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Specific heat of N@Sn: The case for a second energy gap
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We present specific-heat data for 48im, a well-known technically applied superconductor with a critical
temperatureT,=18 K, in the temperature range from 1.2 to 200 K in zero magnetic field, and from
1.5 to 22 K in fieldsH=<16 T. The particularly dense and homogeneous polycrystalline sample used for this
study is characterized in detail. We determine the bulk upper critical HigJ@T) from specific-heat data, and
the Sommerfeld constantfrom the entropyS(T). We investigate in detail a low-temperature anomaly already
noticed in previous investigations in zero field, and find that this feature can be quantitatively ascribed to the
presence of a second superconducting ghgl® = 0.8gT,, in addition to the main one (0) =4.%gT,. The
signature of this minor gap, which affects 7.5% of the electronic density-of-states, vanishes in high fields.

DOI: 10.1103/PhysRevB.70.184526 PACS nunier74.70.Ad, 74.25.Bt, 74.20.De, 74.25.0p

INTRODUCTION this anomaly is field dependent, which excludes phonons as a

The unexpected discovery of superconductivity at 39 K inPossible cause. Furthermore, we find that the two-gap model
MgB,, a classical nonoxide intermetallic compound, has'écently advocated by Bouquet al*? accurately fits our
stimulated a great deal of interest. A particularly interestingdata. Finally, very recent point-contact spectroscopy experi-
feature of MgB is the existence of two sets of electronic ments performed on the same sample also detect a feature on
bands crossing the Fermi level, which give rise to distinctthe same energy scale as the smaller'§ape conclude that
superconducting gagsThe presence of two gagsore pre- Nb;Sn is a new example of two-gap superconductivity.
cisely, two groups of gapswas assessed by various tech-
nigues probing the surface as well as the bulk of the sample PREVIOUS SPECIFIC-HEAT STUDIES
(see Ref. 2 for a reviewThe two-gap feature is particularly i , . . )
evident in MgB, because the density of states at the Fermi We'flrst review earlier representative WOI’k'In' order to
level is almost equally shared between the two sets of band§Stablish that the anomaly we discuss is a distinctive and
and because the gaps widths, in a rati®: 1, are sufficiently ~9eneral feature of Nf$n rather than the property of a par-
different to be easily resolved. One may wonder if two-gapt'cmar ;ample. The specific-heat data in zero field of Vieland

.. . . 4 — 2
superconductivity only occurs as an exception in nature, be2nd W|cklupc} follow the law C/T=yo+B5T* tietween 11
ing limited to MgB,, Nb-doped SrTiQ (Ref. 3 and possibly ~ and 5 K, with y,=0.8 mJ{K*ga} (one gat is3 of a mol,
somes-d element$.® or if it exists more generally, but has i-., 99.5 g of NBSn). Ideally, in a fully gapped supercon-
not been paid sufficient attention in the past. One of theductor, the parametey, should be zero. The teri;T? rep-
conditions for multigap superconductivity to occur is thatresents the lattice contribution. Vieland and Wicklund noted
more than one band should cross the Fermi level, a preredhat this behavior is consistent either with one-dimensional
uisite that is commonly satisfied, e.g., $rd metals. A sec- Mmodes in the vibrational spectrum, or with the two-gap
ond condition is weak interband scatterfighe latter is sel- model of Suhlet al® in the limit ksT> A4(0), whereA4(0) is
dom met. The different dimensionality characterizing the the smaller gap attributed to tteeband; in this regime the
and 7 bands in MgB helps to satisfy this requirement. s-band electrons make a normal electronlike contribution to

