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Magnetotransport coefficients in a two-dimensional SiGe hole gas
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Magnetotransport coefficients have been measured, at temperatures down to 30 mK, in a simpgtnpied
Siy.s56.12 Strained quantum well. Odd filling factors dominate the transport, indicating a ¢pfaetor, and
the coefficients are found to be extremely insensitive to the in-plane component of magnetic field. An effective
mass 0f(0.30,20.0)my was deduced from the temperature dependence. The coefficients are discussed in
terms of semiclassical transport theory. At low magnetic fields both longitudinal and Hall coefficients could be
well explained in this way, in contrast to the situation in GaAs-based heterostructures. Small deviations from
theory at higher fields are attributed to localization and Landau-level mixing effects.
[S0163-182606)05644-373.20.Dx, 73.40.Lq

INTRODUCTION sample density was 5010 m 2 with a low-temperature
mobility (u,) of 0.68 nf/Vs. Compared to GaAs-based

The transport properties of two-dimension@D) hole  2DEG'’s the mobility is low, but, because of the large-angle
gases in SiGe differ from the much more widely known ex-nature of the scattering and the larger effective mass of the
ample of the two-dimensional electron g&DEG) in GaAs  holes, the Landau-level broadening is roughly comparable to
in several important respects. One ig dactor sufficiently  that of a GaAs-based 2DEG with a mobility of 30°/Ms.
large that the spin splitting is comparable to the Landau-level he experimental results are extremely reproducible both for
spacingt Another is the domination of the transport by large- different sets of contacts on the same Hall bar and also for
angle scattering processes. This means, for example, that théferent samples from the same wafer.
low-field Hall resistivity p,, in these hole gases differs quali- ~ Figure 1 shows the Hall and longitudinal resistivities,
tatively from that of electrons in GaAs 2DEG'’s. Also an measured at a temperature of approximately 30 mK using a
insulating phase is sometimes observed at filling factorgneasuring current of 1 nAwhich, it was established, pro-
v=<223 Many features of this phase are not yet clearly un-duced no detectable heatjngt low fields the longitudinal
derstood; for example, in some cases it is clearly controllednagnetoresistance contains both positive and negative con-
by density(appearing for densities less than aboxt14® tributions of a few percent. These are qualitatively like the
m~2) and in another case it is enhanced by tilting the mag+esults reported in Ref. 9 and following the approach taken
netic field* It is not clear what controls the existence of this there these are attributed to a combination of weak localiza-
phase and whether it is the same factors that lead to an ifion and other effects.
sulating phase in Si metal-oxide-semiconductor field-effect An obvious feature of the data in Fig. 1 is the dominance
transistors(MOSFET'S both atB=0 and at filling factor in p,, of minima associated with odd filling factors. This is a
=152 well-established property of the-type SiGe systems;*

More generally, for a phenomenon that has been studiedhere theg factor is sufficiently large that the spin splitting
for over 20 year§;’ the behavior of the longitudinal and Hall is comparable to the Landau-level spacing soNpé state is
conductivities in 2D systems away from quantum Hall pla-
teaus is not as well understood as might be expected. In the —
strongly localized regime scaling theories work vfetut 05
when localization does not dominate the theoretical picture is  ~, o4l ]
less complete. For example, there seems to be no theory in
the literature that explains quantitatively the low-field Hall
resistivity in high-mobility GaAs-based 2DEG samples. By —C: ¥
contrast, the results presented here for SiGe 2D hole gases o1} —, J
can be explained quite accurately at low fields and with a —<::
relatively small error at higher magnetic fields.
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The sample, grown in an UHV chemical vapor deposition
system, involved am™ Si substrate, a buffer layer of nomi- B (tesla)
nally intrinsic Si, a 40-nm well of strained §jGey 15 a
6-nm spacer layer af-Si, and a 30-nm layer of Si doped at  FIG. 1. Resistivity coefficients, in units ¢f/e?, measured at a
2x10°* m~3 with boron. Hall bar samples, 10@m wide,  temperature of approximately 30 mK. The inset shows, schemati-
were prepared by wet etching and Ohmic contacts formed byally, the large spin splitting that leads to zerosijg at odd filling
the annealing(at 400 °Q of evaporated aluminum. The factorsy.
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FIG. 2. Temperature dependence of the longitudinal resistance FIG. 3. Longitudinal resistance, measured at 100 mK, as a func-
(Ryx) between approximately 4 and 12 T. The temperatures ar¢ion of the perpendicular component of magnetic figld for tilt
100, 200, 325, 560, and 750 mK. At 10 T the resistivity is a maxi-angles of 0° and 34°.
mum for T=750 mK; at 6.5 T it is a maximum fof =100 mK.

