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Point contact junctions made from two pieces of MgBan be adjusted to exhibit either
superconductor-insulator-superconduct®S) or superconductor-normal metal—-superconductor
(SNS current—voltage characteristics. The SIS characteristics are in good agreement with the
standard tunneling model for s-wave superconductors, and yield an energy gap of (2.02
+0.08) meV. The SNS characteristics are in good agreement with the predictions of the
resistively-shunted junction model. DC superconducting quantum interference devices made from
two SNS junctions yield magnetic flux and field noise as low asfy Hz 2 and 35 fT Hz 2 at

19 K; & is the flux quantum. €2001 American Institute of Physic§DOI: [10.1063/1.1424465

The discovery of superconductivityn MgB, at 39 K  crease its temperature. Three such junctions were made, and
has generated considerable interest with regard to both fureach was adjusted many times to obtain a wide variety of
damental issues and practical applications. An important todl-V characteristics.
in both respects is the tunnel junction. To measure the energy Figure 1 shows two representative four-termimalV
gap, a number of tunneling experiments with normal contactsharacteristics for junctions with a resistariRat high volt-
have been performed® These measurements reveal valuesages & 2A/e) of approximately 2.9 K. The current is small
of the low-temperature energy gafp(0), that range from 2 for low voltages, and increases steeply at a voltagée2
to 7 meV; by contrast, the weak-coupling Bardeen—Cooper-There is no discernible Josephson critical curigrih either
Schrieffer(BCS) value A(0)=1.76kgT, is 5.9 meV, where  characteristic. If one assumes the BCS resyit mA/2eR,

T. is the transition temperature. Other experiments have
been performed with both electrodes made of MgBon-
nelli et al® used MgB break junctions to observe a Joseph-
son supercurrent, a nonhysteretic current-voltage V()
characteristic, and microwave-induced steps. Brinkman
et al,'° using nanobridges patterned in thin films of MgB
observed Josephson-like'V characteristics and oscillations
in the characteristics of dc superconducting quantum inter-
ference device§SQUIDS as a function of applied magnetic
field.

In this letter, we report experiments on all-MgBoint
contact junctions that can produce either superconductor-
insulator-superconductolSIS) or superconductor-normal
metal-superconductdSNS |-V characteristics. Thé-V
characteristics of the SIS junctions are well fitted by the BCS
tunneling model with a reduced energy gap. The SNS junc-
tions displayl =V characteristics in good agreement with the
resistively-shunted junction mod®i,and are used to make
dc SQUIDs with low noise at 19 K.

Compact samples of MgBwere formed from high pu-
rity amorphous B powder and Mg metal, and had a typical
T, of 39 K. Point contact junctions were made from flakes of
MgB,, typically 0.5 mm thick, with no further surface treat- 8 6 4 2 0 2 4 & 8
ment. The sharp point of one piece was pressed against a Voltage (mV)
second with an adjustable screw arrangement. The assembly

was immersed in liquidHe or raised above the bath to in- FIG. 1. Current (crossesand conductancel/dV (diamonds vs voltageV
for MgB, tunnel junctions with fits to the theory shown as solid and dotted
curves, respectively.(aQ) Temperature is 8.9 K,A=2.06meV, I
dpermanent address: Forschungszentrum Juelich, D-52425 Juelich, Ge#0.120 meV; (b) temperature is 16.4 KA=1.88 meV,T'=0.0469 meV.
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many. Inset in(a) is A(T) vs temperaturd’, fitted to BCS prediction withA (0)
YElectronic mal: jclarke@physics.berkeley.edu =(2.02-0.08) meV andl ;=29 K.
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the noise paramet&rT" = 2mkg T/l ;@ is 0.33 and 0.69 for 0.8
Figs. 1@ and Xb), respectively. At these values bf, ther-

mal fluctuations largely quench the Josephson effect; in prac-

tice, the reduced gap may imply a further suppression of
Josephson tunneling, effectively enhancing the valuds,of 0.4
above the quoted values. Junctions witg=< 0.1 exhibited
Jolgephson supercurrents. The curves through the data are fits <
to

Gnn [
|=T _WP(E)P(EJFGV)[f(E)—f(E+eV)]dE, 1)

