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Ezperimental cfforts to characterize and develop an wnderstanding of non Fermi
lignid (NFL)} behavior at low lemperniure in felectran matervials ave remeted
for three [-electron systems: Mi_ U, Pdy (M = S, Y), U Thy PdyAly, and
UCns_.Pd.. The emerging systematics of NFI, behavior in J-eleciron systems,
based on the present sample of nearly ten [-electvon systems, is updaled.

of the [-electron systems exhibil the Jollowing lemperature dependences

Many
trical resistivily p,

of the elec-
specific heal C, and magnetic susceplibility x for T < I}, where

[Th, where @ < 0 or > 0,
C(T)/T ~ (-1To) In(T/bTy), and XY ~ 1= e(T/TR)V2 In several of the I-
electron systems, the characleristic Yemperature Iy can be ideniified with the Kondo
temperature Ty .

1. INTRODUCTION

During the past several years, there hag been a greal deal of interest in a new
rinls whicly exhibil non Feri Hoquid (NI°L)

and U intermetallics which,
a nonmagnetic element. The

and contribute magnetic dipole
tor electric quadrupole moments which can interac

sthe conduction elecirons and particip
Jow temperatures.

behavior of their physical properties which exhibit weak power law or
divergences in Lemperature and suggesl the existenee of a eritic
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L with the spins and charges of
ale in magnetic and quadrupole ordering at
What is striking about these malerials is the non Fermi liquid

logarithmic
al peint at T =
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0 K. One possible origin of the 0 K critical point is an unconventional moment
compensation pracess such as a multichanne! Kondo effect. Such a single ion ellect
would seem to be appropriate for systems such as Yy _ U Pdy, Ui~z ThePdaAly,
and Laj_-Ce CugSiz, where the NFL characteristics persist to low concentrations
of Ce or U. Anolher candidate for Lhe source of the 0 K critical point is fluctuations
of Lthe order parameter in the vicinity of a 0 K second order phase transition. Such
a Lranaition conld he nasocinted with long-raage or glassy magnetic or quadnipolar
order. Syslems in which Lhis scemns Lo be a viable mechanisi inclide UCua gi'dy 5
and CeCus aAug 1, in which the Ce and U sublattices are atomically ordered.

Some of the interest in non Fermi liquid behavior in strongly correlated electron
systems, particularly copper oxides and f-clectron inalerials, is nssocialed with the
uneomventional superconductivity found in these two classes of materials. In spite
of the disparily in the values of the superconducting critical temperatures 75, which
are as high as ~ 133 K for the copper oxide superconductors bul only $ 2 K for
the C-electron heavy fermion materials, the superconducting stales of hoth of these
clnsses of materials share some striking similarities — the superconducting slate
appeats Lo be anisotropic, with an energy gap that may vanish at points or lines
on the Fermi surface, and the superconducting electron pairing may be mediated
by antiferromagnetic spin fluctuations. An understanding of Lhe source of the NFL
behavior in Lhese systems may ptovide important information about Lhe electronic
struchire and excitations in these systems, as well as Lhe origin of the unconventional
superconduclivity.

In Lhis paper, we describe recent experimental eflorts to characlerize and de-
velop an understanding of NFL behavior at low temperature in -electron mnalerials.
Experitnents are reviewed for three [-electron systems: M,_;U.Pd3 (M = Se,Y),
Ui Th, PdaAly, and UCus_.Pd.. We also give an update of Lhe emerging system-
atics of NFI behavior in f-electron systems, based on the present sample of nearly
ten Celectron systems.

2. THE M,_.U,Pd; (M = Sc, Y) SYSTEM

The My.zUPda (M = S¢, Y, lanthanide) system exhibits many interesting
phenomena including a struetural phase Lransilion, spin-glass freezing, crystalline
clectric field (CEF) ellects, Fermi level Luning, and unusual Kondo behavior.!:? Of
parlicular interest is the Kondo behavior, which oceurs al low U concentrations for
M = Sc and Y and has low temperature properties with NFL characleristics.

