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Direct Measurement of Helicoid Surface States in RhSi using Nonlinear Optics
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Despite the fundamental nature of the edge state in topological physics, direct measurement of
electronic and optical properties of the Fermi arcs of topological semimetals has posed a signifi-
cant experimental challenge, as their response is often overwhelmed by the metallic bulk. However,
laser-driven currents carried by surface and bulk states can propagate in different directions in
nonsymmorphic crystals, allowing for the two components to be easily separated. Motivated by
a recent theoretical prediction [I], we have measured the linear and circular photogalvanic effect
currents deriving from the Fermi arcs of the nonsymmorphic, chiral Weyl semimetal RhSi over the
0.45 — 1.1 eV incident photon energy range. Our data are in good agreement with the predicted
magnitude of the circular photogalvanic effect as a function of photon energy, although the direc-
tion of the surface photocurrent departed from the theoretical expectation over the energy range
studied. Surface currents arising from the linear photogalvanic effect were observed as well, with
the unexpected result that only two of the six allowed tensor element were required to describe the
measurements, suggesting an approximate emergent mirror symmetry inconsistent with the space

group of the crystal.

A universal property of topological matter is the exis-
tence of a protected edge state, e.g., the current-carrying
edge state of the quantum Hall effect [2, [3] or the spin-
momentum locked surface states of bulk topological in-
sulators [4, B]. In topological Weyl semimetals, which
host emergent massless, chiral charge carriers called
Weyl fermions, the topological edge state comprises open
Fermi surface arcs formed of helicoidally dispersing, spin-
momentum locked quasiparticles that are constrained to
the sample surface [0 [7]. The arcs connect the projec-
tions of opposite chirality Weyl nodes, curving in comple-
mentary shapes on the 2D surface Brillouin zones on the
opposite sides of the crystal. The existence of these states
has been confirmed by ARPES [8HI1] and quasiparticle
interference measurements [12] and have been shown to
play a central role in quantum oscillations [13| [14]. How-
ever, despite a number of predictions focused on the role
of the Fermi arcs in topological semimetal physics [I5-
[20], their transport and optical properties have largely
remained hidden, as they are often dominated by bulk
response functions. For example, experiments aimed at
measuring the linear conductivity of surface states run
into difficulties because of shorting by the metallic bulk
that lies below.

In this work we demonstrate experimentally that the
second-order nonlinear conductivity, which describes the
strength and symmetry of the photogalvanic effects
(PGEs), provides a means to selectively probe surface
state electronic properties in Weyl semimetals. The

PGEs are phenomena in which optical excitation gen-
erates a dc current that arises from intrinsic breaking of
inversion symmetry, rather than applied bias voltage or
inhomogeneous doping. A further defining property of
PGEs is sensitivity of the direction of photocurrent, J,
to the polarization state of the optical electric field E, as
described by the phenomenological relation,

Ji = ’YijkEjEk + Zﬂ”(E X E*)j (1)

The first term on the right-hand side of Eq. 1 describes a
current generated by linearly polarized light (the LPGE)
in terms of the polar tensor ;;;. The second term corre-
sponds to a photocurrent whose direction reverses with
reversal of the helicity of the photoexcitation. This cir-
cular PGE (CPGE) is proportional to the axial tensor
Bi;. Both PGE response tensors are zero in the presence
of inversion symmetry.

The CPGE has received particular attention in the
Weyl semimetal RhSi and related topological semimetals,
because they crystallize in structures in which all mir-
ror symmetries are broken, forming a chiral (or handed)
medium [2IH29]. In chiral Weyl semimetals, nodes with
opposite topological charge need not be degenerate in
energy allowing for one node to lie near the Fermi en-
ergy, Er, while its oppositely charged partner may be
well below [29H32]. The breaking of degeneracy creates
a photon energy window in which CPGE arises exclu-
sively from the node near Ef, theoretically allowing a
quantized CPGE to emerge with amplitude directly pro-



FIG. 1.