Current (mA)

whereGyy is the normal-state conductance fitted at voltages 0.4

above 3A/e,p(E)=Re(E-iD/[(E-i)?—A?[Y2 is the
modified BCS density of statefy(T) is the fitted energy
gap,I'(T) is a fitted gap-smearing parametégnd f (E) is 08 . ,
the Fermi function. We note thatis smaller at 16.4 K than -20 10 0 10 20
at 8.9 K, probably because the point contact junction changes
when we change the temperature. Figure 1 also shows the
differential conductancesi|/dV, obtained by differentiating FiG. 2. current vs voltage at 5 K for SNS junction with asymptotic resis-
the |-V curve, together with the theoretical prediction. Thetance of 29.7). Curve is fit to noise-free resistively shunted junction model.
peak around zero voltage arises from the gap smearing whidppper inset shows current versus voltage at 20 K for increasing microwave
. . . ower at frequencyf,,=10 GHz; steps are at voltages®, f,,, where
p.roduces an enhanced quasiparticle population at low ,enegfo fm=20.7uV. Curves have been offset by 28/ for clarity. Lower right
gies. The good agreement between theory and experimemget shows 10.3 GHz microwave-induced steps at 35 K.
confirms that tunneling occurs between two superconductors,
rather than between a superconductor and a normal metdfQUIDs in this way; three of them functioned well. Figure 3
furthermore, there is no evidence for a Josephson supercushows thel -V characteristic of one of them, with the mag-
rent. netic flux ® threading the loop adjusted to &b, and (

The inset in Fig. {a) showsA(T), extracted from a +1/2)®,, wheren is an integer. The inset in Fig. 3 shows
series of plots like those in Fig. 1, versus temperature. Withirthe voltage versus applied magnetic flux. As a function of the
the scatter in the data, the weak-coupling BCS predictiobias current g, the peak-to-peak voltage of the oscillations
with a reduced gafsolid line) is a reasonably good fit. How- peaks smoothly at a maximum of about @U. The oscilla-
ever, the low temperature asymptoted(0)=(2.02 tions are somewhat asymmetric, suggesting that the critical
+0.08) meV, is substantially below the value predicted bycurrents and resistances of the two junctions were unequal or
weak-coupling BCS theory and observed in some tunnelinghe junctions were not placed symmetrically on the super-
experiments to normal metal conta®-8and the fit to the conducting loop* At a bias current of 13.%A, the average
data indicates & of about 29 K. These lowered values of maximum transfer coefficienyq,=[dV/o®|,, is approxi-
A(0) andT, are possibly associated with a surface layer thainately 28QuV/®,.
has a reduced value @f. or is even normal. However, the
observed value oA (0) is still substantially below the BCS 40 . .
value predicted foil ;=29 K, about 4.4 meV.

By increasing the pressure between the two MgBr- ®=no
faces, we obtain much lower resistances and nonhysteretic 20
| -V characteristics with a Josephson supercurrent. Figure 2
shows an example along with the fit to the prediction of the
noise-free resistively shunted junction model= (12
—12)Y2R. The noise parametdFy~0.0021, is small and the
noise rounding is mindr® The good fit indicates that there
are no evident excess currents. One inset in Fig. 2 shows 650W
microwave induced stepsat voltagesm®, f,, (m=0,+1, GOOW
+2...) induced by several values of microwave power at SSOM
frequencyf,,. The second inset shows the existence of a -40 + EAN/ANSIJANSI/ANE
critical current and steps at 35 K, well above the valug of P '
inferred from the temperature dependence of the energy gap /D
in Fig. 1(a). Possibly the SNS junctions have a much lower 60 ‘ ! -
resistance because surface layers of the MbBve been -200 0 200 400
penetrated to reveal bulk MgB Voltage (uV)

We used the same technique to make dc SQUIDs. The o _
adjustable flake of MgB typically 1.5<4.5 mn?, was se- FIG. 3. Characteristics _of dc SQUID. Main panej shows current versus

. . _voltage at 19 K for applied flux corresponding to integer and half-integer
lected to have two nearby points that were pressed againgx quanta. Inset shows voltage versus applied magnetic flux for bias cur-

the surface of the flat piece. We attempted to make fiveents of 0, 6.6, 8.0, 11.0, 13.5, 16.0, 17.0, 18.0, and 12
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E g 4 g Figure 4b) shows the noise for another SQUID. The
: (@) ] white noise, about 1g.®,Hz Y2, extends down to about 1

| kHz; SE(f) scales approximately asflat frequencies be-
tween about 100 and 2 Hz. The effective aréqg
~0.60mn?, yielding a white magnetic field noise of
35fT Hz 2. For both SQUIDs, operation of the flux-locked
loop with bias current reversal—which reduces the low fre-
quency noise due to fluctuations in the critical current—had
no effect on the noise spectrum.

