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Some single-crystalline materials present an electrical resistivity which decreases between room temperature
and low temperatures at zero magnetic field as in a good metal and switches to a nearly semiconductinglike
behavior at low temperatures with the application of a magnetic field. Often, this is accompanied by a huge and
nonsaturating linear magnetoresistance which remains difficult to explain. Here, we present a systematic study
of the magnetoresistance in single-crystal y-PtBi,. We observe that the angle between the magnetic field and
the crystalline ¢ axis fundamentally changes the magnetoresistance, going from a saturating to a nonsaturating
magnetic-field dependence. In between, there is one specific angle where the magnetoresistance is perfectly
linear with the magnetic field. We show that the linear dependence of the nonsaturating magnetoresistance is due
to the formation of open orbits in the Fermi surface of y-PtBi,.
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Magnetoresistance (MR) is the modification of the elec-
trical resistance by a magnetic field. MR is a ubiquitous
phenomenon in metals and semiconductors, although it is not
expected to occur just considering free electrons without in-
teractions. The electrical resistivity o occurs due to scattering
of electrons on a timescale 7, and the main consequence of
applying a magnetic field is spiraling the electron orbits with
an angular velocity o, = :Ti (with e as the electron charge and
mx as the electronic effective mass). When considering nearly
free electrons, the simplest magnetic-field dependence found
for the magnetoresistance is quadratic p(B) o B, obeying
Onsager’s reciprocity condition p(B) = p(—B). Furthermore,
the MR saturates in the high-field limit (w.7 > 1) unless elec-
tron and hole numbers are close to compensate with each other
in which case, it continues growing as p(B) oc B%. In metals
with no or weak electronic correlations, a small quadratic MR
saturating at high fields is, indeed, often observed [1-3], with
a few exceptions, such as the semimetal Bi and other electron-
hole compensated metals [4—7]. More intriguing and difficult
to explain is the observation of a huge and nonsaturating linear
magnetoresistance, which has been recently discussed in a
number of materials. The magnetoresistance is also influenced
by contributions from open orbits, which play sometimes
a role, often leading to a sizable enhancement, which was,
however, not considered as sufficient to explain huge magne-
toresistances [1-3]. Here, we show that the direction of the
magnetic field produces an unanticipated huge enhancement
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of the linear magnetoresistance exactly when the contribution
of open orbits to the magnetoresistance is maximal.

There are a number of metallic or semimetallic com-
pounds showing large and sometimes linear magnetoresis-
tances [7-22]. The semimetal y-PtBi, stands out among these
compounds because of the extreme values of the magne-
toresistance [23]. y-PtBi, has a layered structure with trig-
onal symmetry [space-group P31m, No. 157, see Fig. 1(a)].
Electronic band-structure calculations [23,24] show that this
compound has a Fermi surface containing multiple electron
and hole sheets. Angle-resolved photoemission spectroscopy
(ARPES) [25,26] and quantum oscillation studies [23] have
measured the band structure and the Fermi surface. In partic-
ular, the ARPES data [26] revealed a spin-polarized surface
state with linear dispersion, which was associated with the
linear MR reported in an early study [27].

Here, we make detailed measurements of the angular-
dependent MR up to 22 T on a high quality single crystal
of y-PtBi,. To analyze effects only due to the crystalline
orientation to the magnetic field, we keep the field direction
perpendicular to the electrical current. We observe a contin-
uous evolution from a saturating sublinear MR for B || ¢ to a
nonsaturating quadraticlike MR for the field on the plane. The
linear nonsaturating MR is only observed for a specific angle
of the magnetic field with respect to the ¢ axis. We show that
such a linear MR appears at a specific angle in the presence of
open orbits.

