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Magnetoresistance (MR) effects caused by quantum interference have been investigated in order to search into
the spin-orbit interaction (SOI) in the InSb films grown on GaAs(100) substrates by MBE. The positive MR for
the 0.1 wm thick undoped film with anisotropy between parallel and perpendicular field orientation arising from
the 2D weak anti-localization (WAL) in the accumulation layer at the InSb/GaAs interface has been explained
by taking account of the spin-Zeeman effect on the SOI caused by the asymmetric potential at the hetero
interface (Rashba term); the zero-field spin splitting energy of Ay ~ 13 meV with SO scattering rate 7, ' ~ 1.7 x
10" s, the electron effective mass of m* ~ 0.10m, seven times of the band edge mass in bulk InSb and the
effective g-factor of |g*| ~ 15 have been inferred from the fits of MR with the 2D WL theory. In Sn-doped films,
the negative MR found in extremely weak magnetic fields far before the appearance of the Shubnikov-de Haas
(SdH) oscillations dramatically crossovers to the positive MR with decreasing the film thickness from d = 1 um
to 0.1 um. These results have been analyzed using a two-layer model for the films, where the composition of
upper layer under the surface and lower one adjacent to the InSb/GaAs interface is assumed; the SO scattering
rate in the intrinsic InSb film due to the bulk inversion asymmetry (Dresselhaus term) has been found to be as
small as 175071 < 10° s ! and when the interface is approached in the film the WL crossovers to the WAL with the
increase of SOI in the layers caused by the increased influence of the Rashba electric field.

Introduction Among the narrow-gap III-V semiconductors, InSb has the highest mobility with the
smallest electron effective mass (m* ~ 0.014my) and the largest negative effective g-factor (Jjg*| =51 ~
35 according to the carrier concentration n = 10" ~ 10"7cm ™ [1, 2]). Its thin layers are often grown on
semi-insulating GaAs substrates using molecular-beam epitaxy (MBE) for device applications such as
magnetic-field sensors [3, 4] and high-speed devices [5]. However, a large lattice mismatch between
InSb and GaAs induces high-density misfit dislocations at the InSb/GaAs interface, which results in an
extraordinarily large carrier accumulation at the interface [6]. In undoped films, the carriers at the
InSb/GaAs interface [7, 8] show the positive magnetoresistance (MR) with anisotropy between
parallel and perpendicular orientation of magnetic field to the film, arising from the two-dimensional
(2D) weak anti-localization (WAL) which reflects the interplay between the strong spin-orbit
interaction (SOI) and spin-Zeeman effect. [9-11] In heavily Sn-doped InSb films with thickness d >
0.5 wm, on the other hand, degenerated electrons in the films show the ordinary Shubnikov-de Haas
(SdH) oscillations at low temperatures.

Two types of the SOI can be identified; one is the random SOI due to impurity potentials (Elliott
mechanism) [12] and the other one arises from the spin splitting in asymmetric systems [Dyakonov-
Perel (DP) mechanism]. The DP mechanism is affiliated with the crystal field arising from the lack of
inversion symmetry in zinc-blende structures (Dresselhaus term) [13, 14] and the asymmetric potential
in the hetero junction or quantum well (Rashba term) [16]. The latter is expected to be more
significant in narrow-gap semiconductors [16-18] so that its dominance in the accumulation layer at
the InSb/GaAs interface is expected.

In this paper, the MR effects caused by quantum interference have been investigated in order to
search into the SOI in the InSb films on GaAs(100) substrates. The WAL in the accumulation layer
has been studied for the undoped film 0.1 wm thick. The crossover from WL to WAL with decreasing
the film thickness for Sn-doped films from d = 1 um to 0.1 wm found in extremely weak magnetic
fields far before the appearance of the SdH oscillations has been analyzed assuming a two-layer model
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for the films; the WL crossovers to the WAL when the interface is approached in the film, with the
increase of SOI in the layers caused by the increased influence of the Rashba electric field.

