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Due to non-saturating magnetoresistance (MR) and the special compensation mechanism, the Weyl semimetal TaAs
single crystal has attracted considerable attention in condensed matter physics. Herein, we use maximum entropy mobility
spectrum analysis (MEMSA) to extract charge carrier information by fitting the experimentally measured longitudinal and
transverse electric transport curves of TaAs. The carrier types and the number of bands are obtained without any hypothesis.
Study of the temperature dependence shows details of carrier property evolution. Our quantitative results explain the non-
saturated magnetoresistance and Hall sign change phenomena of TaAs.

Keywords: Weyl semimetal, mobility spectrum analysis, magnetoresistance, electrical transportation

PACS: 71.55.Ak, 72.15.—v, 73.43.Qt

1. Introduction

Studying new quantum materials such as topological in-
sulators, Dirac materials and Weyl semimetals (WSMs) is of
great importance in condensed matter physics because of their
abundant physical properties and application potentials.!!=]
For WSMs, according to whether the Weyl cone is tilted, they
can be divided into two categories: type-I and type-II. Recent
first-principles calculations predicted a family of nonmagnetic
WSM including TaAs, TaP, NbAs, and NbP.[*-!1 Large mag-
netoresistance (MR) and low field Shubnikov—de Haas (SdH)
oscillation were predicted.!®! These unique electronic struc-
tures and peculiar physical properties suggest that the WSM
shows interesting physics and has potential future applica-
tions.

First-principles calculation predicted that TaAs is a type-I
WSM with data-like W1 pockets and dot-like W2 pockets. "]
Ultrahigh mobility (4e ~ 18 m?-V~'.s7! at 10 K) and ex-
tremely large positive MR (80000% at 1.8 K in a field of
9 T) were discovered.!”! Surprisingly, negative MR is observed
when the magnetic field is parallel to the current. Moreover,
unlike ordinary metals or semiconductors, the SdH oscillations
can be observed at a very low field. Detailed analysis indi-
cates that there are two types of carrier in TaAs, in agreement
with first-principles calculations.!%-8] However, how to quan-
titatively analyze the conducting behaviors of different types
of fermions and how to study their evolution with temperature
and magnetic field are still open questions, which may give an-
swers to many interesting experimental observations including
unsaturated MR and low field SdH oscillation.
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Mobility spectrum analysis (MSA
tool for extracting carrier information from experimen-
tally measured longitudinal and transverse electric transport

curves. It has previously been used for Ba(FeAs), and

(1718 and type-II Weyl semimetals Tgy-

FeSe superconductors
MoTe,.["”) Recently, maximum entropy mobility spectrum
analysis (MEMSA) has been used for 3-PtBi,.[?”) Compared
with other methods, MEMSA has higher resolution, and can
perfectly fit the MR and Hall resistance data. In this paper, we
use MEMSA to analyze the experimentally measured MR and
Hall resistance of TaAs, from which mobility spectrum (MS)
is obtained. MSA successfully distinguishes between the con-
ductivity contributions of two different Weyl fermions (W1
and W2) at all experimentally measured temperatures. Our
results give important clues for understanding the large and
non-saturating MR in a TaAs single crystal.

2. Method

Within MS theory, the conductivity tensor is given
by!14-18:20]

_ [ sw)

Gxx<B)_./7oo Wdﬂa ()
[T uBs(p)

o @)= | g @

Here, s (i) = eptdn/du is the mobility spectrum, n(i) is the
density for carriers with mobility ¢. Equations (1) and (2) can
be solved numerically using MEMSA. Details of the method
can be found in Refs. [15,20].

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

057103-1


http://dx.doi.org/10.1088/1674-1056/ac2b24
mailto:haijunzhao@seu.edu.cn
mailto:zxshi@seu.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B 31, 057103 (2022)

3. Results and discussion
3.1. Mobility spectrum of TaAs

The MS of TaAs for temperatures 7 = 1.8 K, 10 K, 40 K,
80 K, 100 K, and 120 K are shown in Figs. 1(a)-1(f), re-
spectively. The corresponding fitting curves to experimentally
measured magnetic conductivity Oy, (B) /0y, (0) and Hall con-
ductivity Oy (B) /0y (0) are shown in Figs. 2(a) and 2(b). It
is clear that MS nicely fits the experimental data, benefitting
from the MEMSA method.