We grew single crystals of y-PtBi, [28] using the Bi self-
flux method described in Ref. [23]. We used the equipment
described in Ref. [29], in particular, frit crucibles [30]. Powder
x-ray diffraction of our crystals reveals the expected crystal
structure [Fig. 1(b)] together with some peaks corresponding
to residual Bi flux and Bi oxides. We measured a neat y-PtBi,
single-crystal platelet, oriented with the ¢ axis out of the
plane [inset of Fig. 1(b)]. The residual resistance ratio is of
100, showing excellent sample quality. To measure the MR,
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FIG. 1. (a) Crystal structure of the layered y-PtBi,. (b) In blue, we show the x-ray diffraction pattern of y-PtBi, powder. Red bars show
the positions of the peaks expected to appear in this compound. The asterisks mark the peaks associated with residual Bi and Bi oxides from
flux growth. The inset shows a picture of the single crystal with four contacts used for resistivity measurements. The white scale bar is 0.2-mm
long. (c) Colored lines show the temperature dependence of the resistivity at different magnetic fields. The field is applied at an angle 6 = 8.3°,
which is also the precise angle at which we find nonsaturating linear magnetoresistance. The temperature dependence is very similar for all
field orientations. The inset shows a scheme of the direction of the applied current and magnetic field.

we used a cryostat capable of reaching about 1 K [31], and
a (20 + 2) T superconducting magnet supplied by Oxford
Instruments [32]. We used a homemade mechanical rotator,
described in the Supplemental Material [33], to modify the
field angle. The current was applied perpendicular to the
magnetic field [inset in Fig. 1(c)]. The rotator allowed an
angular range covering from the field along the ¢ axis (6 = 0°)
to parallel to the plane (6 = 90°). The angle of the magnetic
field was measured using a Hall probe [34]. We define MR =
% with p(0) being the resistivity at zero magnetic field
and provide it in percentages. To find Shubnikov—de Haas
oscillations, we obtain the oscillatory component AMR by
fitting the MR data above 13 T to a low-order polynomial and
perform the Fourier transform of AMR(1/B).

Figure 1(c) shows the resistivity as a function of tempera-
ture at different magnetic fields. We find a metallic behavior at
zero field and a semiconductinglike behavior under magnetic
fields (resistivity increases with decreasing temperature at
low temperatures). The semiconductinglike increase saturates
below about 8 K.

Figure 2 shows the transverse MR up to 20 T for different
orientations of the magnetic field from B || ¢ (§ =0°)to B L
¢ (8 = 90°). The highest value of the MR is of 5800% at 20 T
for 6 close to 90°. For magnetic fields below 5 T, we always
find a quadratic MR. For higher fields, we observe an angular
evolution of the MR from a concave curvature (saturating MR)
at & = 0° to a quadraticlike convex curvature (nonsaturating
MR) at 0 close to 90°. The magnitude of the MR changes
by a factor of 5 as a function of the angle at high magnetic
fields. In between the concave and convex magnetic-field
dependencies, we observe a perfectly linear MR at 6 = 8.3°.

To see this, we fit the data above 5 T with an empirical
power law MR(B) = ¢ + aB*. We find an increasing o with 6
(inset of Fig. 2) up to 1.65. At 6 = 8.3°, o = 1, and the MR
changes from saturating to nonsaturating behavior.

Figure 3(a) shows the quantum oscillation pattern in the
MR for 6 = 8.3° as a function of the magnetic field. Fig-
ures 3(b)-3(d) present the Fourier transform of the quantum
oscillation signal as a function of 6. Each quantum oscillation
frequency F is related to an extremal cross-sectional area of
the Fermi surface normal to the field .A; through the Onsager

relation F = (h/2me)Ai. In Fig. 3(e), we track the quantum
oscillation frequencies as a function of the angle. At 6 close
to 0°, our result exactly coincides with the result in Ref. [23]
(taken along the same field direction). We can, thus, identify
several frequencies, Fg = 388, F, = 1225, and F;, =3012 T
using the same notation [23]. The results for finite 6 are new,
and we use the same notation extrapolating from 6 = 0°. We
measure in a smaller field range than Ref. [23]. As a result,
two low-frequency orbits (at 40 and at 15 T) are not well
defined in our data. On the other hand, we can sweep the
magnetic field much more slowly and, thus, resolve better
the high-frequency quantum oscillations. For instance, we ob-
serve a high-frequency oscillation around F; = 4440 T. The
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FIG. 2. MR up to 20 T for different field directions from B ||
c(@=0°)toB Lc (0 close to 90°). The inset shows the angular
dependence of the exponent o obtained by fitting the MR at each
angle with an empirical power law MR = ¢ + aB*. The green broken
line in the main figure shows, as an example, the fit for the data at
0 = 89°.

022042-2



HUGE LINEAR MAGNETORESISTANCE DUE TO OPEN ...