The specific heat of some superconductors differs markthe specific heat. However, the decreasing specific heat in the
edly from the BCS behavior at low temperature, indicatingfully gapped regimekgT <Ag(0) was not observed, so that
that they may be candidates in the search for additional exthis interpretation remained speculative.
amples of multigap superconductivity. One of them is One of us(A.J) investigated the specific heat of several
NbsSn, a material which similar to NbTi is in technological NbzSn polycrystals with variou$,'s in the same temperature
use, and in which the structural, electronic, magnetic, elasticange’® For two nearly stoichiometric samples with,
vibrational, and superconducting properties have beers18 K, it was found thaC/T, although similar to Vieland’s
widely documented-*! Several studies have shown that the data above 2.2 K, showed a down turnTas: 0, which was
specific heat of NgSn does not vanish exponentially at low inconsistent with a constant value of tiggparameter. It was
temperature below-T./4; these studies were generally lim- suggested that this anomaly was related to the softening of
ited to zero field or were not sufficiently detailed, so that nothe [ssO]T; phonon mode, which had been observed in
definitive conclusions could be drawn. In this paper, we re-neutron-scattering experimenfs.
investigate the specific heat in the temperature range from Stewartet al. also found an anomalous specific heat for
1.2 K to well overT,, in several magnetic fields up to 16 T, 1.4<T=<4.5 K in a polycrystalline sample which, according
in order to decide if the origin of this anomaly lies in the to the lattice constara=5.290 A, was probably slightly Sn
lattice vibrations or in the electronic spectrum. We find thatdeficient!” Using the analytic fornC/T=yy+ 85T, they ob-
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FIG. 1. Observed, calculated, and difference x-ray powder dif- 0.1
fraction patterns of NfSn at 293 K. Inset: tetragonal lattice param-
etersc anda below the martensitic transformation temperature.
0.08
tained y,=0.25 mJ(K? gab. In a later work, the valuey, Fg
=0.5 mJ(K? gab was given for a single crystal, using data o 0.06
for 2.0=T=<4.2 K!8 Stewartet al. listed several possible X
explanations fory, being nonzero, including two-gap super- ~ 0.04
conductivity and a phonon anomaly, and rejected the pos- S
sible effect of impurities. Among other measurements of the 0.02
specific heat of N§Sn available in the literature, the precise ‘
data of Khlopkin in fields up to 19 T should be mentioned,;
however, the temperature range below 4.5 K was not 0
investigated®
(b}
SAMPLE FIG. 2. Total heat capacity of NBn versus temperaturéa)

Specific heat measured in zero field by continuous-heating adiabatic

The polycrystalline sample used for this study was syn-<alorimetry above 15 K~3000 independent dgtand by relax-
thesized at the Forschungszentrum Karlsruhe by hot isostathgion calorimetry below 22 K. Inset: ac susceptibility at the super-
pressing (HIP). Powders of Nb(99.9% purity and Sn  conducting transition(b) Specific heat divided by the temperature
(99.5% were mixed in a nominal composition NS 254 r?earTC in field.s 0]‘ 0, 4,10, and 16 T. The normgl-state extrapola-
and reacted at 1100 °C for 24 h under a pressu(r) tion (dashed lingis bas_ed on the entropy plot, Flg 3. Inset: field-
=100 bar. The excess tin provides a liquid phase during th ooled (FC) and_zer_o-fleld cooleajZF.C) susc.eptlblllty,. co_rrect_ed.
whole process and helps to form dense samples; the resultirﬁ a demagnetization factob=0.05; onset: 17.8 K; midpoint:
macroscopic density is greater than 98.3% of the x-ray den- -7 K; applied field: 5 mT.

sity of 8.91 g/cm calculated with the assumption of a per- centration, and only occurs in the range of compositions be-
fect crystal lattice. The homogeneity, as indicated by thaween approximately Nj 4S5z and Nb 7565 2452023
sharpness of the superconducting transiiisee below, is  There is a small nontransforming phase regime between
high even for large samples. Details and extensive characteNby ;4,Sn, »53 and the phase boundary located at approxi-
ization are given in Ref. 20. mately N ;.S .56 The composition of the sample re-
Powder-diffraction patterns were obtained using a Hubeported in this paper was chosen to be in the tin-rich nontrans-
G645 diffractometer in the Guinier geometry, and were reforming regime. Systematic studies have shown that the
fined by the Rietveld method using tReLLPROFprogram?®  tetragonal distortion does not lower the superconducting
Above 50 K, the patterns only show the lines of the cubictransition temperature by more than a fraction of a dedtee;
A 15 phase, space grolgm3n (Fig. 1). The lattice param- neither does it significantly affect the density of states at the
eter at room temperatura=5.293 A is consistent with a Fermi level?>:26
slight excess of Sn, indicating that the final composition is The superconducting transition temperature was deter-
nearly identical to the nominal one BeSn 54°° Near  mined by three methods: ac susceptibility in an alternating
40 K, the sample undergoes a structural martensitic transfofield of 10 uT at 80 Hz, dc magnetization measured in a
mation (Fig. 1, insel. The tetragonal distortiort/a—1= SQUID magnetometer at 0.5 and 5 mT, and the specific-heat
-0.0026 at 10 K, is approximately half that reported for ajump in zero field, which, in this order, are increasingly rep-
single crystal in the literatur&it is estimated that only 30 to resentative of the bulk. The transition widthAS,=10 mK,
40 % of the sample volume transfor#fsWe recall that the 10-90 %, according to ac susceptibilfiig. 2a), insei, and
martensitic transformation is highly sensitive to the Sn con-80 mK, 10-90 %, according to the specific heat jump. The dc
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magnetization is consistent with full diamagnetigifig. 0.04
2(b), insel. The midpoint of the specific heat jump is located

