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Abstract. Our studies show that hydrostatic pressure causes a substantial increase in Kondo
temperaturdy and suppresses the magnetic order of the Ce-rich sideetJ)Al,. For example,

the magnetic transition diCey 7Up 3)Al, disappears above 5.5 kbar. Spin fluctuations dominant

in the U-rich side become suppressed too, and simultaneously the U-rich systems are driven with
pressure towards a simple metallic regime. A new scaling is found of the pressure-dependent
resistivity of U-rich samples.

1. Introduction

Among the heavy-fermion compounds, CgAt a modest Kondo system with =
135 mJ mot! K—2 and a Kondo temperatuf of abou 5 K [1]. It has an antiferromagnetic
phase transition at around 3.9 K with an ordered moment of Q8%]. Thus CeA} is a
magnetically ordered Kondo-lattice system with a large localized moment, unusual among
heavy-fermion compounds.

By comparison, UAl does not show a magnetic transition or a superconducting transition
down to 100 mK. UA} is also a relatively moderate heavy-fermion compound with=
142 mJ mot! K=2 [3]. Various physical properties, particularly tt&’In T behaviour of
the low-temperature specific heat, characterize sl a typical spin-fluctuation system with
Tse ~ 27 K [3]. UAl; is also distinguishable from other heavy-fermion systems in that it
has very largg” = O fluctuations, as seen in quasielastic neutron scattering experiments [4].
The quite large quasielastic linewidth of 25 meV for WYAd one order of magnitude larger
than those of most heavy-fermion compounds. Both Geftid UAL have the cubic Laves
MgCu,-type structure with lattice constantsof= 8.059 and 7.766 A respectively.

In the present work, we study the resistivity @e U)Al, as a function of pressure,
wherein the antiferromagnetic ground state of Gewith well localized magnetic moments
changes over to a nearly magnetic spin-fluctuation ground state as jn UAI

2. Experimental details

All samples were made using an arc furnace under a Ti-gettered Ar atmosphere. We prepared
(Ce_,U,)Al, alloys withx = 0, 0.05, 0.1, 0.2, 0.3, 0.8, 0.9, 1. Subsequently, they were
subjected to heat treatments. Ce-rich samples were annealed<& 8wo days and then

at 873°C for five days, while U-rich samples were annealed at&5€r five days [5].
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The pressure-dependent electrical resistivity was measured for bar-shaped samples using
the standard four-probe dc method in a temperature range from 1.5 K to room temperature.
We used a liquid pressure cell with a 4:1 methanol-ethanol mixture as a pressure transmitter to
generate hydrostatic pressure up to 12 kbar. The absolute value of the pressure was determined
from the superconducting transition temperatures of In and Pb.

3. Experimental results

Both CeAb and UAL have low residual resistivity valuesy of 12.1 and 14.0u22 cm
respectively which increase rapidly upon substitution. For examgeincreases up to
180 u2 cm for (CeygUp2)Al,. This large increase gfy is partly due to disorder caused
by the Ce/U substitution, but is primarily attributed to the destruction ofcthteerencean
Kondo scatterings.

o(T) for the Ce-rich alloys shows the characteristics of a magnetically ordered Kondo
lattice with a crystal-field splitting [6] and increases substantially with pressure. Figure 1
shows, as an example, the results of our measuremeri@epsUo 1)Al, and(CeygUg2)Al.

The overall increase in the resistivity with pressure is due to increased hybridization between
conduction electrons and the localized f electrons of Ce ions. Since the same hybridization
is responsible for both Kondo screening and magnetic RKKY interaction, we expect a strong
competition between the two. The low-temperature resistivity of Ce-rich alloys is characterized
by an almost pressure-independent minimum at about 15 K. Below the minimum, the resistivity
shows a negative-temperature-coefficient behaviour due to the Kondo scattering of conduction
electrons. Upon further cooling, all Ce-rich alloys studied become magnetically ordered and
the resistivity drops steeply below th&bl temperature. Close inspection of the pressure effect
ontheresistivity reveals that the Kondo scattering increases with pressure: as pressure increases
the negative-temperature-coefficient behaviour becomes more pronounced in the resistivity of
CeAl, and(Ceyg5Uqgs5)Als. In the case ofCeoUq 1)Al,, however, the difference between

the minimum and a local maximum at araba K increases with pressure up to 6 kbar and
then begins to decrease as pressure increases (see figure 1).

