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High-pressure investigation of the heavy-fermion antiferromagnet WNisAl g
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Measurements of magnetic susceptibility, specific heat, and electrical resistivity at applied pressures up to
55 kbar have been carried out on single crystals of the heavy-fermion antiferromagiigAldg, which
crystallizes in the GgNisAl 14 orthorhombic structure with two inequivalent U sites. At ambient pressure, an
upturn of the specific heat anttHlinear electrical resistivity below 5 K indicate non-Fermi liquitlFL)
behavior in the presence of bulk antiferromagnetic ordemgt23 K. Electrical resistivity measurements
reveal a crossover from non-Fermi liquid to Fermi liquid behavior at intermediate pressures between 46 and
51 kbar, followed by a return to NFIL32 behavior at higher pressures. These results provide evidence for an
ambient pressure quantum critical point and an additional antiferromagnetic instabHigy=a&0 kbar.
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A considerable amount of experimental and theoreticatan be thought of as an intergrowth between the imaginary
effort has been devoted in recent years to the investigation aftructures of YbNiA| (with the orthorhombic YNiAl-type
quantum criticality in f-electron heavy-fermion materials structuré) and that of YBNi,Al;5 (monoclinig. A recent
(for a recent review, see Ref).1Until now, most research reporf concluded that YNisAl,q orders antiferromagneti-
has focused on the behavior of Ce-based heavy-fermion sysally at Ty=23 K, due to a prominent feature ip(T) for
tems in the vicinity of an antiferromagnetidFM) quantum  Hjlc involving one of the two distinct U sites, while the other
critical point (QCP in which the Néel temperatur@y is  site showed no sign of magnetic order down to 50 mk.
tuned to absolute zero by an external control parameter such Single crystals of LNisAl;o were grown in Al flux. The
as compositiorx, pressureP, or magnetic fieldH. Measure-  elements were placed in the ratio U:Ni:#A1:1:10 in an
ments under applied pressure on these systems have beglomina crucible sealed under vacuum in a quartz tube. The
particularly useful in accessing the QCP and also exploringgample was heated to 1100 °C and kept at that temperature
the unusual power law or logarithmic-dependences of the for 4 h, then slowly cooled to 650 °C at 7 °C*hat which
physical properties, characteristic of non-Fermi ligU\FL)  point excess Al flux was removed in a centrifuge. The result-
behavior, found near the critical point. For instance, at dang crystals were needles with typical dimensionx 1L
critical pressureP.=28 kbar necessary to completely sup- x5 mne. The orthorhombic GsNisAl, 4 structure was con-
press antiferromagnetism in CefSi,? the electrical resistiv-  firmed by single crystal x-ray diffraction with lattice param-
ity exhibits a power law, i.e.p—po=AT", with n=1.2 over  etersa=4.085@2) A, b=15.930%8) A, andc=26.9591) A,
an extended range in temperature, in contrast to The (further details of the structural refinement can be found in
Fermi-liquid behavior expected for a simple metal. The anRef. §. Magnetic susceptibility measurements were per-
tiferromagnetic Ce-based heavy-fermion compounds haveyrmed in a commercial magnetometer from 2 to 350 K in a
proved unstable to the formation of superconductivity in themagnetic fieldH=0.1 T both parallel and perpendicular to
vicinity of the AFM QCP. The transition temperatures arethe long axis of a single crystal. It was then concluded on the
often quite low,T.~0.4 K (0.2 K) for CePdSi, (Celn;) at  basis of the measuremehtbat the long axis of the crystal
P=28 kbar(26 kbai;?> more recently, superconductivity has was theb axis. Specific heat measurements were made using
been observed aT.~2 K in antiferromagnetic CeRhin a commercial calorimeter from 0.4 to 50 K on a collection of
above 15 kba?, more than half the value of the Néel tem- single crystals using an adiabatic method. Electrical resistiv-
perature at ambient pressufB,=3.8 K). The occurrence of ity measurements under pressure were carried out using a
superconductivity near the AFM QCP where spin fluctua-profiled toroidal anvil clamped device with anvils supplied
tions are strongest is indicative of an unconventional magwith a boron-epoxy gasket and Teflon capsule, containing
netically mediated pairing mechanism in these compoundsressure-transmitting liquid, sample, and a pressure s&nsor.
Therefore it is of interest to investigate pressure-induced he pressure was determined from the variation of the super-
quantum criticality in antiferromagnetic U-based heavy-conducting transition of lead using the pressure scale of Eil-
fermion materials as comparatively fewer such studies having and Schillingt® A standard four-probe technique was per-
been performed.To this end, we present measurements offormed using an LR-700 Linear Research bridge operating at
magnetic susceptibility, specific heat, as well as electricah current of 1 mA applied along tHeaxis of the crystal.
resistivity up to 55 kbar of the heavy-fermion antiferromag- The magnetic susceptibility=M/H of U3NisAlg in a
net U;NigAl 1q. magnetic fieldH=0.1 T along various crystallographic direc-

