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Recovery of the Fermi-liquid state in U;Ni;Sn, by pressure
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Measurements of the resistivity of single-crystallingNiiSn, under hydrostatic pressure up to 1.8 GPa are
reported. We show that the temperatdig, below which the resistivity obeys the Fermi-liquid expression
p~T?2, increases with pressure &g~ (p— p.) Y2 The analysis of the data within the magnetotransport theory
of Rosch lends strong support for an antiferromagnetic quantum critical poinfNiz&h, at a negative critical
pressurey, of —0.04+=0.04 GPa. The proximity to an antiferromagnetic instability isNiSn, is consistent
with the previously reported non-Fermi-liquid term in the low-temperature specific heat.
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The family of ternary isostructural cubic stannides U,PtIn (Refs. 5,11] or by tuning the transition temperature
U3T3Sny, whereT=Ni, Cu, Pt, or Au, present a promising to 0 K by anexternal parameter, such as hydrostatic pressure
series of compounds to studyf5electron-correlation [like in CePg@Si, and Celn (Ref. 12] or chemical pressure
effects! Moderate heavy-electron behavior is found for all [like in CeCuy_,Au, (Ref. 8]. In this case, the thermody-
four compounds at low temperatures, which affirms thenamic properties are supposed to be determined by collective

dominant role of 5 electron hybridization phenomena in the M0des corresponding to fluctuations of the order parameter

: . e : in the vicinity of the critical point. A second possibility is a
physical properties. Specific-heat experiments, performe istribution of Kondo temperaturéd where the Kondo ef-

L. .
d_own to a temperaturd =1.6 K, yield _enhan(_:_ed coefi- fect on eacH-electron impurity sets a different temperature
cientsy of the linear term in the electronic specific h.eat. Thescale, resulting in a broad range of effective Fermi tempera-
y values amount to 92 and 94 mJ/(rpK? for UsNisSn, tures[such as those discussed in the high-temperature regime
and UPESn, and to 380 and 280 mJ/(mQK> for  inUCus_,Pd, (Ref. 14]. Averaging over such a distribution
U3CusSny, and U,AuSry, respectively(mol, denotes a mole  gives rise to thermodynamic properties that follow NFL tem-
uranium atomp Heavy-electron behavior in uranium inter- perature dependencies. More recently, a third scenario has
metallics is often related to the proximity to a magneticheen proposed, namely the Griffiths phase mddethere
instability? Indeed, YCw;Sn, is a heavy-electron antiferro- rare magnetic clusters favored by disorder appear in the vi-
magnet, with a relatively low Ne temperaturely=12 K.>  cinity of a quantum critical point. In the latter two models,
Although magnetic order has not been reported for the othesubstantial disorder is a major ingredient. Since the single
compounds, it is conceivable that expanding the lattice reerystals used for this investigation have residual resistivity
sults in the emergence of magnetic order. For instance, byaluesp, of the order of 7u) cm, U;Ni;Sny is a relatively
comparing the lattice parameters ofNJ;Sn, (a=9.380 A)  clean material and the physics should not be dominated by
and UCu;Sn,(a=9.522 A), one may anticipate the exis- disorder. This seems to rule out the Kondo-disorder and
tence of a magnetic quantum critical poi(@CP in the  Griffiths phase models as possible causes for the NFL behav-
Us(Ni, Cu)3Sn, series. The possible existence of a QCP inior reported for UNi3Sn,.
this series is supported by the observation of an extended For U;Ni;Sny, evidence for the proximity to an antiferro-
non-Fermi-liquid (NFL) regime in the thermal, magnetic, magnetic instability is predominantly provided by specific-
and transport properties of purgNIi,Sn,.>* The absence of heat experiment$* Measurements of the specific heat on a
(weak magnetic order in §NisSn, at least down toT  single-crystalline sample in the temperature range
=2 K, was recently confirmed by muon spin relaxation=0.3—-5 K (Ref. 3 revealed the presence of a NFL elec-
experiments. tronic term of the formcy/T~ yo—aTY2 A aT? correc-
Materials with low-temperature properties that showtion to the standard Fermi-liquid coefficient has been pre-
strong departures from the standard Fermi-liquid behaviordicted for a three-dimension&BD) antiferromagnetic zero-
nowadays, attract considerable attenfioh.Several sce- temperature critical point by Mill’ and Zilicke and
narios that may lead to NFL behavior in denfselectron  Millis.*® The same expression was derived by Moriya and
systems have been proposed. A first scenario is the proximityakimoto, within a self-consistent renormalization theory of
to a magnetic quantum critical pointiere, a transition takes spin fluctuations? Subsequent measurements of the specific
place aff =0 K from a magnetically ordered to a nonorderedheat down to lower temperaturé8.1 K),* showed that the
state, either spontaneoudlyke in CeNLGe, (Ref. 10 and  electronic specific heat beloW=0.4K is best described by
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the  modified Fermi-liquid  expression cg /T~ v,
+6T?In(T/T*),  with  9,=0.130J/(mq}) K2  The
T3In(T/T*) term accounts for spin fluctuations withi*
~10K (notice T*~1 K given in Ref. 4 is a misprinta
characteristic spin-fluctuation temperature. Therefore, the
analysis of the specific-heat data leads to the conclusion that
U3NisSn, has a Fermi-liquid ground state, with a crossover
to non-Fermi-liquid behavior near~0.4 K. The NFL be-
havior cg/T~7y,— T2 which pertains up to several
Kelvin, suggests that {Ni;Sry is close to an antiferromag- o~ 1.0
netic quantum phase transition. NFL-like temperature depen- ° 50 100 150 2000 280 800
dencies have also been observed in the magnetic and trans- T
port properties. The magnetic susceptibility varies ag FIG. 1. Resistivity as a function of temperature of single-
«T~%3for T=1.7-10 K and the electrical resistivity varies crystalline UNi Sn, at pressures of 0, 0.2, 0.6, 1.0, 1.4, and 1.8
aspx T for T=1.7-12 K. However, as clearly illustrated GPa(curves from left to right
by the specific-heat dafameasurements of(T) and p(T)
down to much lower temperatures are needed in order tthe external load and corrected for an empirically determined
determine the true asymptotic behavidi—0). efficiency of 80%. The pressure dependencpafwas neg-

