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Supplementary Fig. 1. Left: Photograph of the commercial dilatometer cell [1] mounted on a cold finger of a dilution refrig-
erator. This setup is equipped with a piezoelectric rotator for angle-dependent magnetostriction. Right: Back-reflection Laue
photographs of the TaAs single crystal (sample1). Figure (a) shows the diffractogram along the ¢ axis, whereas (b) shows the

diffractogram along the a axis.
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Supplementary Fig. 2. Transverse (a) and longitudinal (b) magnetoresistance of TaAs measured along the a axis. No off-diagonal
components were subtracted from the MR data shown in main panels.
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Supplementary Fig. 3. The a-axis magnetostriction of TaAs measured within the (010) plane at 25 mK. (a) Top: Magnetic-field
dependence of the relative length change AL/L measured along the [100] direction both in the parallel (red) and perpen-
dicular (green) configuration. At 16T, the AL| B and AL 1 B data differ by more than one order of magnitude. Bottom:
Magnetostriction coefficient A derived from the longitudinal and transverse measurements. (b) Complex dependences of the
magnetostriction at small tilt angles © <45°. Note a small longitudinal magnetostriction in the entire field range (red). (c)
Log-log plot of the experiential results shown in (b). Curves are subsequently shifted by a factor of 3 for clarity.



Supplementary Note 1: Formula for the
magnetostriction

We now derive the general formula for the magne-
tostriction [formula (1) in the main text], assuming, for
definiteness, the tetragonal symmetry of a crystal (i.e.,
the symmetry of TaAs). This formula can be obtained
by a minimization of the €2 potential for the deformed
crystal placed in the external magnetic field H with re-
spect to the strain tensor u;g,

1 1
Q= iCll(uiw + u%/y) + §C33u§z

+ CIS(uza: + uyy)uzz + CIQUxmuyy
+ 2C66uiy + 2044(’&92” + U?QJZ)
+ AQe1(uik, B) — AQei(uir, 0), (1)

where C,,, are the elastic moduli of the crystal [2],
B = pugH is the magnetic induction in the sample,
AQel(Ukla B) = Qel(ukl, B) —Qel(o, B), and Qel(ukly B) =
Zivzl Q;(ugi, B) is the electron part of the Q potential
for the crystal with IV pockets of charge carriers. This
part depends on the deformation, the magnetic induc-
tion B, and also on the temperature T" and the chemical
potential ¢ (we do not indicate explicitly 7" and (¢ here).
The first six terms in Eq. (1) give the total elastic en-
ergy of a deformation. This energy is partly produced
by AQe(uk,0), and hence the difference of the elastic
terms and AQe (ug;,0) is the elastic energy that is not
associated with the electron pockets under study. The
term AQq (ug, B) describes the total change in the Q
potential of these pockets in the magnetic field under the
deformation. As in Ref. [3-6], we assume that an elastic
deformation shifts the electron bands as a whole and does
not change their shape. This rigid-band approximation
commonly is well justified for sufficiently small pockets.
In particular, this approximation seems to be valid for
TaAs family of the semimetals, see Figs. 6e and 6f in
Ref. [7]. In this rigid-band approximation, a shift Ae; of
the ith electron energy band £;(p) under the deformation
coincides with the shift of its edge and is proportional
to the strain tensor uy;, Ae; = Ek,l )\,(;l)ukl, where the

constants )\,(jl) are the so-called deformation potential of
the ith band [8]. Therefore, in the minimization of
potential, one can use the following relation:

0Qi(up, B) _ 994(C, B) 0Ag;
Ouyy N o¢ Oupy

= Auni(B),

where n;(B) = —9Q,;((, B)/0(¢ is the density of charge
carriers of the pocket ¢ in the magnetic field. The min-
imization gives a set equations in wug;, which define the
magnetostriction, i.e., the deformation of the crystal in
the magnetic field. Solving this set of the equations, we

specifically obtain,
N

uze = Y Aifni(B) = ni(0)], (2)
i

_ )\glz) (C11 + Ch2) — 2013)\5:2 (3)
C33(C11 + Cr2) — 2(Ch3)?

The same formula (2) describes u,, and u,, but with the
other A;,

A=

B A Css — A0y )
C53(C11 + Cia) — 2(C43)?”

The u,, is the elongation AL/L of the crystal along the
direction [001], whereas ug, is the elongation in the direc-
tion [100]. Formulas (3) and (4) show that the constants
A; extracted from the measurements of u,, and u,, en-
able one to find the constants ,\Sz), )\552 of the deformation
potential if the the elastic moduli C,,, are known. (In
particular, these moduli for TaAs are given in Ref. [9].)
For definiteness, we shall discuss only u,, below. Note
that formula (2) was used in Refs. [4-6]. (In the paper [6]
corrections to Eq. (2) were also taken into account when

the chemical potential is close to the edge of a Landau
subband.)

