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Unraveling magneto-elastoresistance in
the Dirac nodal-line semi-metal ZrSiSe
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Quantum materials are often characterized by a marked sensitivity to minute changes in their physical
environment, a property that can lead to new functionalities and thereby, to novel applications. One
such key property is the magneto-elastoresistance (MER), the change in magnetoresistance (MR) of a
metal induced by uniaxial strain. Understanding and modeling this response can prove challenging,
particularly in systems with complex Fermi surfaces. Here, we present a thorough analysis of the MER
in the nearly compensated Dirac nodal-line semi-metal ZrSiSe. Small amounts of strain (0.27%) lead to
large changes (7 %) in the MR. Subsequent analysis reveals that the MER response is driven primarily
by a change in transport mobility that varies linearly with the applied strain. This study showcases how
the effect of strain tuning on the electrical properties can be both qualitatively and quantitatively
understood. A complementary Shubnikov-de Haas oscillation study sheds light on the root of this
change in quantum mobility. Moreover, we unambiguously show that the Fermi surface consists of
distinct electron and hole pockets revealed in quantum oscillation measurements originating from

magnetic breakdown.

The application of uniaxial strain has proven to be a valuable tool to
investigate novel phenomena in various quantum materials over the past 20
years, including iron-based superconductors', narrow gap materials, such as
ZrTes” and charge density wave systems’, all using commercially available
strain cell’. The technique is maturing, having been combined with tech-
niques as diverse as uSR’, electrocaloric effect’, and Raman spectroscopy’.
Despite these developments, the vast majority of strain-induced studies have
focused on the magnetotransport response, and in particular, the magne-
toresistance (MR) or magneto-elastoresistance (MER).

Over the last few years, two types of MR are of particular interest.
Firstly, a linear-in-field MR, which can be found, for instance, in correlated
electron systems® or confined systems', and, secondly, a large quadratic
and non-saturating MR'"™"° that can reach values of over 10°%'“"". Non-
saturating quadratic MR can be explained, for example, by an open Fermi
surface (FS) or by an equal or nearly equal amount of electron and hole
quasi-particles in a material'. It is this non-saturating large MR and the
peculiar FS of compensated semi-metals consisting of small electron and
hole pockets, that makes them particularly susceptible to external tuning
parameters such as uniaxial strain'**’.

The material under study, ZrSiSe, is a member of the Dirac nodal-line
semi-metal family” ™. Its FS has been investigated by magneto-transport

measurements and quantum oscillation (QO) experiments™ ™, providing

evidence for its topological character. However, the exact topology of the FS
of ZrSiSe is questioned and different realizations can be found in
literature” ™. An external tuning parameter like strain may help to shed
light on the precise geometry and topology of the FS. Theoretical works have
also proposed the existence of correlation effects™* and the material’s
tunability under the application of strain while its topology remains
protected™.

In this work, we present the low-temperature magneto-transport of
ZrSiSe under uniaxial strain in magnetic fields up to 30 T where we see a
change of the MR up to 7%. MR is defined as, MR = (R(B) — R(0))/R(0),
where R(B) and R(0) are the resistances measured at finite and zero B,
respectively. We show this change is consistent for a multitude of
samples, cut along the [100] and [110] directions. The sample notation
denotes both the current/voltage path and the straining direction. By
analyzing the MER as a function of the magnetic field (B), we demon-
strate that MER can originate either from a deviation of perfect charge
carrier compensation or changes in the transport mobility of the quasi-
particles using a standard two-carrier Drude model; the latter being
applicable to ZrSiSe. Furthermore, from the analysis of Shubnikov-de
Haas (SdH) QOs, we identify strain-induced changes in the quantum
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mobility and the tunneling gap between electron and hole pockets in
momentum space.

Our analysis demonstrates how one is able to identify which para-
meters are tuned under strain in compensated systems by following the
field-dependent changes in MR. Directly from the signature of the MER,
changes in compensation and/or mobility can be distinguished as well as
direct visualization of how much the mobility is changing. ZrSiSe is chosen
as the material to showcase the strengths of this MER analysis. The sim-
plicity of the model is able to capture the underlying physics correctly, such
that, strain-induced changes in physical parameters are directly exposed.

