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Giant magnetoresistance (GMR) in bulk nonmagnetic compounds has received considerable at-
tention since this phenomenon challenged the classical understanding of electron transport under
a magnetic field. Here, we report magneto-transport properties of the diamagnetic intermetallic
compound YCdg for applied magnetic fields up to 35 T and temperatures down to 0.4 K that reveal
GMR. We argue that the large MR value can be explained in terms of field induced pseudogaps
on Fermi surface. These results are relevant to the understanding of the Fermi surface topology of

quasicrystals approximants.

PACS numbers:

I. INTRODUCTION

Since the discovery of giant magnetoresistance (GMR)
in multilayers of Fe/Cr, magnetoresistance (MR) has be-
come one of the most studied properties of materials due
to its implications in sensor devices, magnetic memory
and read head technology. Although GMR was observed
in artificial multilayers [1], naturally layered compounds
are an important alternative for understanding of funda-
mental issues concerning transport in 2D and 3D mate-
rials [2]. GMR has been observed in naturally layered
magnetic and non-magnetic systems. In the first case,
investigations in rare earth based intermetallic systems
have been attracting attention of researchers for several
decades [3,4] since the resistivity can become complex in
view of the coexistence between localized and itinerant
spins. The resistivity can have two major contributions
from the conduction electron relaxation time and den-
sity. Recently, topological semimetals renewed the inter-
est in this class of systems because they host intriguing
magnetic and electric properties [5]. Large magnetoresis-
tance in single crystal semimetals like (W,Mo)Tey, (Nb,
Ta)Sby, Cd3Ass, etc has been revealed ranging from 10°
% to 10° % at magnetic field around 9 T and T ~ 2K
[5-8]. Besides, MR was also detected in nonmagnetic
metallic systems as PACoOs [9] and PtSny [10] with high
carrier density reaching 10* % to 10° % at 14 T and 2 K.

The physical explanation of MR in semimetals relies on
models involving two bands resulting in large parabolic
field dependent MR [11]. In the case of metals as PtSny,
these large magnetic field effects on transport proper-
ties are mainly due to different mobility changes for the
different types of carriers. The anisotropic field response
on MR in PtSny indicates a complicated electronic struc-
ture [10]. In the same line of non-magnetic metallic sys-
tems, the case of the cubic intermetallic system YCdg
is relevant due to the connection with the icosahedral
quasicrystal i-Y-Cd [12,13]. RCdg (R: rare earth) com-
pounds are known as quasicrystal approximants (QCA)
to the icosahedral quasicrystals (QC) i-R-Cd [14] where

some of the QC have a long-range orientational order but
lack a periodic translational order.

Up to now, no MR studies have been reported in mem-
bers of the family of RCdg because it is uncommon in
non-layered systems. Particularly, the QCA YCdg has a
body-centered cubic (bce) crystal structure (space group
Im3) composed of the so-called Tsai-type icosahedral
cluster, as shown in Fig. 1. YCdg is an intermetallic
crystalline compound with a complex unit cell charac-
terized by a strong diamagnetic behavior almost inde-
pendent of the temperature from dc magnetic suscepti-
bility measurements [14]. This metallic system exhibits
a small Sommerfeld coefficient of 9(4) mJ/mol.K? giving
1.3 mJ/mol.K? per atom compatible with elemental met-
als as Cu, Al, etc [14]. These results point out YCdg as
an uncorrelated simple system.

Recently, in a microscopic point of view, ESR exper-
iments on Gd3* doped single crystals of YCdg reveal
the existence of various electronic bands at the Fermi
level where a different degree of electronic localization
was measured [15]. More itinerant electrons called s-
type were responsible for the observed exchange bot-
tleneck phenomena and the relaxation of the magnetic
probe was also with p-type and d-type conduction elec-
trons. The combination of the already reported DFT cal-
culations on YCdg [16] and the experimental study us-
ing ESR, supports unequivocally, a multiband scenario
of this compound and future explorations on transport
properties may take this as a starting point. Here we
report GMR at low temperatures and high applied mag-
netic fields in YCdg showing striking dependencies with
the applied magnetic field.

