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Breakup of Heavy Fermions on the Brink of “PhaseA” in CeCu,Si,

P. Gegenwart, C. Langhammer, C. Geibel, R. Helfrich, M. Lang, G. Sparn, and F. Steglich*
Max-Planck Institute for Chemical Physics of Solids, D-01187 Dresden, Germany

R. Horn, L. Donnevert, and A. Link
Institute for Solid State Physics, SFB 252, Darmstadt University of Technology, D-64289 Darmstadt, Germany

W. Assmus

Physics Institute, SFB 252, Frankfurt University, D-60325 Frankfurt, Germany
(Received 23 October 1997

We report resistivityp (T'), and specific-heat;(T), results on near stoichiometric Ce@i, samples,
in the vicinity of a quantum critical point (QCP). The latter is defined7hy— 0, whereT, < 0.8 K
marks the transition into a spin-density—wave-type “phasewhich competes with heavy-fermion
superconductivity belowl. = 0.65 K. Upon approaching the QCR(7T) and C(T) behave very
disparately, suggesting a breakup of the heavy quasiparticles. Very surprising observations are being
made for samples witlf, > 0 also. [S0031-9007(98)06803-3]

PACS numbers: 74.70.Tx, 75.30.Mb, 75.40.Cx

The concept of the “nearly antiferromagnetic Fermi[8]. The salient results of this study are (i) a QCP ex-
liquid” (NAFFL) has been intensively discussed in con-ists at the disappearance of “phase[Fig. 1(a)], the lat-
nection with the exotic normalN) and superconducting ter being accompanied by Fermi-surface nesting (in the
(SC) properties of the quasi-two-dimensional (2D) high-tetragonal plane) as expected, e.g., at a spin-density-wave
Tc¢ cuprates [1,2]. More recently, the three-dimensional
(38D) Ce-based heavy-fermion (HF) superconductors were
also treated in the same frame [3]. Here, it is assumed
that, in the vicinity of an AF quantum critical point  T(K) |

o
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(QCP), low-lying and extended spin fluctuations with g
wave vectoryy = Q, the AF ordering wave vector, give Tr o
rise to strongly T-dependent quasiparticle masses and b 4 | e
guasiparticle-quasiparticle cross sections. These should T : % 0
manifest themselves in coefficients = C/T and a = 0.5 AN K gl s .
(p — po)/T? in the specific heat and electrical resistiv- | B \\ I O; ]
ity (po: residual resistivity) which are not constant as in a —AsS | S\ '%&@é‘;’g ]
Landau FL, but obey the following asymptotit depen- 0 : ) T
dences (in 3D) [4,5]: §— 9 0 05 K 1
— _ 1/2
v =0~ aT @) FIG. 1. (a) Schematic phase diagram for Ce8iy at zero
and [4-6] field, indicating existence ranges for phasesuperconductiv-
a(T) = ,BT_I/Z, (2a) ity (S), and coexistence randg@ + §). For samples labeled
corresponding to type I, II, and Il: Ty > Tc,Ta = Te, and Ty < Tc, respec-
tively (see text). The form of the phase boundaries betwen
Ap(T) = p(T) — po = BT*>. (2b)  andA + S (dotted line) and betweef and A (dashed line) is

S| h . | tteri d by Ed. (2 tentative since considerable stress dependence and homogene-
Ince the singular scattering expresse y Eq. (23) 'ﬁy problems prevent a precise determination. We expect it to

associated with the AF wave vectqQ, i.e., occurs only pe rather steep when determined with monodomain single crys-
along certain “hot lines” on the Fermi surface, all othertals. On the abscissa an effective coupling constaigt used

quasiparticle-quasiparticle scattering events ought to givehich is a complicated function of the composition in homo-
rise to the ordinary FL termAp = aT? (a = consi geneous CeG®i, samples [9] (hatched regime) or is propor-
which, consequently, must short-circuit the anomalou tional to the Ge content in CeCu(Si—,Ge)a [10]. ¢ = gc
3] I ; %arksTA — 0. The phase boundarig% (g) [10,11] andT¢(g)
BT~ term at sufficiently low temperature [7]. This [10] are determined fronB = 0 measurements (solid lines) or
holds even in the presence of strong impurity scatteringxtrapolated ta3 = 0 from data taken aB > B, [12] (dash-
that reduces the anisotropy of the quasiparticle lifetimedotted line). (b): Normalized resistivity of a type Il Ce{Shb

