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The tetragonal heavy-fermion compound CeS8iy exhibits a superconducting ground state (S tyfle =
0.67 K) close to a magnetic instability. Here, we present angislved resistivity measurements of the upper
critical field H.>. In-plane rotation of S-type CeG8i. single crystals reveals a four-fold oscillation Bt...

An extended weak-coupling BCS model for a d-wave symmetruiing strong Pauli-limiting effects confirms
the aforementioned angular dependence and points towayds/chmetry of the order parameter.

Unconventional superconductivity has been discovered isuperconductivity [15]. They remained inconclusive due to
a number of systems whose magnetic ordering is suppresssdmple dependences and limited experimental resolution.
to a magnetic instability &éf’y = 0 K. Magnetic fluctuations Here, we present resistive measurements{pf on high-
are speculated to mediate the Cooper-pair formation fdn sucquality single-crystalline S-type Ceg€8i, samples upon rota-
superconductors [1]. CeG8i; is one of the few stoichiomet- tion within the basal tetragonal plane. We compare the tesul
ric compounds which exhibits superconductivity at ambiento a weak-coupling BCS model for a d-wave superconductor,
pressure in the vicinity of a magnetic instability [2]. Hovee,  which takes into account Fermi-surface anisotropies at wel
the nature of its unconventional superconducting stataiesn  as the strong Pauli-limiting effect present in CeSig [16].
still unraveled. The difficulties controlling the grountb®®  The model predicts a four-fold modulation &f.. which is
properties of CeCiSis first prevented a systematic investi- in good agreement with our experimental results, but with an
gation of the superconducting phase [3]. Nowadays, largenexpected finding af,, order-parameter symmetry.
homogeneous single crystals with superconducting (S 1ype) A cuy self-flux approach combined with a Bridgman cool-
magnetically ordered (A type) and competing magnetic angnq technique has been used to grow single crystals iDA
superconducting phases (A/S type) are produced by slightlyciples [17]. The obtained samples are thoroughly charac

varying the Cu-to-Siratio [2]. terized via wavelength-dispersive X-ray spectroscopy §)VD
Recent neutron-diffraction experiments have shown that threvealing a slightly enhanced Cu-to-Si ratio, which is alear

magnetic A phase is formed due to strong nesting of the renokgyistic of an S-type crystal. A plate-like sampte3 mm x
malized Fermi surface [4]. The nature of the long-range anq ,m x 0.2 mm) has been carefully oriented by using Laue
tiferromagnetic (AF) order was then determined as an inCOMgjgtraction. A state-of-the-art uniaxial rotor has beermptéd
mensurate spin-density wave with small magnetic momenty, 5 djution refrigerator, allowing an external magnetedi
Nearly stoichiometric A/S-type CeG8i; lies close to an AF g 4 he ysed as a directional probe. An optical measuring sys

quantum critical point (QCP), at which the magnetic order isigm detects angular steps as small as 0G0 allows free
continuously suppressed oy = 0 K. The physical proper-  station from 0 to 180. The single crystal is thermally and
ties are well described within the spin-density-wave stena mechanically coupled onto a silver sample holder which re-

with three-dimensional magnetic fluctuations [5]. Inéast 5ins fixed upon rotation of the magnetic field. The position
neutron-scattering (INS) characterization of S-type GESBU ot the sample holder with respect to the external field has bee

samples points towards a weak-coupling d-wave SUPercoRs,refylly determined with the aid of a Hall sensor. A low-
ductmg state [6]. Further theoretical analysis of suchtosu frequency, four-point ac technique is used in order to measu
scattering data suggested a d,. state symmetry [7]. Mea-  hq electrical resistivity, where low-temperature transfers
surements of the NQR-relaxation rate [8, 9] and specific heafe employed to enhance the signal-to-noise ratio. Etedtri
under pressure [10] have proven to be consistent with a Gsontacts were made of silver paint, allowing the curietat
wave pairing state, and even though indirect proofofd:  fi6\ along the [100] direction. Upon rotation, both current

symmetry has been deduced, the symmetry of the supercogpq magnetic field remain within the basal plane.
ducting order parameter has not yet been unambiguously de-

termined.

Resistivity measurements as a function of field and temper-

A variety of angle-resolved techniques have been sucdgssfu ature for Ce.Cg.Sig are sr?own in thefinsets of Fig. 1', 'I_'hejuhrp%
applied to determine the symmetry of the order paramete'ln _p(H’ T) indicates the onsgt of supercon uctivity whic
[11, 12]. For instance, angle-dependent resistivity mesasu shifts to lowerT" as the magnetic field is increased. Sharp tran-

ments have helped to shed light onto the nature of the supe itions Into th_e normal state |nd0|cate good crystal quality, .
conducting order parameter in heavy-fermion supercondud?®S been estimated as the 50% value of the superconducting