A=

Supplementary Note 2: Magnetostriction produced
by Weyl electrons in noncentrosymmetric crystals

As was shown in Sec. 3.3 of Ref. [10], for a noncen-
trosymmetric crystal, a contribution of a Fermi pocket of
Weyl quasiparticles to any thermodynamic quantity (in-
cluding the magnetostriction) can be calculated as half
of the appropriate contribution of the Dirac pocket with
the same electron dispersion. Using formulas for the elec-
tron spectrum in the magnetic field in the vicinity of a
Dirac point [10, 11], the  potential and hence the density
n(B) of the Weyl electrons can be found. In particular,
we obtain at zero temperature,

3 g "o

n(¢ =20 B) = n(C —ea,0)( = 4555 > Va—n)5)
n=1

w 2u3/2

where n({ — €4, B) is the density of the Weyl quasipar-
ticles in the magnetic field H = B/ug at a given chem-
ical potential (; the density in absence of the magnetic
field, n(¢ — €4,0), is assumed to be positive in the case
of the electrons (¢ — €4 > 0) and negative for the holes
(¢ —eq < 0); g4 is the energy of the Weyl point; [u]
means the integer part of u = F/B; the frequency of the
quantum oscillations

Smax
= 6
2meh (6)
also defines the boundary of the ultra-quantum region at

which these oscillations disappear, and Sy ax is the maxi-
mal cross sectional area of the Fermi surface of the Weyl




quasiparticles at a given direction of the magnetic field.
This area is proportional to (( —e4)2. Of course, formula
(5) is applicable to the case of the Dirac electrons, too.
We also point out the two useful representations of the
sum in Eq. (5),

n=[u]

Z Vu—mn=((=1/2,{u}) - ((=1/2,u), (7)

n=[u

]
> Vu—n=-Im{¢(-1/2,1-u—0i)}, (8)
n=1

where ((—1/2,u) is the Hurwitz zeta function [12], and
{u} = u — [u] is the fractional part of w.

We emphasize that formula (5) is valid for the most
general form of the dispersion laws e.(p) and ¢,(p) de-
scribing the quasiparticles in the vicinity of the Weyl
point [10],

Ec,v(p) = Ed+a'PiE(P)7
E(p) = [bi1p? + basp3 + bssp3] /2,
where a = (a1, a2,a3) and b;; are the constant param-
eters, with a; specifying the so-called tilt of the spec-

trum. For reference, let us also write the expressions for
n({ —e4,0) and Spax in terms of these parameters,

-~ (¢ —ea)?
n(C Ed, O) - 371_253([)11[)22()33)1/2(1 _ 62)2’
_ 2
Smax = ﬂ-(g gd)l 2
(1—a2)Ry

3
R, = Z K4 nin;
i,j=1
;i b11baobas . .
kY= W [(1 — CLQ)(SU‘ + aiaj] ,
di; is the Kronecker symbol, and n = (nq,n2,ng) is the
unit vector along the magnetic field.

Formulas (2) and (5) describe the magnetostriction u,,
produced by the Weyl electrons at zero temperature T'
and in absence of the electron scattering by impurities.
It was demonstrated by Shoenberg [13] that the effect of
the impurities on the oscillating part of the magnetiza-
tion can be taken into account by replacing the Fermi
energy Ep (i.e. ¢ at T = 0) by Er + i[' where the pa-
rameter I' = nTp characterizes the electron scattering by
the impurities, and Tp is the so-call Dingle temperature.
We shall use this replacement both for the oscillating and
for the smooth parts of the magnetostriction. In other
words, to take into account the scattering, the parame-
ter u + 07 in formula (8) is replaced by u(1 + iv)? where
v =T/(( —eq) = wtp is the dimensionless characteris-
tic of the scattering, and tp is the dimensionless Dingle
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Supplementary Fig. 4. The magnetostriction AL/L = u..
(in units of An(¢o,0)) produced by the Weyl electrons at
T = 0 versus the dimensionless chemical potential (/o for
uwoH/F = 2 and poH/F = 1 (the black solid lines, the num-
bers near these lines indicate the values of puoH/F). The
chemical potential ¢ is measured from the 4, and (o is its
initial value. The solid red line shows the smooth part of the
magnetostriction, .., enlarged in 10 times for uoH/F =1/7
and for the nonzero temperature T/(o = 0.02. The dashed
line depicts the dependence of the magnetostriction on the
chemical potential ¢ at T = 0, uoH/F = 2 for the crystal
with the electron spectrum (17) and 6 = 1/2 (the chemical
potential is now measured from €p). Note that this depen-
dence, which vanishes below o, qualitatively differs from the
dependence for the Weyl electrons.

temperature. As to the magnetostriction at 7" > 0, it can
be obtained as follows:

uzz(ch’ H) _ /oo UZZ(E,O,H) (9)

oo E4Tcosh2[(6 —¢)/21)

Consider now various limiting cases.

