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Transport in MultiTerminal Normal-Superconductor Devices: Reciprocity Relations,
Negative and Nonlocal Resistances, and Reentrance of the Proximity Effect
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We have investigated transport in a cross-shaped two-dimensional electron gas with superconducting
electrodes coupled to two opposite arms. Multiterminal resistances, measured as a function of the
superconducting phase difference and the magnetic flux, are analyzed in terms of an extended Landauer-
Buttiker transport formalism. We show that extended reciprocity relations hold. Correlations between
transport coefficients are obtained from, e.g., (negative) three-terminal and nonlocal resistances. Energy
spectroscopy reveals a reentrant behavior of the transport coefficients around the Thouless energy.
[S0031-9007(96)01821-2]

PACS numbers: 74.50.+r, 73.50.—h, 74.25.Fy

A renewed interest has grown in the proximity effectwet chemical etching. The 15 nm thick exposed InAs
in normal-superconductor (NS) devices [1-4] and itslayer hosts the 2DEG with an electron dengify= 1.5 X
relation to mesoscopic transport. A striking reentrantl0'® m—2 and an electron mean free path = 0.2 um.
behavior was predicted, where the resistance of a diffusivéhe cross-shaped pattern in the InAs layer was defined
normal conductor at low energies returns to the normaby insulating trenches usingtbeam lithography and wet
state resistance. These calculations are based on impuritghemical etching. An insulating Si layer was deposited on
averaged Keldysh Green’s function techniques. Artop of regions 1 and 2 to prevent a short circuit with the
alternative theoretical description is based on a scatteringubsequently deposited Nb superconducting loop. A high
approach [5], which incorporates not only ensembletransparency of about 0.9 is obtained for the NS interfaces
averaged but sample-specific transport properties as weby in situ Ar cleaning of the exposed InAs regions before
The Landauer-Biittiker transport formalism [6] for normal the Nb deposition.
conductors describes transport in terms of reflection We first derive an expression for the multiterminal re-
coefficientsR; and transmission coefficients; from  sistances for the geometry shown in Fig. 1. We define the
lead j to leadi. A multiterminal scattering approach transport coefficients as the difference between the normal
has been proposed for transport in NS devices based @nd Andreev transmission/reflection coefficieriy; =
an extension of this formalism [7], including Andreev T/ — Tl.’}e andR; = R — R'. For the moment, we
transmission and reflection coefficier(fEf’,-e,Rf'f). The  will describe regionsA and B as reservoirs, assuming
current flowing in lead is expressed as

I, = 2;1—6[(Ni — RS + RI)Yu; — ;(Tfj" — T,.’;.e)uj] | 5

1 BN

' ®) A
Particle conservation implie§; = RS + R + D i X . —1
(T + T}'f), where N; denotes the number of quantum
channels. The electrochemical potentjajsof the normal 0 0
leads are defined relative to the electrochemical potenti
of the superconductorg.y = 0). 1
In this Letter, we will experimentally investigate multi- B

terminal transport in a diffusive, cross-shaped two-dimen 4 1
sional electron gas (2DEG), where a superconducting loo,.
is attached to two opposite arms (see Fig. 1). The press|G. 1. Sample layout. The left-hand panel shows a
ence of three independent leads within the phase-breakirsghematic picture of the cross-shaped 2DEG with the supercon-
length allows us to study the average magnitude and théucting terminals. The contacts 1, 2, 3, and 4, are connected

; ; PO the cross-shaped 2DEG and the superconducting contacts 0
superconductmg_ phase and magnetlc f_qu sensitivity of thg)re connected to the Nb loop. The length of the InAs channel
transport coefficients and their correlations.

. . connecting the Nb terminals i4 = 0.9 um and its width
The 2DEG is present in an InAs/AISb quantum well.js w ~ 025 um. The right-hand panel shows a scanning

Prior to processing, the top barrier has been removed bstectron micrograph.
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uniform electrochemical potentialgy = w; = u, and linearly:Agp = 27 P40, / Py, Whered,, is the magnetic

MB = U3 = 4, respectively. We then obtain [8] flux through the superconducting lodarea= 13.6 um)
h N — Rgp and &, is the flux quantumi/2e. Simultaneously, a
Rioz0 = (2)  magnetic flux® penetrates the cross-shaped conductor