DISCUSSION

very close in energy to theN, +1)| state(here 1 and | A clearer picture of the relatively complicated, behav-
denote, respectively, the upper and lower spin stateNand o is ghtained if the resistivies are inverted to obtain con-

is the Landau level indexThis situation is illustrated sche- ductivities, shown in Fig. 4. The dashed lines are the stan-
me_ltically in 'Fhe inset to Fig. 1. The spl?tting between the tWO4ard classical expressions fot, and o, using the known
spin states is only fully resolved for f|_elds above 8 T, _Wl_th density and a transport mobilify, =0.69 n?/V s. The struc-

the »=2 quantum Hall state clearly defined for both resistiv-y,qe in pothe,, and o,y can clearly be attributed to devia-

ity components, but there are indications of incipient re-jong from these expressions, which are in the opposite sense
moval of the spin degeneracy between3 and 5 inthe form ¢, the two components. These deviations are associated with
of shoulders on the sides of thg, peaks. Landau-level structure in the density of states. This type of

The Hall datap,, are a little more complicated than is penayior is predicted by semiclassical transport thébis,
normally seen in high-mobility 2DEG samples. At low tem- according to which

peratures well-defined plateaus are seem= and 3, but at

lower fields the oscillations are essentially in antiphase to the )

oscillations inp,,. Generally this sample behaves very simi- o= Neff€ Tyr 2
larly to that discussed by Dunfort al? with the exception, X mE (14 wiTl)’

presumably because of the higher density, that there is no
indication of an insulating phase.

Effective-mass values were extracted from the tempera-
ture dependence of the oscillations between about 1 and 2 K.
Measurements made for fields between 1.1 and 2.4 T gave
m*/my=0.3Q+0.01. At higher magnetic fields, there was
little temperature dependence except for the peak between
v=2 and 3(see Fig. 2. There a strong temperature depen-
dence(and also current dependeneeas observed. This is in
the opposite sense to that which would be expected for an
insulating phase.

The magnetoresistance was found to be extrermelgn-
sitive to tilting the magnetic fieldexcept for the obviou8
cos# dependendeIn Fig. 3, which shows two curves for tilt
angles of 0° and 34°, the effect of tilt is essentially undetect-
able. For tilt angles up to 47° the largest change observed
was a reduction in height of the=4 peak by about 4%. This
behavior is well explained in terms of strain and confine-
ment, which both split the heavy hole-light hole degeneracy
so the “heavy hole,” with|M;|=%, lies well above the B (tesla)

“light hole” and is strongly decoupled® In these circum-

stances, consideration of the appropriately generalized FiG. 4. Conductivity coefficients, in units @/h, obtained by
Luttinger-Kohn Hamiltonian shows that the “spin” splitting inverting the data in Fig. 1(a) o, and (b) o,,. The dashed lines
between theM ;=+3 states depends only on the perpendicu-are the classical curves, = noeu,/(1+u2B? and Oyy= HyB oy,
lar component of magnetic field. calculated withny=5.9x10" m~2 and u,=0.69 nf/V s.
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where w, is the cyclotron frequency ang, is the transport —
lifetime. This is the standard classical expressiondgfgr, but
with the density of carriers, replaced by an effective den-
sity n.i and the zero-field lifetime, (=m* u,/e) replaced by
7, Where

Ner=(9/90)No,  74=(90/9) 70- (2

Hereg is the density of states at the Fermi energy gpthe
corresponding zero-field value. The zero-field conductivity
ogo=nye?7,/m*. The Hall conductivity is given by two terms