. i — _ _ 2
and, this way, the crossover temperature between the twingle crystal ap/psok VS T, With 6p = p — po — aT”,
measured along the respectiweand ¢ axes atB = 5 T (ap-

regime_s [71. Lo plied perpendicular to the current) [13]. The data indicate the
In this Letter, we address thestate resistivity and spe- transition into the SDW-type phasg with a nesting wave vec-

cific heat of the archetypical HF superconductor C£&iu  tor lying within the basal plane.
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(SDW) transition [Fig. 1(b)]. (ii) CeCi5i, loses the sig- with 0.02 < x = 0.15 and undoped “type I” samples with
natures of a NAFFL upon approaching this QCP suffi-compositions out of the narrow homogeneity range exhibit
ciently closely. (iii) A strange behavior is also found uponan A-phase transition betweefy =~ 0.8 and 1.75 K, fol-
approaching thé-phase transition a4 > 0. lowed by a bulk HF-SC transition betweé&lp =~ 0.3 and
We discuss below the properties of two CgSu  0.15 K, respectively. Phase and (thermodynamically
samples which, according to x-ray diffractometry, wereweak) superconductivity coexist on a microscopic scale
found to be single phase with the proper Th&®s  [20]. In “type II” CeCw,Si, samples of near stoichiomet-
structure. The GgoCu S, polycrystal was prepared ric composition and withl'y = T¢, (thermodynamically
in an argon-arc furnace and subsequently annealed atrong) HF superconductivity expels phasd21]. The
700 °C for 24 h and 1000°C for 120 h. The single phase boundary separating sectors | and Il is expected
crystal was already studied in [14]. Measurements ofo be rather steep [cf. Fig. 1(a)]. Resistivity measure-
the resistivity were done using a four-terminal, low- ments of “type llI” CeCuySi, polycrystals (intentionally
frequency (113 Hz) lock-in technique. The specific heaprepared with a slight excess of Ce or Cu [9]) reveal
at ambient pressure was measured utilizing a thermaklearA-phase signatures with reduc&gd when supercon-
relaxation technique [15] while, for measurements of theductivity is suppressed by a magnetic field [10,12], while
heat capacities of the pressure cell (with and without the8 = 0 SR experiments indicate the presence of a “mag-
sample), a compensated heat-pulse method [16] was usetktic minority domain” whose volume fraction shrinks
The Ce increment to the specific heat was determinedpon cooling to well belowl'¢ [22]. The B-T phase dia-
by subtracting from the measured specific heat that offrams collected for such polycrystals with varyifig's
LaCwSi,. Hydrostatic pressure was applied by utilizing clearly indicate a continuous evolutidh, — 0 [10,12].
a CuBe piston-cylinder cell with a 1:1 mixture of isoamyl Type 1l single crystals do not show amyphase signa-
alcohol andn-pentane as pressure-transmitting mediumtures. For all CeCiBi, samples studied in resistivity so
The pressurep, was determined inductively from the far, an additional “phase B” [21], phenomenologically re-
p-induced shift of the SC transition of a small piece of Pblated to but unidentified as phadewas observed to form
mounted together with the sample. For the investigatiorat fieldsB > 6 T.
of the single crystal, &He-*He dilution refrigerato7 = Figure 1(a) suggests the existence of a critical coupling
20 mK) and a superconducting solendiél < 17 T) were  constant (measuring the strength of the hybridization
used. The experiments on the polycrystal utilizing thewith conduction electrons)gc, at which 74 — 0. In
pressure cells were done inde cryosta(7T > 0.4 K). order to investigate whether this defines a QCP and, if
The nature of phasel is still unknown. Neutron so, how heavy fermions behave in its vicinity, we discuss
diffractometry has so far failed to resolve magnetic Braggn the following a pressure-inducetl— S transition on
reflections. Different assignments spanning the whola type | CeCuSi, polycrystal (Fig. 2) as well as specific-
range from spin-glass [17] to dynamical [18] and uncon-heat (Fig. 3) and resistivity (Fig. 4) results for a type IlI
ventional SDW [19] order have been made. Partial Gesingle crystal.
substitution for Si was found to stabilize phaseand Similar to what was found for a type Il single crystal
to support strong evidence for an AF transition7at  [cf. Fig. 1(b)], the A-phase transition in the polycrystal
[11]. As shown in Fig. 1(a), CeG(Si;—,Ge,), samples chosen for the present study, when measureg@g &t 0
and B = 2 T, manifests itself in broadened anomalies
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FIG. 2. Normalized resistivity as/ps0 x VS T2 (upper scale) 0.5 2 (K1) 15

