presence of scandium’s delocalized
3d electrons. This hypothesis is, indeed, validated by our
experiments, which show that Gd4ScGe4 is, for the most part,
conventionally metallic in the studied range of temperatures.
At the same time, the presence of an extended region (between
63 and 120 K) where dρ(T )/dT < 0 is certainly unusual and
warrants a closer examination. This region (zero-field data)
was analyzed using a number of different models earlier em-
ployed for Gd5Ge4 [13], including hopping conductivity (ρ ∝
exp(T0/T )n), Kondo scattering (ρ ∝ lnT ), and thermally ac-
tivated generation of charge carriers (lnρ ∝ 1/T ). None of
the fits produces convincing results in the selected temper-
ature range. In part, the failure to produce a successful fit
may be attributed to the difficulty in the identification of
the residual resistivity value for the high-temperature phase.
However, we note that none of the listed models are best
suited to describe the transport behavior of generally well-
conducting intermetallics with a strong magnetic exchange
and there is prevailing evidence that Gd4ScGe4 is a metal
in both polymorphic modifications. Further, the O(I) state is
clearly ferromagnetic and the Weiss temperature of the O(II)
high-temperature phase is positive, θp = 33 K, indicating that
without structural transformation the O(II) phase would have,
likely, ordered FM as well.

Qualitatively, the observed electrical resistivity behavior
is similar to the one reported earlier for another rare-earth
intermetallic with magnetostructural transformation, ErCo2
[33], but the authors provided no explanation for the observed
dρ/dT < 0 above the TC. A theoretical model developed by
Fisher and Langer [34] postulates that short-range spin fluctu-
ations near TC should produce cusplike behavior in ρmag(T ).
However, the Fisher-Langer theory predicts dρ/dT > 0 for
metallic compounds in the whole temperature interval [35].
The increase in the magnetic part of electrical resistivity on
approaching TC from the paramagnetic region is well docu-
mented in many rare-earth alloys [36]. In many cases, such
increase is not sufficient to affect the sign of dρ/dT , vali-
dating Fisher-Langer theory, but there is a number of notable
exclusions, where sign reversal of dρ/dT has been observed;
for example, in RCo2 Laves phases, such as TmCo2 [36] and
aforementioned ErCo2 [33]. The sign-reversal is consistent
with the de Gennes-Friedel theory [37], which postulates that
the peak in overall ρ(T ) at TC, and not just in ρmag(T ), should
exist at TC in conventional ferromagnetic metals with large
spin moments. For example, the electronic transport proper-
ties of the Gd metal, indeed, revealed sign reversal of dρ/dT
and a peak in ρ(T ) above TC in the temperature dependence
of electrical resistivity measured along the c axis that was
attributed to spin fluctuations above TC; a deviation from the
Curie-Weiss behavior was noted as well [38]. The effect is,
however, masked in a polycrystalline Gd [39].

The validity of the de Gennes-Friedel model [37] has
been disputed in later studies [34,35] but for the lack of
better alternative we label the observed ρ(T ) in Gd4ScGe4

above the TC as a “de Gennes-Friedel-like behavior”, a def-
inition borrowed from Alexander et al. [35]. We also note
that the low-temperature shoulder of the peak in ρ(T ) cannot

be reliably observed in materials exhibiting magnetostruc-
tural transitions; furthermore, the mathematical approaches
developed to analyze the critical phenomena are not applica-
ble to the first-order transition. For example, in the case of de
Gennes-Friedel behavior, electrical resistivity in the tempera-
ture region where dρ/dT < 0 is expected to follow the ρ ∝
t lnt relation [35], where t = (T/TC)−1, however, t cannot be
accurately defined in first-order materials, since the “true” TC

of the high-temperature phase is generally not known. Thus,
it appears that there is currently no theory to quantitatively
explain the observed ρ(T ) in Gd4ScGe4. However, we believe
that the primary reason for the observed anomalous behavior
is most likely related to the strong short-range spin interac-
tions above TC.

