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Introduction

3.

Quantum coherence is one of the most important topics in fundamental physics. In mesoscopic systems, decoherence has often been studied using Aharonov-Bohm
(AB) interferometers, and in such a coherent transport,
it is well known that probes of a sample play an essential role and transport property has been successfully
described by the Landauer-Büttiker (LB) formalism.1)
Here we present evidence that the quantum coherence
itself is also aﬀected by the probe conﬁguration.

Figures 2(a) and 2(b) show typical AB oscillations for
the local and the nonlocal setup, respectively. They are
diﬀerent mainly in two ways. One is the AB oscillation
amplitude, which is about 20 ∼ 70 % of the total in the
nonlocal setup, in contrast to at most a few percent in
the local setup.
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2.

Experiment

We prepared an AB ring with four probes and performed two diﬀerent types of four-terminal measurements. Figures 1(a) and 1(b) illustrate the two probe
conﬁgurations. In the “local” or conventional setup in
Fig. 1(a), electric current I14 is applied through the sample and voltage diﬀerence across the ring V23 is measured. The other setup is referred as “nonlocal” setup
and illustrated in Fig. 1(b). The measured AB ring
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Fig. 2. Typical AB oscillations taken at the base temperature
(30 mK) for (a) the local and (b) the nonlocal setup.

The other is the symmetry with respect to the magnetic ﬁeld reversal. This can more clearly be seen as the
diﬀerence of AB oscillation phase behavior in Fig. 3. The
vertical axis is the gate voltage, which changes the electron density and hence the wave number of the traversing electrons, leading to the modulation of AB oscillation phase. In the local setup, the AB phase rigidity is
maintained (Fig. 3(a)), while a continuous phase shift is
realized in the nonlocal setup (Fig. 3(b)).
These two diﬀerences are well explained within the LB
framework.1) The LB formula gives four-terminal resistance as Rmn,kl = (h/2e2 )(Tkm Tln − Tkn Tlm )/D, where
Tij (≥ 0) is the transmission coeﬃcient from the terminal
i to j, and the denominator D is a quantity including all
of the Tij ’s. From our sample geometry, it is legitimate
to approximate that T12 = T21 = T34 = T43 ≡ T0 , T14 =
T41 = T23 = T32 ≡ T1 , T13 = T31 = T24 = T42 ≡ T2 , and
T0  T1 , T2 . Then the LB formula gives the local and
the nonlocal resistances as

Fig. 1. (a) “Local” or conventional four-terminal setup (I : 1 → 4,
V : 2 → 3) that gives resistance R14,23 . (b) “Nonlocal” setup
(I : 1 → 2, V : 4 → 3) gives nonlocal resistance R12,43 . (c)
Scanning electron micrograph of the AB ring with four leads.
White regions are metallic gates, one was used to modulate the
AB interference and the others were kept open during the study.

shown in Fig. 1(c) was fabricated on 2DEG (mobility
µ = 90 m2 /Vs, and carrier density n = 3.8×1015 m−2 ) in
the GaAs/AlGaAs heterostructure. The electron mean
free path ∼ 8 µm is larger enough than the length of the
arm of the ring ∼ 2 µm, meaning that our sample is in
the quasi-ballistic regime. Two samples with the same
geometry were measured between 30 mK and 4.2 K by
using a dilution refrigerator and standard lock-in technique, yielding almost the same result.
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R14,23 ∼

1
h
,
4e2 T1 + T2

(1)

R12,43 ∼

h T1 − T2
,
4e2 T02

(2)

To take the decoherence into account,
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Fig. 3. Gray-scale plots of the AB oscillation components as a
function of a gate voltage (or phase modulation) for (a) the local
and (b) the nonlocal result. The dotted line in (b) represents
the theoretically expected equiphase line assuming the linear
correlation between the electron density and the gate voltage.2)

we assume T1 and T2 are expressed as Ti = αi +
δTi cos(2πφ/φ0 + δi ),3) where δTi represents the AB amplitude, αi the other part of the transmission, φ the magnetic ﬂux threading the ring, and φ0 ≡ h/e the ﬂux quantum.
It is understood from eq. (2) that the non-oscillatory
parts α1 and α2 cancel out in the nonlocal resistance, resulting in the large AB oscillation amplitude. In the local
resistance, however, such an extraction cannot be realized. This qualitatively explains the observed diﬀerence
of AB amplitude. Another deduction from this simpliﬁed
LB formula is that the local resistance fulﬁlls the relation
R14,23 (B) ∼ R14,23 (−B) like the two-terminal resistance,
which does not hold for the nonlocal resistance.
Now we will focus on its temperature dependence. A
striking diﬀerence is that the AB amplitude is less sensitive to increasing temperature in the nonlocal setup
(Fig. 4(b)) than in the local case (Fig. 4(a)). For quantitative comparison, we estimated the portion of the interference term δT1 in the transmission coeﬃcient through
the ring T1 . Figure 4(c) displays δT1 /T1 as a function
of the temperature, which can be ﬁtted to exp(−aT )
with a as a ﬁtting parameter. We obtained a = 0.70
and 1.0 K−1 for the nonlocal setup, while a = 2.3 and
2.5 K−1 for the local setup.
These are two important factors attenuating the AB
amplitude with temperature. One is the thermal broadening of the electron wave, which is expressed as βi ∝
exp(−τL /τth ) in the ballistic regime, where τL = L/vF
(L: the length of the arm of the ring, and vF : the
Fermi velocity) and τth = /kB T . The other is the
quantum decoherence, which aﬀects the coherence as
βi ∝ exp(−τL /τφ (T )). When only the thermal effect is considered, the coeﬃcient a is expected to be
a ∼ 1 K−1 for our sample, that is close to the observed
value a = 0.7 ∼ 1.0 K−1 in the nonlocal setup. However,
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Fig. 4. The AB oscillations taken at various temperatures for (a)
the local and (b) the nonlocal setups. Each trace is displayed
with oﬀset from the bottom (40 mK) to the top (800 mK).
(c)Temperature dependence of the portion of the AB amplitude
in the transmission coeﬃcient δT1 /T1 for the local (lower) and
the nonlocal (upper) setup. The result for two diﬀerent sample
are displayed as circle and diamond.

to account for the larger value in the local setup, quantum decoherence should be included in addition to the
thermal eﬀect.
We speculate that the key diﬀerence lies in the decoherence caused by charge ﬂuctuation induced by the
transport current. It is suggested that the current causes
charge ﬂuctuations around the AB ring, yielding electron
coherence time τφ ∝ T −1 ,4) which is consistent with our
result for the local setup. Such a mechanism, on the
other hand, would be suppressed in the nonlocal measurement where no net current ﬂows across the AB ring.
4.

Conclusion

In summary, we have performed two ways of resistance
measurements on a small AB ring and found that the
quantum decoherence is suppressed in the nonlocal measurement. As a possible cause, we note the diﬀerence of
current ﬂow leads to the diﬀerence of charge ﬂuctuation
and decoherence.
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