Results and discussion

Magneto-transport upto 30 T

Figure 1 shows a zero- and high-field transport characterization of our
ZrSiSe crystals. In Fig. 1a, the longitudinal resistance, R,,, is shown as a
function of temperature T for sample S2[110]. Figure 1b summarizes R, (B)
for all samples measured upto 30 T at 1.3 K showing an increasing MR
superimposed by SdH QOs. The inset highlights two samples with their B*-
dependence of the MR for S2[110] and S2[100]. In the following section, we
focus on the analysis of the MR for S2[110] and the QO pattern for S2[100].
These samples show the largest MR (7.8 x 10°% at 9 T) and most pro-
nounced QOs, respectively. Panels (c) and (d) of Fig. 1 show the
temperature-dependent MR for sample S2[100]. In Fig. 1d, in a field range
27T <B<30T, high-frequency QOs are observed at low temperatures

MR and MER

We now focus on the effect of uniaxial strain ¢ on the MR. A precise
description of MER and magneto-elastoresistivity is presented in Supple-
mentary Note 1. The MR in the most simple (compensated) semi-metallic
system is due to a single electron-like and a single hole-like FS. The MR of
such a semimetal can be expressed by MR = [(p, (B) —
P(0)/p..(0)] (ym)sz withy,, = /i, - i, where the mobilities y o< 7
are the average mobilities and transport scattering times, respectively.

In Fig. 2a the longitudinal resistance of S2[110] R,, is presented for
different uniaxial strain values at 1.4 K. It shows a continuous decrease from
~0.3% tensile to ~—0.3% compressive strain. The experimental results
obtained with strain applied along the [100] and [110] directions show
similar behavior in the MR. Clear changes in the QO spectrum are observed
and will be discussed in the next section. In Fig. 2b, AR(B, €,,)/R(B, &, = 0) is
plotted as a function of ¢,, at B=5T and T=1.4K to illustrate the +5%
change in MR for tensile and —5% change for compressive strain. The
absolute change of the zero-field resistivity with uniaxial strain is within the
noise level of our transport experiment.

To describe the observed results, we employ a standard two-band
Drude model for a compensated semi-metal, in which the longitudinal
resistivity is written as

_ (np, + pwy) + (np i, + puiu,) B

corresponding to magnetic breakdown (MB) in the ZRA-plane of the FS, as w T, [(n u, + P/lh)z +(p—ny W2l BZ] @
previously found in ZrSiS"*' and HfSiS"***, but not yet in ZrSiSe.

Fig. 1 | Transport experiments on ZrSiSe. 30 —

a Temperature dependence of R, for S2[110]. The (a) sample S2[110] (b) T=13K

left inset illustrates the strain cell with the crystal
mounted. The lower inset shows the sample with the
contacts. b R, as a function of B for all samples. The
inset highlights the B’ dependence for the samples
with the largest MR and most pronounced QOs.

¢, d Temperature-dependent MR for sample S2[100]
in the entire field range (c) and high-field part (d)
where the MB is found. The curves in (¢, d) are offset
for clarity.
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Fig.2 | MR and MER for $2[110]. a R, as a function of B for different uniaxial strain
values applied at 1.4 K. b AR(B, &,,)/R(B, &x, = 0) at 5 T and 1.4 K. ¢ MER data and fits
for different values of tensile and compressive strain with the fit having a fixed

compensation ratio of p/n = 0.96. The MER is superimposed by QOs. d MER up to

30 T highlighting the deviation at the higher field for the most tensile and com-
pressively strained sweeps. e Transport scattering time normalized by the zero strain
value as a function of uniaxial strain ¢,,. f MER model for changing carrier mobility
(£10%) and different compensation ratios p/n.

and simplifies to

1 1+ 2B
pxx _1)? (2)
enu(1 + p/n) (p/n=1)° >p2
U P/ + ot B

for u = p, = j, using the compensation fraction p/n, n (.), and p (1) being
the carrier densities (mobilities) for electrons and holes, respectively, and e
the absolute electron charge. The MR data for all samples shown in Fig. 1b,
were fitted to Eq. (2), and the results are summarized in Supplementary
Table 1 and see Supplementary Note 2. From this, we extract a compen-
sation of 0.96 for S2[110]. Typical calculated results for p,., as a function of
the magnetic field using Eq. (2) are discussed in Supplementary Note 3 and
shown in Supplementary Fig. 1.