Here we report measurements of the electrical resistivitfigible- _ _
of UsNisSn, under hydrostatic pressures up to 1.8 GPa. In !N Fig. 1 we showp(T) of UsNizSn, at ambient pressure
general, the application of pressure on nonmagnetic heaw2Nd under pressures up to 1.8 GPa. The observed tempera-

fermion compounds drives the material further away from ure variation of the resistivity_ at a”_‘b‘e”‘ pressure, ie., a
the magnetic instability. Within the simple Doniach large value ofpy, a weak maximum irp(T) at a tempera-

approacff this can be understood from the increase of theEJrleo(;r ”&axng 0 iléél ?qu danterolzgnggcsre:tse?nsp ﬂ‘l:)hebteekr)nwera-
Kondo energykgTk , with respect to the Ruderman-Kittel- 1S P Y ; P

27 Th . : ture Tpax Of the maximum indp/dT, equals 15.80.5K,
Kasuya-Yosida interaction energsTrecy due to the in- which provides a rough estimate of the coherence tempera-
crease of the exchange parametemder pressure. Concur-

_ T ture, T Under pressure] ., increases and equals 20.4
rently, the temperaturdg_ up to which the Fermi-liquid 5K at 1.8 GPa. The qualitative behavior fT) does
term in the resistivity,o(T)~AT?, is observed should in- ¢ change in the range of pressures applied.
crease with pressure. As we will show below for |n Fig. 2 we show the low-temperature resistivity plotted
UsNigSny, Tei=a(p—pc) > wherep.= —0.04+0.04 GPais  yersusT? (<10K?). Initially, p, shows a weak reduction as
a critical pressure. Our data are consistent WittlNigSn,  a function of pressure, but attains a constant value-6f2
exhibiting an antiferromagnetic QCP ap.=-0.04 4 cm at the highest pressures. The temperature range of the
*0.04 GPa as follows from an analysis within the theory ofp= p,+ AT? behavior becomes larger with pressure. In order
RoscH?® for magnetotransport in metals with weak disorderto determineT, at each pressure, we have fitted the data for
close to an antiferromagnetic QCP. increasing temperature rangékeeping the lower bound
The electrical resistivity of single-crystalline ;NisSn,  fixed) to p=po+AT?, with A as the fit parameter angl,
under pressurep=1.8 GPa) was measured on a bar-shaped

