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Electron tunneling into superconducting CeRy
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The superconducting energy gap of CeRas been studied by break-junction tunneling. The observed gap
values A(0)=1.9-2.6 meV withT.=5.4—-6.7 K give the ratio £(0)/kgT.=4.1-4.4, indicating a strong-
coupling superconductor. The temperature dependence of the gap value is in good agreement with the BCS
prediction.[S0163-18207)02037-7

Recently, much attention has been paid to supercondumther intermetallic superconductdrand they are due to the
tivity in the cubic-Laves-phase compound CeRar its pos-  particular property of the break junction that is sensitive to
sible exisotic superconducting phase occurring near the ughe local change in stoichiometry at the surface regions. The
per critical fieldd This compound exhibits the highestT, value in the present tunneling measurements is
superconducting transition temperatdrg of 6 K, which is 6.7 K, which is well above the bulk. value. A similar value
the highest value among the Ce intermetallic superconduchas been in fact observed by the susceptibiliurther, such
ors. Specific-heat measurements have revealed a linear elexvalue has been obtained inCgla,Ru, for smallx, sug-
tronic coefficienty of 29 mJ K2 mol~* and the discontinu- gesting that rather small local variations in the electronic
ity at TLAC=2yT..2 The NMR measurements have shown properties easily induce a substanffal changé’

a Hebel-Slichter peak and the ratid®@)/kgT.=4, where Figure 1 shows the tunneling conductanadigV)/dV
2A(0) is the superconducting energy gap at § Rhese re- from different break junctions. The conductance fitting re-
sults are consistent with the picture of a strong-coupling susults are presented by the dashed lines. For the fitting of the
perconductor for CeRu superconductor-insulator-superconductdSIS) tunneling

In this paper we report tunneling measurements of GeRu[Figs. 1@ and 1b)], the conductance is calculated using the
to clarify the nature of its superconductivity in a more directexpressio
way. Tunneling is the most successful technique used to
measure the quasiparticle energy gap. The present work al- tee
lows us to make a quantitative analysis based on BCS theory.dl(v)ldv: CJ',OO {N(E,[)[dN(E+eV.I)/dV]

The results presented here, giving essential knowledge of its
superconductivity, will be also helpful to investigate what X[f(E)—f(E+eV)]+N(E,I')N(E+eV,I')

occurs in mixed states.
Fabrication of the artificial tunneling barrier on the Ce- X[—-df(E+eV)/dV]}dE, @)

based compounds has been difficult because of their reactiVgere c N(E,T), and f(E)are the scaling parameter, the

surface characteristics. One of the solutions is to userthe broadened BCS density of states proposed by Dmed;.s
situ break junction. Since this technique provides the clean-

est junction, the essential features can be obtained. For the N(E,)=|Re{(E—iT)/[(E—iT)2—A2]¥3|, (2
measurements, polycrystalline samples havirouk T,=6
K with a resistive transition width 0k0.2 K were used, and the Fermi distribution function, respectively. For the fit-
which were prepared by arc melting of a stoichiometric ratioting of the superconductor—insulator—normal-metaIN)
of Ce4N) and Ry3N), and annealing for 1 week at tunneling[Fig. 1(c)], which was also obtained in our break-
1000 °C! The junctions were formed by cracking the samplejunction measurements, we can pNGE+eV,T) in Eq. (1)
on the glass-fiber substrate below the liquid-helium temperato be constant. In Fig.(d), the intensive gap-edge peaks at
ture. The tunneling conductanck(V)/dV as a function of the biases oft2.5-2.6 mV are accompanied by structures at
bias voltage ¥) was measured by an ac modulation tech-+1.2—1.3 mV, which are the characteristics of the SIS tun-
nigue using a four-probe method. neling of a BCS superconductbiThe junction resistance of

In this work, substantial gap distributions at a low tem-R;~0.5 k) at high biases is much lower than the resistance
perature were observed for samples which had been comuantumh/2e?~12.9 K2, which is believed to distinguish
firmed to be single phase by x-ray diffraction. These arebetween the point contact and the vacuum tunneling regimes.
found to be due to locarl . distributions that could not be The low-R; value for the tunneling is probably due to a large
detected by a superconducting quantum interference deviafective junction area. We compare the experimental data
(SQUID), because of the microscopic nature of inhomogenewith the calculated curve for the SIS tunneling in Figa)l
ities which could not be readily observable in the bulkusing Egs.(1) and (2), and obtain fairly good agreement
sample. SuchT, distributions have also been found in the between them using=1.28 meV andl'=0.2 meV except
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FIG. 1. Tunneling conductance for CeRuom different break
junctions. Solid and dashed curves represent, respectively, the ex

perimental data and calculation using E¢B. and (2). Frames(a)

and(b) are the SIS tunneling, whilée) is the SIN tunneling. 4.49

for the zero-bias region. The fitted value ck45.12 meV i
agrees with the observed peak-to-peak separation o 49
di(V)/dV, 4A, ,=5.1 meV. This is a characteristic feature .
of SIS tunneling. The subgap structurestat/e=+1.2-1.3

mV can be due to the two-particle tunneling and/or the SIN 4.23
tunneling component rather than the density-of-states effect ~~9["

