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Negative magnetoresistance in Andreev interferometers
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We consider transport in a diffusive cross-shaped Andreev interferometer geometry, both theoretically and
experimentally. A strong and unexpected modulation of the conductance with the superconducting phase is
found. In particular, a reversed resistance vs phase difference is predicted, where the residtoreassdy
a phase gradient. A comparison of our quasiclassical calculation with experimental data shows quantitative
agreement if we account for diamagnetic screening.
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Quantum-mechanical interference effects can be ideallgently. We note that this agreement is contrary to the claim in
studied in heterostructures of normal metals and supercorRef. 15, in which a theoretical explanation in terms of trans-
ductors. Large conductance oscillations in structures contairport through resonant Andreev level was invoked. We do not
ing loops threaded by a magnetic flux have been predictelielieve in this explanation, since it would require ballistic
and observed:® The origin of these oscillation is the phase transport in part of the sample and invokes several fitting
coherence between Andreev coupled electron-hole pairparameters to explain the experimental data partially. In-
which can be maintained over large distances of the order ¢¥t€ad, we will show that these observations are in perfect
micrometers, making their observation in microstructurec@dreement with the “standard” quasiclassical theory using
devices accessibfe? Since the origins of these oscillations €ssentially no fitting parameter at all.
are superconducting correlations, they are usually suppressed The system we study is shown in Fig. 1. The left part
by a magnetic field, i.e., these devices show a positive maghows the experimental setup and the right shows the theo-
netoresistance. On the other hand, a negative magnetores@'ca' model structure. The resistance of the horlzontal piece
tance can occur if the proximity effect is wekkfor ex- ~ Of normal metal is to be measured. Each it and righ
ample, if the superconductor is coupled by tunnel contacts t8f this horizontal wire has a resistanBg and a length_ .
the normal metat* Then a suppression of superconducting The reservoirs inducing superconductivitgl( andS2) are
correlations decreases the resistance. Thus, one would expéétached to the middle of the wire by normal resistors of
that a magnetic field drives the resistance towards its normal€ngthLs and resistanc®s. The actual measurement of the
state value, no matter in what direction this actually is. ~ resistance is performed in a 4-terminal geometry by attach-

Here we report on a theoretical calculation and an experilnd current and voltage probebl{-N4) through resistors of
mental measurement of the magnetotransport of a purely dif-
fusive heterostructure that shows a negative magnetoresis
tance due to a subtle interference effect, first observed in Ref
15. This is surprising, since intuitively one expects that both
finite energies and a phase gradient would lead to a destruc
tive interference, diminishing the proximity effect. Thus, al-
though the conductance shows the so-called reentrance effec
as a function of temperature, one would not expect a phase
gradient to reverse the temperature effect. In the present pa
per we study a geometry in which a separation of the energy
scales responsible for these two effects results in a negative |
mag_netoreSIStanC_e. _The experimental resul_ts presented e resistance of the horizontal Ag wire is measured in 4-terminal
obtained from a similar sample, as was studied in Ref. 15. .o qiguration by currentl) and voltage(V) probes attached to

~We will first describe the theoretical approach that pre-psintsa andB. In the middle two superconducting mirrdgsandD
dicts a negative magnetoresistance for small magnetic fluXnade from Al are attached by Ag wires. The superconducting mir-
To obtain the experimentally observed fully inverted resis-rors are connected to a loop threaded by a magnetic flux, which
tance oscillations, we will have to include diamagneticallows to vary the phase difference betwe@andD. Theoretically
screening in the superconducting loop imposing the phasge model the experimental setup by the structure shown in the right
difference. This allows us to obtain excellent agreement uspanel. The resistoRs, Ry, andR, model the respective Ag-wires
ing parameters determined from the experiment indepensf lengthsLg, Ly, andL,.

FIG. 1. Geometry of experimental setup and the theoretical
del. The left part shows a micrograph of the experimental layout.
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lengthL, and resistanc®, . Note that these probes have to
be included into the modeling in contrast to normal systems. 1c
In a proximity effect structure, the properties of these probes
matter, since they modify the equilibrium properties., the 095
density of states and therefore the energy- and space-.,# ¢
dependent conductivity of the system é A
The calculation of the resistance of the structure depicted — oF
in Fig. 1 has been performed numerically, along the lines of
Refs. 16 and 7 using the quasiclassical formaftérirom

the spectral Usadel equation the local energy-dependent con-  ossk ~ T=200mK
ductivity is extracted via 15 -1 05 0 05 1
o/
o(E,X)= %Tr[i_;zéR;zéA]- (1) FIG. 2. Resistance vs phase difference. Right plot: resistance

oscillations for temperatures between 200 mKi &K in steps of
. o - 100 mK. Left plot: resistance oscillations for temperatures from 0 to
Here o is the normal-state conductivity argk A are re- 200 mK in steps of 10 mK. The form of the oscillations at tempera-
tarded and advanced Nambu Green'’s functions obeying thgres above 200 mK are as expected, i.e., the resistance monotoni-
Usadel equatiortsee Ref. 16 for a definitignFor the mea-  cally increases from 0 ter. Below 200 mK the phase dependence
sured 4-terminal resistance, the solution of the kinetic equachanges qualitatively. In particular, for small phase difference the