Experimental InSb thin films were grown directly on the semi-insulting GaAs(100) substrates,
ignoring the large lattice mismatch between InSb and GaAs. The observation of transmission electron
microscopy (TEM) shows the existence of a periodic distribution of misfit dislocations whose density
1S Npg ~ 1.3 x 10" cm 2 being consistent with the lattice mismatch of 14.6 %, since the misfit
dislocations come from the correspondence of seven InSb(111) layers to eight GaAs(111) layers at the
InSb/GaAs interface. The interface carrier density »; is known to be proportional to Npq [6] despite that
n; is smaller than N4 in one order of magnitude. The films studied in this work are the nominally
undoped one 0.1 um thick and 7 x 10'° (7E16) cm  Sn doped ones with the thickness ranging d = 0.1
~ 1.0 um. These films were prepared under the same growth conditions except the film thickness for
each doping level. The film parameters at 1.4 K are given in Table 1. The transverse and longitudinal
magnetoresistance (MR) measurements have been carried out in both perpendicular and parallel
magnetic fields to the film plane at 80 K and liquid He temperatures.

Results and Discussion In undoped films, the intrinsic carriers in a high-mobility InSb film have
frozen-out at low temperatures and the low-mobility carriers in the accumulation layer at the
InSb/GaAs interface dominates the low-temperature transport. [7, 8, 11] The effective thickness of the
accumulation layer d, is roughly estimated as ~ 20 nm from the magnetic field strength (~ 7.5 T)

where the in-plane transverse MR with classical quadratic dependence starts to appear when 2/g = 2(A
/eB)"? = d, [ls: magnetic length]. [19] The low-temperature MR for the undoped film shows a steep
rise in weak magnetic fields with anisotropy between parallel- and perpendicular-field orientations as
shown in Fig. 1(a). These MR data can be explained by the 2D WL theory taking account of the effect
of Zeeman splitting on SO scattering, proposed by Maekawa and Fukuyama: [9,10]
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and D = szro/Z (ve: Fermi velocity) is the diffusion constant in 2D and ug the Bohr magneton. t, .,
Ty and T; is the elastic, inelastic, SO and spin scattering times, respectively. The relevance of Zeeman
splitting term in controlling WAL effects was studied experimentally using egs. (1) and (2) by Kowal
et al. for a Au-doped In,Os« film. [20] Both perpendicular and parallel MR data for the undoped InSb
film 0.1 wm thick have been fitted with the above equations. The best fits have been obtained for each
orientation of magnetic field, as shown in Fig. 1. The effective g-value is inferred as |g*| ~15 and the
electron effective mass of m*~ 0.10m, seven times of the band edge mass in bulk InSb is determined
from the mobility data with 7o~ 1.8 x 10™"*s, where |g*| and Ty are the fitting parameters used. In
particular, the perpendicular and parallel MR data are consistent about the best-fit parameters except
the inelastic scattering time 7,. The result has revealed the strong SOI (7, ~ 5.8 x 107" s) and the



relevance of the spin-Zeeman effect to the WAL effect as well as weak spin scattering (7~ 1 x 10"
s). Though the temperature dependence of 7, shown in the inset of Fig. 1 seems to reflect the electron-
electron interaction for a 2D system (7, < 7"), the value of x cannot be identified. Because the relation
T, >> 1) survives even up to ~ 100 K, a very wide range of temperature below about 100 K is found to
be a WL regime. The inelastic scattering length /, = (Dt.)"”* and the SO scattering one /s, = (D7) at
4.2K are ~ 50 nm and ~ 30 nm, respectively (d, < /s, < /). The WL effect on the MR manifests itself

more pronounced when kgl > 1 where kg is the Fermi wave number and B < By = /2el,” (transport
magnetic field) for perpendicular field because it assumes the diffusion process where /5> 2'°,. We
obtain kgl, ~ 2.1 and B, ~ 6.7 T for the accumulation layer studied, assuming the 2D density of states g
= m*/nilt.