0.01
Txy= 0'%,) + Ug) (39
= e[&n/&B]EF-i- W Ty Txy s (3b)
where the first term was introduced by StrEtand the sec- 0.001 o
ond is the normal diffusive term. For small deviatiakhg of 0.0 0.5 1.0 15 2.0
the density of states from the zero-field value these equations -1
give 1/B (tesla )
2 2
o—_0 2w:7p Ag(Ef) @) FIG. 5. Dingle plots for the amplitude of the oscillations in the
1+ with 1+ w275 Jo normalized longitudinal resistivityAp,,/po, solid point$ and Hall

resistivity (2uyBA py,/py, 0pen squargsThe straight line is the fit

and to Eg. (6) with one adjustable parametg=0.72 nfivV s.
3wir3+1  Ag(Ef)

22 22
weTo(l+wery) o
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(5) not expected to be valid. In high-mobility GaAs-based
samples there is evidericehat with separated Landau levels
(and for w,7>1) the conductivity is correctly given by a
“quantum diffusion” equatiort® i.e.,

The deviations associated wittg are in the opposite sense
for the two components af, as seen experimentally in Fig.
4.

A quantitative test of this behavior can be made by exam-
ining Dingle plots, shown in Fig. 5. The amplitude of the whereR,, is the cyclotron radius and, is defined in Eq.
resistivity oscillationgAp,, andAp,,), obtained by inverting  (2). This describes a diffusion process for scattering between

oxx= R, 0(Ep) /27y, @)

Eq. (4) and (5), should then be given BY*? cyclotron orbits with a mean free pa(R) corresponding
to the average spacing between orbit centers. For a semiel-
Apyx=2uyBApyy=4po eXp(— 7/ pqB), (6) liptical density of stategwith a width proportional taB*/?)
where p, (=1/oy) is the zero-field resistivity and, the this model predicts peak values of, given by
guantum mobility, is definedby analogy with the transport Pk (2)) g v/2)(rq/70)(e2/h), %)

mobility w,) as ery/m*, where 7,=#/2I" and I is the
Landau-level broadening. When plotted in the appropriatevith gs=1 or 2 according to whether or not the spin splitting
fashion both components should lie on the same straight lin& resolved. For short-range scatterérs., 7,=7,) this re-
as is indeed the case. A linear fit to the data, constrained tduces exactly to the expression originally derived by Ando
go through the point 4 at B~=0, confirms that the prefactor and Uemerd® For smooth, random potentials, the density of
in Eq. (6) is given correctly and has a slope corresponding testates is Gaussiafwith a width also proportional t82. In
Hq=0.72 nf/V s. There are many examples in the literaturethis case the peak value of,, is given by a similar expres-
of good Dingle plots for the longitudinal resistivit§ put this  sion but without the prefacta@/m). Figure 6 shows experi-
appears to be the first time such a clear agreement betweamental values ob*** for v between 4 and 10, compared
theory and experiment has been reported for the oscillationsith Eq. (8) usinggs=2 and with the same expression with-
in the Hall resistivity. This can be traced to the fact that mostout the factor 2#. The peaks all lie within about 10% of the
results are obtained in GaAs/GgAl,As heterojunctions values predicted by Ando and Uemera. The small deviations
where the ratiou,/u, is typically 10 or more. By contrast, seen are to be expected at langbecause the Landau levels
here this ratio is approximately one. This means that for sstart to overlap, and at smallbecause spin splitting starts to
given deviationAg, i.e., for a given value o7, the value  appear. Thus the experimental valuesrgf can be explained
of w7y (=u,B) is much smaller so the oscillations ir,,  quantitatively both at low fields, when several Landau levels
which, for largew, 7, vary as(w.7) >, are much larger and overlap, and at high fields, when the Landau levels are well
more clearly observable. Qualitatively the experimental beseparated.
havior observed here agrees well with earlier work reported For the Hall term testing the validity of Eg&l)—(3) when
for electrons in Si MOSFET's, where the scattering is alsoAg/gy is not small is a litle more complicated. However,
large angl&’ values ofg/g, can be extracted fror,, , using Eqs(1) and

At higher magnetic fields, when the minima jj, ap-  (2), and these can then used to obtais from Eq. (3) pro-
proach zeroAg is no longer small and Eq$4) and(5) are  vided that a suitable expression foin/dB]g_ can be ob-
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tal values ofay,. The deviations around the Hall plateaus are at-

. o tributed to localization and those around the maxima of the density-
FIG. 6. Peak values afy, compared with the predictions of Eq. ¢ qiates peaks to Landau-level mixing.

