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ABSTRACT   

Introducing a magnetic dopant in a topological insulator can give rise to ferromagnetic ordering which can break time-

reversal symmetry, realizing dissipationless electronic states in the absence of an external magnetic field. Assessment and 

control of the magnetic state can translate into novel future applications in quantum computing. We provide a detailed 

systematic study of the magnetic state in highly doped CrxSb2-xTe3 thin films using terahertz time-domain spectroscopy 

and electrical transport. The temperature dependent behavior of the THz conductance of CrxSb2-xTe3 thin films with x = 

0.15 exhibits a clear insulator-metal transition at Tc ~ 40 K, indicating the ferromagnetic order in the CrxSb2-xTe3 occurs 

via the carrier-mediated RKKY mechanism. Moreover, the magneto-transport measurements showed anomalous Hall 

behaviour below 40 K, demonstrating the consistency between the electrical and optical measurements. Using THz optical 

means, the direct correlation obtained between the carrier density and ferromagnetism in the magnetically doped 

topological insulators films, strongly suggests a carrier-mediated Ruderman-Kittel-Kasuya-Yoshida (RKKY) coupling 

scenario. Our non-contact means of investigating ferromagnetism using THz, and consistency in optical and electrical 

measurements paves the way to realise exotic quantum states for spintronic and low energy magneto-electronic device 

applications.   

Keywords: topological insulators, THz spectroscopy, Cr:Sb2Te3, ferromagnetism, anomalous Hall effect, RKKY 

interaction 

1. INTRODUCTION  

One of the most important discovers in the condensed matter physics during the 1980s established that electrons confined 

in two dimensions and subject to a strong magnetic field display an original ‘topological’ order, due to the so-called 

quantum Hall effect.1 Over the past few years it has been found that such a topological order also occurs in certain three-

dimensional (3D) insulating materials. The term “topological insulator” (TI) was first introduced in 2007 to generalize the 

two-dimensional quantum spin Hall state to three dimensions.2,3 The non-trivial topology of the band structure4 arising 

from time reversal symmetry (TRS) and spin-momentum locking4,5 leads to the formation of gapless conducting surface 

and edge states, resistant to scattering by defects and impurities. This has prompted a substantial research effort to look for 

exotic quantum phenomena exploiting the topological nature of carriers in these materials, potentially revolutionizing the 

field of condensed matter. Transition metal doping in TIs is predicted to break TRS which opens a surface gap at the Dirac 

point6,7. This has led to the recent experimental observations of the topological magnetoelectric effect8, induction of a 

magnetic monopole9 and the quantum anomalous Hall effect (QAHE)10. Hence a wide range of potential industrial 

applications have been demonstrated in literature such as magnetic sensing11, information storage11, phase change 

memories12 and various spin injectors for spintronic devices13. In the quantized version of the anomalous Hall effect (AHE), 

the topologically protected state has a dissipationless current flowing along the edge of a 2D surface of a magnetically 

doped TI in the absence of a magnetic field. In this context, Cr-doped Sb2Te3 has been the object of consideration since 
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the discovery that it becomes ferromagnetic when Cr replaces Sb.14 The AHE has been previously investigated in transition 

metal doped dilute magnetic semiconductors (DMS) and complex oxide ferromagnets15, and various theories have also 

been prescribed15 to determine the general origin of the AHE. In TIs, on the other hand, it is now well established that the 

origin of the AHE relies on a scattering-independent, intrinsic mechanism which can be described in terms of the Berry 

phase effect in crystal momentum space10, 15-17. The evolution of the AHE with temperature and magnetic field can be 

linked to the magnetization, M, of the sample through the following relationship15: 𝜌𝑥𝑦 = 𝑅𝑜𝐵 +  𝑅𝑠𝑀, where 𝜌𝑥𝑦 is the 

total Hall resistivity, B is the applied magnetic field, 𝑅𝑜 = 1 𝑛𝑒𝑐⁄  (e being the electron charge and n the carrier 

concentration) is the ordinary Hall coefficient arising from the Lorentz force experienced by electrons/holes, and Rs is the 

anomalous Hall coefficient. Rearranging the terms, equation expresses the summation of the Hall currents, that is, the total 