We now turn our attention to the MER, defined as MER =
(R(B, €xx) — R(B, 0))/R(B, 0). The MER is field-dependent and has a char-
acteristic shape. If the variations in R, were solely due to changes in sample
geometry, the MER would be B-independent and would result in a constant
offset of the order of the applied strain. As can be seen in Fig. 2¢, however, a
clear extremum in the MER is found around 8 T after which the MER
converges due to a compensation ratio p/n # 1. Both the shape and ampli-
tude of the MER provide valuable insights into the underlying physics, as we
now show.

Based on the two-band model described in Eq. (2), the effect of strain
can be modeled to reconstruct a model MER. Figure 2f shows the field-
dependent MER for the case of an arbitrary 10% increase (decrease) in
mobility under tensile (compressive) strain for different p/n ratios between 1
and 0.92 as an example. For a perfectly compensated system p/n =1, the
MER saturates at higher magnetic fields, and its amplitude (maximum) is
given by the absolute change in carrier mobility y, here 10%. A deviation
from perfect compensation leads to a decrease in MER with an increasing
magnetic field.

The MER fits to our experiment, as presented in Fig. 2c, are excellent
and demonstrate the robustness of this modeling to describe the evolution of
the MER. More details about the fits and the fit parameters are given in
Supplementary Note 4 and Supplementary Table 2, respectively. A small
deviation from the two-band Drude model using p/n = 0.96 occurs above

18 T, as shown in Fig. 2d. In Fig. 2e, we plot the transport scattering time,
derived from y = et,,/m™* with the effective mass m™*, normalized by the zero
strain, T,/ Tye—0, as a function of uniaxial strain ¢, from the fitting of Fig. 2c.
Curiously, the change in the transport lifetime is monotonic in the applied
strain, becoming shorter (longer) under compressive (tensile) strain,
respectively. In Supplementary Note 5, (Supplementary Figs. 2 and 3), we
show additional data on the MR and MER for four samples and various
strain values.

It is clear that small amounts of strain can lead to large changes in the
MR. While the compensation ratio in ZrSiSe is unaffected by strain, we find
that it is the transport mobility that is the root cause of the change in MR.
This conclusion could already be reached by understanding the shape of the
MER. If the mobility is changing, the extremum of the MER curve is a good
indication of the relative change in mobility. The converging behavior after
the extremum is by contrast, an indication of the compensation ratio. These
changes in transport mobility occur at too low a temperature to be due to a
softening of or a reduced coupling to any specific phonon branch. Alter-
native origins of this anomalous, monotonic change in transport mobility
will be discussed having first described the FS deduced from QO studies.

FS quasi-particle properties

Next, we analyze the QO spectrum and strain-induced changes therein.
Figure 3 presents the QO spectra (dR,,/dB) for different temperatures as a
function of 1/B with insets for the high-frequency QOs at the maximum
applied strain values. In dR,,/dB we clearly see two distinct characteristics:
low-frequency oscillations above 5 T and high-frequency QOs that are well
pronounced for B > 25 T. The observed frequencies, f, in the FFT spectra, are
related to the extremal area Ay of the individual pockets via the Onsager
relation f= (A/ Zﬂe)Af“. The absence of a change in the observed frequencies
immediately excludes changes of the compensation ratio in the MR or MER
in the presence of uniaxial strain, see Supplementary Note 6.

We start the discussion by describing the expected FS topology of
ZrSiSe. To facilitate our discussion, we focus here on a slice of the FS within
the ZRA plane, shown as an inset in Fig. 3b, and consider the low-frequency
QOs and their FFTs in the range [7-30 T] for €, =0, illustrated in Fig. 3e.
We find in total five distinct peaks below 300 T which we label as fs = 125 T,
f«=210T, and f; =265 T. In addition, we find two frequencies located at
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Fig. 3 | QO spectra and fast Fourier transforms for $2[100]. a, d, g dR,,/dB as a

function of 1/B. The insets show a zoom into the high-frequency part for the lowest
temperature. The corresponding FFTs for f < 700 T (b, e, h) and for the high-frequency
MB oscillations (c, f, 1) for maximum tensile strain, 0.27% (a-c), zero strain (d-f), and

maximum compressive strain, —0.27% (g-i). The vertical lines in (¢, f, i) indicate the
a-separation between the high-frequency peaks (I-III) of the spectrum for the lowest
temperature. In total ten temperatures are measured, and only four are shown for
clarity. The inset of (b) and (e) show a schematic of the ZRA plane of the FS.