Considering the anomalous inverse magnetic susceptibility
of Gd4ScGe4 above TC [Fig. 4(b)] one can assume that the
increased scattering of charge carriers (electrons) on either
dynamic or static magnetic clusters is responsible for the
ρ(T ) upturn. One may argue, however, that the application
of magnetic field should, in principle, suppress the spin fluc-
tuations [28–30]. Yet, our data measured in magnetic fields
up to 20 kOe do not reveal any qualitative change in the
ρ(T ) curvature above TC compared to the zero-field data, the
only change observed, in addition to the increase in residual
resistivity, is the positive shift in TC [Fig. 8(a)], in agreement
with the magnetic data. Short-range clusters, therefore, persist
in higher magnetic fields as well but their presence is masked
by the increased paramagnetic response of the matrix.

While the rise in electron-paramagnon scattering can be
invoked to explain the increase in ρ(T ) with decreasing tem-
perature, because the transition at TC is magnetostructural,
we should also consider the effect of the increased electron-
phonon scattering near the TC. By plotting the temperature
dependence of the interslab d(Ge3-Ge3) atomic distance of
Gd4ScGe4 using the data from Ref. [21], anomalous behav-
ior of d(Ge3-Ge3) is clearly evident above TC. Namely, this
(critical) interslab distance increases right before (on cooling)
and after (on heating) the structural transformation occurs
(see Fig. 9), matching the behavior of the ρ(T ) curve. A
similar “spike” was observed in Gd5Si0.5Ge3.5 [23], and the
presence of intermediate structural states in related Er5Si4 has
been postulated based on the detailed temperature-dependent
crystallographic study of the Er5Si4 single crystal [40]. Thus,
the “softening” of the lattice in the vicinity of the transi-
tion and the presence of intermediate states must contribute
to the increased carrier scattering (lower mean path) and
lower electrical conductivity of the material, in addition to the
electron-paramagnon scattering.

The increase in electrical resistivity at low temperatures is
reminiscent of the upturn that occurs above TC. While the
material is fully FM ordered below 3 K, we note that the
fitting of the heat capacity data indicates the presence of
magnetic contribution in addition to the lattice and electronic
terms. This contribution is likely associated with magnons or
spin waves. We also note that the anomalous nature of ρ(T )
behavior at T < 3 K does not seem to be qualitatively affected
by cycling. Thus, we suggest that the electron-magnon scat-
tering, similarly to the electron-paramagnon scattering above
TC, becomes notable in the ρ(T ) behavior, once the electrical
resistivity stops decreasing due to FM ordering.
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FIG. 9. Temperature dependence of the interslab interatomic dis-
tance Ge3-Ge3 [d(T-T) in Fig. 1] plotted using the Rietveld-refined
data from Ref. [21].

V. CONCLUSIONS

Physical property measurements of the Gd4ScGe4 single-
crystal indicate a strong influence of spin interactions on
the magnetic and electrical transport properties above the
magnetostructural transition temperature, TC. The hopping

conductivity phenomenon, previously reported for Gd5Ge4,
is not observed in Gd4ScGe4 and the ρ(T ) dependence is
mostly metallic, with the exception of the regions between
TC = 63 and 120 K, as well as below 3 K, where the electrical
resistivity, ρ, increases with the decreasing temperature. We
suggest that both electron-paramagnon and electron-phonon
scattering enhancement causes the observed anomalous ρ(T )
behavior above TC. Heat capacity confirms strong spin-wave
contributions at low temperatures, suggesting that the up-
turn in ρ(T ) below 3 K is related to the electron-magnon
scattering. The experimental data also confirm a strong
discontinuous first-order nature of the magnetostructural tran-
sition at TC = 63 K in Gd4ScGe4. Minor magnetocrystalline
anisotropy is detected, with the b axis as the easy magneti-
zation direction. There is a minor additional contribution to
the total magnetization, which is dominated by the Gd 4 f
local moments, from the nominally nonmagnetic Sc due to
spin polarization of conduction electrons.
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