Below the negative-temperature-coefficient behaviour, the resistivity of the Ce-rich alloys
reaches a local maximum and then decreases rapidly due to the antiferromagnetic ordering.
With increasing pressure, the maximum moves towards lower temperature; for example, with
12 kbar it moves from 5.06 to 4.46 K for CeAlfrom 6.03 to 4.86 K fon(Cey g5Uq 05)Al 2
and from 6.91 to 5.35 K fofCegUg 1)Al>. Therefore, the Bel temperature of the Ce-rich
alloys decreases substantially due to increased hybridization with pressure. From the pressure
dependence of the antiferromagnetic transition, we conclude that the Ce-rich alloys locate near
a magnetic-to-nonmagnetic transition point in the strong-coupling limit of the Doniach phase
diagram [7]. It is also interesting to note that the chemical pressure effect due to U doping
is opposite to the external pressure effect despite the fact that U doping also reduces the cell
volume of CeA} like external pressure. This apparent discrepancy between the chemical and
hydrostatic pressure effects will be discussed in detail later.

Another interesting point regarding the Ce-rich compounds is the pressure effect on the
resistivity contribution from the crystal-field excitation of Ce. A broad hump at 80 K is due to
the effect of crystal-field excitation. As one can see in figure 1, it becomes pronounced with
pressure which is consistent with a view that conduction electron scattering by the crystal-field
excitation increases as hybridization between conduction electrons and f electrons becomes
larger with pressure. F@CeygUg.1)Al >, not only does the height of the hump increase but also
the resistivity slope changes markedly (see figure 1). On the other han@dUp2)Al
there is only a very weak sign of crystal-field excitation at high pressure.
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Figure 1. Resistivities of two Ce-rich alloys, (& ey 9Up.1)Al2 and (b)(Cey gUo.2)Al 2, at different
pressures. Pressure increases in the direction of the arrows.

(Cey7Ug3)Al, appears to be weakly magnetic and the negative-temperature-coefficient
behaviour is very modest at ambient pressure (see figure 2). On increasing the pressure
above 5.5 kbar, both the magnetic ordering and the negative-temperature-coefficient behaviour
become considerably reduced, indicating that the magnetic transition temperature moves
toward much lower temperature. It is also noticeable that the resistivity starts to decrease
with pressure fotCey 7Ug 3)Al,. This marks most probably the pressure-induced suppression
of spin fluctuations, which already seem to exist in this composition as in. UAI

Figure 3 shows the pressure-dependent resistivity of a U-rich &0ay; Ug o)Al 2. Unlike
that of the Ce-rich alloys, the resistivity of the U-rich alloys decreases with pressure. As noted
in the introduction, UAd is a spin-fluctuation system. In such a system, magnetic interactions
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Figure 2. (a) The resistivity of(Cey7Ug3)Al at different pressures. Pressure increases in the
direction of the arrow. (b) The low-temperature resistivity at 12 kbar is shown to scal@'Wth
below 30 K.

are not strong enough to stabilize a long-range magnetic order, but they nevertheless produce
some low-lying spin fluctuations. So it seems to be natural to interpret the pressure effect
of (Cey1Up9)Al; in such a way that pressure suppresses the spin fluctuations and reduces
resistivity. Therefore, the observed resistivity reduction with pressure can be understood
as arising from the suppression of spin fluctuations. A signature for such a pressure-induced
suppression of spin fluctuations can also be seen igid@g;) Al » at high pressure (see figure 2).