To compare the white flux noise for the SQUID in Fig.
4(a) with theory!* we estimate 8, ~3, L~50 pH, R
~20Q and I'y=0.04 to predictSy4(f)~(16kgT/R)Y2L
~0.4udHz Y2 A similar estimate for the SQUID in Fig.
4(b) yields 1ud,Hz 2. The fact that the measured white
noise for both devices is an order of magnitude higher than
predicted may be due to asymmetric devices, poor radio-
frequency shielding, and nonoptimal matching of the SQUID
resistance to the preamplifier.

Our observation of SIS-tunneling characteristics and the
demonstration that thin films of MgBcan be depositéf]
Frequency (Hz) suggest that it may be feasible to fabricate thin film tunnel

FIG. 4. Noise spectra of two SQUIDs at 19 K. Left-hand ordinate showsjuncnor|S W!th grown or depOSIted barriers. Such junctions
magnetic flux noise, right-hand shows magnetic field noise. could possibly extend the upper frequencs3A/h) at
which SIS mixer$® may be used. In the case of the dc
) SQUIDs, the low-frequency noise is 2—3 orders of magni-
We now make a rough comparison of the measured ang,ge |ower than that of YBEW0,_, SQUIDs early in their
predicted values 0¥, . For thel -V characteristic in Fig. 3, gevelopment. This result suggests that low frequency noise
the maximum critical current is [g~16uA, so thatl'y  que to thermal activation of trapped flux vortices is less of an

~0.1 and the asymptotic resistanB&~11Q, whereR is  jsqie in MgB SQUIDSs than in their highF, counterparts.
the resistancéassumed to be equagber junction. The peak-

to-peak swing in the critical current i51,~8 uA, yielding This work was supported by the Director, Office of Sci-
Aly/2l y~1/2. Computer simulation&for ideal, identical Jo- ence, Office of Basic Energy Services, Material Sciences Di-
sephson junctions indicate that the corresponding value ofision of the U.S. Department of Energy under Contract Nos.
BL=2LIy/Py~1, wherelL is the inductance of the SQUID DE-AC03-76SF00098 and W-31-109-ENG-38.

loop, implying thatL~130 pH. The predicted maximum

value of the transfer coefficient Eq~R/L~350uV/®,

in quite good agreement with the average measured value.

To measure the noise of our dc SQUIDs, we operated - .
each in turn, surrounded by a high—pergeability shieFI)d, in alﬁ,'aﬁ‘jg?[‘;i‘jg,;)5‘1'132";?;3{,?57 Muranaia, ¥ Zenitani, and J. Akimitst,
flux-locked loop. Figures (4) and 4b) show the measured 2G. Karapetrov, M. lavarone, W. K. Kwok, G. W. Crabtree, and D. G.
flux noise spectrunsi%(f ) for two different SQUIDs at 19 ,Hinks, Phys. Rev. Leti86, 4374(2001). ,
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(“white” ) flux noise at frequencies down to about 500 Hz, 4G Rubio-Bollinger, H. Suderow, and S. Vieira, Phys. Rev. L&$.5582
with a value of about 4u®,Hz Y2 As the frequency is  (2001.

lowered, the noise increases with a slope of roughly -1/4ZA- Kohen and G. Deutscher, cond-mat/0103512.

down 10 about 3 Hz, and then increases steeply at lower s FECe™ SBeTIa P K& ang . racar congmauoionoss,
frequencies. The noise below 3 Hz is almost certainly due to wiragiia, ’C..Marcenat’, and A. G. M.,Jan.sen, P’hy.s. Rev. L’8§tt..137005 o
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chanical instabilities in the point contact junctions. The ori- zg- Sgaggir;r:él';e'”:rv (?;goloériMilnao' g:\yié ?09"-(;3;2033?}]2?33- v A
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and may or may not be intrinsic to the device. The tempera©a. Brinkman, D. Veldhuis, D. Mijatovic, G. Rijnders, D. H. A. Blank, H.
ture of the SQUID was not well regulated, and fIuctuationanilgenkamp, and H. Rogalla, Appl. Phys. Leto, 2420(2002).
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excess noise. The right-hand ordinate shows the magnetie,, X;bégaokar and B. 1. Halperin, Phys. Rev. L&, 1364(1969.
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