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Observation of extreme field-induced ma-in uce mass eviations in double quantum wells
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FIG. 1. Normalized RII vs BII for 0=0 0' showin the
anticrossing features. (b) Plot of

) —R(BII,O=O. O'), for several T. At 3.0 K,
SdH oscillations occur only for B & 5 9 T '
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Four-terminal 17-Hz lock-in measurements were per-
formed in a He cryostat at 12 different T from 0.5 to 3.0
K, as determined with a calibrated Ge thermometer. The
excitation current was along the direction of B~i. The
SdH measurements required a small B~, while a large Bii
was needed to move the minigap through p. This ar-
rangement was achieved by mounting the sample in a
uniform total field BT at angles 0=0.0, 2.5, 3.0, and
3.5 from parallel, with rotations performed in situ.

In Fig. 1(a) we show the normalized in-plane resistance
Rii, at T=0.5 K, as a function of B~i =BTcos0, for
0=0.0'. A minimum occurs at Bii =5.9 T, followed by a
maximum at 6.5 T. We now briefly discuss the origin of
these two features. Shown in Fig. 2(a) is a tight-binding
calculation of the DQW dispersion E(k ) at Bl =7.5 T
for our sample parameters, where Bii is in the x direc-
tion. ' Bl linearly shifts the two QW dispersion curves
relative to one another in k . The strong inter-QW cou-
pling produces an anticrossing and associated minigap
whose width EG (previously measured to be of order 1

meV) is independent of B~~ and =b,~As, the zero-field
symmetric-antisymmetric gap (SAS). ' ' The minigap
dramatically distorts D (c) and the electron group veloci-
ties [Fig. 2(b)]. Since the upper branch of E(k) is nearly
parabolic, a steplike increase occurs in D(E) at the upper
gap edge. Thus as Bii is increased and the gap moves up-
ward, the (low-velocity) states at the upper gap edge
eventually pass through p and are abruptly emptied,
greatly reducing the scattering and causing a sharp
minimum in R i. By contrast, E(k) at the lower gap edge
is saddle shaped, yielding a logarithmic divergence in
D(E). When B~~ is further increased and the lower gap
edge crosses p, electrons are divergently scattered into
these (zero-velocity) states, yielding the sharp maximum
inR

The shape of the FS is determined by the intersection
of p and s(k). For Bl (5.9 T, p, lies above the minigap,
and the FS has a small lens-shaped orbit lying within a
larger hourglass-shaped orbit, shown in Fig. 2(c). For
5.9 T &Bii &6.5 T, p lies in the gap and only the hour-
glass orbit is present. As 8

~i

is increased further, p
touches the lower gap edge (at the saddle point), causing
the hourglass waist to pinch off. For B~i & 6. 5 T, the FS

5R (T) s+T ITS

4Ro, i sinh(sXT ) co,rexp
2&$pcos &S
%co

separates into two distorted Fermi circles of roughly
equal size.

Adding a small B~, we probed the cyclotron masses
near the minigap edges, where the dispersion is strongly
distorted. Bii and B~ could not be swept independently,
mixing the SdH oscillations with the anticrossing
features. To partially remove this mixing, for each T ex-
amined we subtracted the resistance in a purely parallel
field [e.g. , Fig. 1(a)] from the resistance in a slightly tilted
field, to yield bR(B, O)=R(B,O) —R (B,O=O). Fig-
ure l(b) shows b,R(B~~,8=3.0') for several T. (A small
magnetoresistance background remains due to Bi )T.he
oscillations are uniform up to —5.9 T; then both the
period and amplitude change significantly, indicating a
drastic change in I, when p crosses the energy gap.

To determine I, from the T dependence of the SdH
oscillations, we first must consider which parts of the FS
contribute. While for Bi~ & 5.9 T both the lens and hour-
glass orbits are present, they enclose greatly different
areas in k space. Electrons transverse both these orbits at
a rate dk/dt = —(e/h')vk X Bi, where vk is the Fermi ve-
locity. When 0 and hence 8~ are sufticiently small, elec-
trons in the hourglass are unable to traverse the entire or-
bit without scattering, and so contribute negligibly to the
SdH oscillations. Because vk is nearly the same for the
two orbits (except very close to the gap edge), however,
enough electrons complete the lens orbit to produce the
SdH oscillations. While the scattering rates for the two
orbits may be somewhat different, this assumption agrees
with the data for Bii &5.9 T, where only a single SdH
period is apparent for all three 0. For 5.9 T & BIi & 6. 5 T,
the FS consists of only the hourglass orbit, while for
Bii )6. 5 T the FS consists of two separated Fermi circles
of equal size, producing oscillations of the same period
and T dependence. Thus for all three field ranges, the
SdH oscillations have a single period, and can be ana-
lyzed as arising from a single orbit of the FS.