at 17.75 K,~0.3 K below the midpoint of the ac suscepti-

bility step. The latter, which is sensitive to shielding, may 0.031
indicate a different tetragonal distortion at the surface due to
local strain. Indications for this scenario can be found in the
rather large anomalycompared to our specific heat data
observed in the thermal expansivity at the martensitic
transition?® which is directly linked to a strong strain/stress
dependence of this structural transition.

A bar-shaped sample with a length of 5.8 mm and a cross
section of 0.56 mrhwas cut from the main sample and used 0 . . .
for standard four-wire resistance measurements. The resistiv- 0 100 200 300 400 500
ity just above the superconducting transition j&T.) T2 (KB
=13.0£0.2u£) cm, which is about half the best values re-
ported for polycrystald®23 and 4-20 % larger than those FIG. 3. Total entropy divided by the temperature for fields of

obtained for vapor-deposited fild$,p(300 K)/p(T,)=5.4. (from right to lefy O, 2, 4, 7, 10, 13, and 16 T. The intercept of the
extrapolation(full line) with the ordinate axis defines the Sommer-

feld constanty. A low-temperature anomaly is visible near the ori-
gin in zero field. Inset: low-temperature mixed-state coefficient
y(H) evaluated af=1 K versus the field.

For measurements from 15 to 200 K in zero field, a
0.30 g piece was cut from the main sample, and measured in The highest field available in our laboratory, 16 T, can
an adiabatic, continuous-heating caloriméfeResults for suppress superconductivity in hn only down to~10 K.
C(T) are shown in Fig. @). No singularity was observed at Owing to the temperature dependence of the effective Debye
the martensitic transformation temperature to within the lim-temperature, the separation of the electronic and lattice heat
its of the experimental scatter 0f0.02%; only a small capacities requires some care. We assume thak 4022 K,
change in the slope was barely detectable. In the upper tenthe normal-state specific heat obeys the usual form
perature range, the specific heat is dominated by the lattice B 3 s
contribution. The effective Debye temperature is defined as Col(T) = 7T+ BT+ BsT7,
the value®p(T) such that the calculated Debye specific heatyhere yT is the Sommerfeld electronic contributignot to
Co(®p/T) is equal to the measured lattice specific heat pepe confused with the anomalous residual tepgT), and
gram-atomC,(T) at a given temperatur€. The full Debye  B.T3+B.T® are the first terms of the low-temperature expan-
specific heat functiorfp(®/T)=Cp/3R is calculated nu- sion of the lattice specific heat. The unconstrained extrapo-
merically. The “instantaneous” Debye temperature is thenation of the normal-state specific he@t/ T versusT? from

0.02

SIT (JKZgat™)

CIT (JK 2gat™)
o o
o o o
(=) o —
(4] - o

0.01

=]

HT)

CALORIMETRY AND DATA ANALYSIS

obtained from@D(T):ng,l(Cph(T)/3R). The electronic con- ~10 K to zero would introduce a large uncertainty, in par-
tribution C, must be subtracted first. Up f6=~0.20,, we ticular ony becauseyT provides a minor contribution above
use the low-temperature Sommerfeld contribut@ysyT as  ~10 K. Therefore we do not determine the normal-state

determined below. Abové~=0.30p, i.e., in the upper half of curve C,(T) by fitting the measured specific he&(T)
the temperature range of the present measurements, thboveT.(H); we rather determine the normal-state entropy
electron-phonon renormalization contribution is expected t@,(T) by fitting the measured entrop$(T) above T.(H).
vanish, therefore we subtract an electronic specific heat refhis automatically satisfies the constraftT,)=S(T,). In
duced by a factor of 1x~3.29%1n practice, the uncertainty addition, phonons contribute-3 times less in the low-

on the electronic contribution remains relatively unimportantemperature expansion of the normal-state entropy
over a broad temperature range. Anharmonic corrections are

neglected. Within these assumptions, we find that the effec- S(T)=yT+ 133T3+ 2,85T5.
tive Debye temperature increases monotonously from 3 5
0(0)=234 K (see belowand ®p(T=200 K) =350 K.

