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We report measurement of terahertz anomalous Hall conductivity and Faraday rotation in the
magnetic Weyl semimetal Co2MnGa thin films as a function of the magnetic field, temperature and
thickness, using time-domain terahertz spectroscopy. The terahertz conductivity shows a thickness-
independent anomalous Hall conductivity of around 600 Ω−1 · cm−1 at room temperature, and it is
also frequency-independent from 0.2-1.5 THz. The magnitude of the longitudinal and Hall conduc-
tivities, the weak spin-orbit coupling, and the very close positioning of Weyl points to the chemical
potential all satisfy the criteria for intrinsic anomalous Hall conductivity. First-principle calculation
also supports the frequency-independent intrinsic anomalous Hall conductivity at low frequency. We
also find a thickness-independent Faraday rotation of 59 (±6) mrad at room temperature, which
comes from the intrinsic Berry curvature contribution. In the thinnest 20 nm sample, the Faraday
rotation divided by the sample thickness reaches around 3 mrad/nm due to Berry curvature, and is
the largest reported at room temperature. The giant Verdet constant of the order of 10 6 rad m −1

T −1 at room temperature and the large Hall angle around 8.5 % from 0.2-1.5 THz indicates that
Co2MnGa is promising for THz spintronics at room temperature.

Introduction
The last decade witnessed an explosion of research on

topological states of matter characterized by the topo-
logical properties of the bulk wave-functions1–3. Topo-
logical insulators are robust to adiabatic perturbation as
long as the bulk gap is not closed2,3. Weyl semimetals
are newly discovered topological states of matter with-
out a bulk gap and with open Fermi surface arcs when
either time-reversal or inversion symmetry is broken4–11.
These materials have accidental band touching at pairs
of points with different chirality in the momentum space.
Near these points, the quasi-particles (low-energy excita-
tions) can be described by Weyl equations first proposed
by Hermann Weyl in 192912. As a result, these touching
points in the band structure are called Weyl points, and
the quasi-particles near them resemble Weyl fermions.
The bulk wave functions in Weyl semimetals acquire a
Berry phase as they move around the Weyl point be-
cause each Weyl node behaves like a fictional magnetic
field known as Berry curvature. These Weyl points
(monopoles in k space) are also topologically protected
because translation-invariant perturbations are identical
to moving Weyl points in the momentum space, unless
they meet in the zone boundary and annihilate with each
other.

Weyl semimetals host many exotic phenomena in-
cluding interesting temperature and frequency depen-
dence in optical conductivity13–15, novel quantum oscil-
lations related with Fermi arcs16, giant second harmonic
generation17,18, as well as a chiral magnetic effect and in-
trinsic anomalous Hall effect19. Experimental signatures
of Weyl semi-metals are still far behind the advance of
various theoretical proposals. Thus far, the widely ex-
perimentally studied Weyl semi-metal materials are non-
magnetic, but with broken inversion symmetry9–11,20.
Fermi arcs in magnetic Co3Sn2S2 and Co2MnGa were

identified recently21,22, which established direct evi-
dence for the magnetic Weyl semimetals. Among them,
Co2MnGa is particularly interesting as it is a room tem-
perature ferromagnetic with a large anomalous Hall effect
and a high curie temperature at TC=690 K23,24. Bulk
Co2MnGa is a Heusler compound, which has a cubic face-
centered structure with space group Fm3̄m (No. 225).
Large anomalous Nernst effects are also observed in both
bulk and thin films25–27.

The anomalous Hall effect (AHE) has been studied
extensively in conventional ferromagnetic materials28,29.
The intrinsic AHE is a scattering-independent process
first proposed by Karplus and Luttinger30, which de-
pends only on the topological band structure with the
contribution of the Berry curvature in the momentum
space28,31,32. The AHE can be greatly enhanced when
Fermi energy is close to band (anti-)crossings such as the
Weyl points33–35. Due to its exotic band structure, mag-
netic Weyl semimetals (WSMs) such as Co2MnGa are a
good platform to study the intrinsic AHE36,37. When
the chemical potential is close to the Weyl points, the
nonzero net Berry curvature effect is dominating, and a
large intrinsic anomalous Hall effect can be calculated by
the Kubo formula and compared with experiments28.