PHYSICAL REVIEW RESEARCH 2, 022042(R) (2020)

@z () © 5 . , .
5 I
5 100 °%e 1. *en
g I ‘
c 80 £
2 =< n o .
(b) E 3 3feeeee Al |
° 60 & °ggm
w (] [0) S '0
= © T o
5 2 > 2 Wy Ve
g = 40 = 2F ® 06 o]
5 E 5 Y .
g — %] 000000 % Tog
2 B L 20 1} 00 00 -
o
g 0000000 B
n " 10 oL %2 0 cemege®
0 1 0 2 3 4 5 0 30 60 90
F (KT) 0 (deg)

FIG. 3. (a) AMR (defined in the text) versus magnetic field up to 22 T at T = 1 K and 8 = 8.3°. (b) and (c) Fourier transform of AMR
for a few values of 6. Greek letters mark the oscillation frequencies giving peaks in the Fourier transforms. (d) Fourier transform of AMR as
a function of the frequency F for different 6°s. Data are shifted along the y axis for clarity, following the value of 6. (e) Angular evolution of
the quantum oscillations frequencies with the corresponding orbits labeled by greek letters.

quantum oscillation pattern is very weak between 6 = 30°
and 60°, so we cannot resolve the frequency of the orbits
in this angular range except for the orbit with the lowest-
frequency B. We, thus, keep the notation for the orbits at 6
close to 90° as for similar frequencies at 6 close to 0° but
add apostrophes. There are two extra frequencies that do not
have direct counterparts at 6 close to 0°, and we denote them
as Fjy = 1798 and F,, = 1798 T. Furthermore, we observe
that /, y”, and v’ split into two and 8 into three frequencies
close to 90°.

We have also measured the temperature dependence of
the quantum oscillations at two different angles 6 = 8.3° and
0 = 89° where the oscillation amplitudes are the largest to
obtain the quasiparticle effective mass m; of each orbit and
their quantum lifetime 7y [see Figs. S1(a)-S1(c) and Table
S1 in the Supplemental Material [33]). m] lies close to the
free-electron mass m, for all the orbits except 8, whereas the
estimated 7y ranges from 0.15 to 0.75 ps. We also analyze the
phase of the lowest-frequency mode () and obtain, for this
orbit, a nontrivial Berry phase ®j close to . This result is in
agreement with previous quantum oscillation measurements
and suggests that the predicted triply degenerate point in the
associated B band is likely to be present [23].

Band-structure calculations in y-PtBi, [23,35] show many
bands that cross the Fermi level, forming six or seven sheets.
Spin-orbit coupling leads to large band splittings, and the
shape of the Fermi-surface pockets is very sensitive to the
position of the Fermi level. At the Fermi level, the bands have
mixed electron-hole character with a somewhat larger density
of holes [25,26]. We see that the smallest kr (8 orbit) in our
quantum oscillation data is about 1/4 of the size of the first
Brillouin zone and appears in pockets centered at the corners
of the Brillouin zone derived from the B band [23]. The
two high-frequency orbits (1 and 7) are associated with the
two bands producing large pancakelike Fermi-surface sheets
centered at the top and the bottom of the Brillouin zone [23].
This particular shape gives extremal orbits only when B || ¢ or
L ¢, which explains the absence of corresponding frequencies
at intermediate angles. We also find several orbits split into

two or more frequencies at 8 close to 90°. This probably
comes from the warping of the corresponding Fermi-surface
sheets [36].

The calculations in Ref. [23] reveal a y band that has
spherical-like Fermi-surface pockets arranged in a honeycomb
lattice located on the plane and interconnected with each
other through tilted necks. The lower inset of Fig. 4 presents
schematically this open Fermi-surface sheet. We mark, by the
red dashed lines, two planes perpendicular to a magnetic field
tilted from the ¢ axis. These contain open orbits. In each of
the planes, the spheres located at one side of the honeycomb
structure are connected to each other but not with the spheres
of the other side (upper left insets of Fig. 4). Electrons on open
orbits go into noncircular trajectories, instead of following
cyclotron motion [1,37]. This has a strong impact on the MR
[1,37-39]. In a metal with a single electronic band, open orbits
lead to a quadratic enhancement of the MR at certain field
angles, leaving a usual saturated MR at the angles where
the open orbits are absent [40,41]. Multiple Fermi-surface
sheets as in y-PtBi, are considered in detail here. To set up
a MR model taking into account multiple sheets, we first
consider that, in a semimetal, the MR has a B? unsaturated
behavior when the electron and hole numbers (n, and nj;)
are compensated [1,7,42]. We consider a two-band model and
take electrons as free carriers with the same mobility . The
level of electron-hole compensation is given by d = (n, —
ny)/(n. + ny). We add a field-independent small contribution
from the open orbits §oy to the total conductivity oy. More