For measurements below 22 K as a function of the mag
netic field, we cut a 21 mg piece from the previous sampl
and used a relaxation calorimet@rA particular feature of
our technique is that each thermal relaxation provides 1028

Evidently, C(T) is determined onc&,(T) is known. Experi-
entally, the entropy is obtained by numerical integration of
he data, taking into account the third law of thermodynam-

100 data points, acquired during both the heating and cooling Tc

periods. The field is always applied or changed ab®ye S(T):f ;dT'-

The zero-field curveC(T) shows a sharp jumpAC/T, 0

=34 mJ(K? gab at the superconducting transitipfig. 2(b); Missing data between 0 and1.2 K are extrapolated us-

also see Fig. ®) below], comparable with the literature data ing the empirical expressio8@{(T<T.)/T=y(H)+aT" fitted
31 mIAK?gah,® 32 mI(K?gabh,’® 31 mI(K?gah,’® and  between~1.2 and 4 K. As shown in Fig. 3, the extrapo-
28 mJAK? gap.1® lation of S,/ T versusT? from T,(H) to T=0 is well defined.
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TABLE |. Characteristic parameters of B#n. T, supercon-
ducting transition temperaturey, lattice parameter at room tem-
perature;T,,, martensitic transformation temperatuedc, tetrago-
nal distortion at 10 K;Vy,, mean atomic volume afr=10 K; v,
Sommerfeld constant)(0), Debye temperature 8t— 0; H¢»(0),
upper critical field aff — 0; H(0), thermodynamic critical field at
T—0; Hc(0), lower critical field at T—0 obtained from

H.(0)in k/(\2k); & Ginzburg-Landau coherence lengthy,
Ginzburg-Landau penetration depttr=N\/&.

T, (K) 17.8+0.1

aA) 5.293+0.001

T (K) 40~45

alc 1.0026+0.0001

Vgat (cM® gat™) 11.085+0.005

y (MIK2gat?) 13.7+0.2
05(0) (K) 233.7+2
Heo(0) (T) 25+0.5
H.(0) (T) 0.52+0.01
He(0) (T) 0.038
ER 36

N (A) 1240

K 34

It yields y=13.7 mJ(K?gab, using a global fit of all
S.(T) curves betweei(H) and 22 K. Literature data show
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FIG. 4. Electronic specific heat divided by the temperature in
fields of (from right to leff) O, 2, 4, 7, 10, 13, and 16 T versus the
temperature squared. Left inset: enlargement of the region below
9 K for fields of 0 and 10 T, showing the effect of the field on the
anomaly. Right inset: enlargement of the region below 4.5 K for
fields of (from bottom to top 0, 0.2, 0.5, 1, 2, 4, 7, 10, 13, and
16 T.

in Figs. §a) and &b) below; note thaCg4/ yT becomes neg-
ligible on the scale of these plots below0.15T.. The data
for NbgSn differ significantly from this ideal behavior. In
particular, the data below0.15T . exceed the BCS values by
several orders of magnitudgsee Fig. 6a) below]. This
anomaly, which cannot be described by a simple consignt

some scatter as they are usually based on an extrapolati¢fithe key point of the present study.

of C/T: 13.1 mJ(K?gab,3* 11.2 to 13.5 mJK?gah,'®

8.3 mJ(K?gab,'® and 11 mI(K? gad.!® The same fit deter-

mines the lattice coefficient8;=0.152 mJ(K* gat and S5

=-0.077uJ/(K®gah. The initial Debye temperature ob-
12R7*

tained from
)1/3
SB3 '
whereR is the ideal gas constant ai refers to one gram

atom, is®p(0)=234 K. Comparable data are found in the
literature: 2281 225-23815 23018 and 232 K° This deter-

0p(0) :<

NearT,, one also notices a large deviation with respect to
the BCS model. The reduced specific-heat jump
AC(T.)/yT.=2.5 definitely exceeds the BCS value 1.426.
However, this difference is well understood in the framework
of strong-coupling superconductivity, and merely means that
the conditionT,/w<1, wherew is an average phonon fre-
quency, is not fulfilled?®3® Using the empirical model of
Padamseet al,*¢ we find that the large jump &k, can be
accounted for by assuming a gap 20) =4.7kgT. rather
than the BCS value £0)=3.5%gT, (we note that this ten-
tative fit exceeds the data for 0.45/T.<<0.9, unlike the

mination of the lattice specific heat allows us to isolate thdMProved model introduced lagerOwing to the larger gap,

electronic contribution, assuming as usual that superconduc

tivity does not measurably affect the lattice component

Ceo(T) =C(T) = BsT3 = BsT°.

