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Large magnetoresistance of a dilute p-Si/SiGe/Si quantum well in a parallel magnetic field
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We report the results of an experimental study of the magnetoresistance p,, in two samples of p-Si/SiGe/Si
with low carrier concentrations p=8.2X 10'® cm™2 and p=2x 10" ¢cm™2. The research was performed in the
temperature range of 0.3-2 K in the magnetic fields of up to 18 T, parallel to the two-dimensional (2D) channel
plane at two orientations of the in-plane magnetic field By against the current I: B L[ and Byll/. In the sample
with the lowest density in the magnetic field range of 0-7.2 T, the temperature dependence of p,, demonstrates
the metallic characteristics (dp,,/dT>0). However, at Bj=7.2 T the derivative dp,,/dT reverses the sign.
Moreover, the resistance depends on the current orientation with respect to the in-plane magnetic field. At
By=13 T there is a transition from the dependence In(Ap,,/py) OCBﬁ to the dependence In(Ap,,/py) « B). The
observed effects can be explained by the influence of the in-plane magnetic field on the orbital motion of the

charge carriers in the quasi-2D system.
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I. INTRODUCTION

Large positive magnetoresistance in two-dimensional
systems in the in-plane magnetic field is typically explained
by a modification in the spin system of the charge carriers.
Studies of the in-plane field-induced magnetoresistance were
conducted in numbers of low-density heterostructures n-Si
silicon metal-oxide-semiconductor field-effect transistors
(MOSFETs),! #n-Si/SiGe,> n-GaAs/AlGaAs,> p-GaAs/
AlGaAs,* and n-Alj,Gag ¢As/ AlAs/ Al 4,Gay ¢As.> Indeed,
within the narrow quantum well approximation the orbital
motion of the charge carriers is suppressed, but the Zeeman
splitting g*ugB lifts spin degeneracy, where g* is the effec-
tive g factor, up is the Bohr magneton, and B is the total
magnetic field. Thus, when the magnetic field is rising the
conduction band is being split into two subbands with the
opposite spin directions and, finally, all spin-down electrons
find themselves in the bottom subband under the Fermi level.
Consequently, the electronic system becomes completely
spin polarized. As a rule, in the magnetic fields exceeding a
critical value corresponding to the field of full spin polariza-
tion, a saturation of resistance is observed.!™* Several spin-
effect-based theories were developed to interpret the nature
of positive magnetoresistance.5~

However, in some studies on n- and p-GaAs/AlGaAs
(Refs. 3 and 5) no saturation of the magnetoresistance was
observed. Authors of the theory in Ref. 10 interpreted that
experimental fact by coupling of the in-plane field to the
carrier orbital motion due to the finite thickness of the two-
dimensional (2D) layer. Validity of such a model proves to
be true experimentally: unlike cases of Refs. 3 and 5 where
the investigated samples p-GaAs/AlGaAs by all appearances
had a wide quantum well, in p-GaAs/AlGaAs with the nar-
row quantum well a distinct saturation of positive magne-
toresistance was observed.*

It is worth noting that positive magnetoresistance in par-
allel magnetic fields was observed in dilute carrier systems
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only. In the system under study p-Si/Si,_,Ge,/Si a quantum
well formed in the strained Si;_,Ge, is asymmetrical due to
only one of the silicon barriers to be boron doped. The three-
fold (not considering a spin) degenerated valence band of
SiGe is split into three subbands due to a strong spin-orbit
interaction and a strain.'!! The top subband occupied by
heavy holes is formed by the states with quantum numbers
L=1, S=1/2, and J=3/2. As a result, there is a strong an-
isotropy of the g factor with respect to the magnetic field
orientation: g’ =4.5 when a magnetic field is applied per-
pendicular to the quantum well plane, and g;=0 when the
field is oriented in the plane of the 2D channel.'? Thus, the
Zeeman spin splitting in a parallel field is small. Considering
this fact several authors, for example,'?!# stated that effect of
an in-plane magnetic field on the resistance in this material
has to be very weak. That opinion was based also on a few
experiments'# carried out on the p-Si/SiGe systems with
p=2.5X10"" cm™2. The experimental results presented be-
low show that a parallel magnetic field still greatly affects
the resistance in the low-density p-Si/SiGe/Si quantum well
despite the lack of the spin effect.