(a) Unit cell displayed with the [111] direction pointing out of the page, showing the three-fold rotational symmetry

of the crystal. (b) Extended RhSi structure, showing two alternate unit cells offset by (1/2,0,1/2). When the unit cell marked
by the orange frame is rotated 180° about the z axis, it is identical to the unit cell marked by the black frame, illustrating
the two-fold screw symmetry. (¢) When circularly polarized light is incident on RhSi, the bulk CPGE current will be directed
perpendicular to the surface, with its sign determined by the incident light’s handedness. L and R refer to left- and right-handed

circular polarization and j, refers to the bulk CPGE current.

portional to its Berry monopole charge [30]. However,
recent experiments with light incident on the (111) sur-
face of RhSi and related isostructural compounds have
shown that ideal quantization of the CPGE is disrupted
by optical transitions between non-Weyl bands that lie
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FIG. 2.  (a) Schematic of experiment used to detect pho-
togalvanic currents in RhSi via terahertz detection. Near
infrared (NIR) light with tunable wavelength and polariza-
tion is focused onto the [001] RhSi surface at normal inci-
dence. Terahertz radiation is collected and collimated using
off-axis parabolic mirrors. It passes through a wire-grid po-
larizer before being focused onto a ZnTe crystal. Light with
A = 800 nm and variable time delay At copropagates through
the ZnTe for electro-optical detection of the terahertz. PD,
photodiode; WP, Wollaston prism; WGP wire grid polarizer;
A/2, half-wave plate; A\/4, quarter-wave plate. (b) In one ex-
perimental configuration, the sample is kept fixed while the
pump polarization is rotated by angle §. The sample axes are
set such that [100] and [010] are horizontal and vertical in the
lab frame respectively. (c) In the second configuration, the
pump polarization is fixed at § = 0 and the sample is rotated
by and angle ¢.

within the quantization window [33] 34]. Nevertheless,
it was also shown that the polarization selection rules
for both CPGE and LPGE observed on (111) faithfully
follow constraints imposed by the symmetry of the bulk
[33]. As we show below, these constraints provide a route
to selectively probe the Fermi arc surface states on the
(001) surface.

The space group of RhSi (#198) contains two opera-
tions: a 3-fold rotation about the [111] direction and a
nonsymmorphic screw symmetry in which a 2-fold rota-
tion about the z axis is combined with a translation by
(1/2,0,1/2) (Fig. 1(a-b)). In describing bulk response
functions, where perfect translational symmetry is as-
sumed, the screw operation imposes the same constraints
on response tensors as 2-fold rotation. The combina-
tion of the 3 and 2-fold rotational symmetry greatly re-
duces the number of nonvanishing elements of the v;;s
and 3;; tensors that describe the bulk PGE response.
Only tensor elements viy> = Vysa = Vzay 0of the LPGE
response are nonzero, and the CPGE tensor is purely di-
agonal with 8;; = 3d;;. Note that given the reduction
of the CPGE tensor to a scalar, Eq. 1 predicts that the
CPGE current flows parallel to the wavevector of excita-
tion light, independent of the crystal orientation.

As mentioned above, previous studies with light inci-
dent on the (111) surface verified the symmetry-based
predictions for the bulk response functions [33]. Specifi-
cally, the CPGE signal was below the noise level at nor-
mal incidence, consistent with the prediction that it flows
parallel to the optical wavevector and therefore does not
radiate in the direction of specular reflection (Fig. 1(c)).
As further confirmation, THz radiation from CPGE cur-
rent two orders of magnitude above the noise level was
observed when the angle of incidence was set 45° from the



normal direction, where the bulk symmetry and measure-
ment geometry imply a radiating CPGE current parallel
to the surface.