II. EXPERIMENTS
A. Sample preparation and characterization

A batch of YCdg single crystals was grown by the stan-
dard self-flux method [17] using an excess of Cd follow-



FIG. 1: (a) Crystal structure of the cubic YCds intermetallic
system. (b) Typical polyhedral samples. (c) Cages formed by
Y and Cd atoms.

ing the available phase diagram [12]. The constituent
elements were 99.9% Y and 99.999% Cd (Alfa-Aesar).
Initial ratios of elements were 7:93 for Y:Cd based on
previously reported growths [15]. The elemental mix-
tures were sealed in an evacuated quartz ampoule and
placed in a box furnace for the subsequent increase in
temperature. Crystals were grown by slowly cooling the
melt between 700 °C and 500 °C over 100 h. At 500 °C
the ampoules were removed from the furnace, inverted,
and placed in a centrifuge to spin off the Cd excess flux.
The separated crystals are typically polyhedral of ~ 4
mm or larger ( Fig. 1(b)).
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FIG. 2: (a) Room temperature X-ray diffraction data for a
polycrystalline sample of YCdg. (b) EDS spectrum and (c)
a photograph indicating the (010) and (100) directions of the
measured single crystal.

X-ray diffraction (XRD) of polycrystalline YCdg was
performed by using a Rigaku Smartlab diffractometer.
Crystalline pieces of YCdg were transformed into a pow-
der sample using an agate mortar. Figure 2 shows an
X-ray diffractogram obtained at room temperature col-
lected in the angular range 20° < 20 < 85° measured in
steps of 0.01° and with an acquisition time of one second
per step. The XRD data indicate that the obtained sam-
ples are single-phase and display the previously reported

crystalline structure [18]. The position of the peaks corre-
sponds to the ones expected for a cubic phase according
the ICSD-191849 [19]. Energy dispersive spectroscopy
(EDS) was also used to characterize the sample yielding
the composition in % of weight (wt%) with values that
is very close to the nominal composition: Y129Cdgg.4. A
rather small peak of about 0.7 wt% of Al from the sample
holder was also observed. The EDS spectrum is shown in
the upper inset in Figure 2. The mass density (p,,) was
measured in a gas pycnometer model Accupyc IT 1340
made by Micromeritics at T = 298 K. A sample with
mass of 1228.6 & 0.1 mg was placed in a 10 cm? crucible
filled with a helium gas atmosphere at a pressure 1.34 X
10~° Pa yielding p,, = 7.65 £ 0.13 g/cm?.

MR measurements for the temperature range 2 K < T
< 300 K and poH under magnetic fields up to ugH = 8.5
T were performed using the resistivity option of a Quan-
tum Design Physical Properties Measurement System
(PPMS). The four lead between the sample and the
PPMS puck were attached with silver paint. The dc
electrical current used in these measurements was 5 mA.
The PPMS AC measurements modulus was employed for
measuring the T-dependence of the ac magnetic suscep-
tibility (xasc) in the same range of T's by keeping the
magnitude of the ac magnetic field constant (h,. = 10
Oe) and by varying the frequency (f) from f = 30 Hz to
10* Hz.

The MR was also measured at temperatures as low as
T = 0.4 K under magnetic fields up to 35 T using a four
probe technique. These measurements were performed
using a dc magnet equipped with a liquid *He-cryostat
in Cell 12 at the National High Magnetic Field Labora-
tory at Tallahassee. A calibrated Cernox thermometer
connected to a LakeShore ac resistance bridge model 370
was used for measuring the 3He bath temperature. The
YCdg sample was mounted on a rotating sample holder
that allowed to vary the direction of the applied magnetic
field relative to the electrical current from a parallel to
a perpendicular configuration. The crystallographic ori-
entations were determined via Laue x-scattering, as de-
picted in Fig. 2(c), using the well-defined faces of the
single crystal cut in those same directions using a dia-
mond wire saw. The electrical contacts were also made
with silver paint. A Keythley current source model 6221
was used to inject an ac electrical current through the
sample along the (100) direction. The magnitude and
frequency of the ac electrical current used to measure
the MR were, respectively, 1.0 mA and 13.77 Hz and the
voltage across the sample was measured using a Stanford
Research Systems lock-in amplifier model SR860. The
electrical resistance data were recorded while the mag-
netic field was continuously ramped with a sweep rate of
2 T'/min.