tion yields magnetoresistance is negative.
1 dE Ly dx | 7F phase difference, we observe the usual reentrance behavior,
R™= E o o(E,Xx) @ With a maximal suppression of about 13% at a temperature
4Tcosl‘?(ﬁ) around 200 mK. At a phase difference ef (or any odd

multiple), the proximity effect is completely suppressed for
Similarly we can find the supercurrent in equilibrium as  all temperatures. At temperatures above 200 mK the resis-
tance vs phase oscillation are similar to that predicted
E previouslf—8 and found experimentalRt However, below
tan 2T/ 3 200 mK the oscillations change qualitatively. Whereas the
resistance increases monotonically starting from the zero-
These expressions show that the 4-terminal configuration inphase difference for the larger temperaturedgitreasesirst
deed measures the resistance of the horizontal branch onlr the lower temperatures. Only close to half-integer phases
However, due to the proximity effect the spectral conductiv-the resistance increases again. At half-integer flux the resis-
ity o(E,x) depends also on the properties of the current andance is always equal to the normal-state value, as it should
voltage leads. As a consequence this will also lead to §e.
strongly increased supercurrent for temperatures at which Obviously, such a strong change of the phase dependence
these branches are probed, as we demonstrate below.  should also affect other transport properties, for example, the
We now discuss the concrete theoretical results. The paemperature and phase dependences of the supercurrent. The
rameters that we have chosen correspond to the experimentakoretical results are shown in the inset of the left panel of
setup shown in the left panel of Fig. 1. The dimensions aresig. 3. Note that, for simplicity, we have not included the
Lny=1000 nm,Lg=225 nm, andL,; =800 nm, whereL, is  temperature dependence of the superconducting gap. There-
taken a little bit larger than in the experiment to account forfore, the supercurrent is finite above the experimental critical
the proximity effect into the wideflead regions of the ex- temperature of~1.4K. The critical current strongly in-
periment. For the connectors to the superconductor we havgreases below a temperature clos&to At higher tempera-
taken the distance between the central point and the closegfres the critical current depends only weakly on the tem-
point of the superconductor. Taking the experimental Valu%)erature[the exponential decreaseexp(— kg T/Eg] sets in
of the diffusion constand ~ 80 Cn'?/S, we find for the Thou- On|y at much |arger temperatuﬂes'rhe strong increase is
less energyEy=#%D/L§ =57 kg mK. The branch connecting related to the influence of the horizontal branch. As super-
the two superconductors directly has correspondingly conducting correlations become strong in this branch, the
=hD/4L2=280ksmK [we took the full length, since this is pair breaking influence of the normal lead gets effectively
mainly used in the literature to characterize superconductorsuppressed. Accordingly the supercurrent increases drasti-
normal metal-superconducté8NS junctiong. In the cal- cally. The phase difference, for which the critical current is
culation we have assumed a temperature independent supegached, shifts from 0.66to 0.87 in the same temperature
conducting gap corresponding &dkg=2 K. interval. In the left panel of Fig. 3 we show the current-phase
Let us now turn to the phase-dependent resistance of thelation in the temperature interval between 100 mK and 2
horizontal branch, measured in an 4-point configuratiorK. It is clearly nonsinusoidal and also changes at low tem-
through the lead®N1-N4. The resistance oscillations for a peratures.
large range of temperatures are shown in Fig. 2. Following Summarizing these theoretical results, we have observed a
the temperature dependence of the resistance for the zenmmther surprising phase dependence of transport properties in
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FIG. 3. Left panel: Supercurrent phase relatiprain and criti-
cal current/critical phaséinsed. The nonsinusoidal current phase
relation is plotted for temperatures from 100 mK1 K in steps of
100 mK (from bottom to top. For phase differences around-/3 c)
the increase is the strongest. The inset shows the temperature de- 0.96
pendence of the critical current, together with the phase at which it
is reached. Both quantities show a strong variation below 1 K. .#

Right panel: resistance vs temperature for integer and half-integered 0.92 m
external fluxes. The lines are theoretical results and the symbols ) “&wmmmw P T~
correspond to the experimental data. For integer flux both experi- KAt s @%
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ment and theory show the usual reentrance behavior. For half-
integer flux, the resistance decreases from the normal-state resis
tance below a temperature of about 400 mK. At lower temperatures
it drops even below the resistance for integer flux. We attribute the
saturation of the experimental resistance at very low temperatures

to heating effects. The best fit of the resistance for half-integer flux FIG- 4. Resistance oscillations including screening. We compare
was obtained for a screening parameter0.01e/GEy . the theoretical predictiongight column with the experimental re-
sults (left column using the screening parameter determined from

the fit in Fig. 3. In the upper row the resistance oscillations are

a ”?“'“ teﬁmlnalldlﬁuilve h_eterr?st:u;:turel. Howefve_r , the ex'compared for temperatures of 750, 600, 450, 350, 250, 200, 140
perimental results, shown in the left column of Fig. 4, aréy .. "y the lower row for 130, 105, 95, 85, 70, 50, 20 mK. The

