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Negative magnetoresistances (NMRs) have been widely observed in two-dimensional electron 

gases (2DEGs). However, their origins are under debate. Here, we report on NMRs in the 2DEG 

in AlGaN/GaN heterostructures, aiming to uncover their origins by utilizing electric field gating. 

We systematically measured the magnetoresistances in magnetic fields up to 12 T and at 

temperatures between 3 K and 260 K and observed NMRs over a wide range of temperatures from 

3 K to 170 K, which become more pronounced with decreasing temperature. We conducted electric 

field gating experiments to correlate the occurrence of NMRs with the relationship between 

electron mobility and density. The latter is governed by defect scattering sources in the sample and 

can be theoretically modelled. Comparison of the measured electron mobility and electron density 

relationship with theory reveals that interface roughness scattering plays a crucial role in obtaining 

large NMRs. Our work demonstrates that electric field gating provides a means not only to tune 

the values of NMRs but also to uncover their mechanisms.  
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I. INTRODUCTION 

Negative magnetoresistances (NMR), where the magnetic field induces a decrease in the 

electrical resistance, is ubiquitous in two-dimensional electron gases (2DEGs) formed at the 

interfaces of various semiconductor heterostructures [1-23]. A common mechanism that can cause 

NMRs in 2DEGs is the weak localization (WL) of noninteracting electrons due to quantum 

interference effect [13-15,17-21]. The WL-induced NMRs only occur at low temperatures and at 

low magnetic fields, i.e., ωcτ < 1 with ωc being the cyclotron frequency and τ being the relaxation 

time. Their amplitudes are typically small (< -1%) and saturate quickly with increasing magnetic 

field. They also exhibit characteristic cusps at zero field in the resistance versus magnetic field 

R(B) curves and therefore can be identified without difficulties. On the other hand, NMRs in some 

2DEGs can be as large as -92% [8] and persist up to very high magnetic fields where ωcτ >> 1 

[19,22]. Various theories have been proposed to explain the underlying mechanisms that could 

lead to those large NMRs [24-31]. To date, the variety of non-WL NMRs observed in 2DEGs has 

been mostly attributed to electron–electron interaction (EEI) effect [1,2,24-26], Lorentz gas model 

[11,12,27,28], and memory effects resulting from the return events of an electron to a scatterer 

after a single collision process with another scatterer [19,29]. Recently, a theory [31] based on 

viscous flows of electrons could reproduce the colossal NMRs observed in 2DEGs in 

AlGaAs/GaAs hetereostructures [8]. Besides a few experiments that are particularly designed to 

prove theoretical predictions [11,12], in many cases, the behavior of the temperature and field 

dependence of the magnetoresistance is used to reveal a proposed mechanism [1,2,19]. 

Conclusions attained this way can be indecisive, since similar NMR behaviors can originate from 
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different mechanisms. For example, NMRs originating from both EEI [2,26] and memory effects 

[29] exhibit parabolic magnetic field dependence. Furthermore, the observed NMRs may be a 

result of several combined mechanisms, thereby complicating the analysis of the experimental data 

[19]. Here, we show that additional information on the origins of NMRs in 2DEGs can be obtained 

by electric field gating investigations of the electron mobility versus density relationship that can 

directly reflect the scattering sources in the sample [32-35]. 

AlGaN/GaN heterostructures have attracted extensive attention over the past years because 

they are well suited for fabricating high power and high frequency field effect transistors [36-38]. 

Good device performances hinge on the combination of their high carrier density and high 

breakdown fields [38]. The spontaneous and strong piezoelectric polarization in AlGaN/GaN 

heterostructures [39-41] creates a triangular quantum well resulting in 2DEGs with densities 

reaching values of ~1013 cm-2, which is nearly two orders of magnitude larger than the typical 

densities (~1011 cm-2) of 2DEGs in AlGaAs/GaAs systems [6-8]. Here we do not study other 

remarkable properties of the AlGaN/GaN heterostructure but focus on the origin of NMRs by 

taking advantage of the well-established relationship between the scattering sources and the 

density dependence of the electron mobility. The mobilities of the 2DEGs in AlGaN/GaN 

heterostructures are very limited (up to 104 cm2V-1s-1). Thus, their mean free paths (see Fig.S1(b)) 

can be much smaller than the sample width, excluding mechanisms such as viscous flows [31] for 

the observed NMRs. The relationship between the scattering sources and the density dependence 

of the electron mobility, which can be obtained via electric field gating, has been extensively 

investigated both experimentally [32,33] and theoretically [see supplement]. That is, the scattering 
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source(s) causing the NMRs can be directly uncovered from the density dependence of the electron 

mobility. Here, we conduct a systematic investigation of electric field gating effect on the NMRs 

2DEGs in AlGaN/GaN heterostructures to identify the regime where NMRs are observed in the 

density dependence of the electron mobility, revealing the crucial role played by the interface 

roughness [42,43] on the occurrence of large NMRs. This work demonstrates that electric field 

gating provides a means not only to tune the values of NMRs but also to uncover their mechanisms. 