Ultra-quantum regime (uoH > F). At high fields
uoH > F, the sum in equation (5) disappears since
u = F/B < 1 in this case. Then, with formula (2),
we obtain the following contribution of a Weyl pocket to
the magnetostriction:

s = An(C — £4,0) (i? - 1) —atbB,  (10)
where the quantities A, n(¢ — £4,0), F introduced above
and a = —An({ — £4,0), b = —0.75a/F refer to this
pocket. It is evident that the Weyl pocket produces the
elongation AL/L that increases linearly with H at the
high magnetic fields.

Consider the dependence of u,, on the chemical poten-
tial ¢ at a fix value of H (Supplementary Fig. 4). Since
F o Smax o (¢ —e4)? and n(¢ — 4,0) x (¢ — 2q)3, we



arrive at

Uy, = An(Co — £4,0) (¢ —d)’ (?’BW _ 1) ,

(Co —ea)® \4F (¢ —ea)?

where (y is the initial value of the chemical potential.
Supplementary figure 4 shows that the magnetostriction
changes its sign when ( crosses the energy of the Weyl
point £4.

Weak magnetic fields (uoH < F). At poH < F,
the ratio u in Eq. (5) is large, and the sum contains many
terms. Using the representation (7) and the expansion of
the Hurwitz zeta function {(—1/2,u) at u > 1 [12],

2 30 1 4p 1
C(_1/27u)"" _gu + §u - 244172’ (11)
we find from formulas (2) and (5) that the magne-
tostriction w,, produced by a Weyl pocket comprises
the smooth and oscillating parts in the weak-field range,
Uzy = Uzy +udy’. The smooth part @,, has the form

B? b?
Uy, = An(¢ — &4,0) T6FZ = —9—@32 =cB?, (12

osc
zz

and the oscillating part w23 results from the term

((~1/2, {u}) in Bq. (7).
3(-1/2, {u})

uose An(c — Ed, O) 2us/?

zz T

(13)

The oscillating behavior of u23® with changing u = F/B

zz
becomes evident from the formula [12],

¢(—=1/2,{u}) = ?1\/5 Zl # sin(27rnu - %) .(14)

Interestingly, with changing the chemical potential, the
coefficient ¢ sharply changes it sign when ( crosses the
energy of the Weyl point (Supplementary Fig. 4),

(Co —€a)

C(C) C(CO) (C 76(1) ) (15)
where (j is the initial value of (. Note that ¢({) diverges
at ( =¢eq4.

Formulas (10), (12), (13), and (15) are written at T' =
0. A nonzero temperature tends to suppress the oscilla-
tions of the magnetostriction, but it has effect on u,, only
in the region | — g4| < T. In this region, the divergence
of ¢(¢) near g4 is cut off (Supplementary Fig. 4), and the
maximal value of ¢(¢) is of the order of ¢((o)(¢o —€a)/T.

Finally, as an example, we calculate the magnetostric-
tion produced by the two groups of the Weyl electrons
(W1 and W2) and by the holes, assuming that the con-
tribution of these holes to the magnetostriction can be
described by the term ¢, B? where ¢, is a constant; see
Supplementary Fig. 5. In this figure, the parameters cy,
aw1, aws, Fw1, Fwa, and the dimensionless Dingle tem-
peratures are found from the best fit of the calculated
curve to the experimental data for TaAs presented in the
main text.
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Supplementary Fig. 5. Comparison of the calculated mag-
netostriction with the experimental data for TaAs. The red
line shows the c-axis magnetostriction AL/L of the crystal
TaAs measured at T' = 25 mK for the magnetic fields aligned
with this axis, see Fig. 2(a) in the main text. The black
line depicts the magnetostriction calculated at zero temper-
ature, using equations (5) and (8) for the W1 and W2 elec-
trons and assuming that cnB? is the contribution of the holes
to the magnetostriction. We use the following values of the
parameters: ¢, = 1.49 x 1078 T2, aw; = —1.58 x 107,
aw1 = —0.6 x107% Fiy1 =72 T, Fwa =5 T, yu1 = 0.025
and ﬂ'TD’WQ/(C — Ed’wg) =0.1.