Another advantage of Co2MnGa is that thin films,
which are ideal for device applications, can be fabricated
by sputtering. The samples studied in this work are
grown by sputtering on MgO substrates and capped with
3 nm Al, the growth details of which were the subject of
previous study24. At room temperature, transport mea-
surement on thin films show a large anomalous Hall con-
ductivity (AHC) of 814 Ω−1 ·cm−1 and a large anomalous
Hall angle (AHA) of 10.5 %24. However, the spectrum
of the anomalous Hall conductivity, σxy(ω), and Hall an-
gle, θH(ω), at terahertz frequency remain missing. Fu-
ture high-speed spintronic devices will crucially rely on
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FIG. 1. Longitudinal conductivity spectra σxx(ω) of a 40
nm Co2MnGa thin film from 2 K to 280 K. The solid lines
are the real part. The dashed lines are the imaginary part.

such AHE phenomena at terahertz (THz) frequencies.
Current DC AHE transport measurements significantly
lag behind other interests of information carriers such as
electrons in field-effect transistors featuring cut-off fre-
quencies of around 1 THz38. Therefore, a proper under-
standing of the thin-film properties at THz frequencies
is required. Another intriguing aspect is the possibly
giant magneto-optical Faraday effect, i.e. the rotation
of the light polarization of the transmitted light for the
magnetic media, resulting from the enhanced Hall con-
ductivity on the transitions near the Weyl point. The
magnitude of the Faraday rotation is proportional to the
terahertz Hall conductivity. This novel optical property
inherent to the magnetic WSM remains to be explored.

In our work, we study the THz AHC, AHA and
Faraday rotation spectra of Co2MnGa thin films using
magneto-optical methods. We employ time-domain
terahertz spectroscopy (TDTS) to measure optical
longitudinal conductivity and complex Faraday rotation
at 0.2-1.5 THz. Giant THz AHC and AHA at RT
around 600 Ω−1 · cm−1 and 8.5 % are observed. AHE
remains operative from DC up to 1.5 THz with a flat
frequency response in thin films. The optical Faraday
rotation and AHC both show a thickness-independent
behavior at RT. One of the samples exhibits a 2.5
mrad/nm Faraday rotation divided by thickness, which
is the largest value reported at RT. Using first-principle
calculation, we show that the AHC and Faraday rotation
are dominating from the intrinsic contribution.

Results and Discussion
In our TDTS, a laser beam from a fiber laser (center

wavelength 780nm, duration 82 fs) is split by a beam
splitter into pump and probe beams. On the pump side,
a photoconductive antenna with 34 V bias voltage and
1.8 kHz modulation frequency is used to generate THz

pulses. Four off-axis parabolic mirrors (OAPs) are placed
in a confocal geometry to collect and focus the THz beam.
Thin film sample is put on the focus of the second and
third OAP. On the probe side, the time delayed probe
beam hits the detector antenna to detect the transmitted
THz electric field using optical sampling method. The
entire THz path is enclosed in a purge box with relative
humidity <3% to avoid water absorption. We present
the zero-field terahertz conductivity on these films first.
Utilizing TDTS, we obtain the complex longitudinal con-
ductivity spectra, σxx(ω), as we measure both the am-
plitude and the phase of the transmission without using
KramersâĂŞKronig transformation50,51. In the thin-film
approximation, the longitudinal conductivity can be ex-
tracted from the following relation:

Txx(ω) =
n+ 1

n+ 1 + dσxx(ω)Z0
exp(i

ω

c
∆L(n− 1)). (1)

Here Txx is the transmission coefficient of the thin film,
n is the refractive index of the substrate, d is the thick-
ness of the film, Z0 is the impedance of free space,
∆L is the thickness mismatch between the sample and
the bare substrate. Fig. 1 shows the real and imagi-
nary part of σxx(ω) of 40 nm Co2MnGa from 2 K to
280 K. The temperature dependence is quite weak as
the the real conductivity changes only by 8 % from
2 K to 280 K. The results follow the Drude model,
σxx(ω) = σ0/(1−iωτ)−iε0(ε∞−1)ω, where σ0 is the DC
conductivity, τ is the scattering time, ε0 is the vacuum
permittivity, and ε∞ is a constant that describes lattice
polarizability at high frequency. The flat spectra in the
real part (solid lines) and the small linear spectra of Im
σxx(ω) (dashed lines) both indicates a short τ . Fitting
shows 1/τ is around 3-5 THz in the whole temperature
range. The magnitude of the real part of the longitudi-
nal conductivity falls into one of the criteria for intrinsic
AHE42,52 as discussed below.