2e? (N = Raa) (N = Rpp) = TapTsa itself, and changes the quantum interference.
h N — Ras We have investigated six nominally identical de-
R = 55 N =R (N = Reg) = TosTon” (3)  vices and studied two of them extensively at 100 mK
with a standard four-probe ac lock-in technique and
h Tga 4 filtered leads. The magnetoresistance shows oscilla-
2¢2 (N — Ras) (N — Rpg) — TapTsa’ (4) tions (period= 1.65 G) due to superconducting phase
modulated conductance fluctuations, superimposed on a
Riot0 = h T NG fluctuating background resistance [4,9]. At low magnetic
’ 2¢2 (N — Ras) (N — Rpp) — TupTpa fields(<100 G) a nonsample specific (ensemble-averaged)
The number of quantum channels is givendy= k; W/ contribution to the r(_asistanc_e oscillations is present. Evi-
m, whereW is the width of the arms of the cross. We dently, _the _two-termmal resistancéioo ar_1d .,R3°’40' as
will refer to Egs. (2) and (3) as “two-terminal” resistances, SNOWN i Figs. 2(a) and 2(b), are symmetrickrandA¢.

since they effectively measure the resistance betweeh® three-:grmir_wrart]l_ magnetor(tesis',ta_ﬁ%aoﬁé) [Fig. 2(3)] h
region A (or B) and the Nb electrodes. Equations (4) IS aSymmetric. IS aSymmetry IS Indeed reversed when

and (5) represent “three-terminal” resistances, since the.he current and voltage propes are interch_ang_Rdo,ﬁo

involve both regiongl andB and the Nb electrodes. Fig. 2(d)]. Qloser Inspection O.f the oscillations also
Time-reversal symmetry implies for the transportshows that their phase changes sign under the reversal of

coefficients that T;;(®,A¢) = T;(—®, —Ag) and current a|_1d voltage prol_aes (not displayed). _

Ri(®. Ag) — R"(_(Il)J _’Aw 7] "Where @ is the Analyzing data acquired over a large range in mag-

mlélgn’etic flux ltlhrougih the con’ductor amilp is the netic field (IB| = 0.5 T) with Egs. (2)-(5), we can es-

superconducting phase difference across the two N imate the values for the transport coefficients and their

. ; - : ; tuations. We obtain (withv = 35) for the aver-
terminals. The reciprocity relations can be derived from uc . -~ .
the extended Landauer-Biittiker formalism [Eg. (1)]: 29€ transport coefficient®as) = 26 and (Tss) = 1.6,
Ryju(®, Ag) = Ru;(—®, —Ag). Interchanging cur- for the rms amplitude of the fluctuationSRs, = 0.26
rent and voltage leads accompanied by a sign reversal nd~A;"(1);8 = dofgovgh a cor:_elaltlon rg?gnt(;tlc field [4]|.
both® and A ¢ is predicted to yield the same resistance. ¢, an ,» respectively, and forthe rms ampil-

. ) ) - tude of the oscillationdR44 = 0.012 anddTp4 = 0.014,
The magnetoresistances for the two- and three termlnﬁjoth With B. = 60 G. Both AR, and ATy, are some-

?igmiguéﬁgﬂnzsa:ﬁesggwgréganig'Ctzir'] Ara:sep I(ij(?f(:erpez]gr;eti what smaller than expected from the theory of universal
9 P gp P conductance fluctuations [10]. The reduction ATz,

compared toAR44 [11] implies either that the fluctu-
ations inboth 754 and 744 are small or, more likely, that
the fluctuations irfTs5 and Th4 are (partially) correlated.
Also, 6Raa < ARy and6Tps < ATgy, indicating that
the conductance fluctuations are only partially modulated
by the superconducting phase.

A striking manifestation of the coexistence of Andreev
and normal transmission is displayed in Fig. 3(a). It fol-
lows from Eq. (4) thatR 030 is proportional toTzs =
TG — Tr4. This implies that when an incoming elec-
tron has a higher probability to be transmitted as a hole
than as an electraffa4 > T54), R 1030 can becomaega-
tive[12]. Note that negative three-terminal resistances are
impossible in normal transport, since, in that case, a volt-
age probe always measures a voltage in between that of

Rioz0 =

2400

2300 [ IR

2400

2300

dv/dl ()

2200

350 |

300 !