II. EXPERIMENT AND DISCUSSION

The dc magnetoresistance p,, was measured in the in-
plane magnetic field on two p-Si/SiGe/Si quantum wells,
with the carrier densities p=82X%10'" cm™ and
p=2X10" cm™, respectively, and a hole mobility of
u=1x10* cm?/V-s at liquid-helium temperatures. The
studies were performed in the fields of up to 18 T and in the
temperature range of 0.3-2 K at two orientations of the in-
plane magnetic field B, with respect to the current I: B L/
and B H“I .

The 2D-system Si(B)/Si/SiGe/Si/(001)Si was grown in
Warwick on a Si (001) substrate by the solid source
molecular-beam epitaxy. It consisted of the 300 nm Si buffer
layer followed by 30 nm Sij¢,Gejog layer (sample with
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FIG. 1. Magnetoresistance p,, versus By parallel to the two-
dimensional system for the samples with p=8.2X 10! ¢cm™? and
p=2%10"" cm™2 with two B-to-I orientations: (a) B, LI and (b)
ByllI; the curve for p=2.5X10"" cm™ at 7=0.5 K is the result of
Ref. 14.

p=8.2%10"" cm™) or Siyg,Gey,3 layer (sample with
p=2%10"" ¢cm2), and 20 nm undoped spacer and 50 nm
layer of B-doped Si with doping concentration
2.5X 10" cm™. Magnetoresistance of the sample with
p=82x%10'"" cm™? was studied in detail earlier in wide
range of transverse magnetic fields and temperatures.'> At
the field B=0 T the resistance in both samples demonstrated
a metallic behavior.

Figure 1 illustrates dependences of the resistance p,, on
the in-plane magnetic field By at various temperatures. It is
evident that p,(B;) curves related to the sample with
p=8.2X 109 ¢m™2, while been measured at different tem-
peratures, cross at a single point corresponding to
By=7.2 T and p,,=1.8X 10* ohm. At this field the resistiv-
ity does not depend on the temperature, i.e., dp,,/dT changes
from positive to negative. Such crossing is often interpreted
as a metal-to-insulator transition. In other words, the metallic
state is suppressed by fields higher than 7.2 T. In the sample
with p=2 X 10'"" cm™ the increase in the magnetoresistance
is just three times in the field range of 0-18 T (see Fig. 1).
Over the entire range of the magnetic field used in the ex-
periments this sample shows a metallic behavior as
dp,,/dT>0.

As seen in Fig. 1 the resistance increase
[p (12 T)=p,(0)]/p,(0)=50% was observed'* on a
sample with p=2.5X10'"" cm™2. That system also was in a
metallic state in the fields of up to By=12 T used in Ref. 14.

In Fig. 2 the same magnetoresistance data obtained on the
sample with p=8.2X10'" cm™ are replotted as the depen-
dencies p,(7) at several field values to clarify the modifica-
tion of the dp,,/dT and its sign change at the field of 7.2 T.

The samples were mounted on a one axis rotator.'® That
allowed determining the sample position at which the field
was aligned parallel to the quantum well plane with an error
of less than 10 min. Figure 3 illustrates the effect of sample
rotation on the resistivity p,,. The angle ®=0° correspond-
ing to the precise alignment of the magnetic field parallel to
the 2D-channel plane was determined at the p,, maximal
value.
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FIG. 2. Resistivity p,, as a function of temperature 7 for differ-
ent magnetic fields for the sample with p=8.2x10'0 cm™
figuration B L 1.