(8) (solid ling) when the spin degeneragt=2 and rp=7,. This
f[heoretlcal result, for a semlelllptlc_al density of states, was de_rlveq/arieS with magnetic field. These deviations are relatively
in Ref. 16 for short-range}potentlal spatterers. The QOtted Ilnle small. Much larger errors are sedretweenthe plateaus
represents the corresponding expression for a Gaussian density g, oo |ocalization is unimportant. In this case some other
i;;tis) which is appropriate for smooth, random potentias for phenome_non must_ be invoked to explain the behavior.

@ The discrepancies are actually somewhat smaller than
they appear. This is because the two teoy§ and o3 in
Eqg. (3) are of the opposite sign but roughly the same mag-
nitude. This can be seen in Fig. 8, wherfP—o{) is com-
pared witho'). The differences are relatively small, typi-
satisfactory description of the amplitude of the oscillations,C2!ly 1€ss than 20% of each term. A possible source of these
although the background term is slightly incorrect. This oc-differences isAEg, the deviation from the zero-field value
curs mainly because the small extra magnetoresistance at Iiat 0ccurs as the Fermi energy moves through the Landau
fields means that a single value fag cannot simultaneously levels. This adds_ correction 'germs t_o the simple expression
describe the background for both the Hall and longitudinaf©" [¢n/dB]e_, which depend, in detail, on the exact shape of
terms. At higher field§above about 3 J'significant devia- the Landau levels. Using a specific model of Gaussian broad-
tions appear. In part this is because localization effects havened Landau levels, with a width proportionaB42 gives
not been considered: on quantum Hall plateaus, when the

tained. To a good first approximation this is just
—(ny/B)(Ag/gy) [cf. Eq.(9) below]. The result of this pro-
cedure is shown in Fig. 7, plotted againsB Xbr clarity. At
low and medium fields the calculated valuesrof provide a

Fermi level is pinned in the gap between the density of states n__ NoAg gAEr > 9 E.—E 9
_ (2) . Lo + ( F N)1 ( )
peaks; lgEF)—O andoy vanishes. The Hall conductivity is 9Ble Bgo B N 2B

then o/, which should be equal to the constant, plateau ) .

value. However, when localization is neglected in E43—  Wheregy denotes the density of states at the Fermi energy
(3) Ug(ly) is given on the plateaus, incorrectly, by/B and  for each spin-resolved Landau lew¢landEy is the energy

of the center of the Landau level. For Landau levels with a
different form of broadening similar terms appear, but with
different relative strengths. For a single symmetric spin-
resolved Landau levelor for two spin-unresolved levels
AEg vanishes at half filling, i.e., at maxima of the density of
states and at the same tirkg =Ey . The second and third
terms in Eq.(9) therefore both vanish at the center of the
Landau levels. Similarly, for overlapping levels, when spin is
partially resolved, AE is again zero at half filling. Also,
because the density of states in each of the levels is the same
(at least for symmetrical Landau levgeland the centers of
the levels are symmetrically placed ab&g, the third term

00 ‘ 1 ' > again vanishes. Oscillations in the Fermi level can therefore
» explainasymmetryaround the center of a Landau level for
1/B (tesla ) the deviations ofr,, (e.g., as seen around 4da6 T in Fig.
8), but they cannot explain the discrepancies in magnitude.
FIG. 7. Calculated values af,, derived fromo,, (dashed ling The deviations seen in Fig. 8 occur either on Hall pla-