Shown in Fig. | is the tempernture = U concentration (T -~ z)} phase diagram
of Y-, U, Pdy which suinmarizes the general behavior as a function ol z. 'Fhere is
a mixed phase region for 0.6 < = < 0.8. The samples which Tormn in the hexagonal
NigTi crystal structure (0.9 < z < 1) appear Lo have nontnagnelic ground states, al-
though UPdy has recently been studied by inelastic neutron scatltering and reported
to undergo a quadrupolar transition at 6.5 K, followed by a magnelic transition at
4.5 1.0 The samples which form in the athie CugAu structure (0 < = < 0.5) with
higher U concentrations (0.3 < = 5 0.5) exhibit spin-glass [reezing helow atempera-
ture Tse; which increases monotonically with z, as shown in Fig. 1. Such an increase
ia expeeted Tor RKKY interactions whose strength increases as ~ J 2N (EF)z where
J is the exchange interaction parameter and N(Fp) is Lhe densily of stales at the
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Fig. 1. Low Lemperature - i i
e L perature - U concenlration phase diagram ol Y,_,U.’dy. From

Fermi level. Recent non spin relaxation measurements o Yo Upldy e
§trate thal the spin-glass order in this systemn can be underst Ih'r he contoxt ot
T iy the spiy stood in the context of
For 0 < » £ 0.2, Y,_ U, Pdy exhibits unusual Kondo behavior with a Ko i
I.em[.)craturc Tk that increases with decreasing z, as indicated in Fig. 1. TI i i
consistent with the “Fermilevel tuning” revealed by previous phoLocmiqion st "? .
onl_fU,P(ln, where it was found that the separation between L '\mi.tl ;!;“( ‘C:
b‘el?w ll.,h“‘;‘p — Esgl, decreases with decreasing r as lll‘;i:| is .‘l‘li'llnlf-(lllfvi)l'lljif“"
This was interpreted as “Fermni level Luning” because suhst.itl;l.iuu of t;iva\lvlll:‘Y I"
lelravalent U causes a decrease in the conduction electron density and, in L;n F("
'Becausc N(EF} is low throughout the series {22 1 state/eV cellf) th;‘ dro :“- ;f‘
is ra'-'lmf_ large {~1 eV aa z decreases from 1 o 0). "I'he nearly |i.u("|r 4|cclr _'“ n
the binding energy with decreasing r should cause a large increase il; Tk QI:I::O "

kBTK ~ EF cxp(—l/|.7|N(F}p)) ~ Epexp(—-lﬁ'p - E5]'/(Vfl)N( F:r)),

£y
- where Vig is the hybridization matrix clement.

s > oo . L

I‘I:(:Ill Fa. (1) 1L is evident thal an inerease in either Vig or M(I) will also
L . o " . . . ’ o
. cause Ty Lo increase. ‘l'o invesligate this, we substituted olher trivalent elements

for Y to form M _ U, Pdy, including (in order of increasing jonic radius RYM =S¢

Y, Pr, and La. For given-U concentration z, a farger I resulls in a larger lattic
» parameter, as shown in Fig. 2. For a Kondo system, a larger lattice ;01: t (I:.
8 expected Lo yicld a smaller hybridization strength and a rnrr'cspnn'(lin . s‘ns't:l‘l"-
,'TK value. Furthermore, specilic heat measurements of the host, MI‘.I- ('ui‘|:.|u||‘| “-"
‘demonstrate that N(Ep) decreases with K, with linear cocllicients 7.': 8 2lI) 3 l:;
‘and 0.28 m}/mol K? for M = Se, Y, and La, respectively.” Note the r-.xtr‘n;ﬁ-l :
small value of y for LaPdz. ‘Thermal, transport, and magnelic nu‘:\sun;ln-mnl.s(.n);'

1
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Fig. 2. (a) Cubic lattice parameters of M,-,U,'P(l:, compoinnds as a l'uln;:-tnon (:‘f ra
Solid lines represent linear fits Lo the data, which cxl.-rapolale {dashed lines) to
common value of 4.100 & 0.005 A for hypothelical culuc‘Ul?d;;. . dent
(b) Lattice parameters of cubic MPda compounds versus fonic .ra.dms of the t:n}:avenl
ion. With the exception of LaPdj, the data fall on a stral-ghl. hn.e. The h'ypo ‘e ica
value for cubic UPdy oblained from (a) (fitled Lriangle} is consistent with U being
Letravalent in the M_;U;Pd; compounds. From Refl. 8.