in con-

By rotating the sample in a constant B), a perpendicular
field component is induced. That leads to appearance of the
Shubnikov-de Haas (SdH) oscillations. The oscillations pat-
tern allows tracking the concentration change with, for in-
stance, magnetic field intensity B. As seen in Fig. 3, with
decrease in parallel component of applied magnetic field, the
position of SdH oscillations shifts to larger angles. However,
if to replot p,, against the normal component of magnetic
field B, (see inset in Fig. 3), it appears that the oscillations
minima for every B are at the same B | . If the positive mag-
netoresistance is determined by spin effects, then in the tilted
field the structure of the SdH oscillations should depend on
intensity of the parallel field B. If By is less than the field,
corresponding to a totally polarized electron system B,., there
is either appearance of oscillations with another period? or a
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FIG. 3. Resistance p,, as a function of the field tilting angle ®
with respect to the plane of the 2D layer at different magnetic fields
By; p=8.2%10'0 cm2, Byl Inset: p,, as a function of a magnetic
field B |, the normal component of the magnetic field.
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FIG. 4. Arrhenius plot of the p-Si/SiGe conductivity at different
magnetic fields Bj; p=8.2X10'Y cm™2. Insets: (a) Activation en-
ergy as a function of in-plane magnetic field; (b) o, vs In 7.

change in B, position of the oscillations minima, corre-
sponding to the lower spin subband, until the magnetic field
achieves the point of total spin polarization.” These facts are
indicative of the two spin subbands repopulation with in-
crease in the in-plane magnetic field B till B..

According to our results (Fig. 3) in the fields B>10 T
nothing happens to position of the oscillations. This may
support our interpretation that spin subbands are not formed.
Another explanation would be that B.<10 T. The depen-
dence p,,(B)) presented in Fig. 1 shows pronounce increase
with magnetic field without any trend to saturation. Thus
explanation of such increase even assuming that B>B,
would require account of orbital effects.

The temperature dependence of the conductivity o, is
plotted in Fig. 4. At B>12 T this dependence has an acti-
vation character: o, exp[~AE(B)/kzT], with the activa-
tion energy AE depending on the in-plane magnetic field.
The activationlike temperature dependence at B;>12 T is a
characteristic of the hole freezing-out on localized states.
The corresponding conductance mechanism could be the
nearest-neighbor hopping. The process of magnetic freezing-
out is associated with sufficiently high magnetic fields where
the wave-function deformation takes place. The inset (a) in
Fig. 4 shows that for different orientations this deformation
occurs in different ways: it is stronger for the B L I configu-
ration than for ByllI one.

However, in the field region of 7-12 T the holes conduc-
tivity mechanism could be hardly identified. Indeed, the tem-
perature dependence of conductivity could be interpreted as
activation with the energy AE«kgT (see Fig. 4), and corre-
sponding conductance mechanism could be the nearest-
neighbor hopping. However, in the same magnetic field re-
gion the condition o, In T is also valid [see inset (b) of
Fig. 4], which could be expounded, for example, as quantum
corrections to conductivity of the delocalized holes as done
in Ref. 17.

To specify the conductivity mechanisms of charge carriers
(holes) in parallel magnetic fields higher than 7.2 T, it is
useful to compare the conductivity on a direct current
with the high-frequency conductivity. In the present work the
ac conductivity, being generally a complex function
0*°= 0| —i0,, has been measured on the same samples by
acoustic methods. The acoustic technique involves measure-
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FIG. 5. Magnetic field dependences of AI'(B)) and Av(B))/v(0)
for different temperatures. f=17 MHz, p=8.2X 1010 Cm‘z, and

ments of the acoustoelectric effects: the variations in the
velocity Av/v(0)=[v(B)-v(0)]/v(0) and the attenuation
AT'=T"(B)-T'(0) of a surface acoustic wave (SAW) [I'(0),
v(0) are the absorption and velocity at B=0, respectively] in
the in-plane magnetic field of up to 18 T at temperatures
0.3-2 K. The measurements were performed in the frequency
range of f=17-157 MHz. Simultaneous measurements
Av/v(0) and AT allow determining real o and imaginary o,
components of the ac conductivity o™ in the probeless way.
As Ge and Si are not piezoelectric materials, the hybrid
method was used. According to this technique the SAW is
generated and propagates on a surface of a piezoelectric
LiNbO; plate, while the sample is slightly pressed to the
plate by springs. Thus, the electric field, accompanying the
SAW and having the same frequency, penetrates the sample
and interacts with the holes in a quantum well. In this con-
figuration of the experiment no deformation is transmitted
into the sample. Ac measurements were also conducted in
two configurations: kllB; and kL By, where k is the SAW
wave vector.