4 .
because they are much enhanced in the experimental daWUE) —
than the calculation. In Fig.(h), the experimental curve pos- ~= T= 420K
sesses much leakage inside the gap compared to that for Sl 21 7]
tunneling, but at higher biases the agreement is satisfactor B CeRu,

between them. The fitted SIS gap value &=44.4 meV Lo . . I ' ,
again agrees with the observed value oA 4,. The 0 10 5 0 5 10
dI(V)/dV curve in Fig. 1c) possesses broad gap peaks at
+1.3 mV, above which broad maxima at5—5.2 mV with VOLTAGE (mV)

the conductance background haviRg~8 k() are seen. The

bias positions of the gap peaks are lower than those of Fig. FIG. 2. Temperature variations of the SIS tunneling conduc-
1(b) in spite of the same temperature of 4.2 K. We havetance for CeRyu

assumed this feature to be due to SIN tunneling; then, the

conductance fitting has been performed using the SIN exr_nake an agreement of the depressed area below the normal-

oression based on Egd) and(2). As shown in Fig. ic), the Zt:\atlisczggsgtince with the sum areas of the two conductance
calcul_ated curve witlh =0.75 meV and'=0 agrees with the In Fig. 2, the temperature variations of the tunneling con-
experimental data around the conductance peaks. We al$p ~tonce are shown for the junction of Fig(bL The
present the calculated curve wifh:O.22. meV. In this case changes indI(V)/dV with temperature resemble what we
the magnitude of the observed zero-bias conductance is rgae in the SIS tunnel junction of a BCS superconductor. The
produced, but it does not explain the observed intensive consypgap leakage is partially explained Byand the thermal
ductance peaks. In SIN tunneling, the proper energy-gaproadenings, but it is still larger than these effects at every
value should be obtained by the value Xoffrom the flttlng temperature. The Subgap structurestdt/e merge into the
procedure because of the significant thermal broadening @fiope in the main gap a¢5.3 K, whereas the zero-bias peak
the tunneling density of states. The occurrence of SIN tunsmeared out above 6.1 K. The main gap structures remain up
neling in the break junction is presumably due to a crackingo 6.7 K, that is, well above the bulk.=6 K of this sample

at the grain boundaries, of which one side is notas described above.

superconducting Since the conductance curve deviates from  The temperature dependence of the gap magnitudes of
N(E,T") only in the low-bias regions, the bias dependence ofig. 2 is plotted in Fig. 3. Because of the SIS junction ge-
the background conductance should be taken into account tametry, the gap value at every temperature can be directly
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FIG. 3. Temperature dependence of the energy ggp.4from
Fig. 2. The solid curve represents the BCS prediction.

obtained from the well-defined values ofAg_,. The ob-

served temperature dependence af,4, is in good agree-

ment with the scaled BCS curve withA4 _,(0)=5.1 meV

andT.=6.7 K. These values give the ratid®)/kgT.=4.4,

which well exceeds the weak-coupling BCS ratio of 3.5. This

is consistent with the value-4.2 obtained from the specific-

heat jumpAC/yT,~0.1152A(0)/kgT.]?=2 (Ref. 2 and

~4 from the NMR measuremenSince this ratio is like that aO 12
for Pb having a similaiT, value, a strong electron-phonon & =" «—
interaction could be expected in CeRThe tunneling data V0_10 R
in Figs. 1 and 2, however, do not show such strong—coupling>
structures, at least below the biasestd mV. The reasons = (.08t CeRu,
for the absence of them might be due to the complicated A L

phonon spectra in the Laves-phasé5 crystal structure of -10 -5 0 5 10
CeRu. The rather high bulk resistivity of CeRualso could VOLTAGE (mV)

smear out the phonon structures in the tunneling conduc-

tance. o o FIG. 4. Temperature variations of the SIN tunneling
In Fig. 4, the temperature variations @f(V)/dV in Fig.  conductance for CeRu Inset: the temperature dependence of
1(c) are shown. With increasing temperature, gap structuregii/dv (0 mv)J/[d1/dV (10 mV)].

