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Optical circular dichroism (CD) is a useful method for investigating the role of chirality in natural and
physical processes. A large magnitude of CD must be achieved for spectroscopy and sensing, particu-
larly in the ultraviolet (UV) energy range where molecular chirality is identifiable. However, the strong
absorption of UV wavelengths in many materials precludes large UV-CD responses. In this work, we
observed a giant temperature-independent magnetic circular dichroism (MCD) in the UV regime in mag-
netic CooMnGa thin films. We demonstrated the MCD in this system is controlled by the magnetization
and originates from the hybridization of Co and Mn 3d states, by referring to calculations of the spin-
polarized density of states. Based on these results, we propose and test two general rules for identifying
other magnetic materials expected to have large MCD. Our results open a route towards finding mag-
netic materials with large MCD excited at different energy ranges, for CD applications with immunity to

temperature variation.
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I. INTRODUCTION

Chirality is a fundamental material property of great
significance to understanding and controlling phenomena
in physics, chemistry, and the biological sciences [1,2].
Chiral molecules, nanoparticles, and crystals can also
be used in unique physical properties and applications
[3-5], so having a convenient method of measuring chi-
rality in materials is essential. Circular dichroism (CD),
defined as the absorption difference between right-handed
circularly polarized (RCP) and left-handed circularly
polarized (LCP) light, is widely used in the characteri-
zation of chiral molecules [1]. Chiral molecules usually
exhibit a chiral optical response in the ultraviolet (UV)
regime [6]. This optical response is intrinsically small due
to the weak interaction between the magnetic component
of light and the chiral molecules [7,8]. Thus, high ana-
lyte concentration and long integration time is required for
chiral molecule sensing by CD spectroscopy [9,10].

Generating a large UV-CD magnitude in CD
spectroscopy 1is highly desirable to enhance sensing
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sensitivity and improve detectability for spectroscopy.
Currently, large CD in the visible and near-infrared regime
has been obtained in metals with metasurfaces (periodic
subwavelength structures). Metasurfaces create or enhance
the surface plasmon resonances, which interact with chi-
ral molecules and thus detect them [11,12]. However, the
UV-CD value in these nanostructures is very weak, below
10 mdeg [6], due to the strong absorption of UV light in
the metals [13—15]. Also, advanced nanofabrication tech-
niques are required to make these metasurfaces [16]. Fur-
thermore, the CD caused by such metasurfaces is not easy
to further manipulate using an external stimulus, which
would be a useful characteristic for CD spectroscopy
[17,18].

A CD signal can also be generated in magnetic materials
due to the magneto-optical effect resulting from the spin-
polarized band structure, in which the spin-polarized elec-
trons can be selectively excited by the polarized light from
occupied bands to unoccupied bands, as shown in Fig. 1(a)
[19]. The LCP and RCP light can be absorbed in energy
transitions between the spin minority | and spin majority
1 electron states. A difference of the LCP and RCP absorp-
tions arises because the internal exchange field breaks the
degeneracy of the minority and majority electronic states,
leading to different transition probabilities for the two

© 2025 American Physical Society
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FIG. 1. MCD characterization for Co,MnGa thin films. (a) Schematic diagram of MCD effect resulting from the spin-polarized

electronic band structure. The LCP and RCP light excites transitions between the (occupied and unoccupied) spin minority |, and spin
majority 1 states, respectively. (b) MCD at 300 K as a function of excitation energy for 7.6, 15.2, 22.8, and 60.9 nm Co,MnGa films
in a —1.5 T external magnetic field. (c) MCD at 300 K as a function of excitation energy for 60.9 nm Co,MnGa in —1.5,0,and 1.5 T.
(d) Temperature dependence of MCD for 60.9 nm Co,MnGa in —0.8 T.