Besides the intrinsic contribution to AHE, there are
two other kinds of extrinsic contributions: skew scatter-
ing and side jump28. In ferromagnets, the combination
of the total anomalous Hall and longitudinal conductiv-
ity show a crossover behavior in three regions according
to the magnitude of longitudinal conductivity42,52: dirty
regime (σxx < 104 Ω−1 · cm−1), intermediate regime
(σxx = 104 − 106 Ω−1 · cm−1), and extreme conduct-
ing regime (σxx > 106 Ω−1 · cm−1). The intrinsic con-
tribution always dominates in the intermediate regime.
The magnitude of the real part of the longitudinal con-
ductivity in Co2MnGa falls at the lower boundary in
the intermediate regime. Often, to separate the three
contributions, the scaling relation between longitudinal
conductivity and anomalous Hall conductivity is used.
The contrition of the skew scattering to the AHC is
proportional to the square of longitudinal conductivity
σA−skew
xy ∝ σ2

xx, while the intrinsic and side-jump contri-
butions are both independent of the longitudinal conduc-
tivity. Previous DC transport on Co2MnGa bulk crystal
used the scaling relation and revealed that the intrinsic
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FIG. 2. A) A sketch of the experimental geometry of the Faraday rotation measurement. B) Field dependent Faraday
angle spectra of a 40 nm Co2MnGa sample at 290 K. C) Field dependence of the average Faraday angle over the frequency
range of 0.2-1.5 THz of the 40 nm Co2MnGa sample. D) Thickness independent Faraday angle under 2 T at 290 K. E)
Temperature dependence of Faraday angle of the 40 nm Co2MnGa under 2.5 T. F) Thickness-normalized Faraday rotation and
anomalous Hall conductivity for Co2MnGa and several magnetic thin films. The values of Co2MnGa, Co3Sn2S2

48, Mn3Sn39,40,
and SrRuO3

49 are measured by THz measurement. The values of GdFe41 and DyCo5
41 are estimated from THz measurement.

The values of Fe42, Co42, Ni42, Gd42, FePt47, Co2MnAl43, Co2MnSi43, Mn5Ge345 and Mn4N44 are estimated from transport
measurement.

AHC is around 103 Ω−1 · cm−121,23.
Nevertheless, it is very difficult to separate the intrinsic

contribution and side jump in DC transport28. Interest-
ingly, Co2MnGa also satisfies the other two criteria that
favors intrinsic contribution52. 1) The AHC is on the
order of 1000 Ω−1·cm−1. The intrinsic AHC value in
the thin film and bulk crystal was reported to be 1138
Ω−1·cm−124 and 1164 Ω−1·cm−123 respectively. 2) The
anticrossing point (theWeyl point) is only around 80 meV
above the chemical potential21. Because of these three
criteria, one can perform first-principles calculations to
reliably predict the frequency-dependent intrinsic contri-
bution and compare it with experiments.

With a set of freestanding wire-grid polarizers as shown
in Fig. 2A, our TDTS can resolve the polarization state
of the THz signal and measure the frequency depen-
dent AHC. Three THz wire-grid polarizers (P1,P2,P3,

extinction ratio>2000 at 1 THz) are used to measure the
Faraday angle. P1 aligns the incident polarization verti-
cally. P2 is mounted on a rotation stage (not shown in
the figure) to selectively pass the vertical electric field
(Ex) or horizontal electric field (Ey). P3 is fixed at
45◦ so that Ex and Ey have the same response at the
detector. The polarization change before and after the

Co2MnGa film is the Faraday rotation θF (ω) =
Ey(ω)

Ex(ω)
.