B. Experimental Results

Figure 3(a) shows the measured metallic like T-
dependence of the in-plane resistivity (p) of YCdg un-
der perpendicular magnetic field with field strengths
puoH = 0T (dark blue spheres) and 8.5 T (red circles). At
room temperature, the zero-field resistivity, p(uoH = 0),
is 10.8 puf2cm and decreases monotonically with decreas-
ing T down to 1.2 puQdcm yielding a residual resistivity
ratio RRR = 9. This value is slightly higher than the
previously reported value for YCdg single crystals [14]
and may be related to the purity of the elemental Y. For
p(upH = 8.5) T it is possible to observe a similar metallic
behavior above 110 K when compared with p(uoH = 0).
As the temperature decreases, strong differences appear
below 100 K where the resistivity decreases from 100 K
to T,, = 20.7 K and then increases abruptly until Ty =
5.68 K is reached, followed by saturation below Ty. T3,
corresponds to the temperature at which the slope of the
resistivity as function of 7' changes from positive to neg-
ative. Tp is the temperature where the resistivity begins
to saturate at low T's.

Fig. 3(b) shows the MR as a function of ugH mea-
sured at several temperatures revealing remarkable fea-
tures. First, the resistivity has a relatively weak field de-
pendence above 50 K but depends strongly on magnetic
field below this temperature. Second, there is no evidence
for saturation of the MR signal in the explored range of
temperatures and fields. The magnetic field dependent
of the MR curves are parabolic-like at high temperatures
(above 50 K) but display a clear evolution towards linear
behavior below 50 K.
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FIG. 3: (a) Resistivity vs T measured in the range 2 K - 300
K for poH = 0 and 8.5 T. Note that the resistivity becomes
nearly T-independent below 5.68 K. (b) Relative resistivity
versus field strength H for several values of T

Figure 4 shows the temperature dependence of the in-
phase, \’ (a) and out-of-phase, X (b) components of
the ac magnetic susceptibility for f = 30, 50, 100, 300,
500, 1000, 3000, 5000 and 10000 Hz and poH,. = 1

mT applied along the (100) direction. Note that both
components become nearly T-independent below some f-
dependent value as indicated by Ti,oss (see Fig. 4). The
insets in both figures show the linear dependence of T¢;ogs
yielding similar values of Ty ~ 5.54 K in (a) and Ty ~
5.87 K in (b) at f = 0 and also compatible with Ty ~ 5.68
K from Fig. 3(a). It is worth noting the clear evolution
of X' (from ~ 0 to -13x10~® Oe-emu/cm?) and x~ (from
~ 0 to 23x1073 emu/Oe-cm?®) at T = 2 K for different
frequencies.

As shown in Fig. 3(b), the field dependence of the MR
changes between high and low temperatures. To better
understand these features and complement the above in-
formation, we studied the MR under high magnetic fields.
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FIG. 4: Temperature dependence of the in-phase (a) and out-
of-phase (b) components of the ac magnetic susceptibility for
the frequencies f indicated.