We now compare our MS results with reported first-
principles calculations. According to Ref. [7], the band struc-
ture of TaAs contains a data-like Weyl pocket (W1) 21 meV
below the Fermi surface, and a dot-like Weyl pocket (W2)
about 2 meV above the Fermi surface. Therefore, the dom-
inant carrier is the electron for W1, and is the hole for W2.
At low temperatures (7T < 40 K), our MS also contains two
dominant pockets: one electron pocket and one hole pocket
(see Figs. 1(a)-1(c)). Therefore, we mark the big electron
peak with ew1, and the big hole peak with Aw,. Holes for W1
and electrons for W2, in principle, can be thermally activated.
There are two small peaks on our MS at low temperature 7',
which grow big after increasing 7. Therefore, they very likely

originate from W1 and W2 (we mark them with Aw; and ew»,
respectively). Other carriers coming from ordinary pockets
should have mobilities that are smaller than that of the best
normal metal conductors (e.g., & ~ 0.6 m?>-V~1.s~! for silver
at 5 K1), No such peak with small mobilities is observed in
our MS curves, indicating that conductivity contributions from
ordinary pockets are too small to be detected by transport mea-
surement.

The MS is sensitive to temperature. In general, with
increasing temperature 7', the number of peaks remains un-
changed for T > 120 K (see Figs. 1(a)-1(f)). However, peak
positions (corresponding to mobilities) as well as heights (cor-
responding to charge densities), greatly vary with temperature.
For peak positions, as shown in Figs. 1(a)-1(f), almost all
peaks move toward the low mobility direction (i.e., mobilities
decrease) as temperature increases. However, the mobility of
ew decreases faster than that of Ay».

As aresult, gradually, the mobility of sw, approaches that
of ew1, and the MS becomes symmetric. For peak heights, the
peaks of ew; and hw; decrease with increasing temperature,
whereas those of ew, and hw increase. At high temperatures
(T > 40 K), the height of all four peaks is equal.

102 .
o (a) Electron T=18 K Hole
> ] 1
il 10'} ]
\E/ Cw2 Py
&
£ 0 o 1 ]
3
® .
1073 L
—20 —10 0 10
p (m2v-1ls™1)
10? .
= (b) Electron T=10 K Hole
> ] ]
b 10'} ]
E, L Ew2 hywo ]
S ewi Lhw, ]
~
=
3 .
1073
—20 —10 0 10
p (m2vV—ls™1)
10? .
-~ (c) Electron T=40 K Hole
2 r |
b 10!
‘E 4 w2 Py ]
8 €w1
s 107} hwi ]
g |
N .
1073
—20 —10 0 10

i (m2V—tsl)

10? .
@ (d) Electron T=80 K Hole
> 4 1
o~ € h
; 10'F w2 “Q S e
E 1071 1
2
S .
1073
—20 —10 0 10
L (m2~V*1~s*1)
103 .
a (e) Electron T=100 K Hole
> ] ]
CT. 101k ewz ewil hwi h 1
) r NG\,
g 10 3 1
=
o .
1073 :
—20 —10 0 10
m (mQ.V—l.S—l)
10° ;
a (f) Electron T=120 K Hole
> 4 1
o 10t} e“ﬁ /“Nl ]
g w2 h
~ L \ / W2 ]
8
S 107!
~
3 F E
5 .
1073 '
—20 —10 0 10

i (m2V—tsl)

Fig. 1. The MS of TaAs displayed in semi-logarithmic scale for temperature of (a) 1.8 K, (b) 10 K, (c) 40 K, (d) 80 K, (e) 100 K, and (f) 120 K.
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Fig. 2. Normalized experimental magnetic conductivity (a) Oy (B)/0xx (0)
and (b) Hall conductivity oy, (B)/0x (0) at 1.8 K, 10K, 40K, 80 K, 100 K,
and 120 K (dots), and its MEMSA fitting (solid lines).

3.2. Temperature dependence of mobility, carrier density,
and conductivity contributions

To further explore the temperature dependence of MS,
we calculate the mobilities, carrier densities, and conductiv-
ity contributions from MS and present them in Figs. 3(a)-3(c).