tors such as CeCojr(Ref. 13) and SIRUO, (Ref. 14). Ear- transition. The resultingf — T' phase diagram cqn§tructed
lier angle-resolved studies of the upper critical fielfl.{) on from such f]:eld-hand temgg(r)atyreﬁepende;t re?stlwt}l/_-hmea
CeCuySi; samples which showed pressure-induced superc:or?—urements or the cad#}|[100] is shown in Fig. 1(a). €

ductivity, pointed either towards a nodal line or fully-geul obtainedl. = 0.67 K and H,= 1.96 T are in good agree-
ment with previous studies on Ce£3i, single crystals [16].
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By choosing the aforementioned geometry (sketch Fig. 2),
where the external field is always perpendicular to the
sample’s smallest dimension [001], demagnetization &ffec
are considerably reduced. The angle dependence for such a
shape anisotropy is known to behavecas?d/(1 — D,) +
sin0/(1 — Dy), whereD,, and D, are the demagnetization
factors along the [100] and [010] directions, respectiely
g. Ref. 18). Such angle variation neither mimics nor masks
our experimental observation, which in turn is only consis-
tent with the anticipated gap symmetry of an unconventional
d-wave superconductor and disagrees with a fully gapped s-
wave superconductor.

The upper critical field as a tool to access the symmetry
of the superconducting order parameter has been extepsivel

FIG. 1: a)H — T phase diagram for CeG8i,. The solid red curve
indicates the theoretical calculation for a d-wave symm@tee text).
Note the non-monotonicity aff .. at lower temperatures, both in the
data and the fit, due to the Pauli limiting effect [16]. Resist p as

a function of magnetic field? (b) and temperaturé (c) for S-type
CeCu:Si; from which theH — T' diagram was obtained.

discussed. In particular, it is possible to derive the aagaé-
pendence ofi ., for an unconventional superconductor within

for instance, d-wave symmetry [19, 20].
Following Luk’yanchuk and Mineev’s approach [21], the or-
der parameter for the vortex state can be expanded as:

Figure 2 shows the electrical resistivity of S-type CeS as
a function of magnetic field, at constant temperature (40 mK)
and for different field orientations. Heré represents the an-

W) = cos(20) [1 +C (aﬂ 0Y, @

the framework of the weak-coupling BCS theory by assuming,

gle betweerB and the [100] direction (see sketch).
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where|0) is the Abrikosov state for an s-wave superconductor
[22], o' is the raising operator of the Landau wave function,
andC the corresponding admixture parameter of the Landau
levels. A quasi-2D cylindrical Fermi surface for a cleamiti
superconductor with strong Pauli limiting has been assumed
for which a d.._,» order parameter has been taken as a first
ansatz The angular dependence of the upper critical field is
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FIG. 2: Resistivityp as a function of fieldd for different angles
at 40 mK. Hered is the angle between the magnetic field and the
crystalline a-axis.
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A 2m-period component due to & ®ut-of-plane misalign- 0(deg)

ment has been determined as our experimental error. In figure

3 the angular dependence Hf is displayed after subtract- FIG. 3: Angular dependence of the upper critical fiédeb at 40 mK
ing the aforementioned misalignmeiif, (9) exhibitsasmall ~ after subtraction of amisalignment component

variation (~0.6%) upon rotation. A clear four-fold symmetry

with local minima around 45and 135 is detected. then determined from the linearized gap equation:

* du
—lntz/ - {1—
o sinhu

(1+ cos(490)cos(46‘)]efp“2‘S|2 cos(hu)[1 + 2Cpu232]>} 2



sin hu

—Clnt = / du {C — ([1 + cos(46p) cos(40)]e P11 cos(hu)[pu?s® + C(1 — 4pu? | s [ +2p%u* | s |4)]>} . (3
0

wheret = T/T., h = (gupH)/(27T), s = sinx + isin6, andg were used as free parameters (see below). Strong Pauli
andp = (v,v.eH)/(872T?). Here,v, (v.) are the compo- paramagnetism is mainly responsible for the weakeningeof th
nents of the Fermi velocity within (perpendicular to) the®#la superconducting state at lower temperatures. A decrease of
plane.d, is the angle of the magnetic field with respect to thethe upper critical field fofl” < 0.2 K has been observed as a
antinodal directiond the angle between, and the antinodal signature of the enhanced Pauli susceptibility [16]. It tsthv
direction,x = ck., and(...) is the average oveérandy. mentioning that such non-monotonicity &f.» at lower tem-
Both the Fermi velocity and the gyromagnetic ragican be  peratures is recovered by our model. This is a direct result
used as fitting parameters. For the case of a d-wave staje, ordf the comparatively large value (1.06) ¢fequired to fit the
the N = 0 and N = 2 levels are allowed, based on sym- data. In the calculations, the Fermi velocity tespu. is gen-
metry arguments [19]. By solving Egs. (2) and (3) with the erally determined by the slope éf.; nearT, (where the Pauli
constraint for a unique solution, the admixture of the Landa limiting is of no importance), whilg is chosen to match the
levels (represented hy) and the angular dependenfie:(6) value of H., asT — 0. If a significantly smallerg, such

are calculated. as 0.7, is employed the non-monotonicity disappears, and it

Volovik and Gor’kov have shown that for a tetragonall struc—:’ecome? impossible to fit the data both ngéarand at low
emperature.