420T, and 475 T. The frequency at 420 T corresponds to 2« and we assign
the frequency at 475 T to the B-orbit. Consequently, f; = fz_,, indicating
possible MB, i.e., quasi-particle tunneling between the adjacent « and f
pockets in momentum space’' ™. As can be seen in the derivative of the raw

data, the QO spectrum for zero strain is altered in the presence of tensile or
compressive strain, see Fig. 3b, h, respectively. While the amplitude of the a-
orbit decreases under compressive strain, the one for the S-orbit becomes
more pronounced. The FFT amplitude for the MB orbit f; becomes less
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Fig. 4 | QO analysis. a Frequencies and b extracted quasi-particles cyclotron masses and ¢ dR,,/dB for maximum compressive, tensile, and zero strain as a function of 1/B.
d Dingle temperature T}, for the a-orbit as a function of uniaxial strain &,,. Note that, the Dingle temperature is extracted from the Dingle field with constant mass.

pronounced for both tensile and compressive strain. A zoom of the FS in the
ZRA-plane, with the « (hole) and f3 (electron) pocket, is shown in the inset of
Fig. 3e.

Next, we discuss the high-frequency QOs which display clear changes
in their amplitudes. Their FFT's are presented in the range [18.7-30 T] and
illustrated in Fig. 3¢, f, i for tensile, zero, and compressive strain at 1.4 K. For
compressive strain, Fig. 3i, we observe three distinct and closely spaced
peaks at 6830 T, 7040 T, and 7290 T, labeled by Roman numbers I, II, and
III. These high-frequency QOs originate from MB most likely in the
ZRA-plane of the FS. The distance between these orbits is approximately
fa=210T between peaks I and II, while the distance between II and III is
265T, ie., fi =fs_q This scenario is analogous to high-frequency QOs
found in ZrSiS* and HfSiS*. The observation of both the f; frequency and
the spacing of the high f MB in the ZRA-plane rule out the possibility of a
closed inner and outer pocket in ZrSiSe’**. While compared to compressive
strain, the FFT amplitudes are strongly enhanced at zero and tensile strain,
no longer clear separation is found between peaks I and II. Peak III becomes
the most pronounced while its frequency (area in k-space) is unaffected.

The QO frequencies and extracted quasi-particle masses for the indi-
vidual orbits «, f and § are plotted as a function of uniaxial strain in Fig. 4a, b.
The frequency and cyclotron mass m, of the a-orbit at zero strain are in
agreement with literature”. Although f,, remains constant, its mass slightly

decreases (increases) under tensile (compressive) strain. f3 slightly increases
(decreases) under tensile (compressive) strain with its mass being rather
constant under strain. f remains constant but shows an increase (decrease)
in its m_ for tensile (compressive) strain. The lack of evidence for a change in
m* from our QO experiments indicates that the application of strain in
ZrSiSe primarily affects the scattering time. The frequency f; = fz_, seems to
in the order of change of 8 again indicating this frequency is likely to
originate from MB between the « and f3 frequency.

Lastly, we have a closer look at the QO frequency and amplitude of the
a-orbit, the dominant frequency in the entire range of magnetic fields. As
discussed already, we observe a negligible change in frequency when com-
paring tensile and compressive strain, see Fig. 4c. The FFT amplitude,
however, decreases (increases) for maximum compressive (tensile) strain
compared to €y, = 0. From the envelope function of the QOs associated with
the a-orbit, we extract the Dingle temperature T, which is inversely pro-
portional to the quantum lifetime. We then plot its value as a function of ¢,
in Fig. 4d, highlighting an increase in Tp, for tensile and a decrease in T, for
compressive strain.