Supplementary Note 3: Magnetostriction produced
by electrons with parabolic spectrum

For comparison, consider the magnetostriction u,, pro-
duced by the “trivial” electrons with the parabolic dis-
persion,

2

p?z Py pg
+ +

2mg;  2my  2m,

6(pw7pyapz) = &g + 3 (16)
where €¢ is the edge of the electron band, and mg, my,
m, are the effective electron masses. In the magnetic field
H these electrons have the well-known energy spectrum,
1 »f

Bh
€n(p”) =¢&0 + %(’I’L-f— - +5) +

7 (17)

QmH ’
where n is an integer (n > 0); p| is the quasi-momentum
along the magnetic field; m and m, are the longitudinal
effective mass and the cyclotron mass, respectively, and
the electron magnetic moment composed of its spin and
orbital parts is written as §(efi/m.), with § being a con-
stant. Since due to the time reversal symmetry, the con-
tribution of any charge-carrier pocket to the € potential
for a noncetrosymmetric crystal can be considered as a



half contribution of the same pocket with the states that
are doubly degenerate in spin, one should imply that the
parameter § in the Zeeman term d(ehB/m.) of Eq. (17)
takes the values +¢ and —¢ (in this situation, J can be
represented in terms of the g factor, 6 = gm./4m). With
this spectrum, we obtain at zero temperature,

n [u 0.5F4]
\/u—f:F(S n18)

where n(¢ — 9, B) is the density of the quasiparticles in
the magnetic field H = B/uo at a given chemical po-
tential (; the frequency F' in the ratio u = F/B is still
defined by formula (6). However, for the trivial electrons,
the maximal cross sectional area Sp... of their Fermi sur-
face is proportional to (¢ — &p).

Ultra-quantum regime (uoH > F). At § < 1/2
and poH > B,, = F/(0.5 — ), the sum in equation
(18) disappears. Then, with formula (2), we obtain the
constant contribution of the trivial-electron pocket to the
magnetostriction in this ultra-quantum limit,

Uy, = —An({ — €0,0) = a. (19)

3n(¢ — 0,0

n(C_f‘:OaB) = 4u3/2

Interestingly, at § = 1/2, this limiting value of u,, can-
not be reached since at any H, the lowest Landau sub-
band remains occupied by the electrons. In this situation
Eq. (18) reduces to formula (5) for the Weyl electrons.

When ¢ > 1/2, the behavior of the magnetostriction
in the ultra-quantum limit cardinally changes. It follows
from Eq. (18) that

3n(¢ —€o,0 1
n(C—Eo,B)Z% u=3

3n(¢ — €9, 0 1 3
n(C—Eo,B):(iug/;)[\/u—Q—i—&—i-\/u—z—i-(s )

for 1/2 < 6 < 3/2 at poH > F/(1.5 —§) and for 3/2 <
d <5/2 at uoH > F/(2.5 — §), respectively. In both the
cases, n(¢ — €9, B) & B%? at B > F. The special case
0 = 1/2, for which the formula for the magnetostriction
exactly coincides with the expression for the Weyl elec-
tron, separates the two essentially different behaviors of
the magnetostriction in the ultra-quantum limit.

Weak magnetic fields (uoH < F). At poH < F,
the ratio u in Eq. (18) is large, and the sum contains
many terms. Similarly to the case of the Weyl elec-
trons, we find from formulas (2) and (18) that the mag-
netostriction w,, produced by the trivial electrons com-
prises the smooth and oscillating parts in the weak-field
range, U,, = U, + u3. These smooth (@,.) and oscil-
lating (u23°) parts have the following forms:

+9, (20)

2
s = An(C — 50,0):%(52 - %) — B2, (21)
L 3An(¢ — e,
e = S 200 S (12 fu—0520)), (22)
+