Through the above analysis of MR, the orbital and spin-Zeeman effects in electron-electron
interaction (EEI) have been ignored. The characteristic field strengths to observe these effects on MR
are B, ~ mkT/eD for the orbital effect and B ~ 4nkT/ |g*| us for the spin effect [10, 21] where D ~ 1.3 x
10 m%/s and |g*| ~ 15 (B, ~ 400 G and B, ~ 2.5 T at 2 K). The contribution from the orbital effect is
small at low temperatures [22] and the magnetic field is not large enough for the development of the
spin effect in EEL

Sn-doped films with d > 0.5 um show the clear SdH oscillations corresponding to the high Landau
quantum numbers (N > 4) below 1.5 T at low temperatures, but clear oscillations are not observed for
d = 0.3 um. Conspicuous MR effects rapidly growing with decreasing temperature with anisotropy
between parallel and perpendicular magnetic fields have been found far before the appearance of the
SdH oscillations. Fig. 2 shows the SdH oscillations observed in the transverse and longitudinal MR for
d = 1.0 um under in-plane magnetic fields at 1.4 K. The periods in B plot of the oscillations are
consistent with the carrier concentration obtained from Hall data. The negative MR observed in weak
magnetic fields before the appearance of oscillations can be broadly divided into two regimes: 7-
sensitive one exhibiting a large peak at B = 0 below the critical field (B, ~ 30 mT for parallel field)
observed with anisotropy between parallel and perpendicular magnetic fields as seen in the inset of the
figure and 7-insensitive parabolic one due to the classical skipping orbit effect in the presence of
specular surface scattering [23, 24] observable only in parallel magnetic fields with gradual
dependence above B.. The T-dependent negative MR below B. can be further classified into two
regimes: the WL effect indicating weak SOI in extremely weak magnetic fields (B < By~ 18 mT for
parallel field) and the negative MR exhibiting an abrupt dependence in higher fields (B > By).

The MR due to the WL effect in either orientation has been transfigured from the negative one with
weak SOI into the positive one with decreasing the film thickness from d = 1 um to 0.2 um. Such
features are shown in Fig. 3(a) for parallel fields and in Fig. 3(b) for perpendicular fields, as the
change of transverse MC per sheet Ao (B) = AR/R¢R(B) in extremely weak magnetic fields for four

films in the range d = 1.0 ~ 0.1 wm. Here, 0,(B) ~ 0xx since uB << 1 in the range of magnetic field
concerned depending on each film. These results have been analyzed for both parallel and
perpendicular MC using a two-layer model in which the composition of upper layer under the surface
and lower one adjacent to the InSb/GaAs interface of the film yielding parallel conduction channels is
assumed; the sheet conductance for each decomposed layer has been inferred as o (0.5~0.3) = ¢(0.5)
— 0(0.3), for example, where 0(0.5~0.3) means the sheet conductance o, for the upper part 0.2 um
thick of the film with d = 0.5 um and o (0.5) for the entire film 0.5 um thick. The inelastic diffusion
length /, is roughly estimated to be larger than 4, 4, 1 and 0.6 um for the decomposed layer d(1.0~0.5),
d(0.5~0.3), d(0.3~0.2) and d(0.2~0.1), respectively, so that /> ¢ for each layer. Since we obtain B, ~
3.2, 11.5,45.8 and 218 mT for d = 1.0, 0.5, 0.3 and 0.2 um, respectively, the value of By for the layer
d(1.0~0.5), d(0.5~0.3), d(0.3~0.2) and d(0.2~0.1) must be smaller than 3, 12, 46 and 220 mT,
respectively. Moreover, we find that the characteristic field By dividing the WL effect from the abrupt
decrease of the resistance observed for d > 0.5 wm in perpendicular fields agrees with By; for example
By in perpendicular field is indicated in the inset of Fig. 2 for d = 1 um. This means that the sharp
negative MR above By (~ By) probably relates to the WL effect [25] beyond the diffusive



approximation. Thus, both parallel and perpendicular MC, Ao, (B), for each layer can be compared
with egs. (1) and (2), respectively, in the extremely weak magnetic fields.