Shown in Fig. 5 are the parallel magnetic field depen-
dences of the acoustic attenuation, AI'(By), and velocity shift,
Av(B)/v(0) at f=17 MHz, at different temperatures. The
curves measured at other frequencies (30, 90, and 157 MHz)
are similar to the ones presented in Fig. 5.

The components o, can be found from simultaneous
measurements of A" and Av/v(0) by solving the set of equa-
tions

E] Av ]+22

AToe— 20 " T22
[1+3,P+320(0) [143,P+3
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FIG. 6. Real part of the ac conductivity, o at different frequen-
cies and dc conductivity versus in-plane magnetic field; 7=0.3 K.
Inset (a): real, o, and imaginary, o,, components of the complex ac
conductivity for f=86 MHz. Inset (b): frequency dependences of
o at different magnetic fields, 7=0.3 K.

3 % 0,2 % 0. (1)

The detailed procedure of determination of the components
o, and o, from acoustic measurements is described in Ref.
18.

Figure 6 illustrates experimental dependencies of the real
component o; of the complex ac conductivity, derived from
the acoustical measurements at different frequencies using
Egs. (1), as well as the dc conductivity, on in-plane field.
Inset (a) displays the o and o,, measured at frequency
/=86 MHz as a function of in-plane field. Inset (b) shows
the frequency dependence of o at different magnetic fields.

The ratio between o, gy, and o, is crucial in determina-
tion of the conductivity mechanism. If charge carriers (holes)
find themselves in delocalized states the ac and dc conduc-
tivity mechanisms are the same, and 0'd°=o’a°=0'1, while the
imaginary part 0,=0.'" It is seen in Fig. 6, that ac and dc
conductivities coincide in the fields of up to By=11-12 T.
As is also obvious from the figure, the magnetic field, at
which ¢“¢ and o start to diverge, depends on a frequency:
the higher the frequency the less this field.

The ac and dc conductivities up to By=11-12 T are due
to delocalized holes. At By>12 T a localization of the
charge carriers begins, resulting in the nearest-neighbor hop-
ping in the dc and the “two-site” hopping ac conductivity.?"
The latter is characterized by a frequency dependence of o,
[see inset (b) in Fig. 6] and emergence of the imaginary
component o, [see inset (a) in Fig. 6]. Moreover, as seen in
inset (a) of Fig. 6, at fields Bj>15 T the ratio o,>0 is
valid, which is typical of the “two-site” hopping for two-
dimensional systems.?!

According to these results, at B;>12 T the charge carri-
ers are localized and the conductance is due to hopping. It
supports the conclusion that near By=7.2 T the hole states
are seemingly extended up to B;=12 T. Consequently, tem-
perature dependence of conductivity is most likely deter-
mined by interplay between weak localization and e-e inter-
actions. In this paper we do not focus on detailed study of the
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FIG. 7. Dependence of Ap,./py on By at T=0.3 K for the
sample with p=8.2x 10" cm™. B, L L.

conductivity in the vicinity of Bj=7.2 T because of the small
variation in conductivity with temperature and narrow avail-
able temperature interval.

We now consider the magnetic field dependence of the
magnetoresistance shown in Fig. 7. The single point on the
curve corresponds to By=7.2 T. On the metallic side until
By=4 T the magnetoresistance obeys a power law Ap,./pg
« B%. In the fields below 13 T the resistivity follows a law
In(Ap,,/poy) = B2, but then at B,=13 T a transition to a de-
pendence In(Ap,,/py) % B occurs.