sample in the temperature range 0.3—300 K. Since the crystal 13 ARDERARE RERRRRRZAF SRRRRERERF
structure is cubig¢space group I&d) the resistivity is isotro- 8 44;,;-}"'-"" —--i ‘ /_ ¢ ) é_’;;_';-":
pic and the current could be applied along an arbitrary direc- 5 .:“‘U Ni.Sn __j,;«:-~ 1 / ]
tion. Data were taken using a standard low-frequency four-  —~ S +° 1
probe ac technique with a typical excitation current-cf00 £6 [P0 T p=0.2GPa T p=0.6 ?'_D"’l‘ ]
MA. The value of the resistivity at room temperatygr % L AL LN DL L

amounts to 38Qu{) cm with an accuracy of 10% due to the 0T | a4 l 1 | ]
uncertainty in the geometrical factor. This valuepgf; is in Sr /,“ T Nwmv*'"i_' g
very good agreement with the value of 385 cm obtained 7 ;,«*" T './
on a polycrystal reported in Ref. 1. The residual resistance g - p=10 GP? T p=l1-4|GF’|a T lIﬁ’=‘|-8 IGPEI‘ ]

ratio (RRR), prr/po, amounts to 55. For sample preparation 0 é""'é'g'o é 4680246 810
and characterization, we refer to Ref. 3. Measurements under T2 (K)

pressure were carried out using a copper-beryllium clamp

cell. The sample was mounted on a specially designed plug FiG. 2. Resistivity as a function of2 of single-crystalline

and inserted into a teflon holder together with the pressurg,Ni,Sn, at pressures of 0, 0.2, 0.6, 1.0, 1.4, and 1.8 GPa. The
transmitting medium. A short tungsten carbide piston is use@rrows indicateTs,, i.e., the temperature up to which=pg

to transfer the pressure to the teflon holder. A mixture of+AT2. The slopes of the dashed lines yield the coefficigntsor
Fluorinerts was used as a pressure transmitting medium. The=0, the dashed line is based on an extrapolation of the data under
pressure valuegaccuracy 0.05 GBawere calculated from pressure.
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FIG. 4. The coefficienf as a function of pressure forgNi;Sn.
FIG. 3. Tg, deduced from the resistivity, as a function of pres- The solid curve is to guide the eye.
sure for UNi;Sn,. The solid curve represents a fit of the daipen o ) )
circles to the functionTs =a(p—py)” with »=0.50+0.07 and a (6> ;) the Fermi-liquid state(regime IIl) is the ground
critical pressurep,= —0.04+0.04 GPa(see text The dashed line state, withTg increasing as the distance to the QCP in-
indicates schematically the possible location of an antiferromagcreases. The way this regime evolves depends strongly on
netic (AF) phase boundary fop<p;. the amount of disorder. For metals with very weak disorder,

the linear dependence ~(p—p.) (using pressure as the

constant. By increasing the upper bound of the temperatur@ontm' parametgris restricted to the immediate vicinity of
interval of the fit,A initially remains constant, but decreases the QCP, while at further distances to the QTR, shows a
when the upper bound exceefls . The values foff_ ex-  cross-over to the dependende =a(p—p)" The data
tracted by this fitting procedure, are indicated by the arrow$btained for our relatively clean sample ofNi;Sn, are con-
in Fig. 2, where the slopes of the dashed lines represent tHéstent with the latter dependence. The solid line in Fig. 3
resultingA values. In Fig. 3, we show the pressure variationshows the results of a fit of the data to the functibg
of Tr, . Since the data extend down to 0.3 K only, the value=a(P—Pc)". The parameters extracted from this fit que
Tr =0.4+0.2K obtained at zero pressure has a large errorr —0.04£0.04 GPa, »=0.50£0.07 and a=2.0
bar. However, the low-temperature specific-heat experimentg 0.1 KGPa ”. Thus, the analysis of the pressure variation
yield the same valu@r =0.4K.* of Tg_ within the magnetotransport theory of Rosch is con-