trong-coupling corrections imply an even faster decrease of
the electronic specific heat 85—0 compared to the BCS
model [see Fig. 6a) below, short-dashed life therefore
strong coupling does not help to explain the anomalyl at

. . " 0.
The condensation energy and the thermodynamic critical
field are obtained by integration of experimental data, using

the cell volume at 10 K(Table ). With a maximum of
+0.026 att=T/T.=0.62, the deviation functioD(t)=h
—(1-t?), whereh=H(T)/H.(0), is comparable with that of
Pb, and characteristic of strong coupli(fgg. 5, insey.3232

ELECTRONIC SPECIFIC HEAT IN ZERO FIELD

ELECTRONIC SPECIFIC HEAT IN A MAGNETIC FIELD

We have measured the specific heat in fields of 2, 4, 7, 10,
13, and 16 T from 1.5 to 22 K. These measurements were
later supplemented by low-field data at 0.2, 0.5, and 1 T
from 1.5 to 5 K. The first data set is shown in Fig. 4. At
each field, a specific-heat jump marks the superconducting

The electronic specific heat in the superconducting statgransition To(H). The jump in zero field is larger than the

normalized to that in the normal stafi</ yT has been tabu-

continuation of the jumps at the transition from the normal

lated by Mihlschlegel for an isotropic, single-band BCSstate to the mixed state, as expected from Maki’'s thébry,
superconductot* This is represented by the long-dashed lineand already documented experimentally by KhlopKitt is
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30 H.(T). Resistively determined transitions for jn wires in
e this work static fields up to 23 T have yielded,,(0)=24.5 T#?
25 x Khiopkin et al. We now concentrate on the anomaly in the specific heat at
— WHH T—0 which is visible at the origin of Fig. 4. Most of the
ool “wiggle” below T2~ 40 K? vanishes between 2 and 4(3ee
also the entropy in Fig.)3The right inset of Fig. 4 shows an
= expanded view below 4.5 K, including additional data at low
o 15T fields. This plot reveals that the residual anomalous negative
T 0015 curvature belowT?~ 20 K? persists up to~7 T. At higher
10k oot fields, the electronic specific heat in the mixed state follows
g the usual law
0.005
5t 0
CedTH)/T= yp(H) + Bo(H)T?, T<Te(H)
% 5 10 15 20 with y(H) = yH/H(0); B(H)T2is a second-order term in

T (K) the development of the mixed-state electronic specific Heat.
) ] Therefore the present data show a smooth crossover from an
FIG. 5. Phase diagram in thé-T plane. The present dai®)  anomalous behavior at low fielg<2 T) to a standard behav-
are derived from the middle of the specific-heat jump. An alterna~Ior at high field(>8 T). We shall refer to the intermediate
tive determination ofT.(H) using the local entropy balance is )

shown as a vertical bar on the low temperature side. Khlopkin'sﬂeId scale as the crossover fiett, s~5+3 T, keeping in

data(x) are included for comparisofRef. 19. The WHH curve mind that its value depends on the selected criterion.
fitted nearT, is shown as a full line. Inset: deviation function of the Several arguments _ShOW that the Iow—temperaturg
thermodynamic critical field. anomaly cannot be explained by the superconducting transi-

tion of an impurity phase distributed between 2 and 6 K. The

crucial to note that the zero-field anomalyTét< 20 K2 dis-  magnetization is perfectly flat belo®,, both in the field-
appears at high field$ig. 4, insets This rules out phonons cooled and zero-field cooled mogimset of Fig. 2b)]. The
as a possible cause of the anomaly. critical field of a Sn-rich impurity would be inconsistent with