Non Ferind Liquid Behavior in EElectron Syateins

227
T T T LU an ae ma a
Sc, U, Pd,
1.0 T AYASLAEE o e vus e v,
., ) '\..
8 -
K O 8 101 -
<1 ’ "
- = ,w"/
E - E 107 xi.[:f'.-""— L
Q. é - 02 "
< s .
0.6 | T
- w“"’" 0.1
L 10+ N
| 1 0 10
0.4 i L 4.1 e 111 1 A1 4 44230 1
1 10 100

T(K)

Fig. 3. Uranium contribution to the electrical resistivily Ap(T) of Sey_,U,Pd,
(z = 0.1, 0.2, 0.3), normalized to the exirapolated zero temperalure value Ap(0),
versua log 7*. luset: Log-log plot of 1=Ap(TY Ap(0) = a(T/ T ) withn = 940.2,
14402, and 1.0 £ 0.2 for z = 0.1, 0.2, and 0.3, respectively. From Hel. 10.

the M., U, Pd3 systems are indeed consistent. with Fermi level Luning in which 1y
decreases with increasing 2. Sec behaves like Y, but with a larger T for given z.
Pr has a smaller Ty, which is barely evident as an increase in p with decreasing T°
for £ = I. The La system does not display a Kondo efTect al all down Lo at jeast 1
K, for z as low as 0.1. The non Fermi liquid properties of the Kondo systems M =
Y and Sc are summarized below,

The observation of Fermi level Luning in cubic My_, U, Pdy and the absence of
Fermi level tuning in hexagonal My_, U, Pdy (M** = Z¢ and Th),® imply that U
is tetravalent in all of these M;_, U, Pdy compounds. Furlher evidence for tetrava-
lent U comes ftom considering Lhe evolution of the eubic lattice parameters of
M;_zU:Pdy (M =S¢, Y, La, Pr; 2 < 0.5), derived from X-ray diffraction measure-
ments, and shown in Fig. 2. The cubic lattice parameters, plotled as a finction of z
for each of the M. . U, Pdj; series, extrapolate to a common value of 4.100+0.005 &
for z = 1, which represents Lhe lattice parameter of hypothetical cubic UPdy. Com-
parison of this value to the latlice parameters of cubic MPd3 compounds, which
when plotled as a function of M™ ionic radius are seen to fall on a str

yield a value for the ionic radius of U thal is consislent. with U being te
Ml_,U,P('J.

aight line B
travaleul in

2.1. Non Fermi Liquid Properties

The existence of a Kondo effect in the Mi_ U Pdy (M = Se, ¥) system for
r < 0.3 isevident from the electrical resistivity p(1), which increases logarithmically
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Table 1. Approximate Tx values (in K) for M;_ U Pday (M =S¢, Y}, estimated as
the Lemperature at which Ap{T)/Ap(0) = 0.8.

i x [oozJo05[orfoez] 03 |}
M = Scif = | —* [260]120 60
Y || 200 | 160 | 140 | 50 | spin glass

*Not menaured.

with decreasing temperature at high temperatures T > Tx.! Dala for Sci- U Pds
are shown in Fig. 3.1% The U contribution to the resistivity Ap(T) was estimated by
aubLracting p(7") of the host MPd3 compound. Eslimates of the Kondo temperature
T as the temperature at which the normalized resistivily Ap(T)/Ap(0) equals 0.8
yield Ty values which increase with decreasing z, in accordance with Fermi level
tuning. Approximate valucs are listed in Table 1. At low temperatures T <« Tk,
p(T) does not saturate quadratically as