Hall conductivity 𝜎𝑥𝑦
𝑇 =  

𝜌𝑥𝑦

𝜌𝑥𝑥
2+ 𝜌𝑥𝑦

2 ≈  
𝜌𝑥𝑦

𝜌𝑥𝑥
2  =  

𝑅𝑜𝐵+ 𝑅𝑠𝑀  

𝜌𝑥𝑥
2    with 𝜎𝑥𝑦

𝑇 = 𝜎𝑥𝑦
𝑂 + 𝜎𝑥𝑦

𝐴 , where 𝜎𝑥𝑦
𝑂and 𝜎𝑥𝑦

𝐴 are the 

ordinary and anomalous Hall conductivity respectively. These result in: 𝜎𝑥𝑦
𝐴 = 𝜎𝑥𝑦

𝑇 − 𝜎𝑥𝑦
𝑂 = 

 𝑅𝑠𝑀  

𝜌𝑥𝑥
2  . Therefore, the 

magnetisation M can be accurately determined from 𝜎𝑥𝑦
𝐴 the by carefully removing the ordinary Hall component 𝜎𝑥𝑦

𝑂 = 
 𝑅𝑂𝐵  

𝜌𝑥𝑥
2  from 𝜎𝑥𝑦

𝑇, hence enabling the field and temperature dependence in M to be extracted directly from magnetotransport 

data. Within this framework, there is also a strong motivation to understand the mechanism of the magnetic behaviour in 

TIs. Historically the two most prevalent models in the literature have been: the Van Vleck mechanism18 which is caused 

by the large spin susceptibility of the valence electrons in the band-inverted TI materials and the Rudderman-Kittel-

Kasuya-Yosida (RKKY)6 coupling, where the interaction between two localised spins is mediated with the assistance of 

itinerant carriers. Consequently, the former is independent of the carrier density and is referred as “bulk ferromagnetism”, 

while in the latter case the neighbouring magnetic moments couple via a carrier-mediated mechanism. Controlling the 

magnetic properties of doped TIs as a function of temperature provides a direct route to investigate the mechanism of the 

magnetic behaviour in TIs. Recently, CrxSb2−xTe3 magnetic topological insulator (MTI) samples, were characterized using 

x-ray magnetic circular dichroism (XMCD) and carrier mediated coupling was observed.19 In addition, it was also reported 

that a good crystalline order is maintained in molecular beam epitaxy (MBE) grown ~60 quintuple layer (QL) thick films 

of CrxSb2−xTe3 (x = 0.15, 0.26, 0.42) using x-ray diffraction (XRD) and atomic force microscopy.14 In this study, we present 

a comprehensive comparison of the variation in ferromagnetism in doped CrxSb2−xTe3 films (x ranging from 0.15 to as high 

as 0.76) through terahertz time domain spectroscopy and electrical transport measurements. We present results suggesting 

the ferromagnetic order in the films is via the carrier-mediated RKKY mechanism.  

Figure 1. (a)  Schematic of a THz-TDS optical setup. A 60-mW pump laser output of 90 fs duration, centered at 1560 nm, was split into 

two paths for THz generation (pump) and detection (probe). (b) Time domain picosecond (ps) pulse response transmitted through Bi2Se3 

film of 23 QL (quintuple layer) thickness at different temperatures. The inset shows a magnified pulse response transmitted through the 

Bi2Se3 film. The reference is the transmission through a blank (0001)-oriented sapphire substrate, obtained at 200 K. All the temperature 

measurements were performed in a cryostat with optical access with a base temperature of 4 K.  

 

8 12 16 20 24 28

-0.5

0.0

0.5

1.0

1.5

T
H

z
 f

e
il

d
 (

a
rb

.u
.)

Time delay (ps)

 Reference

 4K

 10K

 20K

 30K

 40K

 50K

 60K

Detector 

Motorised delay 

Optical cryostat 

with sample 

 

 

 

 

 

 

   

 

                                                                                             

                                                                                                                                                                                                                               

                                                                                                                                                                                                                                                    

 

        

 

                               

                                                                                         

 

 

                                        

 

 Emitter fs- Laser 

Probe beam 

Pump 

1560 nm 

(a) (b) 



 

 
 

 

3 

 

Cr0.15Sb1.85Te

3 

 

2. GROWTH AND TEMERATURE DEPENDENT RESPONSE:  

The Cr-doped Sb2Te3 thin films with a characteristic thickness of 20 nm were grown by MBE in an ultra-high vacuum 

chamber (UHV) with a base pressure lower than 2×10-10 Torr using a two-step growth method. High purity Sb (6N) and 