The experiments described below were stimulated by
the prediction that the photogalvanic response to light
normally incident on the (001) surface would be qualita-
tively different than (111), directly revealing the presence
of topologically protected surface states through the ob-
servation of a surface current [I]. Note that for (001)
the symmetry of the bulk predicts that LPGE as well
as CPGE current flows normal to the surface (see SI),
in which case no radiation from PGEs is expected, as
with CPGE on the (111) surface. The crucial ingredient
leading to the prediction of PGE currents parallel to the
(001) is the presence of a screw symmetry in the space
group. Truncation of the crystal at (001) disrupts the
translational component of the screw operation and vio-
lates the effective 2-fold symmetry. Consequently there is
no operation, other than the identity, that transforms the
(001) surface to itself and all tensor elements disallowed
by bulk symmetry become allowed for surface-localized
electronic states. In particular the six elements with only
x and y indices (i.e, Yeaz, Yezy: Yeyys Yyzzs Yyzy A0 Yyyy)
are not forbidden, allowing for in-plane photocurrent and
specular THz radiation to be generated by light at nor-
mal incidence.

The apparatus used to observe short-lived surface-
currents via their THz radiation is shown in Fig. 2(a).
The excitation source was an optical parametric ampli-
fier pumped by an amplified Ti:Sapphire laser, producing
wavelength tunable pulses from 1150-2600 nm (0.48-1.1
eV) and pulse duration 100 fs. In-plane photogalvanic
currents radiated a THz pulse into free space that was fo-
cused onto a ZnTe crystal for time-resolved electro-optic
sampling of the THz transient (whereas the radiation due
to through-plane bulk photocurrents did not emerge from
the sample) [33].

Figs. 2(b) and 2(c) show the experimental configu-
rations used to measure the direction of the PGE cur-
rents for different polarization states of the normally in-
cident radiation. The incident light was chosen to be
either left or right circularly polarized, or linearly polar-
ized with the plane of polarization rotatable through an
angle 6 (Fig. 2(b). In addition, the sample was also ro-
tated about the optic axis by an angle ¢ (Fig. 2(c)). The
crystal axes were determined by Laue diffraction and the
sample rotation stage was initialized such that at ¢ = 0
(100) and (010) crystal axes are horizontal and vertical
in the laboratory reference frame, respectively (see SI).
Further information on the (001) oriented RhSi samples
used here can also be found in the SI.

Figure 3(a) shows direct evidence for the generation of
in-plane helicity-dependent photocurrent at normal inci-
dence on the (001) surface. The THz amplitude plotted
on the vertical axis is the difference in radiation gener-
ated by left and right circularly polarized light fiw = 0.8

eV and is thus a measure of the CPGE. The two plots
show the dependence of the horizontal (H) and vertical
(V) components of the CPGE amplitude on the angle
of rotation, ¢, of the sample about the optic axis. The
fact that CPGE is observable at normal incidence already
suggests that in-plane photcurrent is generated. As the
Fig. 3(b) illustrates, the dipole radiation pattern for nor-
mally directed photocurrent has a node at the angle of
specular reflection from the surface and therefore does
not directly generate THz radiation, although weaker ra-
diation from multiple scattering is possible. The proof
that the observed radiation does indeed arise from an in-
plane CPGE current is the dependence of the H and V
components of the CPGE radiation on ¢. The solid lines
in Fig. 3(a) are fits to Acos(¢ — ¢o) and Asin(¢ — ¢p),
with ¢g9 ~ 10° for both components. This dependence
of the CPGE amplitude on ¢ proves that as the sample
rotates the CPGE current rotates as well, maintaining
an angle ¢g with respect to the [100] direction . This be-
hvavior is contrast to a normally directed CPGE current,
which would be independent of ¢.

Having shown that a CPGE surface current is observed
in violation of the restrictions placed by the symmetry of
the bulk, we next tested the theoretical prediction for
the dependence of CPGE amplitude and direction on
hw. The surface bands responsible for Fermi arcs in RhSi
comprise two intertwined helicoids with opposite spin po-
larization, as illustrated schematically in Fig. 4(a) in a
plot of energy vs. in-plane momentum [29, B35]. The
helicity-dependent in-plane CPGE current arises from
spin-flip optical transitions between the two helicoids, as
indicated by the arrows in Fig. 4(a).