where {2} = z — [z] is fractional part of z. Interest-
ingly, at 6 — 0 when the Zeeman energy is negligible as
compared to the cyclotron spacing between the Landau
subbands, we find that ¢ = —An({ — &¢,0)/(32F?). This
value is of the opposite sign as compared to ¢ for the Weyl
electrons. On the other hand, the phase of the oscillat-
ing part (22) at 6 — 0 is shifted by 7 with respect to the
phase of the oscillations described by Eq. (13). This shift
is caused by the difference in the Berry phases for these
two cases [10, 14]. On the other hand, at 6 = 1/2 the con-
stant ¢ exactly coincides with that given by Eq. (12), and
equation (22) for the oscillating part reduces to Eq. (13).
Thus, we find that the B-dependence of u,, for the
trivial electrons with 6 # 1/2 essentially differs from the
appropriate dependence for the Weyl quasiparticles (see
also Fig. 1 in the main text). This result enables one to
distinguish between the Weyl and trivial electrons with
measurements of the magnetic-field dependences of the
magnetostriction. However, if 6 = 1/2, the formulas for
the magnetostriction exactly coincide in these two cases.
According to Ref. [15, 16], the quantity ¢ is close to
1/2 for a band in a centrosymmetric crystal if this band
is separated from another by a small gap that is less
than the strength of the spin-orbit interaction. These
bands are doubly degenerate in spin for such crystals.
Strictly speaking, the spectrum (17) (with +§) is ap-
plicable to this situation only if the chemical potential
measured from the edge of the band, { — &g, is notice-
ably less than the gap A in the spectrum. However, it
turns out that even if { —eg 2 A, the B dependence of
the magnetostriction for the gapped spectrum coincides
with its B dependence for Dirac electrons. In this con-
text, it is worth noting that the spectrum of bismuth is
sufficiently well described by a two-band model, the pa-
rameter § is close to 1/2 [16], and so the field dependence
of its magnetostriction [5, 17] is reminiscent of the appro-
priate dependence for the Dirac electrons. However, the
situation essentially changes for the noncentrosymmetric
Weyl semimetals considered here. In particular, the holes
in TaAs are located near the nodal ring that would occur
in this semimetal in neglect of the spin-orbit interaction
[18]. The spin-orbit coupling lifts the degeneracy of the
bands, and there are four close bands in the region of the
Brillouin zone where the holes exist. In this situation,
there is no reason to expect that 6 ~ 1/2 for them.
Finally, let us comment on the applicability of the
rigid-band approximation, which has been used every-
where above. Consider the situation when a band of the
trivial electrons is separated from a valence band by a
sufficiently small gap A. In this case, the effective elec-
tron masses in Eq. (16) are of the order of A/V? where
V is a typical interband matrix element of the velocity
operator (V ~ 10% +10° m/s). If { — g is not-too-small
as compared to A, and not only £y but also the gap A
depend on a deformation, the rigid-band approximation
can fail since the effective masses, and hence the shape



of the band, noticeably change with the deformation. In
this case, formula (2) will contain an additional term,
and in the weak-field range, this term is proportional to
B2.

Supplementary Note 4: Magnetostriction of TaAs

In Supplementary Notes 2 and 3 the B-dependences of
the magnetostriction are analyzed under the assumption
that a variation of the magnetic field does not change the
chemical potential { of electrons. This situation does can
occur when a crystal contains a large charge-carrier group
that maintains the constancy of the chemical potential.
However, in TaAs there are eight equivalent pockets of
the W1 electrons, sixteen equivalent pockets of the W2
electrons, and eight equivalent pockets of the holes, with
all the pockets being relatively small. In this case it is
necessary to take into account the magnetic-field depen-
dence of the chemical potential in analyzing the mag-
netostriction. This dependence ((B) is found from the
conservation condition of the total density of the charge
carriers,

Z[ni(Cu B) = ni(¢o,0)] =0, (23)

3

where the summation is over all the pockets, (p is the
initial value of ( at H = 0, and the charge-carrier den-
sity in the magnetic field for the ith pocket, n;(¢, B), is
described by formula (5) for the Weyl electrons and by
Eq. (18) for the holes [or by some other expression if the
spectrum of the holes differs from that given by Eq. (17)].
With the B-dependence of ¢, formula (2) is rewritten as
follows:

Uzz = ZAI [ni(<7 B) - ni(C(h 0)] (24)

It is clear from Egs. (23) and (24) that if all the constants
A; were the same, the magnetostriction u,, would be
7€ero.

Consider a special case when the magnetic field is con-
siderably less than the fields F;/ug for all the groups of
the charge carriers. In this situation, equation (23) in the
chemical potential ( is approximately solvable since the
difference n; (¢, B) —n;(Co,0) can be rewritten as follows:

ni(¢, B) —ni(¢o,0) = ni(¢, B) — ni(Co, B)
+n4(Co, B) — ni(0,0) =~ vi(¢ — Co)
+ n;(Co, B) — n;(¢p,0),

where v; = 0n;((o,0)/0¢y, and we have taken into ac-
count that dn;(¢, B)/9¢ =~ v; at the weak magnetic fields

puoH < F;. Then, equations (23) and (24) give

(C o CO) _ Zz[nl(COaB) - ni(COaO)]’

Uy = Z As[ni(Co, B) — ni(Go,0)],  (25)

]\i = Z VTm(Az - Am)v

m

where v = )", v;. Therefore, in this weak-field range the
B-dependence of the chemical potential can be taken into
account by the renormalization of the constants A;. For
stronger magnetic fields, it is necessary to solve equation
(23) numerically.

In the case of TaAs, it is convenient to rewrite general
formula (24) with the use of Eq. (23) as follows:

8
uze = (Aw1 = An) D [14(¢, B) = nilGo, 0)]
=1
16
+ (Awz = A) 3 [l B) = ni(Go, 0], (26)

where the summation is carried out over the W1 and
W2 pockets only; the constants Ay 1, Aye, and Ay, refer
to the W1, W2 electrons, and to the holes, respectively.
This formula is valid at any strength of the magnetic
fields. In the weak magnetic fields, ugH < F;, formulas
(23) and (26) are equivalent to Egs. (25).