These measurements were performed under an out-of-
plane magnetic field up to 7 T. To exclude the nonmag-
netic effects such as birefringence from the windows, we
apply ±B to get a symmetrized Faraday angle spectra
θF (ω,H) = [θmeas

F (ω,H) − θmeas
F (ω,−H)]/2. Fig. 2B

shows the Faraday angle θF (ω) of the 40 nm sample at
290 K. The rotation has a weak dependence on the fre-
quency. The field dependence is similar to the known
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magnetization curve with a saturation field Hs ≈ 1.5 T24

as shown in Fig. 2C. Note that usually the Faraday ro-
tation is proportional to the thickness and characterized
by the Verdet constant53. The large θF around 60 mrad
at room temperature is nearly thickness independent as
in Fig. 2D, which mainly contribute from the terahertz
anomalous Hall effect. θF increases monotonically and
reaches 80 mrad as the temperature cools down to 2K
(see Fig. 2E). Below 1 Tesla, the Verdet constant of the
40 nm sample reaches 10 6 rad m−1T−1, which is of sim-
ilar size of the giant magneto-optical effect in topological
insulators HgTe54 and Bi2Se351,55 at low temperature.

In Fig. 2F, we show the normalized Faraday rotation
by thickness of a few magnetic materials at room tem-
perature and low temperature. Co2MnGa has the largest
room temperature value of 3 mrad/nm to our best knowl-
edge. It is 2-3 orders of magnitude larger than the typ-
ical transition metals Fe, Co, Ni, and Gd42. It is 15-30
times larger than the value in the Weyl antiferromag-
net candidate Mn3Sn39,40 and the ferromagnet Co-based
Heusler compound Co2MnSi43. The value in Co2MnGa
is twice larger than another half metallic ferromagnet,
Co2MnAl43, which is known to exhibit similar AHE from
bulk crystal with Co2MnGa56. Even if we make the com-
parison at low temperature, 3 mrad/nm is similar to the
magnetic Weyl semimetal Co3Sn2S248, and larger than
any other materials (see Fig.2F). The realization of the
giant Faraday rotation at room temperature overcomes
the cryogenic temperature limit, which makes it promis-
ing in spintronics applications. A recent work measures
the broadband THz anomalous Hall conductivity in the
ferrimagnets DyCo5 and GdFe41, and we compute the
Faraday rotation by using the reported transverse and
longitudinal conductivity. The small anomalous Hall
conductivity in DyCo5 probably indicates an extrinsic
origin from the side jump or skewing scattering. GdFe
is interesting as it also shows both large anomalous Hall
conductivity and Faraday rotation, but whether the ori-
gin of both are intrinsic needs further investigation. Note
that the GdFe41 samples studied previously were amor-
phous. Therefore the Berry curvature from the Bloch
wave function is ill-defined, and it is not straight-forward
to study the intrinsic effect in GdFe41. As discussed be-
low, we will show that the large anomalous Hall con-
ductivity and Faraday rotation have an intrinsic orgin in
Co2MnGa.

The terahertz Hall conductivity spectra σxy(ω) can be
extracted from the Faraday rotation by the relation

σxy(ω) = θF (σxx +
n+ 1

dZ0
) (2)

where n is the refractive index of the substrate, Zo is
the vacuum impedance and d is the thickness of the film.
FIG. 3A shows the terahertz Hall conductivity σxy(ω)
of 40 nm Co2MnGa. Consistent with the flat spectra of
longitudinal conductivity and Faraday rotation, it is also
independent of frequency. The mean value between 0.2
and 1.5 THz under each field is plotted in FIG. 3B, again

scaling with the magnetization24. According to the Hall
conductivity formula:

σxy = R0H + σA
xy (3)

The total Hall conductivity σxy(ω) consists of the or-
dinary Hall effect, R0H, where R0 is the ordinary Hall
coefficient, and the anomalous Hall effect, σA

xy. The or-
dinary Hall conductivity scales with the magnetic field.
The anomalous term can be obtained by extrapolating
the high field data to zero field (FIG. 3B intersection).
The 40 nm Co2MnGa shows a giant value of |σA

xy| = 930

Ω−1 · cm−1 at 2 K, and |σA
xy| = 590 Ω−1 · cm−1 at 290

K. These results are consistent with the DC transport
values on the 40 nm Co2MnGa24. Similar to RT Faraday
rotation, the RT Hall effect is also thickness independent,
with the Hall conductivity value around 600 Ω−1 · cm−1
as shown in FIG. 3C. This can be qualitatively analysed
from Eq.(2). As the sample thickness increases, the first
term, σxx, slightly increases, but the second term n+1