The resistivity of UA} is characterized by an S-shaped behaviour showing a saturation
behaviour near room temperature. As the Ce concentration increases, the residual resistivity
value increases and reduction in the resistivity below 70 K becomes smaller, so the system
eventually behaves like a simple metal, but with a quasi-linear temperature dependence at low
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Figure 3. The resistivity of a U-rich alloyCey 1Uo.9)Al 2, at different pressures. Pressure increases
in the direction of the arrow.

temperature. The ratio of the resistivity value at 1.5 K to the room temperature resistivity
value for ambient pressure is 8% for YAlhile they are 58% and 67% f@Cey 1Ugg)Al2
and(Cey2Uqgg)Al, respectively. The very rapid increasednwith Ce substitutions is again

due to the destruction of theoherenceof the spin fluctuations [8]. A change is observed in

the curvature of the resistivity at around 27 K (i.e., a maximumdpd{'), which corresponds

well with the spin-fluctuation temperature of UAdetermined from heat capacity data [3]. It
becomes subdued as Ce concentration increases, in agreement with the view that Ce doping
disturbs thecoherencef the spin fluctuation in UAI.

4. Discussion

A sharp drop ino(T) below 4 K for the Ce-rich alloys is due to the antiferromagnetic ordering.
With increasing pressure, Kondo screening of conduction electrons, which is destructive to
magnetic ordering, gains in strength and the magnetic transition tempefatutecreases
monotonically with pressure. In the previous section, we argued thabGestes near to the
maximum of the magnetic transition temperature in Doniach’s phase diagram. Therefore, we
expectTy to decrease with increasing hybridization on applying pressure, which is borne outin
our data (see figure 4). In figure 4, two things are noteworthy. FifBil§or the Ce-rich alloys
increases with U doping while it decreases with pressure, although both external pressure and
U doping reduce the cell volume. Secondly, the pressure dependefigdbetomes stronger

with U doping.

Firstof all, we think that the difference between fiedependences on the U concentration
and the pressure is due to the valence of U in4JAlo date, U in UA} has been thought to
have 3+ valence, which was suggested from neutron scattering data [4]. However, with much
larger lattice constants of the Ce-rich alloys, it may be possible that the U ion might have 4+
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Figure 4. Tax versus applied pressure for Ce-rich alloys.

valence. If this is the case, then one excess conduction electron from doped U would give rise
to an increase in the Fermi level, which subsequently leads to a Fermi-level tuning effect as in
(Y, U)Pd; [9]. This then can have a much stronger effect on hybridization than the changes in
lattice constants due to U doping. In fact, our recent photoemission experiment on a similar
composition seems to support this conjecture [10].

Secondly, in order to investigate quantitatively the changdipfwith pressure, we
determined experimentally magnetic (Beisen parameters from the graph Tf versus
pressure (see figure 4). The magneti€i@isen parametéty is defined as

aln Ty aln Ty

" ="%mv =% %p @)
where the bulk modulu was taken as the value for CeAl700 kbar [11]. The thus-
obtained"y values are-7.8,—11.7 and—13.5 for CeAb, (Ceyg5Uq.05)Al> and(Cey gUg 1)Al»
respectivelyI'y for CeAl, is in good agreement with the value obtained from previous thermal
expansion and specific heat measurements using the Ehrenfest relation [12]

5p

'y =-B AC (2)
whereg is the thermal expansion coefficient afidhe specific heatl"y for U-alloyed CeA}
becomes larger with U concentration. This is consistent with the observation that the pressure-
induced change in the resistivity becomes larger as the U doping increases up to 10%.

As can be seen in figures 1 and 2, the AF transition of G&A$uppressed with pressure

and seems to be completely absent ino(& 3)Al, at 12 kbar. Thus (GgUg3)Al, has
a magnetic-to-nonmagnetic crossover at about 12 kbar. Interestingly, the low-temperature
resistivity of (Ce7Uq3)Al, shows an unusual temperature dependence in the pressure range
in which the antiferromagnetic transition disappears; it ia8°-dependence below 30 K
(see figure 2(b)). The unconventional temperature dependence at critical pressure bears some
resemblance to what is often found in other heavy-fermion compounds at similarly critical
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points. For example, Ce(Cu, AushowsT -linear behaviour at a critical concentration [13].
Thus we think that th&15°-behaviour can also be seen as a sign of non-Fermi-liquid behaviour
at critical pressure.