50 —— the current source and drain contacts. As a result of a
300 T A relatively high overall resistance of this devi(® 92y =

300 200 100 o 00 200 300 10 kQ), the sample-specific fluctuations are increased and

B (Gauss) become of the order of the average three-terminal resis-

FIG. 2. The two-terminal magnetoresistancBs,, (a) and tance’Rlo,3ﬁ (<TﬁA> 0'02.4’ IATBA 0'0073 andBTBg

R4 (b). The three-terminal magnetoresistand@s, o (C) 0.003).. The t ree—terml'na' magnetoresstance ecomes
and R0 (d) measured simultaneously with the two-terminal Negative around 290 G, indicating that the Andreev trans-
magnetoresistances At= 100 mK. mission dominates over normal transmission.
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FIG. 3. (a) The three-terminal magnetoresistarike;, at . .
T = 100 mK of a device with an increased overall resistance The above analysis, based on t'ran.Sport at the Fgrml
(Rioa = 10 kQ). Around 290 G the resistance becomes®enerdy, has shown that the modulation in the two-terminal

negative. Note the cross over between two different Andreevfesistances is dominated b§44 or Rpp, respectively
mediated oscillation patterns in (b). [Eq. (2) or (3)]. In Fig. 5(a) the energy dependence of the
magnitude of the oscillations iR (¢ is plotted, which

Near 170 G a crossover takes place between twéeflects mainly the energy dependence &Ras. The
different oscillation patterns [Fig. 3(b)]. Several of these0Scillations inR44 exhibited aminimumat A = 0 as
crossovers, which are sample specific, are observed witpxpected for coherent Andreev backscattering [2,5]. De-
a typical separation of-160 G. At present, we do not phasing of coherent quantum mterfere_nce is expected to
understand the underlying physical mechanism. HowevefCCur ab(;ve the Thouless energy, estimated tdpe=
this crossover cannot be described by a superpositi&f’F&/zL = 0.1 meV, which explains qualitatively the
of independent sinusoidal oscillation patterns7ifi, and ~ decrease bR, [Fig. 5(@)] for applied biases/nc
TS, An estimation of their average magnitud@,) =  €xceedingEr. For eVpe < Er, 6Ry020 is reduced
0.32 and (T!¢) = 0.29 [13]) for this device shows that (a similar reduction was observed in Ref. [4]) and,
they are equally important. In principle, eith&g} or
Th¢ could still dominate the amplitude of the oscillations.

More likely, their amplitudes have the same order of 100
magnitude, which implies that the crossovers should be S
present in botiT54 and T4 [14]. — 25

A further interesting phenomenon in normal meso- ) ol
scopic transport was the occurrence of nonlocal transport. & so |
The resistance of a phase-coherent metal strip connectec 40 f

at one end to a loop revealed Aharonov-Bohm oscilla- 28 '
tions, although no net current was flowing through the 101 e s .
loop itself [15]. We searched for the superconducting- 0™ 050 —055 000 025 050 075 1.0
phase modulation of the nonlocal resistance by measuring Voo (mV)
the resistancéR 034. If region B is phase coherent, we 370 T . r . r .
have to treat conta@ and4 explicitly. A current flow ~ 350 { | c)
from regionA to the Nb contacts then yields the follow- < 330 N l 1]
ing nonlocal (four-terminal) resistance: E 2;8 WMJ\/\,\/V\MMQ 1
_ = - |
Riozs = % M- (6) 270 K . . : . . . .
e T3+ Ty 06 4 2 o 2 4 & s

A nonlocal resistance is thus expected 7ify, # Tuq. B (Gauss)

Figure 4 shows that, indeed, a nonlocal resistanqe i81G. 5. The energy dependence of the (top-top) magnitude
observed. From the rms amplitude of the fluctuationsf the oscillations iNR 920 (a) and R 43 (b) around zero
in Ryoz4, We obtain A(T34 — T44) = 0.003 with an  magnetic field al’ = 100 mK (where R 95 = 2.2 kQ2). In
estimated(734) = (T43) =~ 20, which is much smaller (b) the squares correspond to the component, which has a

than the fluctuations in the total transmission frano B~ MaXimum inR 3 at Ap = 0.057. The circles correspond
to the component, which has a minimum Rz at Ag =

(AT = 0.07). Therefore, either the fluctuations T, —0.017r. (c) This showsR o3 for three applied dc biases
andTy, are (strongly) correlated, or the phase-coherenc,.: 1—0 mv, 2—0.07 mV (offset-10Q), and 3—0.13 mV
length does not fully extend to the contadtand4. (offset —20Q).
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