q_Uite differ_ent. The f_eas‘?”' as we will quantif_y below, is theagreement is very satisfactory, although not all details coincide.
diamagnetic screening in the superconducting [Bophe

applied magnetic flux indgces a supercurrent in the |9°pmizing Eq.(4) with respect top we obtain an equation that
which screens the magnetic flux. Therefore, the phase diffelgeiermines the phase difference as function of the external
ence between the superconducting reservoirs is not directly,,,

given by the applied magnetic flux. This effect depends on
the self-inductance of loop. We will show below, that ac- 26
counting for this leads to a fully inverted phase dependence Oy— = 7"' (@)=7yl(e). (5
and a reasonable agreement of experimental results and the-

oretical calculations. In the limit of vanishing self-inductance_(~0) the phase

To address the screening effect we consider a SUPerCORgterence across the junction is equal to the externally ap-

ducting loop interrupted by a weak link. For the system deyjieq flux. This is usually the desired result. On the other

picted in Fig. 1 the weak link is the norma[—metal structure.hand, if the right-hand side of Eq5) is not negligible, the
We therefore have to assume that the entire phase drop ofpaqe at the junction differs from the applied flux. If, e.g., the
curs over the normal metal, which is equivalent to say thatrent is I(¢)=1.sine and (2/H)LI>1, we find ¢

C C ]

the critical current in the normal metéhduced by proxim- ~o¢,/(2eLl./#)<e,. The phase is always much smaller

ity) is smaller than the critical current in the superconductingthan expected with.=0. This holds as long as the applied

ring connecting 'the two reservqsi ands2. The energy of flux is less thamr. If the external flux exceeds this value,

a superconducting loop, containing a weak link, reads  yher sojutions become important and the phase jumps. The
main consequence of these jumps is that certain intervals of

E(¢)=3L1(¢)*+EJ¢). (4)  phases around odd multiples af cannot be reached by

modulation of the external flux. Below, we will fully account

Here,L is the self-inductance of the loop, which depends onfor the screening, by calculating the full current-phase rela-

the geometry, anéty( ¢) is the Josephson energy of the weaktion for each temperature. Then the solution of Ej.deter-

link. It has to be determined from the integration of themines the actual phase difference.

current-phase relatiohm(¢). Fluxoid quantization requires As discussed previously, accounting for the screening ef-

that ¢=27®;/P, (we restrict ourselves here t® fect renders a certain interval of phase differences unobserv-

e[0,7], for simplicity). The total flux® is the sum of the able. Thus, we expect that screening suppresses the resis-

externally applied fluxb, and the flux created by the super- tance at half-integer external flux, since the actual phase

current®;,y=LI(¢). Introducinge,=27d, /Py and mini-  difference differs from an odd multiple af. The screening

0
20/,
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effect is directly seen in the temperature dependence of thieg effect can lead to the inverted resistance oscillations at
resistance for half-integer flux. This is depicted in the rightlow temperatures, i.e., the system has a negative magnetore-
panel of Fig. 3, together with the zero-flux resistance. Thesistance.
value of the self-inductance parameteis chosen to match  Let us finally comment on the numerical value of the
the experimentally achieved minimal resistance around 10@creening parametar=0.01e/G\Ey . Using the experimen-
mK. Note, that without screening the resistance at halftg| valuesRy~3 Q and Ey=57 kg mK, we calculate for
integer flux would be always equal to the normal-state resisgne self-inductance of the lodp~2 pH. On the other hand,
tance. Taking screening into account strongly suppresses thga find for a circular loop of radiuR=2xm and cross
resistance below 400 mK with a maximal suppression okection W2=20x100 nnf a self-inductance L o0p
~7%. At lower temperatures, the resistance reenters, similar ,, ‘erin(8R/W)—7/4]=9 pH. Although the self-inductance
to the zero-flux resistance, back to the normal-state resis;i 5 |oop with the experimental geometry is not easy to de-
tance at zero temperature. As can be seen the resistance fgfmine, this rough estimate agrees reasonably well with the
half-integer flux is also slightly below the zero-flux resis- gejf-inductance determined from our fit.
tance, indicating a reversal of the resistance-vs-flux oscilla- |4 conclusion we have shown that a diffusive Andreev
tions. This is in agreement with the experimental data. Thenterferometer can show a negative magnetoresistance and a
deviations at high temperatures can be attributed to the Ngon_sinusoidal supercurrent-phase relation. This effect has
glecting of the temperature dependence of the superconduqizen calculated theoretically and found experimentally. We
Ing gap. _ __obtained excellent agreement with experimental data, if the
_To confirm that the theoretical results are fully consistentyiamagnetic screening in the superconducting loop imposing
with the experimental data, we compare the resistance osCiine phase difference is taken into account. This eventually
lations for various temperatures in Fig. 4 using the screeningsags to a fully inverted resistance oscillations.
parameter determined from the fit in Fig. 3. The similarity to
the experimental curves is quite striking, although not all W.B. was supported by the Swiss NSF and the NCCR
details coincide. However, it is clearly seen that the screenNanoscience.
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