Figure 5(a) presents p(uoH) for magnetic fields up to
(noH) = 35 T (perpendicular to the electrical current)
and temperatures from 7" = 25.0 K to 0.42 K where it is
possible to infer a continuous evolution on its field depen-
dence, i.e., from linear (unsaturated) behavior (T ~ 25
K) to a saturated response of p(ugH) at T ~ 0.4 K. The
data for T' = 0.42 K and 25 K are shown for both posi-
tive and negative values of H while for the other values
of T they are shown for positive values of H only. The
inset is a zoom in of the central part of the magnetore-
sistance data revealing that below about 50 mT the MR
approaches zero in a somewhat faster magnetic field de-
pendence, perhaps associated to a possible superconduc-
tivity transition in YCdg and/or little residual Cd flux
at the surface (EDS at various locations ensures internal
homogeneity of the YCdg sample). This low-T" supercon-
ducting behavior (below 1.8 K) is not relevant and does
not interfere with the MR analysis. As expected, the
observed linear dependence is consistent with the data
presented in Fig. 3(b).

To better understand the evolution of the resistiv-
ity as a function of the magnetic field, Fig. 5(b) shows
p(uoH) for values of poH up to 35 T and the correspond-



ing fit to a power-law (black-line) for four values of T.
The inset shows the exponent of the field dependence
p(poH) = a(T) (o H)" featuring a linear and continuous
evolution from 7 = 1 to 0.5 above Ty = 5.65 K followed by
saturation below Ty. A remarkable result is the T value
that is in perfect agreement with the data presented in
Fig. 3 and Fig. 4 as indicated above.
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FIG. 5: (color online) (a) Low-T p versus H data for several
values of T" with H applied perpendicular to the electrical
current. The data for 7' = 0.42 K and 25 K are shown for
both positive and negative values of H while for the other
values of T are for positive values of H only. The inset is
a blow-up of the central part of the magnetoresistance data.
(b) p versus H data and the corresponding fit to a power-law
(black-line) for four values of T'. The inset shows the exponent
of the power-law obtained for all values of T'.

The single crystalline anisotropic properties of p(uoH)
were also explored by varying the orientation of the ap-
plied magnetic field. Figure 6(a) presents p as a function
of uoH data for several values of T with ugH applied par-
allel to the electrical current. The data for T' = 0.42 K
and 25 K are shown for both positive and negative values
of uopH while for the other values of T the data is dis-

played for positive values of ugH only. The inset shows
the exponent of the power-law obtained for all values of
T yielding values of 1 between 0.7 and 0.3. Figure 6(b)
shows p versus pgH for several values of the angle be-
tween uoH and the electrical current. The inset shows
the magnitude of the resistance for pgH = 35 T obtained
from a larger set of p-uoH data. Notice that the data
for pugH parallel to the electrical current is significantly
smaller than the data measured with pgH perpendicular
to I, as expected.
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FIG. 6: (color online) (a) Low-T p versus poH data for several
values of T' with puo H applied parallel to the electrical current.
The inset shows the exponent of the power-law obtained for
all values of T. (b) Low-T' p versus puoH for several values
of the angle between poH and the electrical current. The
inset shows the magnitude or the resistance for yoH = 35 T
obtained from a larger set of p-uoH data.

IIT. ANALYSIS AND DISCUSSION

The MR of many metals and semimetals can be rep-
resented by the form Ap/p(0) = G[H/p(0)] commonly
referred to as Kohler’s rule, where G(H) usually follows
a power law, depending on the geometrical configurations
and on the materials [20]. In a simple case of a metal, one
may find the relation p/p(0) ~ (w.7)? where w. = eH/m,



is the cyclotron frequency [21]. The observed behavior of
p/p(0) ~ H? (orbital motion of conduction electrons) is
close to what is expected for an ordinary metallic com-
pound with no open orbits [22]. For instance, this re-
lation is satisfied by the PtSny compound [10] (which
exhibits a very large transverse magnetoresistance of ~
10°%) although its behavior differs markedly from the
low T results obtained for YCdg. As shown in Figs. 3 and
5, the field dependence of the MR of YCdg evolves from
p/p(0) ~ (uoH)? above 50 K to ~ (uoH)! (25 K < T <
50 K), and to ~ H®5 upon further cooling (0.4 K < T <
5.65 K) in transverse MR experiments (TMR). In the
case of longitudinal MR (LMR), a continuous evolution
of exponent on pgH, i.e., from 0.8 to 0.3 was observed
(see Fig. 6 inset).

