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[bookmark: _Toc423693392]Abstract
One avenue towards next generation spintronic devices is to develop half-metallic ferromagnets with 100% spin polarisation and Curie temperature above room temperature. Half-metallic ferromagnets have unique density of states, where the majority spins are metallic but the minority spins are semiconducting with the Fermi level lying within an energy gap. To date, the half-metallic bandgap has been predominantly estimated using Jullière’s formula in a magnetic tunnel junction or measured by the Andreev reflection at low temperature, both of which are very sensitive to the surface/interface spin polarisation. Alternative optical methods such as photoemission have also been employed but with a complicated and expensive set-up. In this study, we developed and optimised a new technique to directly measure the half-metallic bandgap by introducing circularly-polarised infrared light to excite minority spins. The absorption of the light represents the bandgap under a magnetic field to saturate the magnetisation of a sample. This technique can be used to provide simple evaluation of a half-metallic film.
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1. Introduction
Spintronics is an emerging field that aims to realise high-performance electronic devices by utilising electron spins which used to be ignored in the conventional electronics ‎[1]. Recently, tunnelling magnetoresistance (TMR) has been implemented in a read head of hard disk drives and a cell of magnetic random access memories for example ‎[2]. These spintronic devices are relied on a resistance change between their parallel and antiparallel configurations of the TMR junctions consisting of ferromagnet 1/tunnel barrier/ferromagnet 2. The change is defined as the TMR ratio = 2P1P2 / (1 – P1P2), where P1 and P2 are the spin polarisation of the ferromagnetic layers 1 and 2, respectively. P is defined as the difference between the number of up- and down-spin electrons at the Fermi level EF as follows:
									(1)
where N↑ and N↓ are the densities of the majority and minority electrons at EF, respectively.
In order to achieve a magnetic switch, typically > 1,000% TMR ratios, to replace the conventional transistor, band matching in a TMR junction with a MgO barrier ‎[3],‎[4],‎[5],‎[6],[7] and the development of 100% spin-polarised materials ‎[8],[9] have been intensively investigated. For the latter approach, the presence of a bandgap only in one spin band at EF holds the key to exhibit 100% spin polarisation. Until recently P has been estimated using Julliere’s formula in a magnetic tunnel junction ‎[10] or measured by the Andreev reflection ‎[11], both of which are very sensitive to surface/interface spin polarisation. Several other methods, such as a tunnel contact with a superconductor ‎[12], spin-resolved photoemission ‎[13] and optical pump-probe ‎[14] techniques have been reported. However, these techniques require either low temperature or complicated setups. It is therefore critical to develop a new simple technique to measure the half-metallic bandgaps.
In this study, we develop a new technique to directly measure the bandgap at room temperature. In our measurement, circularly-polarised infrared (IR) light excites the valence-band electrons to the conduction band across the bandgap. Due to both viability and simplicity, a reflection mode has been selected to measure the changes in the reflected signals from the sample surface and these signals are measured to evaluate the presence of a bandgap. This developed set-up can also be used to measure the bandgap electrically by detecting the change in the four-point-probe signals induced by the optical absorption at elevating temperature.
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We have recently developed a new experimental setup to measure the bandgap of half-metallic ferromagnets at elevating temperature using a cryostat with optical windows. The setup was based on spectroscopic measurement techniques with a range of photon energy that has been widely used to measure semiconductor bandgaps. According to the optical selection rule, right (left) circularly-polarised light can excite up- (down-) spin electrons from the valence band to the conduction band in a semiconducting bandgap ‎[15]. We adopt this rule to a half-metallic ferromagnet in this study, exciting spin-polarised electrons in the minority bandgap. This setup can utilise two measurement configurations; reflection and transmission modes. The reflection mode was preferred and used due to its simplicity as compared to the transmission method ‎[16]. Our technique offers a non-contact and non-destructive spectroscopic technique to investigate the electronic structure of materials as similar to cathode luminescence (CL) and photoluminescence (PL). However, unlike typical CL and PL measurements, our technique can be operated at relatively low photon energy due to the optimum conditions used as detailed below.