It also indicates that magnetotransport can be used to characterize large-angle interface roughness 

scattering in AlGaN/GaN heterostructures.   

II. EXPERIMENTAL METHODS  

The AlGaN/GaN heterostructures investigated in this work were grown by metal-organic 

chemical vapor deposition (MOCVD) on sapphire substrates. Their layer structure is illustrated by 

the schematic presented in Fig.1(a). An AlN barrier layer was added between the AlGaN layer and 

the GaN buffer to reduce the alloy disorder scattering by minimizing the wave function penetration 

from the 2DEG channel into the AlGaN layer [44]. The 2DEG is realized due to spontaneous and 

piezoelectric polarizations in the GaN layer near the GaN/AlN interface. The measured samples 

were fabricated from the AlGaN/GaN heterostructure into a Hall bar geometry using 

photolithography, followed by inductively coupled plasma (ICP) etching. Ohmic contacts of 

Ti(20nm)/Al(120nm)/Ni(50nm)/Au(100 nm) were made by means of electron-beam evaporation 

(EBE), followed with a 30 s rapid thermal annealing at 850°C. Lastly, the gate electrode comprised 

of Ti(20 nm)/Au(100 nm) was made by means of EBE. Micrographs of a typical sample (Sample 
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W1) are presented in Fig.1(b).  

We conducted conventional resistance measurements in an Oxford Instrument system 

(TeslatronPT) under constant current mode. Magnetic fields up to 12 Tesla were applied out-of-

plane, i.e., perpendicular to the plane of the 2DEG. We define the magnetoresistance, i.e., the 

magnetic-field induced change of the resistance as 𝛾MR  = (R - R0)/R0, where R and R0 are 

resistances at a fixed temperature with and without an applied magnetic field, respectively. We 

measured two samples (Sample W1 and Sample W2). Each of them has two sets of voltage contacts 

of neighboring sections (denoted as CH1 and CH2 in Fig.1(b) for Sample W1). Results from both 

CH1 and CH2 are nearly the same (see Fig.S1) [45]. We present results from CH1 of Sample W1 

in the main text. Data from CH2 of Sample W1 and Sample W2 are presented in the supplement 

(see Fig.S1, Fig.S2 and Fig.S4) [45].  

III. RESULTS AND DISCUSSION 

Inset of Fig.1(c) exhibits Rxy(B) curves obtained at the lowest (T = 3 K) and highest (T = 260 

K) experimental temperatures. They indicate that the amplitude of the Hall resistances increases 

monotonically with increasing magnetic field and the slopes of Rxy(B) curves are nearly 

independent of the temperature, which is the classical characteristic of Hall resistances for one 

type of charge carriers with a density that is temperature-insensitive. The slopes of the Rxy(B) 

curves at various temperatures or the Rxy(T) curve at a fixed magnetic field enables us to obtain 

the electron density. We measured Rxy(T) at B = 9 T (see upper curve in Fig.1(c)) and obtained the 

temperature dependence of the electron density n(T) as shown in Fig.1(d). The electron density is 
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nearly temperature-independent, with values of 1.021013/cm2 at T = 3 K and 1.121013/cm2 at T 

= 260 K, consistent with calculated values based on spontaneous and strain-induced polarization 

at the GaN/AlN interface [23,32,33]. Using the derived n(T) and the measured zero-field R0(T) 

curves in Fig.1(c) we calculated the temperature dependence of the electron mobility μ(T) and 

present it in Fig.1(d). The Hall mobility is μ = 8000 cm2V-1s-1 at T = 3 K and decreases slowly with 

temperature up to 100 K, then it decreases more rapidly down to μ = 2000 cm2V-1s-1 at 260 K, 

mainly due to strong optical phonon scattering which is dominant in the high temperature region 

[46]. Compared to the electron mobility of 2DEGs in AlGaAs/GaAs heterostructures [7,8] where 

μ ~ 106-107 cm2V-1s-1, our observed value is relatively low but typical for AlGaN/GaN 

heterostructures [32,33,47].  