U;NisAlg crystallizes in the orthorhombic GMisAl;g  tions is shown Fig. 1. A clear signature of a magnetic tran-
structuré (space groupgCmcm No. 63 with two inequiva-  sition, presumably antiferromagnetic, is found yp at Ty
lent U sites(one U atom in 4 and two U atoms in B which =23 K, while y,, exhibits temperature independent paramag-
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FIG. 1. Magnetic susceptibilityy(T) in a magnetic fieldH
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entropy of this small anomalyS;,g~100 mJ/mol U, as-
suming that the impurity phase contribu#(2) of entropy
below the transition at~13 K. Powder x-ray diffraction
measurements reveal no evidence for impurity phéseh

an upper limit of a few percentBelow 5 K, C. /T exhibits

an upturn as the temperature is lowered characteristic of non-
Fermi liquid behavior, suggesting proximity to a quantum
critical point. The electronic contributio@ to the specific
heat of UNisAl g plotted asCq/T vs T, is shown in Fig.
2(b), where the nonmagnetic contribution of sNisAl ¢ has
been subtracted from tH&(T) data. A significant quasiparti-
cle mass enhancement is indicated by the large value of
Co/T=185 mJ/molU K at T=0.4 K. The electronic en-
tropy Sy(T)=J(Cg/T)dT released belowTy amounts to
S.(23 K)=3.9 J/mol U K as shown in Fig.(B). This value
amounts to(0.67RIn(2), considerably less thaRIn(9) or
RIn(10) expected for a & (J=4) or 5f3 (J=9/2) electronic

=0.1 T along theb andc axes. Inset: Inverse magnetic susceptibil- configuration, respectively. The, /T data below 5 K can be

ity x"X(T) for Hllc. The solid line is a linear fit of the data.

netism, indicating marked magnetic anisotropy. Hhedata

fit by the spin-fluctuation model of Moriya and Takiméto
describing the contribution of critical spin fluctuations to the
specific heat. In this theory, the anomalous NFL temperature

can be fit to a Curie-Weiss law above 250 K yielding andependences @(T) andp(T) are calculated as a function of

effective moment uq=3.0 ug/U atom and Curie-Weiss
temperaturéde,=-79 K as shown in the inset of Fig. 1.
The specific heaC(T) of U3NisAl;g and nonmagnetic
ThgNisAl 9 is shown in Fig. 2a). The specific heat of
ThsNisAl 9 is characterized by a Sommerfeld coefficignt
=1 mJ/mol Th K and a Debye temperatugy=370 K. An
anomaly in UYNisAlg is observed affy=23 K confirming

reduced temperatur€/ Ty, with a control parametey, de-
noting the distance from the QGFRe., y,=0 at the QCPthat
provides a measure of the inverse correlation length. Two
additional parameters are needed for comparison to experi-
ment, the first of whichT, is related to the exchange energy
by To=7/(272); the second parameter is the contribution to
the electronic specific heat of noncritical fermiops A fit of

bulk AFM order. A second, much smaller feature is found atthis spin-fluctuation theory is displayed in Figh2 yielding
~13 K and is attributed to an impurity phase as no suchy,=0.001, To=3.2 K, andy,=80 mJ/mol U K, suggesting

feature is observed iny(T) or p(T), although a spin-

U3NisAl g is close to aP=0 quantum critical point. After

reorientation of the U moments cannot be ruled out. A vol-subtracting this NFL contribution from th€,(T) data of
ume fraction of 1% is estimated from the measured magnetit/zNisAl 1o, the magnetic contribution to the specific heat
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FIG. 2. (a) Specific heatC(T) of U3NisAl;9 and nonmagnetic
ThsNisAl 9. (b) Electronic contributionCg to the specific heat of
U3NisAl g, plotted asCq/T vs T. Lower inset: Cg(T)/T below
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Cinag (N0t shown is reasonably well-described byTa power
law in the antiferromagnetic state characteristic of antiferro-
magnetic spin-wave excitatiofs.