For a single FS orbit, the SdH oscillations are de-
scribed by'
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where 5R (t) is the change in resistance, Ro is the resis-
tance at 8~=0, XT=2~ k~ T/Ace„co, =eB~/m„and ~ is
the scattering time. When Bj is sufticiently small that
m, ~ is of order unity, the higher-order terms become
negligible, and the SdH oscillations become small in am-
plitude and sinusoidal in shape. This is clearly in accord
with our data, where the oscillations are strongly
sinusoidal and never exceed 15% of the background. '

When higher-order terms are negligible, the SdH am-
plitude is given by'

FIG. 2. Calculations for our DQW at B~~ =7.5 T. (a) Disper-
sion c(k~ ), with (solid lines) and without (dotted lines) coupling.
(b) D(c, ) for the lower-energy branch (dotted line) and both en-
ergy branches (solid line). (c) Sketch of the Fermi surface for
@=9meV.

gR (T) T sinh(pTo(m, /mo)/BJ )

oR ( To ) Tosinh(PT( m, /m o ) /Bi )
(2)

where To is the base temperature and f3=2vr kI/mo/he.
Figure 3 shows two typical fits of Eq. (2) to 8= 3.0 data.
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FIG. 3. Measured SdH amplitude 6R vs T, at 6I=3.0', nor-
malized to the base T=0.5 K. Dashed (dash-dotted) lines show
fits of Eq. (2) to B~~=8.49 T (5.09 T) data for several mass
values, with the best fits giving 0.070mo (0.025mo).

FIG. 4. Summary of measured m, values vs B~~. The solid
line is the theoretical calculation of Ref. 15~

[Here 5R is determined by taking the difFerence between
bR (B~~,8) evaluated at adjacent SdH extrema, and sub-
tracting the magnetoresistance background. ] While the
mass obtained for 8.49 T is 0.070mo, that obtained for
5.09 T is 0.025mG, a factor of 3 lower than mz, ~s. The
quality of the fits provides further justification for
neglecting higher-order terms in Eq. (1). In general, the
fits yield masses to roughly +10% error. For the range
-5.9 +

B~~
~ -6.5 T, however, the mass changes substan-

tially between adjacent SdH extrema, yielding larger er-
rors of roughly +20%.

Our main experimental result is in Fig. 4, which shows
m, (B1) for all three 8. At the lowest B~~ of 2.7 T,
m, =0.05mG, co~side~~bly lo~e~ than m G.,&,. Raising B~~

causes m, to decrease, reaching 0.021mo near the upper
gap edge at 5.6 T. As B(~ is increased further, m, sudden-

ly increases rapidly, reaching a value of 0.099mG just
below 6.5 T, where p crosses the lower gap edge or saddle
point. m, then rapidly converges to m&,A, near -7 T,
and remains roughly constant thereafter.

Following Lyo, ' a qualitative understanding of the
behavior of m, can be gained by examining Fig. 2 and
employing the expression m, =(iri/2m. )gvk 'dk, where

the integration is along the dominant orbit. As B~~ is in-
creased, the upper gap edge moves upward toward p. As
a result, the size of the inner lens orbit decreases, while
vk in the denominator decreases more slowly, resulting in
a monotonic decrease of m, . The lens orbit vanishes at
5.9 T when the upper gap edge coincides with p, but be-
cause vk also vanishes at this field, m, does not go to
zero. Above 5.9 T, the orbit size increases abruptly as
electrons move from the lens to the hourglass, causing an
abrupt increase in m, . As B~~ increases from 5.9 to 6.5 T,
p lies in the minigap and moves toward the saddle point.
At the same time, vk becomes smaller near the saddle
point, now yielding a monotonic increase of m, (B~~ ). The
divergence of m, at the saddle point, due to vk vanishing
there, is suppressed in the data by damping. As B~I in-
creases beyond 6.5 T, p falls below the saddle point, caus-
ing the hourglass orbit to split into two smaller, roughly
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FIG. 5. [6(1/B~)] ', the inverse spacings in 1/8~ of the
SdH minima and maxima, vs BI~. The right-hand scale gives the
area A of the dominant orbit of the Fermi surface.

circular orbits with nearly parabolic dispersions. The
two QW's are thus effectively uncoupled, and m, ap-
proaches m&,As. In Fig. 4 we plot Lyo's calculation of
m, (B~~) f«our sample, " where B~~ has been scaled by
0.96 in order to bring the calculated anticrossing features
closer in line with their experimentally observed B~~ posi-
tions. The data are in excellent agreement with the
theory.

Finally, we note that the SdH period h(1/Bi) also
gives ' a measure of the dominant orbit's k-space area
2 =(2ire/k) [b(l/Bt)] '. In Fig. 5 we plot, as a func-
tion of B~~, the inverse difFerence [b(1/Bt)] for adja-
cent SdH extrema which both lie in the same field range.
As B

~~

is raised, [b (1/Bi ) ] falls increasingly rapidly as
5.9 T is approached, corresponding to the shrinking lens
orbit. In the range B~~ =5.9—6.5 T, too few SdH oscilla-
tions are present to determine the orbit area, while for
B~~ )6. 5 T, [5(1/B&)] ' is clearly much larger, and ap-
pears constant to within the +20% error for this range.
This is as expected, since here the orbit area is that of ei-
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ther of the two separated Fermi circles.
In summary, we have measured the cyclotron masses

of electrons in a strongly coupled DQW, subject to B1
suKciently high to produce an anticrossing and partial
energy gap at p. Masses near the upper gap edge are
suppressed to & —,'m &,A„while masses near the lower gap
edge, or saddle point, are enhanced above m~, A, by
—50%%uo. The data are qualitatively explained by analyz-
ing the changing shape and topology of the B~~-dependent

Fermi surface, and show excellent agreement with recent
theory.
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