The mobilities for each type of carriers are calculated
by taking the peak values. At the lowest temperature T =
1.8 K, for W1 fermions, ew; has a very high mobility
(ug; = 13.44 m2.V-1s71), which is close to the mobili-
ties of Dirac fermions in Dirac materials such as graphene
(u =20 m>V~—'.s71), and is slightly smaller than the value
estimated by SdH oscillation (1 = 18 m?>-V~1.s71).[7l The
mobility of /; is lower (uh,, = 1.64 m?.-V~=l.s~1) but it is
still much larger than the mobility of carriers in silver, and
is close to Dirac-like fermions in PtBis.[2%! For W2 fermions,
the mobility of hwa fy, = 6.39 m?-V~1.s7!, which is about
half of ug;,, whereas that of ews, U, = 1.36 m?-V-ls71,
which is comparable to [,L{}Vl. When changing the tempera-
ture, as shown in Fig. 3(a), low mobility fermions, i.e., Uy,
and ,u{‘m, are almost temperature independent. For high mo-
bility fermions, i.e., ty;, and /.L{}vz, on the contrary, in general,
the mobility decreases significantly with increasing tempera-
ture, except that u\l}vz increases slightly at 7 = 10 K. The de-
crease of mobilities for W2 is probably due to increased ther-
mal scattering. Ly, decreases faster than .u{zlvz for T < 80 K,
but pg,, ~ wh, for T > 80 K, which is consistent with the
symmetric MS shown in Figs. 1(d)-1(f).

In Fig. 3(b), we show carrier densities as a function of
temperature. Carrier densities for mobility u € [a,b] can be
calculated by

we [ () o) d

By taking a and b to be the lower and upper boundary of a spe-
cific peak, this integral gives its carrier density. For T < 40 K,
the carrier densities of big peaks, i.e., n$y, for ew; and nf,, for
hw2, are almost independent of temperature, and their values
are 2 orders less than many other reported large magnetoresis-
tance topological materials, such as pyrite PtBi,,[?’l WTe, [>?]
and LaSb,[23] but are similar to Cr3Asz.[24] The charge densi-
ties for the two small peaks (ngy, for ew> and nl\,lvl for hw ) are
1 order smaller.

16
(a)
12
T
u
|
> 8
)
el 4t
O " " n " L 1 .
0 20 40 60 80 100 120
T (K)
(b)
10't ¢ R &
-8 -
_ ‘ \”7.§.
7
g
T 100}
Z /.’o —B— ey, —O— hys
N
° —0— ey hwi
< e > h
1071 L L L L L L L
0 20 40 60 80 100 120
T (K)
80} (c) —M—ew; —O— hy
- —@— ey P
60} \.\' | € | 2 h
>
S R RIS R
= 40t L4
- ’,0/ \.7'§‘
20t é
o—&—
ol ea 0/

0 20 40 60 80 100 120
T (K)

Fig. 3. (a) The temperature dependence of mobilities i, (b) carrier densities
n, (¢) RCC at zero field y.
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For higher temperatures, the charge densities for the two
big peaks ny,; and ”}vlvz decrease with increasing tempera-
ture, whereas that of small peaks (3, and n}V‘Vl) as well as
total density of electrons and holes (nl\}\, = n}\‘,\,1 + nl\,‘v2 and
ny = MYy, + nyy,), increase (see Fig. 3(b)).

The conductivity contribution for carrier with u € [a,b] at
zero field is given by

G(a,b):/ahs(/.l.) dy.

Then, the ratio of the conductivity contribution (RCC) y(a,b)
can be calculated by y(a,b) = o (a,b) /0 (—0,+o0). Similar
to charge densities, by choosing suitable values of a and b, the
ratio of conductivity contribution ¥ for each peak is achieved.
As shown in Fig. 3(c), at low temperatures, the RCC for the
two big peaks, 1,; and ¥y, are large, whereas the RCC for the
two thermally activated small peaks, Y%y, and %y, are almost
zero. When the temperature increases, ¥y, decreases while
Ty almost remains unchanged. ¥y, and ¥y, start to increase
for T > 40 K. The total RCC for electrons Y, decreases as
the temperature increases, whereas that for holes 74, increases.
Information of every peak for various temperatures is summa-
rized in Table 1.

Table 1. Summery of carrier information: contribution to the conductivity 7,
average mobility u, and change concentration n.

of the conductivity contribution as a function of field for dif-
ferent bands. If an initially hole-dominated conductivity be-
comes electron-dominated at a high field (vice versa), the Hall
conductivity sign changes. For complex MS, the sign change
can even appear more than once. If ultra-high mobility car-
riers dominate the conductivity (e.g., our TaAs sample at low
temperature), even a very low field is capable of localizing
the conducting carriers, thus, greatly decreasing conductiv-
ity, causing a field-induced conductor to insulator transition
(CIT),?>-281 and generating extremely large MR.