Magnetic field parallel to the ¢ axis. When the
magnetic field is parallel to the ¢ axis, all the pockets in
the W1 electron group or in the W2 group or in the hole
group give identical contributions to the magnetostric-
tion. Let Fw 1, Fwe, and Fj, denote the frequencies F;
for the W1 and W2 electrons pockets and for the holes,
respectively. According to Ref. [18], at this direction of
H one has Fyy1 ~ 7T, Fiyo ~ 5T, and the field Fj, ~ 19
T for the holes is larger than the maximal field 16 T in
our experiments. Since F}, is large, we shall consider the
range poH < 16 T as the low-field region for the holes
and shall describe their contribution to Eq. (23) as fol-
lows:

nh(C7 B)_nh(C()v 0) = nh(C7 B) — Nh (Cv 0)
(C,0) = 11(0,0)
< B (3 0 ¢ - )+ o) c — G0, (2T

where v, = n,((,0)/0C¢ is density of states for the holes
in zero magnetic field, whereas the function 5(¢) defines

the variation of the hole density for the low magnetic
fields,

nn(¢, B) — ni(¢,0) = B(¢)B>.

(The oscillation contribution to n,(¢, B) is neglected.)
If the holes can be described by the parabolic spectrum



(16), (17), one arrives at [compare with Eq. (21)],

3ngy, (C, 0) 52 1

dp(¢) B
d¢ B 2(50 - O, (28)
I/h(C) - 3?:(6 2%

where eg is the edge of the hole band, and we have
taken into account that nj(¢,0) o< (g0 — ¢)*/? and
nn(¢,0)/FZ(¢) o (9g—¢) /2 for the parabolic spectrum.
However, we emphasize that formula (27) is applicable to
the holes even though their spectrum is not described by
the parabolic model, and their Fermi surface noticeably
differs from an ellipsoid. The only requirement of the
applicability is the condition of the low-field limit for
them (i.e., B < Fp).

Let us introduce the dimensionless deviation of the
chemical potential from its initial value at H = 0, 66 =

(¢ —€0)/(Co — €a,w1) where €41 is the energy of the
Weyl points W1. Then, at T" = 0, equation (23) that
determines §¢(B) is rewritten as follows:

n=[u1]
31+00) 3
== 3/22*/ (1+6¢)>
=[us]
nw2 3(1 + vd() 3
+nW1 1— A 3/2 Z\/UQ 1 —1—1)5C
—B*(Bo + B16{) — 6¢ = 0, (29)

where nyw 1, nyo are the densities of the electrons at zero

magnetic field (i.e., at { = {o); v = (¢o — ea,w1)/(Co —
ed,w2); €a,w2 is the energy of the Weyl points W2,

5 B)
T onwn
B = (¢o — ea,w1) dB(Co)
nwi déo ’
vy = _lbo—eaws) vn(Co);
nwi

uy = Fwi1/B, us = Fwo/B, and the frequencies Fyyq,
Fyo are taken at ( = (5. The densities n; satisfies the
relation nw1 + nwa — [nn| = nimp where ny, is the hole
density at H = 0, and the charge carrier density nimp
is caused by impurities. This nimp specifies the dop-
ing in the sample. With the doping, 1+ (nw2/nw1) —
(Innl/nw1) # 0.

In the case of the parabolic spectrum for the holes, we

obtain from Egs. (28),

5 3|nn| 2
fo= (8F§nW1)( 12)’

e (G0 —€eaw1)

Bo 2(e0—C)
o 3[nal(Co —eawr) _  3[nal B
' 2nw1(eo0 — o) nwi By

Interestingly, if the magnetic field is tilted away from the
c axis, the quantities F},, 9, and hence Bo, will change, but
the ratio 51 / BO will remain unchanged for the parabolic
spectrum. Of course, the parameters 7y, By, and 31 may
essentially differ from these estimates if the dispersion
of the holes noticeably deviates from the parabolic law.
As an example, let us consider a model situation when
the dispersion of the holes is linear along the y and z
directions in the Brillouin zone and is quadratic along
the x axis. The real dispersion of the holes may be
close to this model since the hole pockets are associated
with the band-contact lines that would occur in TaAs in
absence of the spin-orbit interaction [18]. Within this
model, ny « (g0 — ()*/?, and F}, x (g0 — (o)*/? when
H is aligned with the z axis, whereas F}, oc (g9 — (p)?
if H is directed along the x axis. If 8 in the first case
(H || 2) is still proportional to ny(¢,0)/F7?, the ratio
Bl / Bo remains the same as for the parabolic dispersion,
but in the second case (H || x), this ratio is equal to
(3/2)(Co —ea,w1)/(e0 — (o), i-e., it increases by the factor
3. Therefore, a deviation of the magnetic field from the z
axis seems to cause a change of 1/, for such a model,
and this ratio may sharply increase with the tilt angle
if the elongation of the hole Fermi surface is sufficiently
large in the x direction.