Although the MR is not simply related to the topology
of the Fermi surface (F'S), the TMR and LMR data mea-
sured for YCdg at low temperatures and high magnetic
fields (Fig. 3, 5, and 6) indicate anisotropy in the band
structure. For YCdg, different densities of charge car-
riers with different mobilities that would depend on the
temperature may contribute to the field dependence of p,
leading to the super- or sublinear trends. Similar behav-
ior was observed in PdCoO5 and PtCoO; non-magnetic
metallic systems [9,23]. For these systems, the MR(H) ~
HO% dependence is related to the existence of more than
one length scale around the FS [23,24]. Particularly, for
the case of PdCoO3, Varnavides. G, et al., proposed
diffusive, ballistic, and hydrodynamic transport regime
limits [25]. To compare with our data, some interesting
results evidence TMR in metals at high fields as was the
case of Li, Zn, Pt, Ag, Sn, Au, Ni and Pb [26] where
MR of Pb followed a H%® dependence. It turns out that
having two types of carriers with different mobilities can
lead to sublinear MR when one is approaching its sat-
uration. To explain the H%® and H' behavior, the au-
thors suggest the contact between the Brillouin-zone face
and the FS. Although relevant, these experiments were
carried out using polycrystals where an average over all
micro-crystalline directions may contribute to the mag-
netic field dependence of MR. The case of YCdg shows a
complete differentiation depending of the orientation of
the magnetic field because we use single-crystalline sam-
ples.

For LMR results, one does not expect the motion of
electrons along the field to be affected but this is only true
to free electrons but not to electrons in metals [27]. Evi-
dently, Fig. 6 shows nonzero LMR results as expected in
real metals showing a saturation trend for high fields with
T dependent exponents. Similar results were observed in
elemental metals as Ag and Cu where the existence of
necks on the FS and two types of scattering mechanisms
were postulated [27]. When and electron passes through
a neck, it suffers Bragg reflection and its velocity is al-
most exactly reversed where, at high magnetic fields, the
current carried by the electrons with orbits through a
neck is very reduced [27]. It is worth mentioning that
the FS topology of Ag and Cu is far away to be compa-

rable with the case of YCdg for obvious reasons but, in a
similar way, an LMR effect can result from F'S anisotropy
[20,28,29].

With this, a possible explanation of the anisotropic
H dependence of MR may be related to the existence of
different electron bands at the FS. Previous DFT calcula-
tions on YCdg confirm the presence of s—, p— and d-type
conduction electrons and report a small midgap peak just
above the Fermi level [16]. In a Fermi liquid scenario,
conduction electrons with different effective masses (de-
localized in energy bands) could follow different cyclotron
orbits in a magnetic field. In this multiband system, it
is reasonable to assume more extended orbits for s-type
of conduction electrons when compared to p and d (as-
suming different localization degrees). Without magnetic
field, the conductivity is dominated by s—, p— and d-
carrier types. But with magnetic field, then it is possible
that only s— type of electrons conduct. This assumption
is in agreement with the observed magnetoresistive effect
in Fig. 3(a). Different degree of localization of conduc-
tion electrons is a well accepted concept in view of the
complex FS. Previous ESR experiments in this system
support this possible scenario [15] although a detailed
investigation of the Fermi surface of YCdg (experimental
or theoretical) could provide better clues about a satis-
factory explanation.

Other interesting system evidencing large magnetore-
sistance is the case of MoTey [6] which is a noncom-
pensated semimetal where the number of hole carriers is
higher than electron carriers. This system shows nonsat-
urating extremely large magnetoresistance attributed to
a combination of Fermi surface deformation and spin or-
bit interactions in the presence of external magnetic field.
Similar results were observed in NbSby [30] with strong
MR anisotropy where MR is attributed to the change of
the Fermi surface (Dirac-like point) induced by the mag-
netic field. The mechanism responsible for the observed
MR is related to the creation of a gap in the two Dirac-
like points induced by the external magnetic field. These
observations imply the inadequacy of the F'S compensa-
tion picture in NbSby [30] in contrast with the PtSny
scenario. The case of PtSny exhibits a minimum on the
temperature dependence of the resistivity in a magnetic
field due to the transition from high effective magnetic
fields to weak ones [31]. This is observed in compensated
conductors with a closed FS. The case of YCdg show sim-
ilar results but specific electronic structure calculations
exploring the FS are required to elucidate the mechanism
and the effect of the magnetic field.