The results of electrical resistivity measurements under
pressure of WNisAl 4 are presented in Fig. 3 at four different
pressures. Thep(P,T) curves have “s-shaped” curvature
typical of spin fluctuations systems. The magnetic phase
transition is readily visible as a kink ip(T) at Ty=23 K at
ambient pressure. Upon further cooling, the resistivity is lin-
ear in temperature below 5 K consistent with the NFL be-
havior observed in specific heat. The application of pressure
suppresses the Néel temperature T®=24K at P
=55.2 kbar, the highest pressure reached in this experiment,
as shown in the lower inset of Fig. 3. The derivatiygdT is
characteristic of a second order phase transitiand reveals
a similar suppression of the magnetic transition as displayed
in the upper inset of Fig. 3.

Figure 4 shows the low temperature power law fits
-po=AT") to the p(P,T) data of UNisAl;q. A linear
T-dependence describes the dataReg 25.6 kbar, whereas
an exponenh=1.3—-1.7 is needed to fit th&T) curves be-
tweenP=31.3 and 42.4 kbar over nearly a decade in tem-
perature below 10 K. At higher pressures B£46.4 and

10 K. The solid line is a fit to the spin-fluctuation theory discussed51.3 kbar, a Fermi-liquid ground state is revealed:2);
in the text. Upper inset: Electronic entro@y(T).

however, a NFL-like exponent=1.5 is again found at the
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FIG. 3. Electrical resistivityp(T) of U3NigAlg at various pres-
suresP. Lower inset:p(P,T) below 30 K. Upper insetdp/dTvs T
at various pressures. The arrows indicate the Néel tempergiure

highest pressur®=55.2 kbar where the Néel temperature
(Ty=2.4 K) is almost completely suppressed®e0 K, in-
dicating the influence of critical spin fluctuations at a QCP of
P.~ 60 kbar.

Figure 5 provides a summary of our electrical resistivity
measurements under pressure oNIJAl 4. The power law
T-dependence op(T) for P<42.4 kbar indicates a NFL
ground state in the presence of long-range magnetic order.
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FIG. 5. Power law exponemt, coefficientA, residual resistivity
po, and Néel temperaturg, vs P in (a)—(d), respectively. The lines
are guides to the eye, except(d) where the line is a power law fit
xf the data.

Fermi-liquid ground state is stabilized at intermediate presheavy fermion systems such as CeAg8bUGe,,'>16 and
sures between 42.4 and 51.3 kbar; at the highest pressu@eln;.!” A fit of the Ty(P) data to a power law of the form
P=55.2 kbar, critical fluctuations associated with the as-Ty«|P—P|®yields a critical pressurB.=58 kbar and expo-
sumed AFM QCP aP_,~ 60 kbar once again lead to a NFL nenta=0.7, although a linear variation @{(P) is found for

exponent of the electrical resistivity af=1.5 [Fig. 5a)].
Both theA coefficient obtained from the power law fits and

P=40 kbar.
Our results on YNizAl,9 provide evidence for both a

the residual resistivity(at T=1 K) increase dramatically non-Fermi liquid state at ambient pressure and pressure-

upon approaching the AFM QQIFig. 5); such critical scat-

induced quantum critical point &.=60 kbar. It is expected

tering arising from proximity to a QCP is typical of many that for temperatures sufficiently below the Néel tempera-

(@ ()
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FIG. 4. (@) p—po vs T for P<42.4 kbar on a
log-log scale. Each of the curves have been
shifted vertically by one decade from the curve
below it for clarity. (b) p—p vs T for 46.6 kbar
< P<55.2 kbar(the curves have not been shifted
vertically). The solid lines in(a) and (b) are
power law fits of the data tp—py=AT", where
the exponent is indicated next to each curve.
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ture, the electrical resistivity should exhibifl& temperature criticality and antiferromagnetic order at ambient pressure in
dependence due to electron-magnon scattéfingstead,  U;NizAl . Three possibilities exist1) one U site is respon-
p(T) follows aT-linear dependence below5 K, indicating  sible for both the NFL behavior and the AFM ordé®) the
(along with the upturn in specific heallFL behavior coex-  NFL behavior involves one U site while antiferromagnetism
isting with ant|ferromagnet_|sm a®=0 perhaps assomated is associated with the remaining U site; @ both U sites
with an AFM QCP. The spin-fluctuation theory of Moriya- ,e responsible for the NFL behavior and the AFM order.
Takimoto describes the specific heat at ambient pressure reB'nfortunately, the current measurements are indecisive. Sce-

sonably well; but this model predicts&/? variation of the : . ;
electrical resistivity that is not observed experimentally.nar'os(l) and(3) are at least plausible as the coexistence of