Fig. 4(b) compares the observed CPGE amplitude
(closed circles) as a function of fiw with the spectra theo-
retically predicted from Wannier functions derived from
first principles calculations (solid lines) [I]. The two
curves correspond to the H and V components of the
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FIG. 3. (a) Amplitude of CPGE for horizontally and ver-
tically polarized THz emission as a function of sample ori-
entation ¢. (b) Schematic showing directions of bulk PGE
(ju, red) and surface PGE (j,, green) with normally incident
light on the 001 surface of RhSi with the resulting radiation
patterns. In general j, has component in  and y.
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FIG. 4.

(a) Schematic of surface helicoid bands including a photoexcitation of an electron at energy hw (red arrow) and the

induced current (green arrow). (b) CPGE spectral data for 8. and f3,. compared with theory from Ref. [I]. The second plot
shows the data plotted with theory shifted by 0.1 eV to demonstrate similarity.

CPGE current, proportional to 3. and 3,., respectively.
Fig. 4(c) shows the result of shifting the predicted spec-
tra to higher photon energy by ~ 0.1 eV to highlight the
correlation between theory and experiment. The compar-
ison shows a striking overall correspondence after a shift
in the energy scale. One main difference is that the ex-
periment shows that although the direction of the CPGE
current varies with photon energy, it remains much closer
to [100] than the theoretical prediction.

To fully characterize the nonlinear response, we mea-
sured the response to linear polarization, i.e., LPGE, in
addition to the CPGE. Although Ref. [I] did not provide
theoretical predictions for the LPGE, the implication of
that work is that since 2-fold rotational symmetry is bro-
ken at the surface, the six elements of +;;; that contain
only = and y indices, forbidden in the bulk response, be-
come allowed at the (001) surface. This symmetry-based
argument would then predict the existence of in-plane
LPGE currents whose directions need not correlate or
align with the cubic axes of the crystal.
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FIG. 5. (a) Terahertz amplitude along = and y as a function
of linear pump polarization angle 6. (b) Results of fitting data
in (a) to general LPGE tensor ;;.

As was the case with circularly polarized light, THz ra-
diation was readily observed at normal incidence under
photoexcitation with linearly polarized light. To deter-
mine the components of the LPGE tensor we resolved the
THz amplitude into the H and V channels, varying the
polarization angle of the pump beam while keeping the
sample fixed. Fig. 5(a) shows the amplitude of the H and
V components as a function of the angle of linear polar-
ization, 6. The solid lines are fits to A cos[26 — 6y] + B.
The six independently determined parameters, i.e., the
amplitude of the cosine component, A, offset angle 6,
and offset amplitude B for the H and V channels, are
sufficient to determine the relative amplitude of all six
elements of v;;;, that contribute to an in-plane current at
normal incidence (see SI).

Fig. 5(b) shows the relative amplitude of the six ele-
ments of 7,5 (normalized to 7yz,) in the photon energy
range from 0.5 to 1.2 eV. A striking feature of the spectra
is that the response at photon energies above ~ 0.6 eV
is dominated by two approximately equal components,
Vyze ~ Vzay, With the other four close to zero, despite
the fact that all six tensor components are in principle
symmetry allowed. We note that the vanishing of com-
ponents with an odd number of z indices would suggest
a mirror symmetry x — —zx (see SI). A CPGE current
directed along the z axis would be consistent with this
symmetry. While the components appear to approxi-
mately obey such a symmetry, we know of no mechanism
which would enforce this. AFM measurements also re-
vealed no patterns in surface topography that could affect
the amplitude of photocurrents (see SI).

In conclusion, we have measured the CPGE and LPGE
response of Fermi arc surface states of the chiral Weyl
semimetal RhSi over the energy range 0.45—1.1 eV, con-
firming the prediction of a new path to selective probing
of the topological surface states in Weyl semimetals. The



measured CPGE spectrum matched the theoretical pre-
diction to within a shift of the energy axis, while the an-
gle of the photocurrent varied appreciably less than the
theoretical prediction. LPGE measurements also probed
the nonlinear response of Fermi arc surface states. An
unanticipated result was that over a broad photon en-
ergy range only two elements of the nonlinear response
tensor, v;;, were required to fit the data, despite the six
potentially nonzero elements expected to be allowed by
the C; surface symmetry. This results presents a chal-
lenge to theory of surface states in Weyl semimetals. Fi-
nally, the measurement scheme demonstrated here pro-
vides a means to study way surface states of categories of
topological matter through the use of nonlinear optical
probes whose bulk response may be suppressed through
symmetry.
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SUPPLEMENTARY INFORMATION