[bookmark: _Toc423693418](A) Wavelength and Optics
Heusler alloy films [17], one of major half-metallic ferromagnets [17],‎[18], possess their bandgaps only for one of their spin density of states as theoretically calculated and experimentally measured. The bandgaps of the most Heusler alloy films were found to be in the range of ~ 0.062 and 0.62 eV (corresponding wavelength in the range of 2 ~ 20 µm) ‎[18]. In order to cover this wavelength range, an IR lamp (LOT-Oriel, LSB150) was selected due to its wide wavelength coverage (between 1 and 24 µm) and its high emissivity (> 60%). This wavelength range corresponds to the photon energy between 1.24 and 0.052 eV, which covers the aforementioned bandgaps. This lamp consists of a coil made of an oxidation-resistant wire to emit IR light at high temperature. It features a 10 W power and a very constant emissivity profile ‎[19].
The lamp was used in conjunction with a reflector mirror to intensify and to precisely adjust the light direction. The mirror was positioned so that the monochromator (Horiba Scientific, iHR320) could receive the maximum amount of reflection as depicted in Fig. 1. With the aperture of < 1 nm, the monochromator achieved great controllability of ± 0.20 nm in wavelength. In order to cover the wavelength range between 3 and 20 µm with reasonable efficiency between ~ 40 and 80%, two diffraction gratings (Horiba Scientific, 51031 and 51038) were used ‎[20],‎[21]. The wavelength at which these gratings were switched was 9.5 µm.
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Fig. 1: Configuration of the IR lamp, the reflector mirror and the monochromator ‎[22]. The IR source is placed on the holder at the centre. IR light propagating to the left is reflected by the mirror placed to maximise the inputs to the monochrometer on the right. The distance between the mirror and the monochrometer apature is set as 5 cm.
(B) Lock-In Detection
In order to generate pulsed IR light, an optical chopper (Signal Recovery, 197) was used. The chopper covered the frequency range between 15 and 3000 Hz. For ideal lock-in detection, the higher frequencies (> 1.0 kHz) provided a well-defined square pulse form (Signal Recovery, 7265) [see Fig. 2(a)]. However, the higher frequencies exhibited poor signal-to-noise ratios (SNR) of approximately 26 ~ 20 due to the high noise level (around 20 ~ 30 mV). In contrast, as can be shown in Fig. 2(b), the lower frequencies (< 100 Hz) exhibited better SNRs. Accordingly, all bandgap measurements were conducted at the frequency of 17 Hz in this due to the optimum stability (± 0.1 Hz).
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Fig. 2: Signals of the optical chopper operated at (a) 1 kHz and (b) 17 Hz ‎[22].
[bookmark: _Toc423693420]The reflected light was used as a main signal and the chopper signal used as a reference with nearly 0º phase shift between the two signals. To minimise the noise level in this study, time constant, sensitivity and settling time were selected to be 200 s, 20 mV and 200 s, respectively.
(C) Circular Polarisation
Circularly-polarised IR light needed to be generated in order to achieve the photoexcitation in the half-metallic bandgap. Thus, a linear polariser (Edmund Optics, KRS-5 62774) was used to polarise the IR light linearly with efficient transmission over 70% in a wide wavelength range of 3 ~ 20 µm ‎[23],‎[24]. The linear polarisation was obtained at an angle of 45º tilt from the vertical optical axis and was then introduced to a quarter-wave plate (II-VI, FRZ-2-14-0.75-90-RM) to convert it into circular polarisation, which covers the wavelength range between 2 and 14 µm ‎[25].
IR intensity is known to be reduced almost exponentially with respect to the travelling distance ‎[26],‎[27]. These optical paths have been minimised by aligning the positions of the components in an optimised manner. This eventually provided typical intensity of ~ 25 mV in this study. 
[bookmark: _Toc423693421](D) Photodetector
The key component to achieve the bandgap measurement is a photodetector that can cover the abovementioned wavelength range. Different types of detectors holding their advantages and disadvantages, can be chosen depending on the requirements. In this study, the choice was a pyroelectric due to its high detectivity of ~ 1.13 × 108 cm·Hz1/2/W and low noise of ~ 291 µV/Hz1/2. The pyroelectric is basically a thermal sensor which converts the incoming light into an electric signal to be measured. A pyroelectric detector (ELTEC, Pyroelectric IR detector model 441) was selected. It uses a single-element lithium tantalite (LiTaO3). This pyroelectric detector has several additional advantages, such as reasonably wide spectral range (~ 6 < λ < 16 µm), high sensitivity of ~ 88 kV/W, high transmittance average above 75% (as can be seen in Fig. 3), ambient operation temperature (– 40o to + 70o C) and large active area of 2.5 × 2.5 mm2. 