According to expression (26), the general formula for
the magnetostriction AL/L = u,, of TaAs at zero tem-
perature takes the form:

AL 3(1+6C)
28 g (1= 2208
L Wl( duy
n=[u1] ~
- 3(1 + vdC
n=1
n=[us]
- 3/22\/u21+v6< —n) (30)
where Ay = —(A, w1 — Avp)nwt, Awe = —(A,we —

Ay p)nwe, and 6C(H) is found from Eq. (29).

To take into account the electron scattering by im-
purities, we use the representation (8) for the sums in
Egs. (29) and (30) and replace ¢ by ¢ + iI'; where the
quantity I'; characterizes the scattering of charge carri-
ers in the pocket i (i =W1, W2); see the Supplementary
Note 2. This means that 5( is replaced by 6C + iyw1 or
6C + iy in the appropriate terms of Egs. (29) and (30)
where v; =T';/(C — ew1).



The magnetostriction at nonzero temperature can be
calculated with formula (9). In order to apply this for-
mula, let us introduce the new variable x = (¢ — () /(o —
ea,w1) in integral (9) and the dimensionless temperature
t =T/(Co —€awi). Then, Eq. (9) is rearranged as fol-
lows:

L= . Uz (x,0)
u==(6T) = 4t [md cosh?(z/2t)’ (51

where w..(x,0) is given by formula (30) in which the
factors (1+4¢) and (1+4vd() are replaced by (1+46¢+x)
and (1 4 vd¢ + vx), respectively.

Supplementary Note 5: Estimates of the parameters
for TaAs

It was demonstrated in Ref. [19] how one can estimate
parameters characterizing Weyl Fermi pockets, using the
data for the quantum-oscillation frequencies and for the
appropriate cyclotron masses. In particular, if the fre-
quency F' produced by a Weyl pocket and the appropri-
ate cyclotron mass m, have been measured at least for
one direction of the magnetic field, the formula

Smax 2ehF
¢ —eal = 7 = ——

owlma] o Jma

; (32)

enables one to find the position of the chemical potential
¢ relative to the energy 4 of the Weyl point. Here Spax
is the area of the extremal cross section perpendicular to
the magnetic field for the Weyl pocket. The density ny
of the Weyl charge carriers can be expressed in terms of
directly-measurable frequencies of the quantum oscilla-
tions,

S Ny 'V
W 2rh)?
where V' is the volume of a Weyl pocket in the Brillouin
zone,

(33)

4[ St St St /2 _ 8v/2m(eh)?/*(Fy Fy F) /2

= (34)

3mi/2 3

Ny is the numbers of the equivalent Weyl pockets, and
F; are the frequencies associated with the principal di-
rections of the Fermi-surface ellipsoid. In other words,
Fy and F3 are the maximal and minimal frequencies pro-
duced by the pocket when the magnetic field rotates in
various planes, and F5 corresponds to the direction of H
perpendicular to the directions at which F; and F5 oc-

V:

cur. The cross sectional areas S,(éz,‘x correspond to the
frequencies Fj;, and these cross sections are mutually or-
thogonal.

In the case of the parabolic dispersion of charge car-
riers, the formula that is similar to Eq. (32) looks as
follows:

Snax . ehF’
2nfm.] el

I —eal = (35)

10

and contains the additional factor 1/2 as compared to
Eq. (32).

Using the experimental data for the cross-sectional ar-
eas and the cyclotron masses (Table I in Ref. [18]) and
the calculated value Fyo ~ 5 T for H parallel to the ¢
axis [18], we obtain with formulas (32)-(34) that ny ~
2.5 x 10'® em?, (o — eqw1 ~ 28.4 £ 3.5 meV [19], and
TLWQ/TLWl ~ 0.15, (o — Edwe = 11.9 =1 meV. In the
case of the parabolic spectrum for the holes, we similarly
can find g9 — ¢y using Eq. (35) and values of F' and mi.
measured for the hole at two directions of H [18]. It
turns that €9 — (o lies in the interval 12.6-20.6 meV if
the data for H parallel to [100] is used in the calculation,
and €y — (p is in the range 7.9-16.2 meV if we take the
data for H parallel to the directions [110]. Therefore, it
is reasonable to assume that 12.6 meV < gg — (y < 16.2
meV. With these (y —e4,w1 and g — (o, we arrive at the
estimate,

P _ (G0 —cawr)

Bo  2(c0—Co)
If the dispersion of the hole is quadratic in the [100] direc-
tion and is linear in the (100) plane (see Supplementary
Note 4), formula (32) is more appropriate for the esti-
mates of eg — (o from the data of Ref. [18], and we obtain
approximately a twofold increase in €9 — (o, and hence
B1/Bo decreases by the factor ~ 2.