III. SUMMARY

The principal experimental facts revealed in this study are
the following:

(1) An in-plane magnetic field induces a giant positive
magnetoresistance (with no sign of saturation) in p-Si/SiGe
heterostructures. This effect is observed in the system with
lowest density (p=8.2X10'° cm™?) only. When the mag-
netic field rises up to 18 T, the resistivity in this sample
increases significantly and changes by more than three orders
of magnitude, while in the sample with p=2X10'" cm™2 the
magnetoresistance increase is just several times in the same
field range.

(2) In the sample with p=8.2X 10'" cm™ the derivative
dp,./dT changes its sign at B=7.2 T. It could be interpreted
as a magnetic field suppression of the metallic state. In the
sample with p=2X10'"" cm™ the sign change of dp, /dT
was not observed.

(3) The magnetoresistance in p-Si/SiGe heterostructure
with p=8.2X10'" cm™ is anisotropic: it depends on orien-
tation of the current with respect to the in-plane magnetic
field, By LI or Byll1. At By=18 T and T=0.3 K the resistivity
ratio p®/ pP' equals 3.

(4) In the sample with p=8.2X 10" cm™2 at B,=13 T a
transition from the law In(Ap,,/py) < B? to In(Ap,,/py) *B
was observed.

All these experimental facts could be explained qualita-
tively using the theory developed in Ref. 10. Authors of Ref.
10 neglect spin-related effects and consider the in-plane
magnetoresistance as affected by the charge-carrier orbital
motion in the wide quantum well.
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The theory!? is applicable if the following two conditions
are met:

(a) The magnetic length Iz=v#ic/eB is less than the 2D
layer thickness Z: Z> .

If one is to assume that the quantum well bottom is dis-
torted weakly, one may hold Z~3 X 107® c¢m. Then the mag-
netic length /5 becomes less than thickness of 2D layer and
condition (a) is fulfilled already at By=1 T.

(b) The 2D Fermi wavelength [ at B=0 is
substantially larger than the magnetic length Az>1[p, where
)\F=i—:; kp=(2mp)"2, which is also valid in our experiments.

The theory'® predicts (i) a large positive magnetoresis-
tance in systems with low carrier density; (ii) a large aniso-
tropy of resistivity in the 2D plane p> p'; (iii) a reduction
in the effect with increasing density; and (iv) a change in the
p(B) dependence: at low B (w.<w,), In(p,,) > B>, at high B
(w,.> wy), In(p,,) B, where fiw, is the subband splitting,
and w, is the cyclotron frequency. All these predictions (i)—
(iv) seem to be consistent with the obtained experimental
data.

Thus, one can calculate the thickness of the 2D well if the
B,=13 T value is known. The transition occurs when

AE (E,-E B
_(2 1) _e*’ )
mc

where E| are E, are the energies of first and second levels of

. . . . ﬁzﬂz 2 .
dimensional quantization and E,=7- ~ where n is the
nT om* 72

number of the dimensional quantization band.
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It follows from Eq. (2) that
7%= (n% - n%)(ﬂ'zﬁc)/(ZeB,). (3)

A calculation with Eq. (3) gives Z=2.7 X 107% cm, which is
consistent with the nominal thickness of the SiGe layer in the
studied 2D hole system: Z=3 X 10~® cm. It should be noted
that Eq. (3) provides only a rough estimation of Z because a
field dependence of E, is not taken into account there.

In conclusion, the large positive magnetoresistance in the
parallel magnetic field increases most likely due to interac-
tion of the in-plane field with the carrier orbital motion in the
quasi-2D layer with finite thickness and can be qualitatively
explained by the theory.!? The absence of a strong effect of
the in-plane magnetic field on the resistivity in Ref. 14 can
be possibly attributed to the relatively high carrier density in
the system studied there. This is consistent with our data
obtained on the sample with p=2X10'" cm™.
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