Although the following point is not central for our discus- the observed crossover field, Smbe(()) =0.03 T for pure
sion of the low-temperature anomaly, we use the presen§, on the Nb-rich sideA 15-type NR_Sn, can be ex-
spe_cific—_heat data to better define the_bulk value of the Upp&l|,ded because of its minimum critical temperature-Gf K.
critical field of Nb;Sn atT— 0. In the first method, we rely  ging)ly x-ray patterns do not show any extra line, which sets
essentially on the initial slope dfic,(T), and fit the WHH 3 |imit of ~3% for the concentration of a hypothetical sec-
formula in the dll’ty ||m|€’8 to TC(H) as determined from the Ond phase. In Order to account for the amp”tude Of the
midpoint of the specific-heat jump for<OH<4 T. The re-  anomaly with such a small concentration, thealue of the
sult is He»(0)=25 T. However, the data at 10, 13, and 16 T |ow-T, phase would have to be two to three times larger than
noticeably exceed the WHH cury€ig. 5), a deviation that that of NkSn itself. The latter is already unusually large.
generally occurs not only in strong-coupling superconductThis is very unlikely.
ors, but also in anisotropic or two-band superconductbts.
Both H.,(0) and the deviations are in perfect agreement with
the work of Khlopkin!® We alternatively determined the

transition temperature in each field using the local entropy The specific-heat data presented here display an anomaly
balance,T¢(H) being then given by the intersection of the jn the specific heat below-0.25T, which disappears in the
quasilinear sections of the entropy curves in Fig. 3 extrapovicinity of 5+3 T. This behavior is reminiscent of the excess
lated from above and from below into the transition region.specific heat observed below0.6T. in MgB, [inset of Fig.

The latter determinations are shown as an error bar on thga)], and which vanishes above0.5 T43 The maximum
low-temperature side of th® symbols in the phase diagram excessC/T with respect to the BCS curve isy/2 in MgB,,

(Fig. 5. The difference with the “midpoint” is at most of the compared with~y/13 for Nb,Sn[Fig. 6a)]. This correspon-
order of the radius of the symbols, so that the deviation withrdence suggests that we may quantitatively analyze the zero-
respect to the WHH curve appears to be a robust feature. lffeld data for NgSn using the empirical two-gap model of
the second method, we look at the increase of the mixedBouquet et al. developed and successfully applied to
state electronic coefficient,(H) =lim_[C(T,H)/T]. This  MmgB,.12 The fitted two-gap curve is shown together with the
would require an extrapolation {=0; we show in the inset data at low temperature in Fig(&, and up taT in Fig. 6(b);

Fig. 3 the values oC(T,H)/T at T=1 K (see Fig. 4, right the three parameters of the fit, i.e., two gaps and the DOS
inse). yn(H) increases almost linearly as a function of thefraction, are listed in Table Il. The two-gap model not only
field, and is bound to reach the Sommerfeld constart correctly represents the low-temperature anonfekgept for
He(0).4! The intersection of the,(H) line with the y limit  a few points belowT./10), allowing the width of the smaller
defines H,(0)=25 T, in agreement with the previous gap 240)=0.8gT. to be determined, but also significantly
method, without having to assume any functional shape foimproves the fit in the intermediate temperature range

DISCUSSION
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0.3

0.45<T/T.<0.9 as compared to the single-gap model. Note
that the value of the larger gap has increased somewhat,
2A,(0)/kgT,=4.9 rather than 4.7. The larger gap combines
with the reduced weight to match the same jump height, but
the added degree of freedom in the two-gap model allows the
change of slopal(C/T)/d(T?) at T, to be more accurately
fitted than with the single gap model. Therefore the presence
of a second gap in NY$n with parameters as given in Table

Il is consistent with the present data at all temperatures. The
smaller gapAg opens on a ban¢br set of bandsthat repre-
sent 7.5% of the total density of statéwore precisely, the
partial Sommerfeld constant igs=0.075y), and its width
Ag0) is about six times smaller than that of the main gap
A, (0). The contribution of the minor gap to the specific heat
is reminiscent of that of a semiconducting gaphe partial
specific heat should initially increase exponentially kg
<Ag indications of such an increase are observed at the
lowest temperatures of our experiment. Wheit > Ag the
behavior of the electrons in the small gapped band will es-
sentially be identical to that of normal electro@isss= vsT.

At still higher temperature, the exponential increase due to
the main gap takes ovéFig. 6a)].