The low-temperature resistivity of UAIshows a change in curvature around a spin-
fluctuation temperaturésg. Tsris a characteristic temperature which sets the energy scale of
the spin fluctuations and is regarded as an average energy of paramagnons [14], above which
temperature electron—electron correlations are destroyed. BBigwelectron correlation
becomes important. If we take the inflection point in the resistivity'gs Tsg at ambient
pressure is 27.8 K. Itis very close to thg-value determined from other measurements, such
as specific heat [3], susceptibility [15] and magnetoresistance [15].

At low temperature, the resistivity shows somewhat unusual temperature dependence: in
this case, resistivity is shown to scale with® (see figure 5(a)). We také as the coefficient
of T15. With increasing pressurdsr shifts towards higher temperature. Spin-fluctuation
theories predict the relatiofise o« 1/+/A, which is indeed found for UAl (see figure 5(b)).
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Figure 5. (a) The low-temperature resistivity of UAls shown to scale witt’ 5. (b) A=1/2in

units of 1//1Q cm T-15 is given as a function dfsg. Pressure increases in the direction of the
arrow.
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For (Cey1Ug9)Al, and (Cey2Uqgg)Al,, the inflection point locates at lower temperature and
the slope of the low-temperature resistivity approaches quasi-linearity down to 10 K, revealing
a less clear indication of spin-fluctuation effects in the resistivity. From this observation, we
argue that about 10% Ce doping is enough to suppress a coherent state of a spin-fluctuation
system like UA}.

To compare the pressure dependence of the characteristic temperaturesaritVBeA},
we calculatedsy = Ty, (dTsr/dp),—0 for UAI, andzy = Ty (dTy/dp),—o for CeAl.
Surprisingly,tsr andzy turn out to have the same value aD@1 kbar!. This is a quite
interesting result when we consider that the ground states of the two materials are of very
different nature. Previously, we found that the temperature and alloying dependence of the
thermopower for CeAland UAL are also very similar [16]. We interpreted the similarity of
the thermopower data for the two systems in terms of the existence of possibly Lorentzian-type
excitations near the Fermi level. Likewise, we think that low-lying excitations of both £eAl
and UAL have similar pressure dependence, producing almost the same pressure effect on
N andTSF.

We fitted the resistivity of UAI at various pressures to a scaling functiorfgfl’s - (p)
over a temperature range from 5 to 30 K (see figure 6). Such a scaling behaviour can be
regarded as evidence strongly supporting the view that the resistivity ofisl dbminated by
spin-fluctuation scatterings in the pressure range studied here. The resistivities of 10% and
20% Ce-doped alloys do not show such a scaling behaviour, which is likely to be due to the
fact that thecoherencef spin fluctuations has already broken down in these compositions.
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Figure 6. Scaling behaviour of the pressure-dependent resistivity of, @#dundTsk is found.
Resistivity data for different pressures collapse onto a single function of the scaled temperature

T/Tsr(p).
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5. Summary

For the Ce-rich alloys, pressure causes the Kondo interaction to increase while the magnetic
ordering temperatur@y decreases with pressure and while it increases with U doping. The
difference seen ify as a function of pressure or U concentration is likely to be due to the
Fermi-level tuning effect arising from the excess conduction electron of U compared with
Ce. Magnetic order disappears f@ey7Ug3)Al, at high pressure. At 12 kbar, it exhibits a
non-Fermi-liquid-like behaviour.

For the U-rich alloys, suppression of spin fluctuations by pressure is observed and a
new scaling behaviour of the pressure-dependent resistivity is found. Suppression of spin
fluctuations by pressure results in decrease of both the resistivity value and the low-temperature
slopeA, which is accompanied by an increasefi. We find that thecoherenceof the spin
fluctuations of UA} is destroyed by more than 10% Ce doping.
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