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Transport property of multi-band
topological material PtBi; studied
by maximum entropy mobility
spectrum analysis (MEMSA)

Haijun Zhao'*’, Wenchong Li%, Yue Chen?, Chungiang Xu?, Bin Li?**, Weidong Luo®*,
Dong Qian** & Zhixiang Shi***

Electrical transport of both longitudinal and transverse directions carries rich information. Mobility
spectrum analysis (MSA) is capable of extracting charge information from conductivity tensor,
including charge types, concentration and mobilities. Using a numerical method based on maximum
entropy principle, i.e., maximum entropy mobility spectrum analysis (MEMSA), mobility spectrum
for B-type PtBiy is studied. Three hole-pockets and two electron-pockets were found, including a
small hole pocket with very high mobility, which is very likely corresponding to Dirac Fermions.
Benefiting from our high resolution result, we studied temperature dependence of carrier properties
and explained the sign change phenomenon of Hall conductivity. We further compared the results
with band structure obtained by our first principle calculation. The present results prove MEMSA is a
useful tool of extracting carries’ information in recently discovered Iron-based superconductors, and
topological materials.

Extracting information of charge carriers is an important topic in condensed matter physics. Despite its well
development within semiconductor field, recent studying of Iron-based superconductors (IBSC), and topo-
logical materials generates new challenges. Unlike copper oxides, the transport properties of IBSC show rich
physics due to their complex d-orbital energy bands with unique topology’. Beside the unconventional high
temperature superconductivity?, other properties, such as the quantum transport phenomena resulting from
Dirac-cones forming™*, have also attracted many focuses. Various experimental observations and theoretical
calculations reveal the multi-band nature of IBSCs. However, debates continue on understanding the real band
picture of IBSCs, and it is very challenging to experimentally differentiate the various Fermi pockets in these
complex multiple-band materials, where both electrons and holes with different effective masses are present in
momentum space. Moreover, the existence Dirac-like quantum states, which contain carriers with extremely
small concentration, but markedly high mobilities, makes the problem even more interesting.

Topological materials have also attracted considerable attention not only in the condensed matter physics but
also in the applied science society due to their novel properties and potential applications®~. Two examples of
topological semimetals are: Dirac semimetals, which possess fourfold degenerate band crossings in momentum
space, and Weyl semimetals, in which the spin degeneracy is lifted. In the latter case, the band crossings are
referred to as Weyl points!®-!2. Recently, several new types of Topological semimetals identified by threefold,
sixfold, eightfold band crossings near the Fermi level were proposed’. In particular, the threefold point fermions
have been indicated might exist in the materials with WC-type structure, such as MoP, WC, TaN and ZrTe'*'413,
which can be viewed as an intermediate state between fourfold degenerate Dirac points and twofold degenerate
Weyl points.

Experimentally, the carrier property can be measured by angle-resolved photoemission spectroscopy
(ARPES). Benefitting from this measurement, the first experimental observations of the Dirac-cone states in
IBSC were successfully made'®. For topological materials, the threefold fermions have been demonstrated in
MoP". However, the energy resolution of ARPES is around mev, which limits its ability of separating different
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bands. Quantum oscillations are capable of measuring the electronic states at the Fermi level, but are insuf-
ficiently sensitive to detect tiny but important pockets, such as Dirac-cone quantum states. In the meanwhile,
a relatively large field is required, which may greatly change carriers’ properties, especially for field-sensitive
materials, such as Weyl semimetals. Moreover, none of the above measurements can estimate the conductivity
contributions from different bands.

Measuring electrical transport of both longitudinal and transverse directions was an important way of obtain-
ing carriers’ type, mobility, and concentration in single band semiconductors. For materials containing one
electron band and one hole band, two carrier model was wildly used. However, for multiple-band materials, clear
deviation appears. Therefore, new methods are required to fit the measured experimental curves. A straightfor-
ward way is hypothesizing both carrier types and number of bands, then, calculating mobility and concentration
via fitting'®~?°. In order to avoid the hypothesis, the technique of mobility spectrum (MS), which was initially
developed to study carriers in semiconductors*'-?*, was applied to Ba(FeAs),* and FeSe?. The MS resulting
from longitudinal and transverse transport under a wide range of magnetic field B up to 50 T, shows a physically
reasonable and intrinsic interpretation on the electronic states in low temperature phase. More recently, it was
also used to study Type-II Weyl semimetal T4-MoTe,?’.