The BCS plot of the logarithm of the specific heat versus
the inverse temperature gives another way to visualize the
smaller gap[inset of Fig. §b)]. Generally speaking, in the
range 2.5< T,/ T<3.3, the slope of IfCcd/ yT.) versusT./T
would appear to equal(%.44/1.76A(0)/kgT, to within 10%
for a wide range of materials and model speéfrm Nb,Sn,
one observes a crossover from a slope higher than BCS at

FIG. 6. Normalized electronic specific heat as a function of thehigh temperature, to a slope —0.2, much smaller than BCS, at
reduced temperature in zero fiefftame (a), low-temperature re- low temperature. Again, this reflects one of the gaps being
gion; frame(b), nearT,], showing the measured dat@), the BCS  larger, and the other one smaller than the BCS gap, as re-
curve with 24¢/kgT.=3.53(long-dashed ling a single-gap, strong- quired by the theory of two-band superconductiditydow-
coupling curve with A0/kgTc=4.7 fitted to the specific-heat jump ever, because of large strong-coupling corrections, the gap
(short-dashed line and a two-gap fitfull line through the date  parameters given in Table Il do not satisfy the BCS sum rule
The residual deviation at the lowest temperatures might be due tgf combescof® Note that the value &, /ksT.=4.9 obtained
the presence of sm_all_er gaps, but other sources cannot be e_xcluqu.this work somewhat exceeds those obtained from tunnel-
Inset of Fig. a): similar data for Mg (Ref. 43. Inset of Fig. 4 measurements on stoichiometric samples, which fall in
6(b): semilogarithmic plot of the normalized electronic specific heatthe range 4.1 to 4.8-%8Surface values may differ from bulk
versus the invers_e reduced temperature, showing a crossover tov%lues; however it would be interesting to include two gaps
smaller asymptotic slope at low temperatdfl ine). in the inversion algorithm of the tunneling spectra to see how

it would affect the resultd?
The effect of the field can only be discussed at a qualita-

TABLE II. Comparison of the parameters of the two-gap modeltive level. In analogy with MgB, we define two values of
in Nb,Sn (this work) and MgB, (Refs. 2 and 48 T, superconduct-  the coherence length which are relevant for the carriers of the
ing transition temperaturey, Sommerfeld constantis(0), smaller ~ bands labeled and L, respectively:és~ fivgs/ mAg and &

0.2}

CoyT

0.1}

(b)

gap atT—0; A (0), larger gap aff —0; x, fraction of the renor- ~#Awvg /A, where veg and v are the Fermi velocities.
malized DOS of the band in which the smaller gap opens. Formally, they correspond to two critical fieldd, 5(0)
~dyAZ(0)/h2vEgandH g, (0) ~ DeAZ(0)/#2v2, . The first of

Nb3Sn MgB, these is a “crossover field” at whickband vortices overlap,

S-band electrons start to contribute as normal carriers, and

Te (K) 17.8 38 the structure iNC/T associated with the smaller gap levels
y (MIK?gar?) 13.7 0.9 off. Unlike MgB,, this crossover does not appear in the plot
2A40)/kgTc 0.8+0.05 13 of ym(H) (inset of Fig. 3. We attribute this to the smallness
2A(0)/kgTe 4.9+0.05 3.9 of the DOS of theS band, and to the fact thag,(H) is

X 7.5% 50% estimated af =1 K rather thanT=0, which adds a compen-
Ag0) (meV) 0.61+0.05 21 sating positive curvature due to excited pdinste that data
AL(0) (meV) 3.68+0.05 6.2 taken atT<1 K would not improve the determination, as

they would be dominated by the hyperfine specific heat of
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Nb nuclej. The second field is the true upper critical field, at 2A(0)/kgT,=2.8, 2.1, and 1.0 along thgl0Q], [110], and
which L-band vortices overlap and at the same time superf111] directions, respectiveRt The minimum gap might be
conductivity is suppressed. EstimatingH.,5(0) from the  consistent with the anomaly we observe in the specific heat;
field beyond which the anomalous low-temperature wigglethe other values are not. However, more recent high quality
disappears in Fig. 4, we find8H., | /H,s<12. This ratio  data on superconductor/insulator/superconductor junctions
does not have to scale with the gap ratio since the Ferméxclude gap anisotropy and give\@)/kgT,=4.13%48 Fur-
velocity also plays a role. Together with (0)/Ag0)=6, we  thermore the measured specific heat is not compatible with a
obtain 0.3< ves/ v <0.6, i.e., the minor gap would be as- standard anisotropy for which(K) is described by an ellip-
sociated with slow carriers. soid.