Within the theory of Millig’ for itinerant fermion systems sistent with WNi3Sry being located close to an antiferromag-
p(T)xT%2 at the 3D antiferromagnetic quantum critical nNetic QCP, with the QCP located anhagativecritical pres-
point. Away from the QCP, the Fermi-liquid regim&T) sure of~—0.04 GPa. Fol > T, the theory predicts a cross-
«T2 grows. Using pressure as the parameter that controls thever to regime Il, Ap~tx*% This regime should be
distance to the QCP, the theory predictg ~(p—pc), observable foil ;, < T<I'x2 With x=0.018 and assuming
wherep. is the critical pressure. However, very recently, al'~T.,~16 K (see abovgthe relevant temperature range at
more detailed magnetotransport theory near a magnetic QCémbient pressure is 0.4KT<2.1K. However, the data do
has been presented by RoséHThis theory delineates the not allow us to delineate the linear regime unambiguously,
NFL and Fermi-liquid regimes as a function of the distancewhich is possibly due to large cross-over effects.
to the QCPand the amount of disorder. Three different re-  In Fig. 4 we show the pressure dependence of the coeffi-
gimes are predicted for the resistivityp=p—p,. For the cient A of the T? term. When the material is driven away
three dimensional antiferromagnetic caske=@) these are: from the magnetic instabilityA decreases. The value Afat
(1) Ap~t32 (1) Ap~tx¥? and(lll) Ap~t?r 2 Here,t  zero pressure cannot be determined reliably from the experi-
=T/T" measures the temperature, withtypical of the order mental data. By simply extrapolating(p) to zero pressure,
of Teon, X=po/pm~1/RRR measures the amount of disor- we obtain the estimaté(p=0)=0.45+0.05.0 cmK 2.
der, wherep, is a typical high-temperatureé{ 1) resistivity =~ With this value for the A coefficient and y(p=0)
value, andr = (5— 6,)/ 5, measures the distance to the QCP=0.13J/(mal) K3* we deduce a ratio A/y?
in the paramagnetic phase, whelgis the critical value of ~27u cm K*(moly)2 J 2. This value differs considerably
the control parameter. The temperature ranges of the diffefrom the phenomenological value
ent regimes depend on the amount of disorder in the system: 10 Q) cm K%(mol,)?J 2 for heavy-electron compounds
For very clean samplesc&1), theAp~t%? dependence is reported by Kadowaki and Wood%This is not surprising,
observed only at very low temperatures, and shows a crosgecause the simple Fermi-liquid relation&~(Tg) 2
over to Ap~tx¥? there above. In the paramagnetic phase~(T.,) 2 (Where T is the spin fluctuation temperatire
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andy~ (T ! should no longer be valid in the immediate relatively clean material. Under pressure, the Fermi-liquid
vicinity of a QCP. Moreover, the QCP controls the physicsregime is rapidly recovered, as follows from the increase of
over a wide temperature range, which leads to NFL properthe temperaturdg, , below which the resistivity obeys the
ties. Ref. 19 predicts for regime Ihp~t%/,r, which im- F'erml—llqwd expreS'S|olrp~AT . Concurrently, the coeffi- .
plies A~1/,r. Our data forp>0.5 GPa are not inconsistent cient A decreases significantly. The measured pressure varia-
with such a behavior, however, the measured variatioA of 10N Tr.~(P—Pc)"* lends strong support for an antiferro-
below p=0.5 GPa is too weak to be described by ar1/ Magnetic quantum critical point in MisSn, at a negative
dependence. Clearly, accurate data at pressures close to g{#;?;sl,i2rv(\a/ﬁ?]lijr:?ﬁeo:n;gﬁg?éroaiggpgfta;haeso?;g?(lz?%dslrr?n‘l]'rtmri]seis
guanturrr: Crltlé:al pomt ;fe n(ejeded to probe thedcozfﬂ::went'_ consistent with the presence of the non-Fermi-liquid term,
-rom the reduction oA under pressure, standard Fermi- . UT~7yo—aTY?  previously reported in the low-
liquid scaling predicts an increase of,, of ~60% at 1.8 Ny y

G h lative i 8 G temperature specific heat. Our results indicate that a rela-
Pa. However, the relative increase at 1.8 GPa extractegl,q\y \eak expansion of the lattice is sufficient to reach the

from the experimental data, using the assumption that th@cp_ We propose that pseudoternary(Ni, Cu);Sn, com-
temperaturel ,,, of the maximum indp/dT yields a rough 55 nds might form a suitable series to investigate the anti-

estimate OfT¢op, is only 30%. o ferromagnetic quantum phase transition.
In conclusion, we have measured the resistivity of the
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