Crystal Growth and Structure Refinement

Single crystals of RhSi were grown from the melt us-
ing Self-flux technique. Here the crystal growth was
performed with an off-stoichiometric composition with
slightly excess Si. First, a polycrystalline ingot was pre-
pared using the arc melt technique with the stoichiomet-
ric mixture of Rh and Si metal pieces of 99.99 % pu-
rity. Then the crushed powder was filled in a alumina
tube and sealed inside a tantalum tube with argon atmo-
sphere. Then the entire crystal growth was performed in
a tuber furnace in argon atmosphere, kept inside a glove-
box. First the sample was heated to 1500 °C, and held
there for 12 h to ensure uniform melting of the entire
mixture. Then the furnace was slowly cooled to 1150
°C with a rate of 2 °C/h. Large single crystal chunks
with average dimension of (10 X 5 X 5) mm were ob-
tained. The crystals were analyzed with a white beam
backscattering Laue X-ray diffraction technique at room
temperature. The samples show very sharp spots that
can be indexed by a single pattern, revealing excellent
quality of the grown crystals without any twinning or do-
mains. A Laue diffraction pattern of the oriented RhSi
single crystal superposed with a theoretically simulated
pattern is presented in Fig. S1. The structural param-
eters were determined using a Rigaku AFC7 four-circle
diffractometer with a Saturn 724+ CCD-detector apply-
ing graphite-monochromatized Mo-Ka radiation. The
crystal structure was refined to be cubic P2;3 (#198)
with lattice parameter, a=4.6858(9) A.

Laue diffraction data used to orient the [100] and [010]
axes within the surface along with the predicted peaks
of space group 198 are shown in Fig. S1. Measure-
ments were performed at the Advanced Light Source at
Lawrence Berkeley National Laboratory.

Material Symmetries

1. Nonlinear Tensor

The second-order optical nonlinearity generates cur-
rents at both the sum and difference frequencies of the
applied electric field. LPGE and CPGE correspond to
the current generated at the difference frequency,

Ji = 0i1E; By (2)

For cubic space group P2;3 the only nonvanishing ele-
ments of o;;, have indices xyz and permutations. The
elements with even permutations of zyz are equal to 04,
and odd permutations are equal to oy, .. If we write
Ozy> =7+ 18 where v and 8 are both real, the structure

of the third rank tensor can be written in the form

0 0 0
0 0 v —if
0 v +i8 0
0 0 v+ i8
o® = 0 0 0 (3)
v —1if 0 0
0 v —1f 0
v +iB 0 0
0 0 0

where the element oy, is the kth element of the column
vector in the ith row and jth column of the outer matrix.

2. PGEs at normal incidence

For light incident on the [001] face, there will only be
generated 2nd order effects when the electric field has
nonzero components in x and y. Eq. [2| gives J, o< E,E,
and J, = J, = 0. As currents directed in z have radiation
patterns that become zero in the z direction, no radiation
will be measured by exciting second order bulk currents
at normal incidence on the [001] face.

3. Transformation properties of the CPGE

The circular photogalvanic current can be written in
terms of the photon helicity,

Ji = Bij (B x E7);. (4)

The second rank CPGE tensor is contracted from the
third-rank conductivity tensor according to the relation,

Bij = Oiki€jkl, (5)

where €,y is the unit antisymmetric tensor. Substitution
of the conductivity tensor for the RhSi space group (Eq.
2) yields,

Bij = 1845, (6)

where 6;; is the Kronecker delta. The factor of i before
[ is the imaginary unit. Substitution into Eq. 3 yields,

J =iBE x E*, (7)

which shows that for the case of space group P2;3 the
CPGE current is always directed parallel to the helic-
ity vector, regardless of its direction with respect to the
crystal axes. This means that CPGE polarization that
depends on crystal orientation, as reported in the main
text, breaks the constraints imposed by bulk symmetry.