Ap(T)

=1-a(T/Tk)" 2
A = 1 - atrmi) (@)
with n = 2 which is expected for a conventional Kondo_eflect and reflecla the

behavior of a Fermi liquid. Rather, we find n = 1.0+ 0.2 for all M = Y samples in
the temperature range T < 20 K. Power law fits for M = Sc are shown as solid lincs
it Lhe inset of Fig. 3 with slopes which correapond lo n = 0.9, 1.4, and 1.0£0.2 for
z = 0.1, 0.2, and 0.3, respeclively. Taking a value for a of 0.23, values of Tk from
these power law fits vary from ~40 K for z = 0.2 to ~500 K for x = 0.05 for M =
Y, and from ~70 K for z = 0.3 to ~2800 K for M = Se. It is diflicult to determine
the power law temperature dependence of p(T) for smaller values of x because of
the large values of Tx which yield small dp(T)/dT slopes at fow temperatures.

In an atlempt Lo approach the single impurity limit while holding Tk approx-
imately constant, we have made similar p(T) measurements on the series of alloys
Yoathyaoe U Pdy (0.01 € 2 €0.2), shown in Fig. 1.* Because nonmagnetic Th is
tetravalent, Lhe tolal concentration of telravalent ions remaing fixed at 0.2, which
should yicld a constant value Tk = 40 K according Lo the Fermi level Luning sce-
nario, cverything else remaining constant. From a similar analysis of p(T}, Tk
appears Lo increase slightly with decreasing z, as listed in Fig. 4 (a). The low tem-
perature power law fits to Eq. (2), shown in Fig. 4 (b), again yield exponents of
n = 1.0£0.1 in the temperature range T < 20 K. The electrical resistivity thus has
a NFL linear temperalure dependence at the lowest measured temperatures even
for samples with U concentralions as low as 1%. The U concentration independence
of this [cature suggests that it is not due Lo interimpurily interactions.

Recently, an YosUo2Pds polycrystalline specimen was inveatigated optically
over n brond frequency range [rom 15 Lo 10° em™! by Degiorgi el al'' Fvalualion of
the frequency dependence of the transport relnxntion rale 7= ! at several Lempern-
turea reveals Lhat 7= ! increases linearly with decreasing [requency and Lemperature.
“I'his was interpreted as another manilestation of NFL behavior in the Y - U Pda
syslem.

Shown in Fig. § is the uranium contribution lo the specific heat AC, plotted as
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'Fig. 4. (a) Normalized electrical resistivity Ap(T)/Ap(0) versus log T for the
“Yo.8Tho 2-:U.Pd3 (0 < £ < 0.2) system revealing I{ondo beliavior with a Kondo
;temperalure T whicl increases only slightly with decreasing =

!(b) Low Lemperalure resistivity dada (7' < 20 X) plotted as log(t — Ap(7)/Ap(0))
‘tve_raus,iog T, Solid lines represent. fits Lo a power baw Ap{ 1)/ Ap(0) = 1 —u('l'/’l,', "

with n = L.OL0.1 for all samples, exhibiting NFL beliavior. ‘This value is in hct\:'cel;
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Fig. 5. Low temperature specific heal AC/T versus log T [or various Kondo alloys
which exhibit a T = 0 logarithmic divergence, a non Fermi liquid behavior. Solid
lines are fits of the data Lo the two channel, $ = 1/2 Kondo model plus a constant
B': AC/T = —(0.251/Tx)RIn(T/0.41Tk) + B’. The associated entropy suggests a
finite zero Lemperature entropy of S{0) = (R/2)In(2). From Ref. 8.