Figure 2(a) shows MR(B) curves obtained in magnetic fields of -12 T  B  +12 T and at T = 

3K. At very low magnetic fields (inset of Fig.2(a)), the longitudinal resistance behavior shows a 

rapid decrease that can be attributed to WLs, typically observed in disordered semiconductor 

systems [15,16]. The MRs show a negative parabolic magnetoresistance in the range of 

intermediate magnetic fields as demonstrated by the inset of Fig.2(b). In higher magnetic fields, 

Shubnikov de Haas (SdH) quantum oscillations [19] are observed. Concurrently, at the fields 

where SdH oscillations emerge, the MR deviates from a parabolic magnetic field dependence (see 

Fig.2(b)). It is worth noting that the WL-induced MRs and SdH oscillations occur only at low 

temperatures and both effects gradually weaken and disappear with the increase of temperature. 

Meanwhile, the magnitude of the NMRs decreases gradually with increasing temperature, and 

eventually positive MRs emerge at high temperatures (see Fig.2(c); more data are shown in 
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Fig.S2(a)). Similar results are obtained in CH2 of Sample W1 (Fig.S2(b)) and Sample W2.  

Besides weak localizations that induce small NMRs at very weak fields with a cusp at zero 

field, various other mechanisms based on both quantum [24-26,31] and quasiclassical [27-29] 

origins have been proposed to account for the large NMRs that occur at higher magnetic fields. 

For example, electron–electron interactions (EEIs) were considered in understanding the NMRs 

in high mobility [(0.42-5.5)105 cm2V-1s-1] 2DEGs in AlGaAs/GaAs heterostructures [1,2]. The 

EEIs lead to a parabolic negative magnetoresistance at 𝜔𝑐𝜏 > 1 [Refs.2,26]:  

𝛾MR = −
(𝜔𝑐𝜏)2

𝜋𝑘𝐹𝑙
𝐺𝐹(𝑘𝐵𝑇𝜏/ℏ)     (1) 

where 𝜔𝑐 = 𝑒𝐵/𝑚∗ is the cyclotron frequency and m* is the effective mass, 𝑘𝐹 is the Fermi 

wave number and 𝑙 is the mean free path. The function 𝐺𝐹(𝑥) has the asymptotes 𝐺𝐹(𝑥 ≪ 1) ≈

 const − 𝑙𝑛𝑥 and 𝐺𝐹(𝑥 > 1) ≈ (𝑐0/2)𝑥−1/2, with 𝑐0  ≈ 0.276. Clearly, Eq.1 correctly describes 

the parabolic behavior in the magnetic field dependence of the observed NMRs, as presented in 

Fig.2(b), where B > 1.25 T satisfies the requirement of 𝜔𝑐𝜏  > 1 at  = 8000 cm2V-1s-1. 

Qualitatively, Eq.1 can also account for the decrease of the NMR’s amplitude with increasing 

temperature, as shown in Fig.2(c).   

However, the derived experimental 𝐺𝐹 varies with 𝑘𝐵T𝜏/ℏ much slower than that predicted 

from theory (see Fig.S3(a)). More importantly, an essential feature of the EEI theory is that the 

impurities are treated as smooth random potential (remote impurities). This condition is satisfied 

in high-mobility GaAs structures, where doping impurities are separated from the 2DEGs by an 

undoped spacer and the scattering potential has a long-range character [2]. However, in 
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AlGaN/GaN heterostructures, a random array of strong scatterers (such as interface roughness) 

that give rise to predominantly large angle scattering can exist and contribute to the occurrence of 

large NMRs [19].  

In the presence of strong scatterers, the Lorentz-Boltzmann quasiclassical model predicts that 

a fraction P of the electrons in the 2DEG system remains eternally in collisionless cyclotron orbits 

around the scatterers. Such orbiting electrons do not contribute to the conductivity xx; however, 

they give a nonzero contribution to xy. The rest of the wandering electrons which collide with 

scatterers follow the conventional Drude expressions for conductivity. Taking into account the 

contributions of both types of electrons, the resultant longitudinal resistivity is given by [28]:  

𝜌𝑥𝑥 = 𝜌0
1−𝑃

1+𝑃2/𝛽2       (2) 

where 𝜌0 is the zero-field resistivity, P = exp(-2𝜋/𝛽), 𝛽 = 𝑙𝑡𝑟/𝑅𝑐 with 𝑙𝑡𝑟 being the transport 

mean free path, 𝑅𝑐 = 𝜐𝐹/𝜔𝑐  the cyclotron radius, and 𝜐𝐹  the Fermi velocity. As shown in 

Fig.S3(b), Eq.2 predicts a much stronger field dependence of the NMRs than the experimentally 

observed one.  