4. Fitting LPGFE data to nonlinear tensor element
parameters

Vertical and horizontal terahertz pulses are measured
as a function of pump wavelength and pump linear polar-
ization angle. For a general nonlinear LPGE tensor v,
illuminating a medium with linear polarization light with
electric field E gives photogalvanic current components

Ji = ijrE;j Ey (8)

assuming E has linear polarization (i.e. the compo-
nents of E have zero relative complex phase).

4.1 Pump polarization rotation

In the set of LPGE experiments, we rotate the
pump polarization while the sample remains fixed, and
the electric field is given by E(6) = Ey(cosf,sin ). This
gives photogalvanic currents

Jo = (Yowa €05° 0 + Yoy, sin® 0 + 2744, cos Osin 6) E3

Jy = (Vywa €08 0 + Yyyy sin® 0 + 27,,, cos Osin0) Ef.
(9)
For each pump wavelength and terahertz polar-
ization, the set of data has three free parameters,
illustrated simply by a sine wave plus an offset with
parameters A, ¢ and C: Asin(20 + ¢) + C. Thus, for
two terahertz polarizations, we have six free variable
and can thus determine the tensor parameters -;;x
for ijk = zzxx,xry, Yy, YyTT,yry,yyy. Note that
Vizy = Viye- Data for multiple wavelengths is shown in
Fig. S2.

4.2 Sample rotation

We can determine the same set of six parameters
by keeping the pump polarization fixed at & = 0 and
instead rotating the sample axis about the surface
normal by angle 7. The two terahertz components
measured will be

5. In-plane mirror symmetry

Consider a general nonlinear tensor o that describes
the optical response in a material such that .J; =
04k By, We will consider the constrains on o imposed
by a symmetry of the mirror operation

M* = (_01 (1)> (12)

where, whithout loss of generality, we are restricting our-
selves to 2D.
Under an operator O, o will transform as

g = 0ia 0Ok O apy- (13)
When O is a symmetry of the material in question, the

constraint oéjk = 0y;i is imposed. For O = M?, we
arrive at the set of equations

O = (M5,)00pe = —Osva = Orax (%)

Ohpy = (ME) M Orny = Oany = Oaay

U/zyy = Mgfz(M;y)Qamyy = —Ouyy = Ouyy  (¥) (14)
Tyaw = (M3) My 0yer = Oyes = Oyae

Uzlla:y = Mafz(M;y)2aywy = —Oyay = Oyay (%)

Tyyy = (M, oyyy = Oyyy = Oyyy

The starred equations indicate elements that we find
are equal to their own negative and therefore must be
zero. We can conclude that for mirror symmetry under
M?, the elements 054, Ozyy and oy,, must be zero.

AFM

We performed atomic force microscopy (AFM) mea-
surements over two 5 x 5 um? regions and two 1 x 1 um?
regions (Fig. S3). We find no patterns in the surface
topography which could define any overall preferred di-
rection in optical measurements. A surface variation of
approximately 5 nm is observed.

Jz(n) = (%mo; cos® n — (Vawy T Yoyz + Vyze) cos®nsinn + (Yayy + Yyzy T Yyyz) COSN sin?7n — Yoy sin® 77) Eg

and

(10)

Jy (Tl) = (’Yy:cac cos® n+ (’Yx:c — VYyxy — ’Yyyx) cos® nsinn + ('Yyyy — Yxaxy — ’Y:cyac) Cos 7 sin® N = Yayy sin® 77) Eg

This allows us to use two different measurement meth-
ods to determine the same set of parameters ;.

(11)



FIG. 6. *

Fig. S1. Laue diffraction measurement overlaid with the
predicted diffraction peaks of the 001 surface of space group
198.
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FIG. 7. *

Fig. S2. LPGE measurements on RhSi 001 surface as a
function of pump polarization angle for x and y components
of terahertz.
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FIG. 8. *

Fig. S3. Four AFM measurements on RhSi [001] surface
showing crystal topography.
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