dZ0

decreases slightly as well. The changes in the two terms
tend to cancel each other, resulting in a thickness in-
dependence behavior in the 20 to 100 nm range. How-
ever, the main reason for the thickness-independent Fara-
day rotation is due to the thickness-independent intrin-
sic anomalous Hall conductivity as discussed below. We
would like to point out that substrates from different ven-
dors and different capping could lead to a change of 10%
of AHC at room temperature. Note that the experiment
value |σexp

xy | ∼ 600 Ω−1 · cm−1 is very close to the the-
oretical prediction of intrinsic Hall effect in the order of
|σint

xy | ∼ e2/ha ∼ 670 Ω−1 · cm−1 for Co2MnGa42, where
a is the lattice constant. This indicates that the intrinsic
contribution (the Berry curvature) is the leading effect.

The large scattering rate in Co2MnGa makes it dif-
ficult to separate the intrinsic and side jump contribu-
tions via the scaling of σxy versus σ2

xx at terahertz fre-
quency, as the measured THz frequency range is compa-
rable to the scattering rate28. Nevertheless, as we dis-
cussed above, because Co2MnGa satisfies the three crite-
ria for intrinsic anomalous Hall conductivity in terms of
longitudinal conductivity, Hall conductivity, and chem-
ical potential, it is quite accurate to use density func-
tional theory (DFT) to calculate and identify the in-
trinsic contribution. We calculate the electronic band
structure based on DFT by employing the full-potential
local-orbital code (FPLO) with localized atomic basis57.
The exchange and correlation energies were considered in
the generalized gradient approximation (GGA) level fol-
lowing the PerdewâĂŞBurkeâĂŞErnzerhof parametriza-
tion scheme58. Following experimental results, we set a
ferromagnetic structure with magnetic moment along z
direction23. We projected the Bloch wavefunction into
high symmetric atomic-orbital-like Wannier functions59
and constructed the tight-binding model Hamiltonian by
the Wannier function overlap. Based on the tight-binding
model Hamiltonian, the DC anomalous Hall conductiv-
ity and THz conductivity were computed by following the
Kubo formula approach in linear response approximation
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.

and clean limit31,60–62, with AHC

σDC
xy (EF ) = 2e2~

∫
BZ

d3k

(2π)3

∑
En(k)≤EF

fn(k)

Im
∑
m 6=n

< un(k)|v̂x|um(k) >< um(k)|v̂y|un(k) >

(Em(k)− En(k))2 + η2

(4)

and terahertz conductivity

σxy(~ω) = ie2~
∫
BZ

d3k

(2π)3

∑
m6=n

fm(k)− fn(k)

Em(k)− En(k)

< un(k)|v̂x|um(k) >< um(k)|v̂y|un(k) >

Em(k)− En(k)− (~ω + iη)

(5)

where fn(k) is the Fermi-Dirac distribution, En(k) is
the eigenvalue of nth band with eigenstate |un(k) >,
v̂x(k) = 1

~
∂Ĥ(k)
∂kx

is the velocity operator, ~ω is the tran-
sition energy, and η is a smearing parameter to avoid
numerical divergence. (Here we set η=0.1 meV.) We
used a dense k-grid of 2403 for the numerical integra-
tion. As shown in FIG. 3D, when the Weyl points are
around 80 meV above the chemical potential, it matches
the anomalous THz Hall conductivity, which also agrees
with previous transport and ARPES studies21,24. FIG.
3D shows the intrinsic anomalous THz Hall conductiv-
ity over a larger frequency range with resonant features

associated with Berry curvature contribution, which we
hope future experiments could explore.

We also measure the Hall angle at THz frequency,

θH =
σxy(ω)

σxx(ω)
, as it will be useful for field-effect tran-

sistors around 1 THz38. A large Hall angle ∼ 8.5% is
observed at 290 K, as shown in FIG. 3F. It increases as
temperature decreases and reaches a maximum with 10
% at 2 K. Co2MnGa is one of few materials that exhibits
large AHE and large Hall angle at the same time. Since
AHE and spin Hall effect are generated by the same
mechanisms, the large AHE in Co2MnGa guarantees a
large spin Hall effect, which was reported recently63.
Looking forward, we believe that our observation of large
THz anomalous Hall conductivity, Faraday rotation,
and Hall angle from the intrinsic contribution at room
temperature will be critical to use Co2MnGa for future
topological spintronics at the THz frequencies.
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