The ratio between 7,,/7, is different for various classes of quantum
materials. With this strain study, we trace strain-induced changes in both
transport mobility and quantum mobility. In Fig. 2e a monotonic increase of
the mean transport lifetime as a function of strain is observed. The quantum
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mobility u, of the alpha pocket, which depends on T, and m™*, shows a
positive trend from compressive to tensile strain within our experimental
resolution.

The decrease in quantum lifetime for compressive strain coincides with
the decrease in amplitude of the high-frequency breakdown. This might be
due to the decrease of the area of the 3-pocket (f3), increasing the distance
between the apex of the & andf pocket. Another origin might be a change in
the curvature of the pockets leading to a change in the local scattering rate.

We finally compare our magneto-transport results under uniaxial
strain to high-pressure magneto-transport experiments performed on
ZrSiS™*. Van Gennep, et al. find an increase in the magnitude of the high-
field resistivity from zero to 1.7 GPa". They also observe QOs originating
from two extremal orbits of the FS of ZrSiS. While the high-frequency QOs,
corresponding to the « (hole) pocket in ZrSiS and ZrSiSe only change by 2%,
the low-frequency QOs change by 15%. This low-frequency orbit has not
been found in ZrSiSe. It has been proposed that the change in phase of the
low-frequency QO may originate from a possible pressure-induced topo-
logical quantum phase transition®. Gu et al. find that applying hydrostatic
pressures up to 7.4 GPa does not alter the MR and the amplitude of the QOs
in magnetic fields up to 27.5 T*°. However, larger hydrostatic pressure leads
to a strong decrease in both the MR accompanied by an abrupt increase in
the zero-field resistivity related to a strong drop in transport mobility. Gu
etal. also follow the evolution of quasi-particles residing on the & pocket with
increasing pressure. They find a sudden increase of m, accompanied by a
drop in the quantum mobility of the carriers above 7.4 GPa. Furthermore,
they observe a phase change from a non-trivial to a trivial phase with
increasing pressure. They attribute these changes to a pressure-induced
phase transition induced by inhomogeneous compression leading to
changes in the crystal symmetries and destruction of the nodal-line state™.
In contrast to high-pressure studies, our magneto-transport experiments
under uniaxial strain show a continuous tunability of the transport and
quantum mobilities while a strain-induced phase transition has not been
found in the range of applied uniaxial strain.

In summary, we have demonstrated that MER in compensated semi-
metals can be described by using a classical two-carrier Drude model. By
plotting the MER as a function of the applied magnetic field, these experi-
ments allow one to directly visually distinguish between changes in the
compensation ratio and/or the transport mobility of charge carriers. For
ZrSiSe, changes in the transport mobility of the quasi-particles account for
the observed changes in the MR under uniaxial strain. Concomitantly, we
have shown that uniaxial strain alters the quasi-particle properties and MB
in the ZRA-plane of the FS, as revealed in the QO spectra.

Methods

Samples synthesis

Single crystals of ZrSiSe were grown by placing stochiometric amounts of
the individual elements and a small amount of L, inside a carbon-coated
quartz tube, which was sealed under vacuum and heated to 1100 °C with a
100 °C temperature gradient for one week. Subsequently, the obtained
crystals were annealed at 600 °C for a period of four weeks. SEM/EDX
experiments were employed to confirm the exact composition.

Transport experiments under uniaxial strain

The ZrSiSe crystals were cut into 1-1.5 x 0.25 x 0.1 mm’ bars using a wire
saw and four electrical contacts (titanium: 7 nm, gold: 70 nm) were eva-
porated prior to the experiments. Each individual sample was clamped onto
the Razorbill CS100 strain cell* using blue Araldite glue for maximum strain
transfer, see the insets in Fig. 1a. The applied strain ¢,, is measured via a
capacitive measurement of the displacement in the strain cell. In total, five
ZrSiSe samples—three cuts along the [100] and two along the [110] direc-
tion—with a residual resistance ratio of 30—40 were measured all showing a
similar decrease (increase) of 4-8% in MR under maximum compressive
(tensile) strain. The longitudinal resistance, R,,, has been measured using a
standard lock-in technique (13 Hz).

Data availability
Correspondence and requests for materials should be addressed to Steffen
Wiedmann.
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