and p/ps00 k Vs T/* (lower scale) (a) as well as Ce increment ;

to the specific heat ag = AC/T vs T (b), for B=2T and FIG.3. y = AC/T vs T'? at varying fields for a type Il

at p = 0 as well as two overcritical pressures for a type | CeCuSi, single crystal. Dashed lines indicate 7'/%) depen-
CeCuySi, polycrystal. The lowF drop in p(T) at p = 0is  dence ofy(T) — y,. Solid lines displayAC(T)/T data after
due to the onset of a SC transition. Solid lines disgfdyand  subtraction of nuclear hyperfine contributions due to the ap-
T3 dependences g (T) (a) and a fit of the “SCR theory” [5] plied B fields. ForB = 2 T, the SC transition anomaly at
to they(T') data, implyingy, = 0, y; = 4, andT, = 13 K. Tc = 0.3 K is seen.
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60 ————T—— anymore (Fig. 3). It rather shows a steep upturn at
B‘ (2” ] 40 the lowT end. The latter cannot be ascribed to the
sl o4 i | 39 Zeeman splitting of the nucleé?Cu, %Cu, or29_Si spin
_ "8 | R states through the externd field (cf. the solid lines
g 36 E in Fig. 3). An anomalous enhancement of the hyperfine
R 1 17 < coupling, i.e., an (average) finite “internal magnetic field”
o 31 E' 13 = transferred to the CiSi sites has to be invoked to
30 [ & g g N guantitatively account for the anomalofisdependence.
s 80 50"4"*&@*‘;- 32 The origin of this internal field is, however, not clear.
o I T if}(K,' In the same low-temperature range whet@) deviates
200 1 2 0 0.5 130 from Eq. (1), then-state resistivity at sufficiently low
T2 (K312 T2(K2) field is still obeying Eq. (2b)Ap ~ T3/2 [cf. Fig. 4(a)].

FIG. 4. Resistivity for the same crystal as in Fig. 3 @as/s Most remarkably, no crossover to a Landau-FL-type
T2 for B=2and 4 T (a) as well ap vs T2 for B — 8 and behavior, which must necessarily occur in a NAFFL [7],