of £1.3 mV are broadened and disappear near 5.4 K. There
is no shift of the conductance-peak voltages upon Warmin?( ] )
because of the thermal smearing in the SIN junctionkeTc=4.1-4.4 for CeRpwith that of the other intermetal-
geometry. The inset of Fig. 4 shows the temperature delics. This ratio is similar to that of the well-knowA15 in-
pendence of the normalized zero-bias conductanctermetallic superconductor NBe, but itsT, is high(T.=21
[dI/dV (0 mV)]/[dI/dV (10 mV)]. This is proportional to  K) and thus the strong-coupling phonon structures are clearly
the thermally smeared density of states at the Fermi energgbserved in the tunneling conductaricEhere have been a
and its smallness at low temperatures measures quality of tffew successful tunneling measurements on the superconduct-
junction. TheT, is definitely determined to be 5.42 K from ors containingf electrons to date. The ferromagnetic super-
this plot, which is lower than the bulk one. From the fitted conductor ErR§B, showed the ratio=3.8 with T,=8 K.°
value of 2A (4.2 K)=1.5 meV in Fig. 1c), 2A(0) is extrapo-  For the heavy-fermion superconductors, Ld possesses a
lated to be 1.9—2 meV assuming the BCS temperature dedistinct gap feature having a ratio f3.8 with T,.=2 K.*°
pendence of the gap withT,=5.42 K. The ratio The compound UBg also exhibits a ratio of~4.2 with
2A(0)/kgT.=4.1-4.3 is thus obtained. The asymmetry inT,=0.8 K!* The strong-coupling ratio of CeRus quite
the background conductance becomes noticeable als@ve similar to them, although CeRus not considered to be a
K due to a slight change in the junction. The outer structureieavy-fermion superconductor. Further, the electron-
of =5-5.2 mV remain at least up to 6.5 K, that is, well spectroscopy and band-structure calculatidAsuggest the
above theT, value of this gap, suggesting that these are nosubstantial weight of a# configuration, and the Ce valence
related to each other. The value of 5-5.2 meV is still muchis estimated to be~3.7 from the bulk measuremerits.
larger than the expected gap value from the possible localherefore, it would be plausible that the 4lectrons con-
highestT, of 7.2 K® tribute to the strong-coupling ratio of the superconductivity
It would be interesting to compare the ratidA®)/ in CeRy to some extent.
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close to that for the heavy-fermion superconductors, al-

0.4 T T T T
(2K) @ though the temperature scales ard 0 times larger than
o3k J those for the heavy-fermion compounds. Nassl® pre-
dicted the tunneling structures of the magnetic excitations in
o2l i the superconducting density of states having a characteristic
_0.151 - energy corresponding to the magnetic ordering temperature.
g In terms of this interpretation, the observed conductance
2 ® structure at~5 meV (=58 K) which is close tdkgT, could
Bo.10} - be due to the interaction between conduction electrons and
0.251 1 magnetic excitations, although there is no signature in the
resistivity atTy. Another interpretation of these structures
0.20 can be given by the collective excitatiofesg., antiferromag-
CeRu netic gap because the ratieV, , /kgTy~3 approximately
A : ' .
oqsk T=42K . ] agrees with the mean_-fleld value, whéfg ,~10 mV is the
70 5 0 510 peak-to-peak separation of the structures. A small amount of
VOLTAGE (mV) the magnetic impurity phase also cannot be ruled out as an
origin of these structures.
FIG. 5. Tunneling conductance for CeRuom different break In summary, we have observed the superconducting en-
junctions. ergy gap in CeRyusing break junctions which are effective

to the reactive surface characteristics of the Ce intermetal-
lics. The observed conductance features can be fitted with the
BCS density of states for the best data. The temperature de-
Bendence of the gap is in good agreement with the BCS

. ) prediction. The gap values 0fA20)=1.9-2.6 meV with
same as Figs.(&) and 4. Both the strong-coupling effect of .=5.4-6.7 K give the ratio &(0)/kgT,=4.1—4.4, indicat-

the electron-phonon interaction and the higher harmonics hg 5 strong-coupling superconductor. This ratio is similar to

the gap energy can be ruled out for the origin of these strucat of somef-electron superconductors. We could not ob-

tures because they do not depend on the gap-edge voltaggsy e the phonon structures in spite of the strong-coupling
between 1.9a) and 3.4(c) meV. One of the possible origins \4tjq  nstead, the reproducible structures are observed at
is associated with the antiferromagnetic phase below,.g_g 5 .

Ty~40-50 K found by susceptibilityas well asuSR (muon

spin relaxation (Ref. 19 measurements, which coexists with  This work was supported by a Grant-in-Aid for Scientific
superconductivity. From this viewpoint, it is interesting to Research from the Ministry of Education, Science, Sports
point out that the ratio off ./Ty~0.13-0.17 in CeRuis  and Culture, Japan.

The reproducible conductance structures observetbat
5.2 mV are presented in Fig. 5. These curves were take
from three different break junctions. The curde is the
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