Note that, application of MS requires material to have relatively large magnetoresistance. PtBi, with a layered
hexagonal crystal structure was reported to exhibit a large magnetoresistance?®2 Both band structures and Z,
invariant calculations suggest PtBi, as a possible candidate for bulk topological metal®®. ARPES measurement
found a Dirac-cone-like surface state on the boundary of the Brillouin zone, which is identified as an accidental
Dirac band without topological protection®. Moreover, triply degenerate point (TDP) fermions were predicated
by ab-initio calculations, and verified by quantum oscillation®’. More recently, APRES measurement and first
principle calculation detected five bands that could contribute to the TDP*. Magnetoresistance measurement for
field up to 22T found that magnetoresistance is related to the angle between the magnetic field and the crystalline
c axis*2. In this paper, we use maximum entropy mobility spectrum analysis** (MEMSA) to study carrier proper-
ties of PtBi,. The numerical MEMSA method is capable of nicely fit the experimental data (see Figs. S1-S2 of
Supplementary Materials). For comparison, We also calculated band structure using first principle calculation.
Our results suggest that, MEMSA is a useful tool of detecting carrier type, mobility, and charge concentration
in recently discovered Iron-based superconductors, and topological materials.

Numerical algorithm
MEMSA starts from the experimentally measured Magnetoresistivity o, (B) and Hall resistivity px, = BRy (B),
from which, one can calculate the conductivity tensor by:

Oxx = pxx/(p;%x + piy% Oxy = pxy/(pix + P;%},)- (1)
Within the MS model, the relation between conductivity tensor and mobility is given by>3-263034;
 s(u)dp TOuBs(u)du
oxx(B)= / P xy( ) _/ T (2)
14 (uB) 0o 1+ (uB)

where the MS is evaluated as follows: s(u) — Ej njejtj8(ju — 1)), nj is the concentration of the carriers with
mobility ;. It is assumed that in Egs. (2), mobilities are negative for electrons and positive for holes.

Mathmatically, Egs. (2) belong to Fredholm equations of the first kind. MS can be achieved by an inversing
method. To reach a high resolution, we use numerical iterations based on maximum entropy principle?***, First,
we define the reduced conductivity tensor:

N N

_ Uxx(Bj) pi xx

xx Bj) = = = Ki‘ i>

TuB) = 0 2 T By P ®
xy (Bj al iliB; a X

7oy (By) = Oy (Bj) _ piniB; =ZszyPi- @

0xx(0) i1 1+ (N-iBj)z i1

Calculation of the probability p is performed using the Lagrangian multiplier /:
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where Z = Zk L exp{— _l(ﬂmK"x - )xyK )} is the partition function. Assuming /! = 3% 4 82, and
8.k << )k it canbe provec{ that ok 4‘ Ak§ )k where, 0 = [T x, O xy), the matrix Akis given by:
= Z K;jPfKiy. (6)
Replacing o**1 with experimental data, one have:
8K = — (AN T1oF — Ty 7)
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Figure 1. The MS of carriers in PtBi, for temperature T = 2K (a), 10K (b), and 20K (c), respectively.

The matrices A¥ were inverted using singular value decomposition. Eq. (7) gives the approximate difference
between the new value of 15*! and the old one 2¥. The Lagrangian multipliers can be found using the following
numerical iterative procedure: First, assume a group of initial values of 4, and use Eq. (5) to calculate the prob-
ability p; second, calculate the corresponding conductivity matrix o (Egs. (3-4) ) and matrix A (Eq. (6)); third,
use Eq. (7) to calculate the modification of Lagrangian multipliers and calculate new set of Lagrangian multipli-
ers /1 = 2k 4 081K, where 0 < a < 1. The loop continues until each element of § /¥ is sufficiently small. The
corresponding MS can be calculated from Eq. (5).