14 T (b). Insets showsp vs T with 8p = p — p, — T¥>  can be resolved down to 20 mK. N
(@) anddp = p — po — aT? (b), respectively. Arrows in Finally, we wish to address the surprising effect a
(b) indicateB-phase transition foB = 14 T. magnetic fieldB > 6 T has on the lowl" properties
of our CeCuySi, single crystal. While the gros§
dependence ofy(T) remains unaffected (Fig. 3), the
in the T dependences op(T) and y(T) = AC(T)/T  Ap(T) dependence becomes qualitatively changed into
at T, = 0.75 K [Figs. 2(a) and 2(b)]. At pressures p = po + aT? [Fig. 4(b)]. The residual resistivity keeps
exceeding a critical valugpc = 0.1 GPa, phased is rising, i.e., by =10% when B is increased from 8
completely suppressed and replaced; at 0, by astrong to 14 T, whereas the giant coefficieat decreases by
HF-SC state below¢ = 0.65 K (not shown). almost the same fraction. In addition, tBe= 14 T data
The ambient-pressure results of Fig. 2 display adisplay the broadened transition into pha@ewhich is
strikingly dual behavior atT > Tx: p = po + aT? not visible iny(T) measured at, e.gB = 12 T (Fig. 3).
with a giant coefficienta = 10 ©Q) cmK~2? suggests Our resistivity and specific-heat results on the type Il
a heavy Landau FL state [Fig. 2(a)], with which no- single crystal aB > 6 T are phenomenologically related
tion the strongly T-dependent Sommerfeld coefficient to the p = 0 data taken on the type | polycrystal in
v(T) is, however, incompatible [Fig. 2(b)]. On the an overcritical fieldB = 2T [cf. Figs. 2(a) and 2(b)]:
other hand, the results taken at finite presswre; pc,  While Ap(T) suggest that phas@ as well as phase
04K <T<2K and B=2T fulfill the theoretical A form out of a heavy Landau-FL phase, such an
predictions for Ty — 0 [4—6]: p = po + BT¥? and interpretation becomes obsolete in view of the pronounced
¥y = vo — aT'2. An extension of these experiments to 7 dependences of(T’) precursive to both th&- and A-
lower temperatures is in preparation in order to determinghase transitions. The strikingly differefitdependences
the true asymptotic behavior. of the resistivity for the CeCGsi, single crystal below
Turning now to the type Ill crystal which is lacking and aboveB =~ 6 T are shown asa(T) = Ap(T)/T?
any A-phase signature, we expect its propertiepat  vs T in Fig. 5(a), along with the resistively determined
0 to be similar to the properties of the polycrystal atB-T phase diagram in Fig. 5(b). We note that the
p > pc (cf. Fig. 2). We focus first on the results taken field dependence of the limiting temperaturg below
at sufficiently low fields(B < 6 T) and at intermediate which the Ap = aT? dependence is obeyed tracks that
temperatureg?” > 0.2 K) [cf. Figs. 3 and 4(a)]. In the of the phase transition temperaturEz(B). Likewise,
normal state, bothy(T) and Ap(T) obey Egs. (1) and for our type | polycrystal measured @t = 0, the field
(2b) for T < 1.7 K. The slopes in the respective plots dependence of; (=1.2 K at B = 0) is trackingT4(B)
y vs TY2 and Ap vs T%? are almost independent (not shown). In addition, we have recently found that,
of the field, whereas thg = 0 values move slightly at p < pc, the pressure dependences Bf(p) and
up (po) or down (vyo) if the field is increased. The Ta(p) are very similar [23]. One might be inclined from
data at7” > 0.2 K and B < 6 T for the single crystal these observations to ascribe thp = a7? dependence
measured at ambient pressure suggest the existence meceding thel/B transitions to some critical fluctuations.
an AF-QCP. This is corroborated by the polycrystal dataHowever, assuming thé/B phases to be of an itinerant
taken at pressurgs > pc, B =2 T, andT > 0.4 K, the nature,Ap ~ T is predicted [24] in the critical regime,
minimum temperature accessible in thée cryostat. Itis 7 > Tap.
straightforward to relate this QCP to the disappearance In summary, the low-temperature properties of homo-
of phaseA at a critical coupling constargc [Fig. 1(a)]. geneous CeG$i, samples are governed, depending on
However, when approaching the QCP by cooling thecomposition, by a complicated interplay between phése
single crystal to below 0.2 K, the-state specific-heat and HF superconductivity: One can get rid of thgphase
coefficient y(T') does not follow the T'/2 dependence signatures by applying a minute hydrostatic pressure or by
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