ture as CeCiSi,, both singlet and triplet phases are possible
[23]. It has been already discussed that the enhanced Pauli

susceptibility in heavy-fermion compounds leads to strong °e (b) 01
Pauli limiting of the superconducting state [24]. In theeas osl |

of CeCuySiy, Pauli paramagnetism basically excludes triplet ' 00 o
states [25]. An estimation of the orbital critical field is-ob

tained viaHg> = 0.746 T. | 2% |, = 8.3 T, where the large - 04 I o
slope| 4|, = 17 T/Kis a signature of the heavy quasiparti- < o h
cles involved in the superconducting state [16, 25]. In ttha 502 . 06 .
Pauli limiting field [26] HE* = 2.25T, = 1.5 T is closer to s &
the measured value df ... 0.0 1 S
The superconducting coheren(o:e length has been estimated 0.0
from HP = zfgg as¢ ~ 60 A. From¢, = 0.18%=T, prl

m* = % and assumingp = 10'° m, we obtairvp ~ 2923 0 (deg) 0 (deg)
m/s andm* =~ 396m., both in agreement with previous
studies of the upper critical field [25]. Following the sameFIG. 4: a) In-plane angular dependencefhf: normalized with re-

approach as Orlando et al. [27], the electronic mean freépiCt to the upper crit(ijcal field along [110]. The theoaémc:]dzel f?:j .
; _ 1.00965%10~12 . a d,, wave superconductor at 100 mK is presented with (solid re
path can be estimated frofn— pEo N T [cm]. Specific urve) and without Fermi velocity anisotropy (dashed blueve).

heat measurements on the Sam(_a sample (not shown) reveaiﬁe four-fold modulation and the amplitude of the oscitiatis well
normal-state Sommerfeld coefficiept = 0.726 J/mol K* at  reproduced by the calculation. b) The admixing parametes @ a
T.. Using the aforementioned parameters, the mean free patbinction of ¢ (anisotropic case). c) In-plane angular dependence of
yields? ~ 100 A. Consequently, CeG%i» can be considered H.» whenassuming ad_,2 symmetry (anisotropic case). Note the
a clean-limit superconductof ¢ &). The ratio-2%- = 1.43 45 shift compared to the experimental data

denotes the weak-coupling limit for an s-wave BCS supercon-

ductor, but this ratio is smaller for anisotropic, nodaleup The numerical calculation in the whole angular range is-plot
conductors. In the case of Ce{Si, % = 1.16, in fair  ted in Figure 4a together with the experimental data. Two
agreement with the prediction of 0.95 for a two-dimensionaldifferent calculations are depicted: one including the ef-
weak-coupling d-wave superconductor [28] . It is thereforefects of Fermi velocity anisotropy across the entire thriee d
reasonable to assume that CeSiy lies within the weak- mensional Fermi surfaces as given in the tight-binding fit
coupling regime. of Ref. 7 (solid red curve); and one without this (dashed
Our model based on a d-wave character can be already applibtle curve). As observed, when no anisotropy is included
for the cas#,=0 (antinodal direction) as a function of temper- a fair agreement between theory and experiment is reached,
ature, as shown in Fig. 1a (solid curve). Our calculatiorgiv where both four-fold oscillations show an amplitude of 0.6%
a very reasonable description of tlie — 7' phase diagram of the total value ofH.,. Including the effect of Fermi ve-

in the whole temperature range, where only the prodyet  locity anisotropy improves the fit substantially, with the |
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cal maximum around, = 45° removed. Quantitatively we reproduces quantitatively the temperature dependenégof
find that a Fermi velocity anisotropy of the fornd, x) =  within the basal plane; in particular the non-monotoniaty
vo(1 — 0.57sin(20) cos(x/2)) provides a reasonable fit to the H,, is well captured. Using as inputs from the temperature
tight-binding calculation (which is itself an approxinat);  calculation the fitted values of the Fermi velocity and gyro-
a somewhat smaller anisotropy.§7 — 0.43) fits the tight- magnetic ratigg, we find a good description of the angular-
binding fit somewhat better but produces a larger (0.924)  dependent data with no adjustable parameters, and ultyinate
angular modulation. With this caveat, we note that unlilee th a surprising conclusion: that the order parameter hasgm-
previous work [13], here the magnitude of the angular demetry.

pendence ofi ., is quantitatively reproduced without any ad-
justable parameters (such ag@adependeny), as the fitting
parameterg andv,v. were chosen uniquely to reproduce the
temperature dependence frafh= 0 K to T' = T; the an-
gular dependence is determined only by these parameters aﬁ
the anisotropy.

The admixing paramete?’ is shown in Fig. 4(b). A mono-
tonic increase as a function of angle is observed, as well as
a sign change around 23 The original calculation for the
d,2_,> symmetryansatz(i.e. antinodal direction along the * Electronic addresg4ugo. Vi eyr a@pf s. npg. de
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