For TaAs, the conductivities of each type of carriers as
a function of field are shown in Fig. 4. At T = 1.8 K, the
ultra-high mobility of ew causes a very fast localization. As
shown in Fig. 4(a), the crossover of the conductivity contribu-
tion of ew, and hw; appears at a field as low as B=0.12 T
(see the intersection of Gy, for ew, and hw,). This illustrates
that the dominant carrier is the electron-like W1 fermion when
B > 0.12 T, but it is the hole-like W2 fermion when B > 0.12 T.
Therefore, the Hall conductivity sign changes. For a high field
limit, 6y, (B) ~ [0k (0) u~2]B~2 = KB~2, where K is a pa-
rameter that determines dominant carriers at high field. There-
fore, due to the extremely low Oy, (0) of thermal-activated
fermions, their K value is always smaller than that of the
preexisting fermions ew; and hw;. Therefore, the thermal-
activated fermions always have a lower contribution to the

- Electrons Holes conductor for various fields.
ewl ewn hw1 hw2
10!
y 68.8% 0.4% 0.3% 30.5%
18K pu@m2v-ls ) 13444 1.363 1.638 6.391 — »
Am ) 6.0x10% 35x10% 1.8x102 5.6x 102 S 10
y 63.7% 0.6% 0.4% 35.3% §
10K p@m?v-'lsl)y 12644 1.013 0.863 7.641 m 1073
nm3)  58x10% 65x102 5.6x 105 5.4x10% Y
y 57.7% 0.8% 0.5% 41.2% 10-5
40K p@m>v-'shy 6916 0.813 0.738 5.165
n(m3) 6.2x10%* 6.9x10% 52x108 59x10*
y 39.3% 11.8% 12.7% 36.2%
80K u@m2v-lsl) 3289 0.913 1.384 3.189
n(m3) 3.9%x 10 42x10%* 42x10%* 3.7x10*
y 36.5% 12.5% 13.8% 37.2%
100K p(m>Vv-ls™h) 2039 0.638 0.713 2.039 S
n(m3) 44%10%* 4.6x10% 47x10* 4.5x10* b:
30.9% 16.2% 18.7% 34.2% N
120K p(@@m?>V-1ls ) 1663 0.488 0.538 1.713 %
n(m3) 3.7x10% 6.7x10%* 7.0x10%* 4.0x 10*

3.3. Field dependence of the conductivity contribution

To analyze the ultra-high MR of TaAs, we calculate the

field dependence of oy, for each peak by substituting s (i) of
each peak back to Eq. (1). For uB > 1, oy ([JB)_2 ~ 0.
Therefore, the initially dominated high mobility carriers will
be localized after increasing field, while the localization of the
low mobility carriers is weak. As a result, low mobility car-

riers become dominant. This behavior leads to a crossover

Fig. 4. (a) The conductivity contributions vary with the magnetic field for
T =1.8K (a),and T = 80 K (b), respectively.

At 80 K, as was discussed previously, the mobility and
density of the electron equals that of the hole for both W1
and W2. Therefore, the o,.(B) of the electron always over-
laps with the hole (see Fig. 4(b)), so we cannot easily identify
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the dominant carrier between the electron-like and hole-like
carriers. However, compared with the low temperature case,
the conductivity for thermal-activated fermions is greatly en-
hanced. Due to their low mobilities, their K values become
larger than those of preexisting fermions. Therefore, an inter-
section of oy, (B) for thermal-activated fermions and preexist-
ing fermions appears (at B = 0.5 T), indicating that the pre-
existing fermion-dominated conductivity becomes thermal-
activated-fermion dominant when B > 0.5 T.

4. Conclusion

In summary, we use MEMSA to study the carrier proper-
ties of the type-I Weyl semimetal TaAs by fitting the experi-
mentally measured longitudinal and transverse electric trans-
port curves. At low temperature, we discovered four peaks:
two big peaks and two small peaks (each containing one elec-
tron peak and one hole peak). Upon increasing the tem-
perature, the two small peaks grow, showing that they are
thermal-activated fermions. By comparing with reported first-
principles results, the following peaks are identified: big elec-
tron peak and the small hole peak correspond to Weyl-I and
the other two correspond to Weyl-II. Further quantitative cal-
culation of mobility, carrier density, and RCC for varying tem-
peratures shows that at low temperatures, the two dominant
peaks have very high mobilities, which decrease with increas-
ing temperature, whereas the carrier densities are insensitive
to temperature change until 7 > 40 K. However, the carrier
densities of the two small peaks quickly increase with temper-
ature, indicating that they are thermal-activated fermions. The
increased carrier density also increases their RCC. Our results
explain the Hall sign change phenomenon, and shows the ori-

gin of non-saturating magnetoresistance.
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