AC]T versus JogT', for several anmples which diaplay n characieristic logarithiic
divergence over Lhe temperature range 0.7 K X 7 10 K, including Yo.aUq. 2Pda,
Yo.oUo.1Pda, Yor'ThgUp 1 Pda, and Sco.7Up3Pda.* Such NFL behavior is in strik-
ing contrast to a conventional Kondo eflect where AC/T approaches a constant
value which varies as 1/Tx at low temperatures T & Tx. Al higher temperalures,
the data increase sharply due to difficulties in aubtracting the phonon contribu-
tion and/or a Schottky anomaly arising [rom an excited state CEF level above Lhe
ground stale, The solid lines represent least squares linear fits of the data Lo the
equation AC/T = AInT+ B. (lere, In represents Lhe natural logarithm). Irrespec-
tive of the microscopic mechanism responsible for such NFL behavior, it is useful
to investigate how the data scale with the characleristic energy of the system, the
Kondo temperature Ty, according to

AC/T = (—A'R/Tx) n(T/bTx) + B', (3)

where A', b, and 1) are conslants and 1t is the gas constant. Il we assume Lhis
fort of scaling wilh Ty, larger logarithmic slopea (cocllicient A) correspond Lo
smaller values of Tx. Using values b = 0.41 and A’ = 0.251 (the value for a two
channel Kondo effect), one can exiract a value for Tk from the slope A of Lhese
lines, and B’ from the offset B. Values {or B’ are comparable to measured values
of the linear coefficient of the specific heat v for the host metals: y = 3.5, 6.9,
and 8.2 mJ/mol K? for YPda,” Y.sTho.sPd3, and ScPdj,” respectively, which have
nol been subtracted from the data. A hybridization broadened Schottky anomaly
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Fig. 6. Specific heat C/T versus log T’ Lo temperatures
of the Kondo alloys from Fig. 5, measured in a ?He-

lines are fits of the data to the two channel, § =1/
B.

as low as 80 mK for three
e dilution refrigerator. Solid
2 Kondo model plus a constant

&l higher temiperatiures ean nlso contribule to 1. |
behavior of the mmore dilute compound Yo g'Thg yUg 1
to !.!ml. of YgaUgp 4P’d3, which suggests that Lhe observed NFL behavior is not due
!.o mtcrimpurity interactions which decrease with decreasing U concentration, but
is dominated by single impurity eflects. Parameter values for Scg 7 Up 417, :ue' also
comparable to those for Yq qUg Pdy. Fils of the AC/T data for .Yn q-U() |‘I’(|1 yield
a larger Ty value Lthan for Yo.sUo.27ds, in agreement with the resisl.‘ivit-y (la}.a and
Fermi level tuning mechanism.

A remarkable aspect of the specific heal data is that the assncialed eniropy
S(T) for all of these samples salurates to a value close to (12/2)1n(2) before contin-
uing Lo increase due to the higher temperature upturns in AC/T seen in Fig. 5.!
This suggests a finite zero lemperature entropy of the same value, in order that the
full degeneracy of the ground doublet be recovered at high temperatures. Such an
unusual T = 0 entropy is predicted for the two channel, $ = 1/2 Kondo model,"?
llowever, Lhis entropy is expeeled Lo he removed il fow hut finite Lemperatirea :I'uc
to any weak inleractions which might lift the ground state degeneracy.

The results of recenl heat capacily measurements on several samples in the
Yi-e(ThyUi-y ). Pdy series taken in a 3lle-*He dilution reftigerator to tempera-
tures as low as 80 mK are shown in Fig. 6. The logarithmic temperalure depen-
dence of C/T persists down Lo about 0.5 K. Straight lines through the C/T dala
above 0.5 K over the limited temperature range shown correspond to Ty = 40 K,