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Fig. 3: Transmission characteristics of the IR photodetector used in this study ‎[28].
The photodetector is unable to measure low signals efficiently if the noise level is higher than 35 mV. Accordingly, an additional electronic circuit with a feedback resistor of 1 × 1011  was designed to reduce the noise level (see Appendix). The photodetector and its associated electronic circuit were enclosed in a small aluminium box for better protection from the electromagnetic noise.
[bookmark: _Toc423693424](E) Sample Holder
The sample holder was designed to have two adjacent grooves, one for the sample and the other for a permanent magnet. The permanent magnet used had larger diameter (~ 11 mm) than the films (5  5 mm2) to ensure that the magnetic field travelling through the film was exactly perpendicular and not to be diverged at the edges of the magnet or the film. The magnet was used to apply a magnetic field perpendicular to the sample, which was ~ 4 kOe sufficient to saturate a Heusler-alloy film. The sample position was adjusted with an accuracy of 240 arcsecond to introduce the circularly-polarised IR light beam spot onto the centre of the sample. Additionally, the height of the sample could be adjusted through the post. The incidence angle of the IR light was set to be at 45º from the film normal, so that the reflection was measured by the photodetector. This configuration was chosen to provide the largest signals from the photodetector.
[bookmark: _Toc423693426](F) Alignment 
These components were assembled as shown in Fig. 4. The alignment was achieved in several steps to ensure the maximum beam intensity to pass through all of the components. The IR lamp was held on a post and post holder and was coupled to the incident slit of the monochromator within ~ 16 mm.
[image: Experimental Set-up]
Fig. 4: Schematic diagram of the experimental setup ‎[22].
The IR lamp was turned on and left for about 30 minutes to stabilise its radiation. The monochromator was set at a specific wavelength (i.e., 3 µm) to begin with. The photodetector was used to measure the output intensity to compare it with the corresponding dual-peak intensity provided by the IR source supplier ‎[19]. This process was repeated at different wavelengths by tuning the grating at 20 nm steps as shown in Fig. 5.
[image: ]
Fig. 5: Measured intensity distribution of the IR light source at 20 nm steps ‎[22]. 
In order to maximise the intensity, the IR lamp was moved by ± 15 mm in three axes around the centre of the incident slit. The position of the IR source was then fixed. Thereafter the concave mirror was adjusting to maximise the light coupling into the monochromator. The concave mirror could increase the intensity by up to ~ 67% as seen in Fig. 6. Once the largest signal was obtained for the dual peaks within the measured range, the concave mirror and the monochromator were fixed at their positions.
[image: ]
Fig. 6: Measured IR light intensity with (red line) and without (blue line) reflector ‎[22].
[bookmark: _Toc423693432](G) Bandgap Measurement
The bandgap measurements were carried out after completing the optical alignment ‎[22]. The monochromator was initialised by fully opening the entrance and exit slits (i.e., 2 mm) and setting the wavelength to 3 µm, which tuned up to 16 µm. The frequency of the optical chopper was set to 17 Hz. A sample (i.e., Co2FeSi ‎[29], Co2FeAl0.5Si0.5 ‎[30] and NiMnSb ‎[22]) was then placed on the sample holder at the right position (i.e., at 45º from the light entrance and at 45º to the photodetector). Last step was to set the parameters of the lock-in amplifier as follows: the time constant of 200 s, sensitivity of 20 mV, settling time of 200 s and phase shift of ~ 0º. Here, the time constant should be long enough to minimise the output noise below 20 mV. Sensitivity was set according to the changes in the signal level with 1 µV resolution. Settling time was adequate for preventing the influence of quick changes in the signal values in ~ 500 ms. 