Te (6N) were co-evaporated from standard effusion cells together with a high temperature cell for Cr (5N) to obtain high 

quality stoichiometric Cr-doped Sb2Te3. In the first phase a 5-nm-thick, undoped Sb2Te3 seed layer (see Ref. [15]) was 

grown.  The flux ratio of Te per (Sb + Cr) was maintained at ~10:1. An overpressure of Te flux ensured reduction in 

vacancies during the growth, commonly observed in this material system20. The Cr doping concentration was controlled 

accurately by adjusting the cell temperature to grow the subsequent 15 nm of Cr-doped Sb2Te3. The Cr concentrations 

were found to follow approximately the measured beam flux monitor fluxes. The typical growth rate for our experiment 

was ~1 quintuple layer/minute (QL/min). To conclude, a 3-nm-thick amorphous Te capping layer was grown at room 

temperature prior to taking the sample out of ultra-high vacuum to avoid any contamination and oxidation of the Cr-doped 

Sb2Te3 films. 

 

Broadband terahertz time domain spectroscopy was carried out on CrxSb2−xTe3, using a Tera K15-T-Light MENLO system. 

A schematic of the optical arrangement is illustrated in Figure 1(a). A 60-mW (max power) pump laser with 90 fs pulse 

duration centred at 1560 nm (repetition rate of 100 MHz) was divided into two optical beam paths: (i) first the beam was 

focused down to a sub-50 μm spot onto the THz emitter, resulting in a broadband THz emission with a spot size of ~1 mm 

(at 1THz), and (ii) the second beam went through the delay stage for coherent THz detection. The temperature dependent 

measurements were carried out using a Janis continuous flow cryostat with optical access capable of reaching a base 

temperature of 4 K. We performed temperature dependent THz-TDS on the Cr0.15Sb1.85Te3 sample (lowest Cr 

concentration) to obtain conductance response as a function of temperature, optically in the quasi d.c. limit. The time-

resolved THz transmission through the Cr0.15Sb1.85Te3 thin film was measured at various temperatures as shown in Figure 

1(b). The transmitted THz field intensity initially increases with reducing temperature down to 40 K, because of a reduced 

free carrier absorption, implying the freezing out of bulk charge carries. Below 40 K, the transmitted intensity reduces with 

decreasing temperature, indicating the onset of an interaction distinct from the response of bulk carriers. However, the 

response is still strongly dependent on the surrounding ‘charge carrier sea’, resulting in the observed temperature variation. 

Thus, a drop in the THz transmission is symptomatic of a RKKY mediated transport below 40 K in Cr0.15Sb1.85Te3 film. 

 

 
Figure 2. (a) THz conductance spectra of Cr0.15Sb1.85Te3 at different temperatures with a distinct feature at ~1.8 THz referring to the 

optical phonon mode. (b) THz (quasi-d.c.) conductance at THz as a function of temperature. The inset shows the longitudinal resistance 

vs. temperature response for the Cr0.15Sb1.85Te3 thin film, obtained from the transport measurements.  
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To examine the distinct signature of the magnetic state at low temperatures we calculated the optical conductance of the 

Cr0.15Sb1.85Te3 thin film using Tinkham’s theory21 to obtain the spectral response as presented in Fig. 2 (a). In the ultrathin-

film limit, THz conductance spectra were obtained from the normalized transmission (for a detailed description see Ref. 

27). The THz conductance spectra in Figure 2(a) shows a typical Drude type response with a characteristic phonon 

signature at around 1.8 THz, consistent with previous reports of THz measurements on Sb2Te3 and other TIs22,23.   

  

Figure 2(b) shows the THz conductance response of Cr0.15Sb1.85Te3 plotted as a function of temperature. As the temperature 

is reduced from 60 K down to 40 K, the THz conductance decreases rapidly indicating a freezing of the bulk carriers in 

the magnetically doped TI film. However, the THz conductance begins to gradually increase with a further reduction in 

temperature because of an insulator-to-metal transition at ~ 40 K. Such a behaviour can be attributed to the spin disorder 

scattering that sets in at the paramagnetic to ferromagnetic transition.24,25 The temperature (~40 K) obtained from our THz 

measurements is in close agreement with the Tc value obtained the resistance vs. temperature plot (~35 K) from the Hall 

transport shown in the inset of Figure 2(b). Introducing a magnetic dopant in TI results in breaking of the time reversal 

symmetry26 and a bulk insulator type response would be expected from the film (conductance decreasing with decreasing 

temperature). However below 40 K, the THz conductance shows a metallic response (increasing conductance), indicating 

an increased carrier-assisted coupling between magnetic ions in the film, therefore suggesting that the magnetism in 

Cr0.15Sb1.85Te3 could be RKKY mediated. 