Results and discussion

In Fig. 1la—c, we show MS for temperature T = 2K, 10 K, and 20 K, respectively. The corresponding fitting to the
conductivity tenser, as well as measured experimental data are shown in Fig. 2. It is clear that comparing previous
methods®?, our MEMSA method perfectly fits the experimental data of conductivity o and Hall conductivity
oy spontaneously. The resolution is greatly improved, resulting in well separation of peaks on the MS curve. Each
of these peaks are corresponding to an electron or a hole pockets. For a specific pocket i, we calculate the follow-
ing three values: I. the ratio of conductivity contribution at zero field y;; II. the location of the peak, i.e., average
mobility u;; and IIL. carrier concentration n. Note that, small peaks whose contribution y (< 4%) are neglected,
since they might be generated by white noises in the experiment. For T = 2K, two electron and three hole pockets
are identified (see Fig. 1a). The number of bands is agree nicely with ARPES measurements* and first principle
calculations®®®. The carriers’ concentration are n; = 4.5 x 10%® m~3 for electron band P, nj; = 2.8 x 1020 m—3
for electron band Py, nyy = 3.9 x 1026 m~3 for hole band Pjyj, and nyy = 2.8 x 102° m~3 for hole band Pyy.
Electron band Py is of one order smaller (ny = 2.8 x 1026 m~3), but its mobility is high, leading to a relatively
large conductivity contribution (15%). In turn, it is very likely corresponding to a Dirac-cone pocket that was
previously reported®!. The summation of concentration for electrons n, = 7.3 x 1026 m~3, whereas, for holes,
np, = 7.2 x 10%6 m~3, Those values are similar to Pyrite PtBi,*, and many other reported large magnetoresistance
topological materials (e.g. WTe,® and LaSb°®), but is higher than Cr3As;®. Note that, nj, & n,, which is similar to
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Figure 2. The experimentally measured conductivity (left panel, dots), Hall conductivity (right panel, dots),
and their MEMSA fitting (solid lines).
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Figure 3. The ratio of (a) conductivity contribution y, (b) mobility i1, and (c) carrier concentration n as a
function of temperature T for P; (black squares), Pry (red circles), Py (blue triangles), respectively.

Pyrite PtBi,* and WTe,’, indicating that, the conductivity contribution of electrons and holes are comparable
when their mobility difference is small. For T = 10K, all the peaks move toward low mobility direction (see
Fig. 1b), causing a decrease of distance between peaks. As a result, very closely neighbored peaks start to merge
(see Pjr and Ppyy in Fig. 1b), leading to a decrease of peak number. This rule persists for higher temperatures
(see Fig. 1c for T = 20K). For sufficiently high temperature, the number of peaks decreases to just one or two.
As a result, the commonly used two carrier model will also become suitable. As show in Ref.?, the mismatch
between two carrier model fitting and experimental result indeed gradually disappears as temperature increases.

An advantage of MSA is that it can analyse carrier’s temperature dependence properties. Note that, the
accuracy of MS is sensitive to mobility as higher mobility carriers are more impressionable to external field.
Therefore, here, we limit our analysis to high mobility carriers only, i.e., neglecting Py and Pyy. In Fig. 3, we
plot ratio of conductivity contribution y, mobility u, and carrier concentration # as a function of temperature
for Py, Pry, Py, respectively. The ratio of conductivity contribution y and carrier concentration # are robust to
temperature change (see Fig. 3a,c), whereas, the mobility of each peak decreases with increasing temperature
(see Fig. 3b), especially for the Dirac-like pocket Py . The information of all the peaks for different temperature
are summarized in Table 1.