In real systems, a combination of different types of disorder such as background impurities, 

interface roughness, and dislocations can exist. After considering memory effects in a 2DEG with 

a random array of strong scatterers on the background of a smooth random potential remote 

impurities, Mirlin et. al. also obtained a negative parabolic correction to the magnetoresistance 

[29]:  

𝛾MR ≈ −(𝜔𝑐/𝜔0)2               (3) 

where 𝜔0 = (2𝜋𝑁𝑠)1/2𝜐𝐹(2𝑙𝑠/𝑙𝐿)1/2, with 𝑁𝑠 being the concentration of strong scatterers, and 
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𝑙𝑠  and 𝑙𝐿  the mean free paths due to the scattering by strong and smooth potential scatterers, 

respectively. 

Although Eq.3 can account for the observed parabolic relationship between the NMRs and the 

magnetic field as does Eq.1, this quasiclassical model predicts a temperature-independent NMR. 

At T  15 K, NMRs in our samples are indeed temperature-insensitive. However, at T > 15 K the 

temperature suppresses the NMRs, as demonstrated in Fig.2(c) and Fig.S2(a). It is possible that 

both quantum (EEI) and quasiclassical effects contribute to the observed NMRs, resulting in the 

observed change of NMRs with temperature [10]. The upturn of the 𝛾MRs at high magnetic fields 

also indicates possible contributions by Zeeman splitting that can give rise to positive 𝛾MRs [2,25], 

which become more pronounced at higher temperatures. In fact, Cho et al. investigated NMRs of 

the 2DEG in an AlGaN/GaN heterostructure and concluded that quantum contribution and 

quasiclassical effects co-exist, with a dominance of the latter [19]. Cho et al. used the ratio of tr/q 

to elucidate the type of strong scatterers that cause the quasiclassical NMRs, where tr and q are 

transport scattering time and the single particle relaxation time or quantum time, respectively. tr/q 

is close to one for alloy or phonon scattering, while it could be significantly enhanced for scattering 

by interface roughness. They obtained a ratio of ~10 and attributed the interface roughness to be 

the strong scatterers.  

Shubnikov–de Haas (SdH) quantum oscillations contain rich information of the 2DEG, i.e., 

the density of the charge carriers, their effective mass and quantum scattering time. Data in Fig.2 

shows pronounced SdH quantum oscillations in our sample. Figure 3(a) presents the data after 

subtracting the background at temperatures between 3 K to 20 K, with the fast Fourier transform 
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(FFT) results shown in Fig.3(b). From the SdH oscillation frequency f = 214 T, we obtain the 

2DEG density n = 1.051013 cm-2 from the relationship of 𝑓 = ℎ𝑛/2𝑒, where ℎ is the Planck 

constant, and e is electron charge. This value is consistent with the electron density derived from 

the Hall measurements, as presented in Fig.1(d). The SdH oscillation frequency shows no sub-

bands, indicating that only one type of charge carrier is present in our sample, i.e., the sample is 

of high quality.  

The SdH oscillations can be used to derive the effective mass m* and the quantum time q 

through the Lifshitz-Kosevich formula [19]: 

Δ𝑅

𝑅0
=

4𝑋

𝑠𝑖𝑛ℎ𝑋
exp (−

𝜋

𝜔𝑐𝜏𝑞
) 𝑐𝑜𝑠 (

2𝜋2ℏ𝑛

𝑒𝐵
)          (4) 

where Δ𝑅 is the SdH oscillation component of the resistance (see Fig.3(a)), 𝑋 = 2𝜋2𝑘𝐵𝑇/ℏ𝜔𝑐, 

kB is Boltzmann constant and ℏ is the reduced Planck constant. Since the cyclotron frequency 