compared with experimental valuésolid line), plotted as a func- teaus, where, as explained above, they are readily under-
tion of 1B. standable in terms of localization, or well away from the
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guantum Hall plateaus, when localization effects are much One interesting question is whether tHexchange-
less important. They are largest in the middle of the Landa®nhancet spin splitting is sufficiently large that the spin-
level and small, or even nonexistent, near the edges. Thegplit levels cross so the system is spin polarizedfse. It is
seem to be closely associated with the shoulders on the sidempting to speculate that such a situation, and an associated
of the peaks that appear when the Fermi energy moves out @fstability, might play some role in the dependence on den-
a single, spin-resolved, Landau level and into two overlapsity of the presence or absence of an insulating phase for
ping levels. This suggest they might be caused by Landaur<<2. However, without a more detailed theoretical under-
level mixing, which could be particularly important here be- standing of the situation this question cannot be answered
cause, with the largg factor, the mixing occurs between from the results presented here.

levels with different values o, and different cyclotron

radii. For example, in the=4 peak where thé&l, =1 and 2 CONCLUSIONS

Landau levels are involved, the valueRg, [which appears . : .
' ycl m m m
in Eq. (7)] differs by a factor of almost 2 for the two levels. Ma.gnetoyransport easuremenis made n a strained SiGe
two-dimensional hole gas are found to be in good general

An interesting feature of the results is how well the stan- reement with earlier measurements. In particulantfes-
dard semiclassical description of the transport coefficien gre -np 9 .
or is found to be comparable to the Landau-level spacing

works. Even at the lowest temperatures localization is imporzind large-anale scattering processes dominate the transport
tant only over a very limited field range and there is little or g 9 9p P

no sign of scaling behavior. This is a little unexpected be_properties. Also, in tilted magnetic fields the magnetoresis-

Cause what are probably he bes exampes of caing melfCE 142 (41 1 be extenely nsensiue o e 1 plne
surements have been obtained in gda, _,As-InP hetero- b ’

i =3
srucure wih a aaely ow mobiityls 000 crity s n [ LS e cecouled o oer el N
which short-range scattering dominafedn Al,Ga _,As 9 p P

samples the absence of scaling behavior, except at the Iowe%'t'":lm'tat'veIy by semiclassical transport theory. While good

temperatures, has been attributed to the long-range potentilf%(g; i\wfnttﬁiassabeiggbtsoeBls?hzr?i\r/;ﬁisxef%;?illj?:ﬂggugga;l
fluctuations(small-angle scatteringn this systemt?® so, us- Y, pp

ing this argument, the SiGe hole system might be expected t(6onf|rmat|on has been achieved for'the HaII. reS|st|y|ty. 'Th|s
ccurs because large-angle scattering dominates in this sys-

show scaling at relatively high temperatures, but this is no em. At high magnetic fields the peak valuescgg, are in

the case. o . .
Because of the onset of spin resolution the peak betweeglOOd quantitative agreement with the same theoretical
v=2 and 3 behaves rather differently from those at lower odel, but deviations are observed fey,. These are re_Ia—
fields. The dip arouth 9 T might be associated with a frac- tively small and are attrlbuted' (@ the onset of Iog:ah;a'uon
tional quantum Hall effect feature at=8/3, but this is un- effects andb) La_ndau-le\_/el mlxmg_effepts. Localization ap-
likely, not only because of the low mobility of this sample pears to be relatively unimportant in th|_s s_ample, for reasons
but also because the dip moves in position as the temperatu?%at are not clear. Landau_—levell miXing 1S likely to be_ impor-
is raised. It seems more reasonable to identify the structuré'Emt because the _Iarge Spin .spI|tt|ng mixes states with differ-
with a shoulder, similar to but more developed than thoseent Landgu-level |nd|ces_. Itis pQSS|bIe that_ exchange effects
seen at lower fields, and Landau-level mixing effects. On thé’Iay an important role in forming the spin-resolvee-2
high field side there is no shoulder because, in contrast to thsetate'
v=3 zero, the spin must be resolvediat2. Exchange ef-
fects may well play a strong role in this process and model
calculations suggest that if this is the case a boot-strapping It is a pleasure to acknowledge helpful discussions with
effect could drive the transition. This would explain the Dr. P. Hawrylak and Dr. R. Williams and to thank D. Elliott

strong temperature dependence of the peak shown in Fig. 2and P. Zawadzki for technical assistance.
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