Fig. 4(a) and (b) show the variations in parallel and perpendicular MC for the layers, respectively,
where the best fits obtained are depicted. In the fitting routine, the value of |g*| ~ 37 for bulk n-InSb
with the same carrier concentration (n ~ 7 x 10 cm_3) [2] was used. The values of T, inferred from
the fits of parallel and perpendicular MC for the decomposed layers are listed in Table 2, being
consistent with each other in different orientation of magnetic field. One can see that T, of the layer
decreases abruptly with approaching the interface from the distance of ~ 0.5 wm. From the above
result, the variation of MC in the extremely weak magnetic fields for each decomposed layer has been
explained as the crossover from the 2D WL to WAL with the increase of SOI in the layers: from the
SO rate Ty, ' ~1 x 10° s in d(1.0~0.5) to 1.5 x 10" s™" in d(0.2~0.1) with approaching the InSb/GaAs
interface, being caused by the increased influence of the asymmetric potential at the hetero interface
(Rashba term). [15]

In the WL theory, we assume the Dyakonov-Perel (DP) mechanism for the SO scattering, where t,

relates to the zero-field spin-splitting energy A, as To | = < A02>‘50/4h2. [14, 16, 17] For the
accumulation layer at the InSb/GaAs interface, we infer Ay ~ 13 meV from 7, = 5.8 x 10 s obtained
from the fits. This value is compared with Ay ~ 5 meV (7~ 7 x 10" s) estimated for the 2D electron
gas in the inversion layer at the InSb/CdTe hetero junction by Greene et al. [26, 27] In bulk n-InSb,
there has so far been no observation of the WAL effect. The negative MR due to WL was observed by
Mani et al. in a lightly doped n-InSb (n = 5 x 10'"* cm™) [28], where the WL correction was recognized
in weak magnetic fields up to B ~ 30 mT and the data were fitted to the 3D WL theory [29] with rso_l ~
0. Probably, our result of 7, ' ~1x 10’ s for the bulk-like decomposed layer d(1.0~0.5) barely
measures the SOI induced by bulk inversion asymmetry (Dresselhaus term) [13, 14] in the intrinsic
InSb film.

In conclusion, our result on the variation of the SO rate in the growth direction of InSb film deduced
with the aid of a simple two-layer model has revealed that the SO rate in the intrinsic InSb film due to
the bulk crystal field is as small as 7, ' <10’ s~ and the asymmetric potential at the InSb/GaAs(100)
interface strongly affects the InSb layer inside the range up to ~ 0.5 um from the interface.
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Tables

Table 1. Film parameters at 1.4 K.

d (um) n o (10%em? R 5(Q) wu (10°cm™Vs) [ .(m) k4,
0.10 (undoped) 1.44 12200 0.0356 7.0 2.1
0.11 (Sn doped) 0.84 7560 0.0978 8.7 1.2
0.21 (Sn doped) 1.16 1080 0.495 39 4.7
0.32 (Sn doped) 1.75 273 1.13 87 10
0.53 (Sn doped) 3.35 96.0 2.05 170 20
1.01 (Sn doped) 8.07 21.5 3.64 320 43

Table 2. SO scattering. time 7, inferred from the fits of parallel and perpendicular MC for the
decomposed layers.

d (1.0~0.5) d(0.5~0.3) d(0.3~0.2) d(0.2~0.1)
Tew,(ps) | 3560 200 42 75
Tew.(s) | 940 420 47 6.0
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Fig. 1 Transverse magnetoresistance (MR) in perpendicular magnetic fields and longitudinal MR in
parallel fields for the undoped film (d = 0.1 um) at various temperatures. Solid lines are the results of
fits. Inset: Temperature dependence of the inelastic scattering time . inferred from the fits for three

orientations of applied magnetic field.
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Fig. 2 SdH oscillations and anomalous negative MR in weak magnetic fields in the transverse and
longitudinal MR under in-plane magnetic fields for Sn doped film 1 um thick at 1.4 K. Inset: perpendicular
and parallel MR in very weak magnetic fields, where B_for perpendicular field is indicated.
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Fig. 3 Transverse magnetoconductance (MC) in extremely weak magnetic fields for five Sn doped films
with thickness in the rage 1.0 um = d = 0.1 wm at 1.4 K: (a) parallel MC and (b) perpendicular MC.
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Fig. 4 Variation of transverse MC in extremely weak magnetic fields for four decomposed layers
0 (1.0~0.5), 0(0.5~0.3), 0(0.3~0.2) and 0 (0.2~0.1) at 1.4 K are fitted: (a) parallel MC and (b)

perpendicular MC.