𝜔𝑐 = 𝑒𝐵/𝑚∗, the effective mass m* can be derived from the temperature dependence of Δ𝑅 at a 

fixed magnetic field. We chose Δ𝑅M at B = 11.46 T corresponding to the largest positive peak in 

the SdH oscillations and plot them in Fig.3(c). A curve fit with Eq.4 gives m* = 0.1975m0, with m0 

being the free electron mass. From the mobility  values in Fig.1(d) and the relationship  = etr/m*, 

we obtain the transport scattering time tr  0.73 ps. For a fixed temperature, we can simplify Eq.4 

to 𝑙𝑛 (
Δ𝑅𝑀𝑠𝑖𝑛ℎ𝑋

4𝑅0𝑋
) ≈ −

𝜋𝑚∗

𝐵𝑒𝜏𝑞
 to derive the quantum time q, where Δ𝑅𝑀 represents the peak values 

at magnetic fields where 𝑐𝑜𝑠 (
2𝜋2ℏ𝑛

𝑒𝐵
)  = 1. Figure 3(d) presents the experimental results of 

𝑙𝑛 (
Δ𝑅𝑀𝑠𝑖𝑛ℎ𝑋

4𝑅0𝑋
) ~ − 1/𝐵 for T = 3 K. The slope gives a quantum time of q = 0.078 ps, resulting in 

a ratio of tr/q  9.2.  
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The determined ratio of tr/q in our sample is very close to the value of 10 obtained by Cho et 

al for an AlGaN/GaN heterostructure [19]. However, the quantum time q deduced from the 

analysis of the SdH oscillations is much smaller than the quantum scattering time CR determined 

from the width of the cyclotron resonance peak in the presence of small macroscopic 

inhomogeneity [48]. EEI experiments also reveal tr/q of 4~20 for long-range scattering by 

background impurity [2]. Thus, it is debatable if the ratio of tr/q can provide a reliable way to 

determine the scattering mechanism [19,48]. In order to directly uncover the scattering 

mechanisms responsible for the observed NMRs, we conducted electric field gating experiments 

to determine the mobility versus electron density relationship, which is strongly correlated with 

the various scattering mechanisms and can be quantitatively analyzed [32,33].  

Figure 4(a) shows the dependence of sample resistances on the gate voltage Vg at B = 0 T and 

12 T. As expected, the curve for B = 0 T is smooth while that for B = 12 T depicts oscillations due 

to gating-induced change in the electron density which varies the Fermi level, resulting in SdH 

quantum oscillations in a fixed magnetic field. In Fig.5(a) we present the relationship between the 

electron density determined using Hall measurements and the gate voltage. The electron density 

increases linearly with the gate voltage up to Vg = 1 V and further increases but at a slower rate 

beyond Vg > 1 V (sample W2 shows a linear relationship between the density and gate voltage at 

Vg  2 V and a slight density decrease at Vg > 2.3 V, as presented in Fig.S5). This can be attributed 

to hole injection from the gate at high positive gating voltage [49]. By systematically measuring 

R(Vg) curves at various magnetic fields and using the Hall electron density, we could construct a 

𝛾MR color map as presented in Fig.4(b). The SdH oscillations induced Landau fan diagram can be 
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clearly seen. 

Figure 4(a) also shows that the resistances do not change significantly beyond Vg  -2 V while 

increasing quickly when Vg becomes more negative at Vg < -2 V. More importantly, the resistances 

at B = 12 T, when the SdH oscillations are neglected, can be larger than those at B = 0 T at very 

negative Vg. Inset of Fig.4(a) shows 𝛾MR versus B curves at three values of Vg. Clearly, the NMRs 

are stronger at Vg = 0 V, in comparison to those at Vg = -4 V (in fields up to B = 12 T) and Vg = 4 

V (in fields up to B = 9 T). It indicates that NMRs may only occur in a certain range of Vg (see 

Fig.S4 and Fig.S6 for similar effects in Sample W2). This can be further demonstrated by the MR 

versus Vg curves for various magnetic fields in Fig.5(b), where each curve shows a maximum in 

the amplitude of NMRs, though the corresponding Vg point shifts to more positive values with 

increasing magnetic field. That is, the amplitude of NMRs depends on the electron density. A more 

complete picture on the effects of electron density on the 𝛾MR can be seen from the color map in 

Fig.4(b), which shows more pronounced NMRs in the intermediate range of the electron density, 

i.e., 0.61013 cm-2 < n < 1.11013 cm-2. 

As pointed out above, it is the mobility versus density relationship rather the density itself 

that can provide information on the scattering mechanisms. Figure 5(a) presents the mobilities 

obtained at various gate voltages. The (Vg) curve exhibits a bell shape. The mobility increases 

rapidly with Vg first, reaches a maximal value of 12186 cm2V-1s-1 at Vg = -2.8 V and then decreases 

slowly with a further increase in Vg.  