polarizations. Though the overall UV light-intensity loss
still happens in magnetic metallic materials, they can still
generate a significant CD. By preparing chiral-molecule
layers on magnetic thin films, spin-polarized electrons
from the magnetic material can diffuse into the chiral-
molecule layers. These chiral molecules act as spin filters,
selectively transmitting electrons with one spin orienta-
tion while reflecting or scattering those with the oppo-
site spin—a phenomenon known as the chiral-induced
spin selectivity (CISS) effect—which offers a promising
approach for identifying chiral molecules [2]. Further-
more, the spin-polarized electronic states that lead to the
CD relate to the magnetization, which can be reversed by
the magnetic field so that the CD magnitude and polariza-
tion can be easily tuned, which is called magnetic circular
dichroism (MCD) [20].

The MCD effect has been investigated in magnetic mate-
rials before, such as in ferromagnetic transition metals
and their alloys [21,22] and in Fe-containing garnets [23].
However, the MCD signal of these is either very small or
displays poor thermal stability in the UV regime. Several
works report that combining magnetic materials with meta-
surfaces [24—27] can be used to enhance and engineer the

UV-CD signal. However, the enhancement of CD in those
systems is mostly in the visible or near-infrared regime.

In this work, we observed a giant temperature-
independent UV MCD reaching 1450 mdeg in a 60.9-nm
ferromagnetic Co,MnGa thin film. The MCD relates to
the magnetization so that it can be tuned to the opposite
polarization by a magnetic field. We demonstrated that the
MCD in Co,MnGa is determined by the spin-polarized
band structure. Finally, we proposed and tested two rules
to use when searching for magnetic materials with large
MCD.

II. EXPERIMENTAL SECTION

Sample preparation: following our previous work [28—
33] Co,MnGa and Co;MnGe thin films were epitaxially
deposited on double-side-polished MgO(001) substrates in
a Kurt J Lesker CMS-18 magnetron sputtering system with
a base pressure below 3 x 10~® Torr. Before fabricating
thin films, substrates were cleaned with an Ar plasma,
and then annealed at 400 °C for 30 min in the vacuum
chamber. Co,MnGa and Co,MnGe thin films were each dc
magnetron sputtered from a stoichiometric polycrystalline
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target at 100 W under 6 mTorr of Ar, with the substrates
held at 400°C while the sample holder was rotated at
20 rpm. The growth rate was calibrated by x-ray reflec-
tivity measurements. A Co,MnGag 5Geg 5 film was grown
by cosputtering from the Co,MnGa and Co,MnGe targets.
All samples were postannealed in situ at 400 °C for 20 min
to improve the lattice structure and the atomic ordering
among Co, Mn, and Ga/Ge sites. After cooling down
to ambient temperature, a 3-nm protective Ta layer was
deposited on the top. The composition has been confirmed
by x-ray fluorescence.

MCD measurements: the MCD signals were measured
using a Jasco J-815 MCD spectrometer equipped with a
450-W xenon lamp as a white light source. The natural
unpolarized light was irradiated into the monochroma-
tor using a linear polarizer and converted into a specific
energy. After traversing through the photoelastic modula-
tor, the linearly polarized light was decomposed into two
circularly polarized rays (o and o~). Both rays were
simultaneously shone on the samples, and the spot size was
approximately 4 mm?. The power density of the applied
light excitation was 9 WW/cm?. After they interact with
the sample, the changes in the two circularly polarized rays
were detected using a photomultiplier. To control the mag-
netization of the thin film, a variable magnetic field was
applied along the light incident direction [34]. The MCD
signal of the MgO substrate is very small and has been sub-
tracted for all MCD results (see the Supplemental Material
[35D).

Electrical transport measurements: samples were pat-
terned into standard Hall bars (/ = 500 wm, w = 50 pm)
by photolithography and then Ar ion milling for magne-
totransport characterization. The transport measurements
were performed using the resistivity option of a Physical
Property Measurement System (PPMS, Quantum Design).

Band-structure calculation: we used density-functional
theory (DFT), within the generalized gradient approxima-
tion (GGA), as implemented in the Vienna ab initio simu-
lation package (VASP), to calculate the electronic structure
of Co,MnGa and Co,MnGe [36].