details are provided in the Supplemental Material [33]. We can
s(+n? ) +(1+1%)

St iray - Where

then write for the resistivity p(B)/po =
n = uB.

We find that this reproduces nicely the linear MR at 8.3°
(Fig. 4) and at all other field orientations (see Fig. S2 in
the Supplemental Material [33]). We use, for this angle, the
parameters § = 0.00849, p = 4630 cm?>V~'s7!) and |d| =
0.229. The size of § is small compared to one, in agree-
ment with the fact that only a tiny proportion of the whole
Fermi surface would be engaged in forming open orbits.
From the mobility u, we estimate the transport mean free
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FIG. 4. We show, as orange circles, the MR at 6 = 8.3° up to
22 T. By the blue line, we show the result of the model discussed
in the text. The green dashed line shows the result of the same
model but without contribution from open orbits. Note the saturation
observed at high magnetic fields. In the lower right inset, we show
schematically the y-band Fermi-surface sheet. The shape is that
of an ondulated grid of spheres arranged in a honeycomb lattice
perpendicular to the ¢ axis [23]. The sheets are connected by necks
oriented at an angle to the plane. Necks that lie behind the spheres are
schematically represented by dashed lines. When the magnetic-field
direction is slightly tilted from ¢, open orbits may appear on two
different planes (marked by red dashed lines). The corresponding
open orbits are provided in the upper left panels.

scattering time 7, (1 = et/m*) to be around 2.6 x 102 s,
a few times larger than the quantum lifetime 7y deduced
from the amplitude of the quantum oscillations (Table S1 in
the Supplemental Material [33]). This difference is reason-
able as 7y measures the smearing of the Landau levels due
to forward and backward scatterings, whereas transport 7
requires backscattering. The linear MR cannot be obtained
without taking into account the open orbits (6 term), and
the MR would show a clear saturation at high fields due to
an inexact compensation between the electron and the hole
carrier numbers. It is, thus, the combination of both effects
that leads to the observed linear MR at & = 8.3°. For the other
angles, we can associate the increase in the MR from 0° to

90° and the evolution of its curvature to changes in |d|, which
steadily decreases from 0.22 at 0° to close to 0 at 90°.

The relevant contribution of a one-dimensional conduction
channel for the magnetoresistance which we unveil here can
have consequences, particularly, for the behavior at even
larger magnetic fields. The Lebed effect consists of reso-
nances occurring in open orbits for in- and out-of-plane
transport between layers of a two-dimensional crystalline
structure [43]. As a consequence, different kinds of oscil-
latory behavior related to open orbits have been predicted
and observed in organic systems, including magic angles
related to dimensional crossovers, strong angular-dependent
oscillations, or density waves [44—47]. Our result suggests that
such one-dimensional features could arise in semimetals due
to open orbits.

This seems particularly interesting in view of the uncon-
ventional band structures often observed in semimetals. For
y-PtBi,, band-structure calculations suggest triply degener-
ate nodal points [20,21,23,26]. Contrary to Dirac and Weyl
fermions [23,35,48,49], triple points have no counterpart in
high-energy physics [35,48-50]. These could influence the
magnetoresistance in the case of complex conduction paths
involving open orbits induced by the magnetic field.

To summarize, we synthesized high quality single crystals
of y-PtBi, and measured the angular dependence of the MR
up to 22 T. We reveal that, in addition to the known electron-
hole compensation, open orbits produce an important modifi-
cation of the transport under magnetic fields leading to huge
values of the magnetoresistance and a linear field dependence.
Additionally, we suggest that phenomena inherent to one-
dimensional conduction might appear at ultrahigh magnetic
fields in low carrier density semimetals.
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