The measurement used a set of three separate measurements for one sample with maintaining the same IR circular polarisation. The first measurement was made without applying a magnetic field where the intensity of the reflected light from the sample surface was measured over the entire wavelength range. The second measurement was made with applying a perpendicular magnetic field by attaching a magnet on the back of the sample with the S-pole facing to the sample. The third measurement was similar to the second one except the orientation of the magnetic field which was reversed (N-pole facing to the sample). The bandgap was determined by subtracting the second signal from the third signal measured.
For further reduction of the noise level, a shielding box was fabricated using non-magnetic materials. All the optical components were enclosed inside this box, while both the lock-in amplifier and the power supply of the IR light source stayed outside the box.
3. Results and Discussion
We applied our bandgap measurements on quaternary Heusler alloy films, Co2(Fe,Mn)Si (CFMS) and Co2(Fe,Mn)Al (CFMA). Sample growth was carried out using an ultrahigh vacuum magnetron sputtering system. Off-stoichiometric alloy targets were used for the film fabrication, which resulted in nearly stoichiometric film compositions of Co1.9Fe0.5Mn0.6Si1.0 and Co1.8Fe0.5Mn0.6Al1.1 for the CFMS film and the CFMA film, respectively. The film samples were grown onto MgO(001) single crystal substrates, and the deposition temperature was 500°C. The layer thickness was 50 nm. After depositing the Heusler layer, the substrate temperature was cool down to a room temperature, and a 2 nm-thick Au layer was deposited on the top as a protection layer. Crystal structures were examined by using reflection high-energy electron diffraction and X-ray diffraction confirming the epitaxial growth and the full-Heusler structure for the samples. The details for the crystal structure, magnetic properties, and electrical transport properties were reported in a previous paper ‎[31]
Measured IR light spectra are shown in Figs. 7(a) and 7(b) for CFMS and CFMA, respectively. The wavelength ranges from 10 to 16 µm corresponding to the photon energies in the range of 77 and 120 meV. Three subtracted spectra are plotted in each panel, i.e., (i) subtractions of the spectrum without applying a magnetic field (nomagnet) from that with a magnetic field with the north (N)-pole facing to the sample (N - nonmagnet), (ii) subtractions of that with a magnetic field with the south (S)-pole facing to the sample from that with the N-pole facing to the sample (N - S), and  (iii) subtractions of that without a field from that with the S-pole facing to the sample (S - nonmagnet). A drift component from the background caused by the intensity distribution of the IR light source was removed by the subtraction procedure. Within the present wavelength range of the measurements, no peak/dip observed, suggesting absence of the half-metallic band gap in the present samples at room temperature. One possible reason for the no half-metallic result is the temperature dependence of half-metallicity in the cobalt-based Heusler alloys: relatively large temperature dependence of the spin polarisation was reported in the current perpendicular-to-plane type giant magnetoresistance junctions ‎[32],‎[33]. According to theoretical studies, thermal excitation of magnons smear the half-metallic energy gap ‎[34],‎[35]. Such a temperature effect causes the minority density of states that may result in the disappearance of absorption in the IR light measurements.
[image: ]

Fig. 7 IR spectra for (a) Co2(Fe,Mn)Si (CFMS) and (b) Co2(Fe,Mn)Al (CFMA) epitaxially grown film samples measured at room temperature. Subtracted results are shown in both panels using spectra measured using a magnet with the north (N) and south (S) poles facing the sample, and without a permanent magnet (nomagnet).
4. Conclusion
We successfully developed and optimised a new technique to measure a half-metallic bandgap using circularly-polarised infrared light. We measured epitaxially grown full-Heusler alloy films, CFMS and CFMA, and the results suggested that the half-metallic energy gap disappears at room temperature. Our technique has several advantages; (i) flexible design at various incidence angles, (ii) high sensitivity in the order of few µV, (iii) applicability for both thin films and bulk materials and (iv) possible temperature-dependent measurements. This technique can therefore be ideal for the evaluation of the half-metallicity in a simple manner and can provide feedback to their growth and preparation process for their optimisation.
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An electric circuit was designed to reduce the noise level of the photodetector and accordingly to enhance the output signals. It contains a series of resistors and different types of capacitors with different capacitance values as shown in Fig. A1. It was found to reduce the noise from > 35 mV to ~ 20 mV.
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Fig. A1: Final electronic circuit, which has been developed in this study.
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