It is worth mentioning that Fig. 4 suggests the absence
of magnetic impurities in our samples that produce a dia-
magnetic response. At T > 100 K, the system exhibits
ac frequency-independent diamagnetic character associ-
ated with a good metal. Below 100 K, YCdg presents
frequency and temperature dependencies of the diamag-
netic response, which is an anomalous observation [32]
since frequency dependence is understood as resulting
from glassiness or progressive spin freezing, and therefore



would not at all be expected for diamagnetic systems.

Although the frequency-dependent data below 100K
in x and X reveal unusual features, one of the possi-
ble explanations of this anomalous behavior is the skin
depth effect in a metal that could account for the ob-
served anomaheb According with this idea, it is expected
that x becomes neghglble at the maximum skin depth
and the corresponding y becomes maximum. In the case
of the YCdg, Fig. 4a) and b) suggest that both quanti-
ties xl and X” maximize at the same frequency. With
this we can rule out this hypothesis. Another point of
view is to consider the existence of magnetic domains
with different sizes. The emergence of diamagnetic do-
mains (Condon domains) relates to the observation of
dHvVA oscillations [33] as was the case of beryllium and
silver. In both cases the dHvA amplitude was compara-
ble with the oscillation period developing Condon do-
mains explicitly. However, as depicted in Fig. 5 and
Fig. 6, there is no clear evidence of well-defined oscil-
lations. Hence, it is possible that the dHvA amplitude
(as in most metals) is significantly smaller than the os-
cillation period even in high quality single crystals at
very low temperatures. With this, we can ignore the
existence of diamagnetic domains. Since the imaginary
part of the ac-susceptibility is correlated with dissipative
effects in the sample, the frequency-dependent data be-
low 100K observed in Fig. 4a) and b) suggest a strong
magnetic dynamic behavior despite the lack of magnetic
order. This behavior is observed in unconventional su-
perconductors of magnetic origin [34] and in quantum
magnets [35]. However, the magnetic response of a metal
to an external magnetic field in a quantum-mechanical
scenario of the metal’s bulk properties forbids any tem-
perature and frequency dependence of the diamagnetic
behavior under ac magnetic field. These results are in
agreement with the observations in ac measurements for
the metal NiSi [32] where its origin is not yet understood.
The ac susceptibility similarities between NiSi and YCdg
are remarkable and warrant further theoretical and ex-
perimental investigations to reveal a closer perspective to
the underlying mechanism.

IV. CONCLUSIONS

Our experimental results show giant magnetoresis-
tance in YCdg at low temperatures and high magnetic
fields. MR has a field dependence evolution of p/p(0);
~ poH? above 50 K, ~ pgH" (from 25 K to 50 K) and
~ woH%? (from 0.4 K to 5.65 K) in transverse TMR
experiments together with a continuous evolution from
poH® to 1o H%3 in LMR experiments. When compared
with elemental metals as Ag and Cu, LMR experiments
in YCdg shows a similar saturation up to high fields
suggesting a complex FS. These results indicate strong
anisotropy in the band structure and a magnetic field
dependence of the FS topology.

The observed magnetoresistive effect could be ex-
plained considering different T dependent mobilities for
different electronic bands. The sublinear exponent can be
understood as resulting as electron and hole band hav-
ing different carrier densities, or lack of compensation,
and different mobilities. Exploring MR in this QCA sys-
tem is a fundamental task in understanding of the elec-
tronic structure, Fermi surfaces and general electronic
properties of periodic systems providing the basis for the
interpretation of electronic properties in more complex
systems as QC’s.
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