III. RESULTS

A. MCD characterization

MCD measurements were done at 300 K for Co,MnGa
thin films (thicknesses 7.6-60.9 nm) excited with light
from 1.55 to 4.96 eV with a magnetic field applied nor-
mal to the surface of the films. Figure 1(b) shows the
MCD curves for the Co,MnGa films at a fixed mag-
netic field of —1.5 T. At this magnetic-field intensity,
the Co,MnGa films have magnetizations nearly saturated
along the (out-of-plane) field direction.

Broadband MCD signals can be observed from the near
infrared to UV. The shape of the curves for all thicknesses
is similar, but the MCD magnitude decreases by reducing

the thickness. The CD spectra are defined as

In10 180
0= T(ARCP - ALCP)?(degree) [34,36], (1)

where 6 is the ellipticity of the polarization light, Arcp
and Ay cp are the optical absorption of samples under RCP
and LCP light illuminations, respectively. A giant value for
MCD, 1450 mdeg, can be observed for 60.9-nm Co,MnGa
at 3.50 eV in the UV range, which is an order of magni-
tude higher than the MCD in classic magnetic transition
metals such as Co [22]. The highest thickness-normalized
MCD in the UV range is 36.2 mdeg/nm for the 7.6-nm thin
film, around 3.2 eV. Figure 1(c) shows the MCD curves of
the 60.9-nm Co,MnGa thin film in fields of 1.5, 0, and
—1.5T. The MCD signal is reversed by reversing the mag-
netic field and no signal can be observed in zero magnetic
field. All these suggest that MCD is related to the mag-
netic behavior of the Co,MnGa. The Curie temperature of
Co,MnQGa is around 700 K [38], higher than the maximum
400 K of our MCD measurements, so in our experiments
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FIG. 2. Magnetic-field dependence of MCD for 60.9
Co,MnGa thin film. The optical excitation energy is 3.5 eV.
(a) MCD and negative of the anomalous Hall effect measured by
sweeping the magnetic field from —1.5 to 1.5 T at 300 K. The
inset is the raw anomalous Hall effect curve over the full range
of fields. (b) Three cycles of magnetic-field dependence of MCD
at various temperatures from 15 to 400 K.
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the film magnetic moment and static density of electronic
states do not change too much. However, the MCD sig-
nal, which involves excitations between electronic states,
is usually sensitive to the temperature [39]. For our thin
films, the MCD is remarkably temperature independent
from 400 to 15 K [see Fig. 1(d)] over the full range of
photon energies.

B. Relationship of MCD and magnetization

To investigate the relationship of MCD and Co,MnGa
magnetization, we measure the MCD of the 60.9-nm
Co,MnGa film by sweeping the out-of-plane magnetic
field from —1.5 to 1.5 T with a fixed 3.50-eV excitation
energy, as shown in Fig. 2(a).

An approximately linear dependence of MCD on mag-
netic field can be observed from —0.8 to 0.8 T. Then, the
signal is saturated at 1.5 T. Also plotted in Fig. 2(a) is the
anomalous Hall effect (AHE) measured from the film. The
MCD has the opposite sign to the AHE, but the shape of the
magnetic-field dependence of MCD perfectly matches the
AHE curve, which is well known to characterize the field
dependence of the magnetization [28,40-43]. Thanks to
this relationship, the MCD value can be significantly tuned
from 1450 mdeg to —1450 mdeg using the magnetic field.
To test the linear field dependence, we did three cycles of
magnetic field sweeping between —0.8 and 0.8 T at vari-
ous temperatures, as shown in Fig. 2(b). One can see a near

perfect linear dependence of MCD signal on the magnetic
field. The polarization of MCD is linear at zero magnetic
field, left-hand elliptical at negative field, and right-hand
elliptical at positive field.