 

To investigate the transition observed at ~40 K in the THz response, magneto-transport measurements were carried out on 

the 20-QL-thick Cr0.15Sb1.85Te3. For this, samples processed in the form of Hall bars devices, to electrically characterize 

the ferromagnetic ordering response in Cr0.15Sb1.85Te3. A larger piece of wafer was cleaved into smaller chips of dimension 

5 mm × 5 mm, in a clean room environment. Standard S1813 photoresist was spin coated onto the sample, followed by an 

optical lithography process using a mask pattern and an aligner. Micrometre sized Hall bar geometries of dimensions L = 

800 µm and W = 200 µm were produced, schematically shown in the inset of Figure 3(a). The mesa was then defined using 

Ar ion milling in a vacuum chamber with a calibrated rate of ~100 Å/min. 20/80 nm of Ti/Au were then evaporated as 

Ohmic contacts for the Hall bar in a thermal evaporator, followed by a standard lift-off process with acetone and 

isopropanol. The chips were then glued to the leadless chip carriers (LCCs) and Au wires were used to bond the contacts 

onto the pads using a ball bonder.  

  

 
Figure 3. (a)  Hall resistance Rxy in CrxSb2-xTe3 samples with x = 0.15 showing hysteretic behaviour, corresponding to the anomalous 

Hall effect at different temperatures from 1.8 K to 55 K. The inset shows a schematic of the fabricated Hall bar device. (b) Temperature-

dependent negative magnetoresistance ratio for 20-nm-thick CrxSb2-xTe3 sample with x = 0.15 due to spin dependent scattering of 

carriers. 

 

 

B 
 

-2 -1 0 1 2

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

0.5

B(T)


R

x
x
(B

)/
R

x
x
(0

) 
%

 1.8 K

 4 K

 10 K

 15 K

 25 K

 40 K

 55 K

-2 -1 0 1 2

-30

-15

0

15

30

B(T)

R
x
y
(

)

 1.8 K

 10 K

 25 K

 40 K

 55 K

(a) (b) 



 

 
 

 

5 

 

The sample was secured to a probe and dipped into a continuous flow cryostat with a base temperature of 1.8 K equipped 

with a 9 T superconducting magnet. The Hall, Rxy, and longitudinal, Rxx, resistances were measured using a standard AC 

lock-in four-terminal method with the current applied in-plane and the magnetic field perpendicular to the film. All 

measurements were carried out with an excitation current of 1 µA at a frequency of 77 Hz. The magneto-transport 

measurements down to 1.8 K resulted in Hall traces showing that CrxSb2-xTe3 film has hole-type carriers with x = 0.15. 

Figures 3(a) shows the evolution of the Hall resistance, Rxy, as a function of temperature and magnetic field, B. Clear, long-

range ferromagnetic ordering indicating the easy axis of orientation pointing out-of-plane is observed in the transport 

measurements. We also performed the Hall transport, Rxy, with changing the directions of the magnetic field, B, with 

respect to the sample (θ changes from out-of-plane θ = 90° to in-plane θ = 0°) and found that the slope gradually changes 

from positive to negative until we see a parabolic dependence at θ = 0°. This parabolic behaviour at θ = 0° indicates a 

strong out-of-plane spontaneous magnetization at zero field, confirming that the magnetic moments of the sample prefer 

to be in the perpendicular direction. This feature may be favourable for spintronic applications, where perpendicular 

magnetic anisotropy is more common than in plane magnetism27,28. The carrier density at obtained from the Hall slope was 

~ 5.8 × 1013 cm-2, while the mobility was ~207.2 cm2/Vs. 

Figures 3(b) illustrate the B-dependent magnetoresistance (MR) ratio  
𝛿𝑅

𝑅0
 = 

𝑅(𝐵)−𝑅𝑥𝑥(0)