Similar apparently contradictory results have been obtaine@'@gnetism and NFL characteristics has been observed be-
for the heavy-fermion antiferromagnet B&;, which has fore, both in antiferromagneétsand ferromagnet¥. Of these
three inequivalent Ce sites. In this compound, AFM order igwo possibilities, the reduced electronic entropy in
suppressed by modest pressuresPgf=4 kbar. Non-Fermi  UzNisAl g tends to favor scenari@l) in which the singly
liquid behavior[i.e., C/T~~-In(T/Ty)] is found within the occupied U site is associated with both NFL and AFM
AFM state!® possibly associated with one or more of the Cephenomena and the remaining doubly occupied U site
sites. We consider two alternate mechanisms that might givexhibits temperature independent paramagnetism. It is
rise to the NFL behavior observed BEO. The first is the jnteresting to note that the reduced electronic entropy
Kondo disorder model in which a distribution of Kondo tem- j, - y,Ni Al [Sy(Ty) ~3.9 mJ/mol UK is similar to

peratures due to chemical or structural disorder leads to NoRy_pased antiferromagnets  such  as ,Zb; [Sy(Ty)

Fermi liquid behavior, i.e.p(T) =T and C/Tx=—log(T),2%?*
. . . ) . ~3.8 mJ/mol UK and UCd; [S;(Tyn) ~ 6.5 mJ/mol U K,
consistent with the properties ofgNisAl;q, assumingC/T although a sizable fraction & In(9) is released belowy in

hibits a —lodT) d d .H , disorder effects d
exhibits a —logT) dependence. However, disorder effects Opther compoundse.g., UCY, UAGCW).2 The reduced en-

not appear to play a major role as single crystals of stoichio . ;

metric U;NigAl g used for this investigation have small val- tropy also favors modef2) which provides a natural expla—

ues of both the overall electrical resistivityp(300 K) nation for the occurrence of AFM order and NFL behavior at
P ambient pressure and has been suggested previohisy-

~50 uQdcm] and residual impurity scattering(pg ; . )

_ . . . tron scattering measurements ogNikAl ;o would be invalu-
. 3 pld c_:m). A s:econd scenario in Wh_'Ch the NFL behavior able for determining which U sitg) is (are responsible for
is associated with the possible impurity phase that may Proghe magnetic ordering

duce the anomaly in specific heahajl3 K can be rule.d out In summary, measurements of magnetic susceptibility,
as no such anomaly_ is observed o) at 13 K, while a specific heat, and electrical resistivity at applied pressures up
ImearT_—dependencg is found below 5 K. Therefqre pot_h the& 55 kbar have been carried out on single crystals of the
upturn inC(T) and linearT-dependence i(T) are intrinsic o5y fermion antiferromagnetsNisAl ;6. The low-T upturn
properties of YNisAle and do not derive from disorder or of the specific heat and-linear electrical resistivity below
impurities. The application of pressure drives the system oug i ingicates non-Fermi liquid behavior at ambient pressure
of the P=0 NFL state, inducing Fermi liquid behavior be- j, the presence of bulk antiferromagnetic ordeTgt23 K.
tweenP=42.2—51.3 kbar, and at the same time Suppressing|ectrical resistivity measurements reveal a crossover from
the magnetic transition. A presumed second pressure-induc| o FL behavior at intermediate pressures between 46
quantum critical point aP.~ 60 kbar leads to the anomalous 5,4 51 kbar. The pressure dependence of the physical prop-

beha_lvior oqu, A andn ab_ove 51.3 kbar. Behaviors such as gjes suggest proximity to an AFM QCP at a critical pres-
the linear variation offy with control parametefP—P| [for ¢ e P.~60 kbar.

P=40 kbai, the T®2-dependence of(T) nearP,, and the
steep increase oA close toP. are consistent with the pre- We would like to thank Z. Fisk for helpful discussions.
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