As shown in Fig.5(a), the electron density n does not follow a linear dependence on the gate 

voltage at high positive Vg. We plot the experimental (n) data in Fig.6. Theoretically, the 
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relationship between mobility and density is determined by the types of possibly co-existing 

scatterers such as background impurities, interface roughness, dislocations, and alloy disorder. 

Their scattering contributions are independent of each other and the total mobility can be calculated 

according to Matheissen’s rule by combining different scattering mechanisms [35,46]. 

Experimentally, the density dependence of the electron mobility in AlGaN/GaN heterostructures 

has been systematically studied and found to follow the theory very well [33]. Details of the 

calculations, including the relevant equations and parameters are presented in the supplement [45]. 

Figure 6 shows a comparison of our experimental data with the calculated (n) curve as well as 

the individual contributions of background impurities, interface roughness, dislocations and alloy 

disorder. For simplicity we did not include the contribution from phonon scattering that is 

negligible at low temperatures. The results show that at low densities the electron scattering due 

to background impurity and dislocations limit the electron mobility, which becomes higher with 

increasing density. The downturn of the (n) curve at high electron densities is an indication of a 

cross-over to scattering by interface roughness, which is more than two orders of magnitude 

stronger than alloy scattering. The negligible influence of alloy scattering on total mobility is 

expected due to the intentionally introduced AlN barrier [25,44]. Together with the results in Fig.5, 

which shows that NMRs occur in the right side of the bell-shaped (Vg) curve and tend to vanish 

quickly in the left side, we can conclude that interface roughness is the key contributor to the 

NMRs observed in our samples. 

As discussed above, strong scatterers alone could only induce NMR behavior described by 

Lorentz gas model Eq.2. The varnishing of NMRs in the left side of the bell-shaped (Vg) curve in 
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Fig.5 where scattering of smooth random potential dominates can also exclude the EEI mechanism 

that gives Eq.1 as the origin of the observed NMRs. On the other hand, Eq.3 can correctly explain 

the parabolic behavior as shown in Fig.2. Fig.6 also shows the presence of both strong scatterers 

and smooth random potential. Thus, we can safely attribute the observed NMRs to memory effects. 

This is in fact consistent with the results in Figs.4(b), Fig.5(b) and Fig.6, which reveal that NMRs 

are more pronounced when the scatterings from interface roughness and background impurity are 

comparable. They diminish quickly when the contribution of interface roughness is weaker than 

that from dislocations. On the other hand, the amplitude of the NMR also becomes smaller when 

the effect of background impurity is reduced at high electron density.  

IV. CONCLUSION 

In summary, we investigated the magnetoresistance behavior of 2DEGs in AlGaN/GaN 

heterostructures. Large NMRs were observed in a wide range of temperature. Analysis of the 

magnetic field and temperature dependences of the NMRs as well as the ratio of transport 

scattering time and quantum time suggest that the observed NMRs most likely originate from 

memory effects, with interface roughness to be the strong scatterers. We also conducted electric 

field gating experiments to obtain the electron mobility and density relationship that helps to 

further uncover the underlying scattering sources in the sample. The results confirmed the crucial 

role of interface roughness scattering in the occurrence of NMRs and also demonstrated that 

electric field gating can be a useful means in uncovering the various mechanisms for NMRs.  
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Figure captions 

Fig.1. (a) Schematic (not-to-scale) of the layer structuring of the AlGaN/GaN heterostructure. (b) 

Micrograph and enlarged view of the sample in Hall bar geometry with width of Ly = 200 

μm and voltage lead distance of Lx = 250 μm. CH1 And CH2 in the enlarged view denote 

the measured Hall bar sections. Each section has four voltage contacts, with one pair in the 

longitudinal direction for measuring Rxx and one pair in the transverse direction for 

measuring Rxy. (c) Temperature dependence of the sample resistance in the absence of a 

magnetic field and the Hall resistance at B = 9 T. Inset shows the linear field dependence of 

the Hall resistances at the lowest (T = 3 K) and highest (T = 260 K) experimental 

temperatures. (d) Temperature dependence of the electron density n and mobility μ derived 

from data in (c).  

Fig.2. (a) The magnetoresistance 𝛾MR at T = 3 K. The inset is an expanded view to show the weak 

localization induced cusp at zero-field. (b) Data in (a) plotted as 𝛾MR versus B2 to show 

the parabolic field dependence. The main panel shows the linear section while the inset 

present the complete set of data. (c) Magnetoresistances 𝛾MR s obtained at various 

temperatures. The magnetic field is applied perpendicular to the 2DEG.  