𝑅𝑥𝑥(0)
 measured from 55 K to 1.8 K. The 

butterfly shaped hysteresis exemplifies the negative MR which is caused by spin dependent scattering of carriers29 as local 

magnetic ordering comes into play at Tc. The distance between the two peaks for all temperatures corresponds to the 

coercive field Hc. Tc can be estimated as the temperature when Hc becomes approximately zero. At this point, the long-

range ordering disappears, and a positive MR is observed corresponding the weak anti-localization (WAL) commonly 

observed in pristine TI samples30,31. An undoped 20-nm-thick Sb2Te3 sample was measured for comparison with the doped 

film. The longitudinal resistance showed a sharp dip at low magnetic field, B, demonstration the WAL behavior, as shown 

in Figure 4 (bottom). The WAL phenomenon demonstrates both the Dirac nature of the surface state carriers as well as the 

strong spin−orbit interaction in pristine TI materials32. On doping the Sb2Te3 film with Cr, the WAL response disappears 

and instead, an increase in the resistance at low fields corresponding to the MR effect is observed (Figure 4, top). We 

further obtained the trend comparing the anomalous Hall conductivity, 𝜎𝑥𝑦
𝐴, as a function of temperature for the 

Cr0.15Sb1.85Te3 samples as shown in Figure 4(b).  The curve shows a concave trend over a broad temperature range, similar 

to the transport data reported by Chang et al.27, but different from that of Zhou et al.33 in their SQUID data (both in Cr-

doped TIs). Theoretically, Tc can be established as the point when 𝜎𝑥𝑦
𝐴 and Hc both fall to zero at zero magnetic field, but 

in experiments, a tail is commonly observed above Tc. This may be due to sample inhomogeneity or a finite remnant field 

arising from the superconducting magnetic coils in the cryostat34. Furthermore, the transport measurement is more bulk 

type measurements which probes the entire thickness of the film, which might account for the slight discrepancy with THz 

measurements35. In order to further our understanding and elucidate the mechanism of magnetism, a detailed study was 

carried out to comprehend the relationship between carrier densities, Tc, and Cr concentration trends using terahertz time 

domain spectroscopy (THz-TDS), which is discussed in the next section. 
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Figure 4. (a) Normalized longitudinal resistance of an undoped Sb2Te3 showing the WAL effect compared to a CrxSb2-xTe3 sample 

with x = 0.15. (b) Zero-field anomalous Hall conductivity (𝜎𝑥𝑦
𝐴) for samples with x = 0.15 as a function of temperature. 

3. TERAHERTZ RESPONSE BY VARYING Cr DOPING IN  

It is well-known that device processing makes it more challenging to probe the surface states of pristine TI thin films36, as 

TI surface states are very sensitive to water and organic solvents. To circumvent this issue, we employed contact-free and 

non-invasive THz–TDS to determine the carrier densities and mobilities for all the samples. The carrier damping rate in 

TIs (typically~10-13 s-1) lies in the THz frequency range (0.1-2.0 THz), making broadband THz spectroscopy a particularly 

sensitive probe of TI carrier dynamics. Moreover, the energies typical of collective quasiparticles such as optical phonons, 

have a fingerprint across the energetic range of the THz radiation (0.4 - 4 meV) making it a powerful technique to study 

TIs.32,37,44 The time-resolved THz transmission through CrxSb2-xTe3 thin films with varying Cr concentration (x = 0.15,0.41, 

0.58, 0.76) was measured at 4 K as shown in Figure 5(a). The primary transmitted THz field intensity shows a systematic 

reduction with increasing Cr concentration x [Figure 5(a)] which signifies an increased free carrier absorption in the film. 

To further quantify this behaviour, we extracted the carrier densities and mobilities for each sample as a function of Cr 

concentration and TC. 
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Figure 5. (a)  Time domain picosecond pulse response transmitted through 20 QL CrxSb2-xTe3 films with varying Cr concentrations x. 

(b) Plot of tan 𝜙 vs frequency. The solid lines represent the linear fit to each data set. The inset shows the scattering lifetime 𝜏 vs Cr 

concentrations x. (c) The plots of mobility 𝜇 and carrier density p vs Curie temperature Tc deduced from the THz measurements (blue 

and red curves). (d) Sheet carrier density, p1/3 x, as a function of Tc obtained from the THz measurements. 

 

Using the Tinkham’s equation for thin films38 and substituting for the complex Drude conductivity as 𝜎̃(𝜔) = 𝜎0/(1 −
𝑖𝜔𝜏), we obtain the following relationship between the imaginary and the real parts of the transmission coefficient: 

𝐼𝑚. {𝑇̃(𝜔)}/𝑅𝑒. {𝑇̃(𝜔)} = −𝜔𝜏 = tan 𝜙, where 𝜙 is the phase angle between the sample and substrate waveforms, 𝜔 is 

the angular frequency and 𝜏 is the scattering lifetime for the carriers. Plotting tan 𝜙  as a function of frequency [Figure 