C. Spin-polarized density of states calculation

To investigate the electronic states that are the origin of
the MCD in our thin films, we calculated the spin-polarized
density of states (DOS) of Co,MnGa. Figure 3 shows the
partial DOS of the 3d states as the contributions of the 1s
and 2p states in this energy range are negligible. Unlike
x-ray MCD (XMCD) in which the signal arises from the
excitation of a core electron [44], such as the 2p states, our
optical MCD excites electrons from the valence bands into
unoccupied conduction bands.

One can see that there are two regions of large DOS in
the unoccupied minority spin states around 1.0 and 1.7 eV
above the Fermi level. These are due to the hybridization
of tp, and e, Co and Mn 3d states, as shown in Figs. 3(b)
and 3(c). In contrast, there is only a small and featureless
DOS in the majority states from Fermi level up to 4 eV.
For MCD in the visible-UV range, electronic transitions
must be available between filled (below 0 eV) and empty
(above 0 eV) states, where the energy difference of the
states matches the photon energy. So, in the visible-UV
range, spin-polarized optical transitions will be domi-
nated by the minority spin states. Because MCD(total) =
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FIG. 3.

Spin-dependent total (a) and element-resolved (b)—(d) densities of states for Co,MnGa.
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MCD(minority) — MCD(majority), the dominant minor-
ity spin contribution results in the giant MCD signal we
observe.

The optical energy-excitation gap between the highest
DOS regions ranges from 2.06 to 3.45 eV, which nicely
matches our experimental results as shown in Fig. 1(b),
where the lowest MCD signal is at 2.24 eV and the highest
value at 3.50 eV. Thus our results suggest that the large UV
MCD signal in Co,MnGa thin films is due to transitions
between these regions of the DOS. The element-resolved
DOS [see Figs. 3(b)-3(d)] shows that Co and Mn atoms
are the major contributors to the states involved.

D. Discussion

By comparing to previously reported MCD results of
magnetic thin films in the UV region, including clas-
sic ferromagnetic transition metals and alloys, garnets,
rare earths and oxides, the thickness normalized MCD in
Co,MnGa has a giant value, 36.2 mdeg/nm, as shown in
Fig. 4(a). Though CoTb exhibits a large MCD as well,
rare earth compositions such as this exhibit poor ther-
mal stability [50]. Above 400 K, they can be crystallized

and lose the amorphous structure, which ruins the mag-
netization and MCD effect, and thus limits their range of
useable temperatures. Co,MnGa, by contrast, has a higher
Curie temperature 7. ~ 700 K [28], and combined with
the temperature independence of its MCD signal it is an
easy choice for practical applications at a wide range of
temperatures.

The absorbance is a parameter showing how much
light the sample absorbs, which is key for optospintronic
applications. It is defined as — log T, where T is the light-
transmission ratio. We have characterized this informa-
tion for Coo,MnGa with different thicknesses, as shown in
Fig. 4(b). The absorbance increases with thickness, which
is a typical behavior of metallic materials. Though the
absorbance of 60.9-nm Co,MnGa with giant MCD is more
than 2.24 (0.57% light transmission) in the UV region, a
commercial photodetector for CD spectroscopy is sensi-
tive enough to detect the difference of the RCP and LCP
absorption, even in this thick sample. On the other hand,
the 7.6-nm Co,MnGa thin film shows a relatively low
absorbance of 0.54 (28.6% transmission) and still has a
large MCD of almost 300 mdeg. Thus, in applications
where the intensity of the transmitted light is key, thinner
Co,MnGa films can be integrated with other optoelectronic
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(a) Comparison of thickness normalized MCD values for different materials Pry 6Srg 4MnOj [45], Ti(j—_y)Co, O, [46], Co:ZnO

[21], Co [22], GAMnNO; [47], YIG [23], Bi:YIG [48], GdFeCo [49], and CoTb [49]. (b) Absorbance as a function of excitation energy
for Co,MnGa thin films. (¢) MCD at 300 K as a function of excitation energy for 38 nm Co,MnGa, Co,Mn(Ga, Ge), and Co,MnGe.
(d) Spin-dependent total densities of states for Co,MnGa and Co,MnGe.
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devices, such as light-emitting diodes (LEDs), to control
the helicity of emitted light [51].