Since the oscillations in the magnetostriction of our
sample and the quantum oscillations observed by Arnold
et al. [18] for the W1 electrons have practically the same
frequency at H parallel to the ¢ axis, we conclude that
the Fermi-surface parameters estimated above are ap-
propriate for our samples, too. However, it is necessary
to emphasize that the experimental c-axis magnetostric-
tion can be well fitted by the theoretical curve calcu-
lated with the equations of Supplementary Note 4 even
if the Fermi-surface parameters differ from those evalu-
ated above (Supplementary Fig. 6).

~08+1.3.

Supplementary Note 6: Dependence of the
magnetostriction on the magnetic-field direction

When the magnetic field is tilted away from the ¢
axis in the plane (010), electron pockets in the W1, W2
groups, as well as the hole pockets, produce different con-
tributions to the magnetostriction, and one should take
into account that with increasing the tilt, the parameters
Fw1, Fwo, Fy not only change in magnitude but also the
number of these parameters increases (the charge-carrier
pockets in any group have different values of these param-
eters). This makes the strict theoretical analysis of the
magnetostriction very complicated. Here we carry out
an approximate calculation of the c-axis magnetostric-
tion when the magnetic field is tilted away from the c
axis at a not-too-large angle # = 25°  assuming that at
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Supplementary Fig. 6. Comparison of the calculated magne-
tostriction with the experimental data for TaAs. The red line
shows the c-axis magnetostriction AL/L of the crystal TaAs
measured at 7' = 25 mK and H || ¢, see Fig. 2(a) in the main
text. The black line depicts the magnetostriction calculated
with equations (29), (30) of Supplementary Note 4 at zero
temperature and at the values of the parameters presented in
Table I of the main text (set No. 2).

this angle, the frequencies Fj(6) for different hole pock-
ets continue to exceed 16 T. In this situation (at B < 16
T), we still can describe the holes density with formula
(27). For simplicity, we shall also assume that the Fermi-
surface of the W2 electrons is close to a sphere, i.e., the
dispersion of these charge carriers is almost isotropic. In
this case, the frequency Fyyo is practically independent
of 6, and we set Fyy2(0) =5 T. As to the W1 electrons,
their pockets located near the a and b axes of the TaAs
crystal generally produce different oscillation frequencies
Fw1(0) that are described by the following expressions
[19]:

B (0) L (36)
Fyw1(0) V/cos? 0 + 0.058 sin? 9
B 0) ! (37)
Fy1(0) \/cos2 0 +0.014sn26

where we have used the values of parameters found in
Ref. [19], and Fy1(0) is the frequency at H aligned with
the ¢ axis. For Fy1(0) = 7.2 T, these two branches of
Fy1(0) give the following two frequencies: Fyy1(25°) ~
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7.89 T and Fy1(25°) & 7.93 T. Since these values are
close to each other, we shall set below that all the W1
pockets produce the same frequency Fy1(25°) = 7.9 T.

As follows from the definitions of Ay, Awe, an oy,
a tilt of the magnetic field from the ¢ axis does not
change these parameters, and we take the same values

x 106

5 x10~7
2

AL/L

Supplementary Fig. 7. Comparison of the calculated magne-
tostriction with the experimental data for TaAs. The red line
shows the c-axis magnetostriction AL/L of the crystal TaAs
measured at 7' = 4.2 K for the magnetic field directed at the
angle 8 = 25° to the ¢ axis (see Fig. 7 in the main text).
The black line depicts the magnetostriction calculated with
equations (29)—(31) of Supplementary Note 4 for ¢ = 0.015
and at the values of the parameters presented in Table I of
the main text (set No. 1), but with changed fo ~ 1.30 x 103
T2, B, ~291 x 1073 T2

of them as in Table I of the main text (set No. 1):
Aw1 =—-109x107°% Ay = -1.92x107°, &5, = —0.91.
However, the parameters 5y and ; may depend on 6,
and we find them from the best fit of the calculated B-
dependence of the magnetostriction to the experimental
data (Supplementary Fig. 7): Bo ~ 1.30 x 1073 T2,
Bl ~ 2.91x 1073 T~2. Note that the ratio 51/50 is essen-
tially increases as compared to the case of § = 0 (Table I
in the main text). According to the Supplementary Note
4, this result seems to indicate that the dispersion of the
holes in TaAs is not described by a simple parabolic law.
In other words, the conventional holes in TaAs (the spec-
trum of which does not contain the Weyl nodes) prob-
ably cannot be considered as the trivial charge carriers
described by a simple parabolic dispersion.
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