5(b)], and fitting it with a linear regression, the slope yields the scattering lifetime 𝜏 [inset to Figure 5(b)]. Furthermore, 

the scattering lifetime τ, obtained from THz-TDS, was used to calculate the THz mobility using μ = τe/m∗(assuming the 

bulk hole effective mass m∗ in Sb2Te3 is 0.78 me, with me as the electron rest mass), as shown in Figure 5(c).The carrier 

concentration p can then be obtained using the following relationship between sheet conductance 𝐺2𝐷 and p: 𝐺2𝐷 =
𝐺(𝜔 → 0) = 𝜇𝑒𝑝.  This yields the plot shown in Figure 5(c), and in principle can be directly compared the values of p and 

𝜇 extrapolated from the slope of Rxy vs B at high fields. The carrier densities (and mobilities) in the THz measurements 

increase (decrease) roughly linearly with the Curie temperature Tc (Tc for x = 0.41, 0.58, 0.76 is obtained from Ref. 39] 

yielding the carrier dependence of the magnetic ordering temperature. It is interesting to note that the values of p obtained 

from the THz measurements tend to be smaller than those deduced from the Hall transport measurements. We used the 
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bulk hole effective mass m∗ = 0.78 me in calculating the values for the THz measurements39. Due to the anisotropic nature 

of the upper and lower valence bands in Sb2Te3 the effective mass varies from m* = 0.034 me to m∗ = 1.24 me
40,41. This is 

likely to be one of the origins for the quantitative discrepancy in the parameters obtained from THz and transport 

measurements. Furthermore, Ar+ ion milling used during the Hall bar processing has been reported to increase the transport 

carrier density in topological insulators42. Figure 5(d) shows the relationship between Tc and xp1/3. In the scenario when 

magnetism between two localised spin is mediated through carriers in the mean field approximation, the Curie temperature 

is given by43 : 𝑇𝑐 =
𝑆(𝑆+1)

3𝑘𝐵
𝑛𝐽2𝜒 , where S is the spin quantum number of Cr, n is the number density of Cr in the material, 

𝐽 is the exchange interaction constant between localized Cr spin and itinerant holes, and 𝜒 is susceptibility of itinerant hole 

spins. In the above equation, 𝜒 can be further described in terms of Fermi wave vector (𝑘𝐹) as: =
𝑚∗

ℎ2 𝑘𝐹 =
𝑚∗

ℎ2 (3𝜋2𝑝)
1

3 , 

where m* is hole effective mass, h is Planck constant, and p is hole density. Together the two equations indicate that in 

mean field theory, Tc will be proportional to xp1/3. We plotted Tc with respect to xp1/3 in all samples with results obtained 

from electrical transport and THz measurements [Figure 5(d)]. Our results demonstrate a good proportionality between Tc 

and xp1/3, clearly supporting the validity of the mean field approximation in the parabolic band model, and strongly 

suggesting RKKY mediated magnetism in our CrxSb2-xTe3 films. This behaviour is similar to that reported by Zhou et al.33 

and Li et al45. In addition, this illustrates the proportionality between the Cr concentration x and the carrier density p with 

a monotonic increase in p with x also consistent with the mean field theory. 

 

4. CONCLUSION 

In conclusion, we used THz spectroscopy and magneto-transport to carry out a detailed study of ferromagnetism in in 20-

nm-thick magnetically doped CrxSb2-xTe3 TI thin films. The temperature dependent behavior of the THz conductance 

revealed a metallic behavior below 40 K, indicating that the ferromagnetic order in the CrxSb2-xTe3 is via the carrier-

mediated RKKY mechanism. Magneto-transport measurement showed an anomalous Hall effect behaviour as a function 

of magnetic field and temperature, confirming out-of-plane ferromagnetic ordering in CrxSb2-xTe3.  We measured a Tc of 

~40 K for the lowest doped sample from the THz measurements, consistent with the Tc value obtained from the transport 

measurements. On plotting carrier densities and mobilities for all Cr doped samples obtained entirely from optical THz-

TDS, we found that the Tc value was proportional to xp1/3. This directly suggests a strong correlation between carrier 

concentration and ferromagnetism originating from a mean field approximated RKKY interaction scenario. Our work 

presents a unique comparison of optical measurements using THz-TDS and electrical transport measurements to achieve 

a complete characterization of Cr doping in Sb2Te3 thin films and their ferromagnetic properties. Moreover, these results 

provide a new pathway to explore quantum phenomena based on the magnetically induced gap opening at the Dirac point 

in topological insulators.  
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