Based on our results, we propose two rules to obtain
large UV MCD using materials that are ferromagnetic or
otherwise have spin-polarized band structures: (1) the dif-
ference in optical excitations between minority spin states
and majority spin states should be very large to ensure a
large MCD; (2) the regions in the DOS involved in these
excitations should be separated by energies in the UV. To
show evidence for these two rules, we characterized the
MCD at 300 K in an alloy of Co,Mn(Ga, Ge), shown with
the MCD for Co,MnGa, Co,MnGa 5Gey 5, and Co,MnGe
in Fig. 4(c). Co,MnGe is a ferromagnetic Heusler alloy
with the same crystal structure as Co,MnGa. Both materi-
als show very similar band structures, although the Fermi
level in Co,MnGe is slightly lower due to the presence of
one additional electron per unit cell compared to Co,MnGa
[52]. One can see that replacing Ga with Ge to create the
alloy results in a MCD signal that is higher in the UV
region. More interestingly, Co,MnGe shows a flat MCD
from approximately 3.5 eV up to 4.38 eV. At the same
time, adding Ge raises the valley of MCD from 2.20 to
2.48 eV. In addition, the polarization of MCD in the val-
ley changes to the opposite direction for Co,MnGe. These
differences can be explained by the DOS differences in
Fig. 4(d). Generally, the DOS of Co,MnGe is very similar
to that of Co,MnGa but slightly shifted to lower ener-
gies, as Ge has one additional electron than Ga. However,
in the Co,MnGe DOS there is an extra peak located at
—3.65 eV. These states are exactly 4.38 eV below the
peak of unoccupied 3d states at +0.73 eV. This makes the
energy excitation gap perfectly in line with the experimen-
tal results for the Co,MnGe film where the MCD value is
high right up to 4.38 eV.

It is worth mentioning that the dipole matrix elements
are decisive for the probability of optical transitions [53].
This effect needs to be considered if there is a very high
density of occupied states. For instance, though the unoc-
cupied majority spin DOS is low in Co,MnGe, the high
occupied majority spin DOS at —1.01 eV below the Fermi
level can significantly increase the probability of excita-
tion, so that the CD originating from excitations between
majority spin states may be higher than that from excita-
tions between minority spin states, inducing the change of
polarization for Co,MnGe.

Based on the two rules, one can search for mag-
netic materials with specific band-structure features for
achieving large MCD values at different energy-excitation
regimes [54,55]. For instance, we expect other Co,-based
Heusler alloys, such as Co,MnAl [56] and Co,MnSi [57],
to exhibit large MCD also based on their similar calcu-
lated band structures to those of Co,MnGa and Co,MnGe.
Finally, it is also worth noting that the MCD signal in these
Co,-based Heusler alloys should also be nearly tempera-
ture independent due to their high Curie temperatures.

IV. CONCLUSION

We observed a giant temperature-independent MCD,
1450 mdeg, in the UV regime. The magnitude of MCD
can be continuously changed to negative 1450 mdeg by
sweeping the magnetic field. By calculating the spin-
polarized DOS, we found that the MCD signal originates
from the hybridization of Co and Mn 3d states. Based on
our findings, we propose two rules for identifying mag-
netic materials with large UV-MCD: (1) the difference of
minority and majority spin DOS should be very large; (2)
the optical energy-excitation gap should be located in the
UV region. We tested and confirmed these two rules in
Co,MnGe, which has a larger UV-MCD than Co,;MnGa,
that we can clearly link to differences in the band structure.
Beyond reporting a giant UV-CD response in a rare-earth-
free ferromagnet, our study provides practical guidelines
to discover and design thermally stable magnetic materials
with large CD responses over various excitation energies.
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