Fig.3. (a) Magnetic field dependence of the resistance components R induced by Shubnikov–de 
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Haas (SdH) quantum oscillations at various temperatures. (b) Fast Fourier transform (FFT) 

spectra of the data in (a). (c) Temperature dependence of RM at B = 11.46 T (positive 

maxima in the SdH oscillations). Circles are experimental data and the line is a fit to Eq.4 

to derive the effective mass m*. (d) Magnetic field dependence of peak values RM in the 

SdH oscillations at T = 3 K. Circles are experimental data and the line is a fit to derive the 

quantum time from Eq.4.   

Fig.4. (a) Gate voltage dependence of the sample resistance at B = 0 T and 12 T. The inset presents 

𝛾MR  versus B curves obtained at various gate voltages. (b) Color map of the field and 

electron density dependences of the magnetoresistance 𝛾MR. It is constructed by taking R 

~ Vg curves at magnetic fields from 0 T to 4.5 T in intervals of 0.5 T and from 4.5 T to 12 

T in intervals of 0.25 T. The data were taken at T = 3 K.    

Fig.5. Gate voltage dependence of the electron mobility and density (a) and magnetoresistance 

𝛾MR (b). The electron density is calculated from the measured Hall resistance. The mobility 

is derived from the measured zero-field resistance and the calculated Hall electron density. 

The data were taken at T = 3 K. 

Fig.6. Comparison of the experimental and theoretical relationships between the electron mobility 

and density. Symbols are for experimental data and curves are calculated (Equations and 

discussions are presented in the supplement).  
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Calculation of mobility versus density relationship 

The relationship between mobility and density is determined by the types of possibly co-

existed scatterers such as background impurities, interface roughness, dislocations, alloy disorder 

[1,2]. Their scattering contributions are independent of each other and the total mobility can be 

calculated according to Matheissen’s rule by combining different scattering mechanisms, i.e., 𝜇 =

𝑒𝜏/𝑚∗ and 𝜏 is calculated as follows [3,4] 

  

1

𝜏
=  

1

𝜏𝑏𝑎𝑐𝑘
+

1

𝜏𝐼𝐹𝑅
+

1

𝜏𝑑𝑖𝑠
+

1

𝜏𝑎𝑙𝑙𝑜𝑦
 

 

where 𝜏𝑏𝑎𝑐𝑘 , 𝜏𝐼𝐹𝑅 , 𝜏𝑑𝑖𝑠 , and 𝜏𝑎𝑙𝑙𝑜𝑦  are the scattering times for the background impurities, 

interface roughness, dislocations, and alloy disorder, respectively.  

The background impurities’ scattering time 𝜏𝑏𝑎𝑐𝑘 is expressed as [4], 

1

𝜏𝑏𝑎𝑐𝑘
= 𝑁𝑏𝑎𝑐𝑘

𝑚∗

2𝜋ℏ3𝑘𝐹
3 (

𝑒2

2𝜖
)

2

∫ 𝑑𝑞
2𝑘𝐹

0

1

(𝑞 + 𝑞𝑇𝐹)2

𝑞

√1 − (
𝑞

2𝑘𝐹
)2

 

where: 

Nback is the background donor density, 

𝑘𝐹 = √2𝜋𝑛 is the Fermi wave vector and n is the electron density,  

𝑞𝑇𝐹 = 2/𝑎𝐵
∗  is the Thomas-Fermi wave vector and reflects the screening length of 2DEG  

𝑎𝐵
∗  is the effective Bohr radius,  

𝑞 is the difference of the wave vectors between the initial state and the final state in scattering.  

The interface roughness scattering time 𝜏𝐼𝐹𝑅 is given as [5] 

1

𝜏𝐼𝐹𝑅
= (

𝑒2𝑛𝛥𝛬

2𝜀𝑠
)

2
𝑚∗

ℏ3
𝐽(𝑘) 

where  
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𝐽(𝑘) = ∫
𝑒𝑥𝑝 (−𝑞2𝛬2/4)

2𝑘𝐹
3(𝑞 + 𝑞𝑠)2√1 − (𝑞/2𝑘𝐹)2

𝑞4𝑑𝑞
2𝑘

0

 

Δ is root mean square roughness height and  is a correlation length. Here 𝑞𝑠 is the screening 

constant, as 

𝑞𝑠 =
𝑒2𝑚∗

2𝜋𝜀𝑠ℏ2
 

The dislocation scattering is described as [4] 