This result is unexpected. The identification of the band or
group of bands which are associated with the smaller gap is
uncertain. Five or six bands cross the Fermi level in the

tetragonal or cubic phase of hn, respectively. The band CONCLUSION
structure is sensitive to structural details such as the dimer- . . ,
ization of Nb chaingcorresponding to &, optical phonoi The new specific-heat measurements presented in this

and, to a much lesser extent, the tetragonal disto?figh. WOrk on a particularly homogeneous polycrystalline sample
The splitting of thel";, doublet hardly affects the DOS at the 91v& more details on a low-temperature anomaly that has
Fermi level’>28Taking the Fermi surface sheets obtained byPr€viously been reported in ¥8n, and in particular on its

the linear muffin-tin orbital method, which are supported b b_ehawor ina magnetic field. The observed features are con-
two-dimensional angular correlation of positron annihilationSiStent with the presence of a second gap about six times
radiation in the cubic staf® we can exclude some sheets Smaller than the main one. This minor gap opens in a band or

because their contribution to the DOS is too large. This is th@OUP of bands which are responsible fer.5% of the total
case for bands Nos. 5 and 6 in the numbering adopted b{gnormalized DOS, most probably the Nb and sSend p
Ref. 50, No. 5 containing the Fermi surface of a very flatP@nds. Its signature vanishes at high fields.

band due to the Nbdielectrons, assumed to be responsible Oné may wonder if this interpretation of the low-
for the highT,. The remaining candidates are mostly empty!€mperature specific heat of bn is unique. From the varia-
“jungle-gym” structures of holes. According to the decompo-tion of the specific heat versus the magnetic field, we can
sition of the total DOS at the Fermi level into symmetry- F€IECt four other types of contributiong) a magnetic con-
projected components given by Mattheiss and Weber for th&1bution, which would scale witlti/T; (ii) a low-lying pho-
cubic phasél 83.4% of the bare DOS originates from the Nb "°n mode, which would be insensitive b (iii ) the normal-

d bands, in particulad(o) andd(w), the remaining part be- Staté electronic specific heat of an impurity, which would
ing essentially due to the Np bands. Taking into account also be insensitive tbl; and(iv) the broad superconducting

the large renormalization Iv=3 for d states® and assum- transition of a spurious tin-rich phase, which would disap-
ing 1+\~1.2 for the other ones, the fracti(;n of the renor- Pear at very low fields. Exotic scenarios such as a two-level

malized DOS which originates from the Ntbands becomes specific heat due to the quasi degengracy of the c_ubic— an_d
~92.6%. This is quantitatively consistent with the eXperi_tetragonal—state energies, together with a hypothetical stabi-
mental ratio 1x=0.925(Table I, and gives support to a lization at high fields associated with shifts in the electronic

scenario in which the superconducting coupling originateéz_)oS on _the ”_‘eV scale, cannot be totally excluded. Adef'.n"
from the Nbd bands, while a minor gap or several small tive confirmation should come from the convergence of in-

gaps are induced in ttreeandp bands by interband scattering erendgnt experimental results, both spectroscﬂpmjgl—
or Cooper pair tunnelingfor a review see Ref. 52 ing, point contact, etg.and bulk (thermal conductivity,

Is the second gap a specific characteristic of “high” tem-SPECIfic heat, thermal expansion, penetration depththe

; time of writing, we are just informed that features on an
eratureA 15 superconductors? The answer is probably no. e X ;
b P P y nergy scale consistent witty(0) have indeed been detected

We have inspected the low-temperature specific heat of ,
three nearly stoichiometric samples of,Si measured by point-contact spectroscopy on the very same sample used

down to 1.35K in our laboratory, and see no compar—in this \_N(_)rk.13 Furfther experiments, i_n particular thermal
able anomaly. The data are strictly linear in BT versus conductivity?® are in progress, and will be reported sepa-
T2 plot below 5K, and point to y,=0.04, 0.02 and rately.
0.00+0.001 mJK?ga), for a polycrystal and two single
crystals, respectively. The single crystal data of Ref. 53 fol-
low a similar behavior withy,=0.05 mJ(K?ga down to
0.3 K, without any trace of a downturn. As for the oti#ed5
compounds, some samples, in particular the non- Stimulating discussions with J. Kortus, T. Jarlborg, and J.
stoichiometric ones, tend to show a larger valueygfthat  Geerk are gratefully acknowledged. We thank R. Cerny and
may be simply attributed to incomplete superconductivity orE. Giannini for their expert support in x-ray diffraction, N.
second phases. Clayton and A. Naula for their help. This work was sup-
Finally we would like to comment on the possible aniso-ported by the National Science Foundation through the Na-
tropy of the main gap\,. It was reported in the early tun- tional Centre of Competence in Research “Materials with
neling measurements of Hoffstein and Cohen thatNovel Electronic Properties-MaNEP.”
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