Discussion

The MS allows us to explain many physics phenomena. For example, the sign change phenomenon of Hall con-
ductivity oy: Atlow field B « 1/, conductivity is the summation of all carriers’ contribution. After increasing
field, high mobility carriers with B >> 1are gradually localized, i.e., only low mobility carriers are responding
for conducting. Therefore, the winner of the competing between electron and hole conductivity contribution may
swap, which leads to change of Hall conductivity’s sign. For PtBi5, as was discussed previously, the conductivity
contribution for electrons and holes is comparable (48% for electrons and 52% for holes) at zero field. Contribu-
tion of holes are slightly larger, so the Hall conductivity sign is positive. As field increases, the Dirac-like hole
pocket Py, which has the highest mobility, will first be localized. Therefore, holes’ contributions decreases faster
than that of electron. Once the electrons win the competition, the sign of Hall conductivity changes.
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Figure 4. (a) The calculated electronic band structure of PtBi,. The green and red lines indicates the Bi-p and
Pt-d orbital contributions, respectively. (b—f) Three-dimensional Fermi surfaces of PtBi; for each band in the
first Brillouin zone. (g) The DOS as a function of effective mass. Five bands including a Dirac-cone-like band
(black line) is identified.

We further compare our MEMSA results with electron band structure obtained by first principle calculation.
The band structure of PtBi5 is calculated using the full-potential linearized augmented plane wave (FP-LAPW)
method implemented in the WIEN2K code. In Fig. 4a, we show the fat band of PtBi, with orbital characters.
There are five bands crossing Fermi level Ef, hybridized from Pt d and Bi p orbitals. A distinct Dirac cone near
EF locates at the L point. Further band analysis demonstrates that, there are three hole-like bands which con-
struct hole pockets locate around the Brillouin zone corner (band 1, 2 and 3), and two electron-like bands which
construct bowl-shaped electron pockets centered around A point (band 4 and band 5), as shown in Fig. 4b-f.

We further calculate the density of state (DOS) at Er as a function of mg/m™ (g and m™* are free-electron mass
and quasiparticle effective mass, respectively). As shown in Fig. 4g, the DOS also has peak structures: including
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T electrons holes
P Py Pir Prv Py
y 43% 6% 9% 22% 15%
w(m?/(Vs)) |0.317 0.070 0.077 0.264 0.964
8 n (m™3) 45 % 10% 2.8 x 10% |39 x 10%° |28 x 10% |52 x 10%°
Pr Pi+ P Prv Py
y 46% 8% 24% 14%
10K | (m?/(Vs)) |0.237 0.003 0.177 0.637
n (m™3) 57 x 10%° | 7.8 x 107 3.9 x 10% | 6.4 x 10%
y 41% 18% 24% 14%
20K | (m2/(Vs)) |0.137 0.017 0.150 0.590
n (m™3) 47 x 10% | 1.6 x 107 2.5 % 10% |3.7 x 105

Table 1. Information of each peaks separated by MEMSA: contribution to the conductivity y, average
mobility u, and change concentration n.

three hole-like and two electron-like peaks. Interesting, there is a small peak corresponding to band I, whose
effective mass (m™ ~ 0.2m,) is small, consisting with the Dirac-like band Py in Fig. 1.

Conclusions

In summary, we use MEMSA to study carrier property of PtBi;. We demonstrate that MEMSA not only can
identify carrier type, and get band number, but also can calculate many other important information, including
mobility, concentration, and conductivity contribution. Comparing with integration methods or multi-carrier
fitting methods, MEMSA can spontaneously fit both experimentally measured conductivity and Hall conductiv-
ity, and produce high resolution results. For PtBi,, three hole pockets and two electron pockets are identified,
which agree with previous reports®®*, as well as our first principle calculation. The higher resolution of MS
enable us to deeply analysis carrier properties: Carrier’s mobility decreases as temperature increases, whereas,
carrier concentration is rather robust to temperature change. Our results explains the sign change phenomenon
of Hall conductivity: High mobility carriers are localized at high field and have no contribution to conductivity.
Moreover, MEMSA shows a small hole pocket with very high mobility, which agrees with the little hole-like
pocket with small effective mass find by first principle calculation. These features show that this small pocket is
very likely corresponding to previously reported Dirac Fermions®'. Our results show that MEMSA is a useful
tool to study band structure and carrier properties of large magnetoresistance materials.
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