1

𝜏𝑑𝑖𝑠
= 𝑁𝑑𝑖𝑠

𝑚∗

2𝜋ℏ3𝑘𝐹
3 ∫ 𝑑𝑞|𝑉(𝑞)|2

𝑞2

√1 − (
𝑞

2𝑘𝐹
)2

2𝑘𝐹

0

 

where Ndis is the 2D density of line dislocations and V(q) is the screened potential, 

𝑉(𝑞) =
𝑒𝜌𝐿

𝜖

1

𝑞 + 𝑞𝑇𝐹
 

the 𝜌𝐿 = 𝑒𝑓/𝑐0 is the dislocation line charge, where 𝑐0 = 5.185 Å is the lattice constant in GaN 

along the (0001) direction and f is the fraction of occupied acceptor states introduced by the 

dislocation.  

The alloy scattering time is quite sensitive to the electron density and can be expressed as 

1
𝜏𝑎𝑙𝑙𝑜𝑦

⁄ = 𝑐𝑛2 [6]. 

The calculation was done with the experimentally derived effective mass of m* = 0.1975m0 and 

the corresponding Bohr radius of 𝑎𝐵
∗  = 23.8 Å. The best fit to the experimental results produces 

a background density of Nback = 2.51017 cm-3, dislocation density of Ndis = 8108 cm-2, f = 0.5, 

interface roughness parameters Δ = 1.7 Å, correlation length  = 10 Å and c = 10-36 cm2s-1. These 

parameters are consistent with those reported in the literature [1,2,4].  
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Fig.S1. Comparison of the results from CH1 and CH2 of Sample W1. (a) Temperature 

dependence of the electron density and mobility. (b) Temperature dependence of the 

electron mean free path. (c) Electron mobility versus density relationship. Symbols 

and thick solid lines are for CH1 and CH2, respectively. The results show the 

homogeneity of the sample. 
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Fig.S2. Complete sets of magnetoresistances measured at temperatures between T = 

3 K and T = 260 K. (a), and (b) are for CH1 and CH2 of Sample W1, respectively.  
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Fig.S3. Analysis results from various theories. (a) GF versus 𝑘𝐵𝑇𝜏/ℏ relationship derived 

from the EEI theory Eq.(1). Symbols are experimental data. Red and blue solid lines are 

theoretical curves 𝐺𝐹 ≈  𝐶 − ln (𝑘𝐵𝑇𝜏/ℏ) with C is a constant and 𝐺𝐹 ≈ (𝑐0/2)(𝑘𝐵𝑇𝜏/

ℏ )−1/2 with 𝑐0  ≈  0.276 for 𝑘𝐵𝑇𝜏/ℏ ≪ 1  and 𝑘𝐵𝑇𝜏/ℏ > 1 , respectively. C = 1.8 was 

used in the calculation. The dashed green line represents a shift of the solid green by a constant 

of 1.98 along GF so that the calculated GF value is the same as the experimental one at 

𝑘𝐵𝑇𝜏/ℏ = 5. The difference could indicate the relative contribution of the memory effect and 

the EEIs to the observed NMRs. (b) Magnetic field dependence of the resistance. Red solid 

line and blue dashed line are experimental results and a fit with the Lorentz gas model Eq.(2), 

respectively.  
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Fig.S4. Additional data on gate effects on the magnetoresistance. (a), and (b) are for CH1 

and CH2 of Sample W2, respectively. Data were taken at T = 3 K. They show that 

magnetoresistance become positive at high negative gate voltages and NMRs are most 

pronounced in certain range of the gate voltage, consistent with the observation in Fig.4(b) 

and Fig.5(b) for CH1 of Sample W1.   
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Fig.S5. Electron density versus gate voltage relationship. (a) CH2 of sample W1. (b) (a). CH1 of 

sample W2. The electron density is calculated from Hall resistance. The data were taken at T = 3 K. 

(a) shows nearly the same result as that in Fig.5(a), indicating the same behavior of different sections 

on the same sample. The difference in (a) and (b) reveals that electron density versus gate voltage 

relationship can differ from sample to sample, depending on factors such as the thickness of the 

insulating layer between the gate metallic layer and the 2DEG layer as well as he electron density in 

the absence of the gate voltage. 
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Fig.S6. Comparison of MR(B) curves at various gate voltages. (a) Vg = 0 V. (b) Vg = 1 V. and (c) Vg 

= -5 V. The data were taken at T = 3 K (red curve), 10 K (blue curve), 30 K (cyan curve) and 60 K 

(magenta curve).  