Papecially noteworlhy is the
My which is nearly identical
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B = 0132, for Yu_gUo.deg and Yolg'l‘hoJUo,lPdJ and T}( = 680 K, B' = 0117,
for Yo.sUo.1Pd3. The C/T dala for Yo.8Uo.2Pd; in Fig. 6 are somewhat higher
than the corresponding data in Fig. 5; the origin of this discrepancy is presently
under investigation. Delow ~ 0.5 K, C/T rises dramatically without any sign of
saturation down Lo the lowest temperature studied. This behavior ;s similar to that
previously lound by Out et al. for Yo.aUg 21’y who reported that the uplurn in
C/T persisted to at least 0.05 K.!? The deviation away from logarithmic depen-
dence is well described by AC/T = AT~?, which is the temperature dependence of
a Schottky anomaly in the high lemperature limit. The magnitude of A from the
mensurenents of OLL ef al.'? is too Inrge Tor a nuclenr Schottky anomaly, hut for a
two level electronic Schottky anomaly corresponds to a level splitting of 2.5 mK, It
has been suggested previously® that this rise may account for the missing entropy

of ~ (11/2)In(2). Our resulls are consistent with this proposition.

The mnagnetic susceptibility of M, _, U, Pd, (M = Se, Y, La), as well as
that of Yy ('Thy U _)).Dda, exhibita n Curis-Wriss femperature dependence
Nln;"”/I}kn('I' — &), where N is the number of U ions, jt.rp is the U elfeclive
moment, and @y, is the Curie-Weiss temperature, at high temperatures T > 150 K,
aflter subtraction of a temperature independent background term yo.! The eflec-
tive moment is close to the free jon value for either tetravalent or trivalent U. The
Curie-Weiss temperature 0, is large and negalive, indicative of antiferromagetic ex-
change interactions, with a magnitude that correlates with the Kondo temperature
such thal [0,] & 4Tk, typical of Kondo systems. The Ty inferred from 4, is as-
socialed with the antiferromagnetic exchange inleraction between the conduction
clectrons and the excited magnelic states which are thermally populated at higher
Ltentperalures.

At dow Lemperalures, x(T) of My_ U, Pdy (M= Y, Sc) increases more rapidly
with decrensing temperature than Lhe Curie-Weiss lemperature dependence, and
continues to increase with positive curvature down to the lowest measured temper-
alure for x < 0.2 and 0.3 for M=Y and Sc, respectively. This is in contrast to
Lthe Fermi liquid belravior of the single channel, S = 1/2 Kondo effect in which
X(T) becomes Lemperature independent lor 7' € Ty due Lo screening of the im-
purily montenls by the conduction electrons. The precise lemperature dependence
of X{T') at the lowest temperatures is masked by the possible presence of magnetic
impuritics other than U, We have ealimnted and sublracted the impurity contri-
hution of Yo gUa 2%y through annlysis of isothermnl M{IlY} enrves na deseribyod
clsewhere,? yiclding the intrinsic ausceplibility al various temperatures from 0.6 K
to 40 I shown in Fig. 7. The x(T) data are well described by the equation

X(1) = x(0) {1 - (7/T)'?) )

represented by the solid line in Fig. 7. The data appear to exhibit a T2 tempera-
ture dependence over a wide Lemperature range, down Lo the loweal Lemperatures,
extrapolaling o a value of 5.9 x 1072 emu/mol U at T' = 0. I we assume Tx =
42 K, then {rom the fit we obtain ¢ = 0.36.

A number of other measurements have been petformed on the Y,_.U.Pd,

syslem in order Lo further charnclerize and explote the NFIL behavior in this Ays- .

Lerm. "Thernnoclectric power S(I') mensurementa from 2-200 X have been made in
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Fig. 7. Intrinsic magnelic susceplibility xin versus square root of the temperature
for Yo.8Ug 2Pd3. The solid line represents a fil of the data to the equatlion x(T) =

x(0)(1 ~ e(T/Tx)"/?), where x(0) = 5.9 x 10-? emufmol U and ¢ = 0.36 for T =
42 K. From Ref. 2.

Y: U Pds in the range 0 < = < 0.4. "The hohavior of S(I) for z = 0.05, 0.1 is
reminiscent of Lypieal Kondo malerials in Uhe sense that there is a “giant” positive
contribulion linear in T° al low temperatires and independent of z. llowever, this
result suggests thal Tx isindependent of z, in contrast Lo the A(TY), C(T), and x(T)
measurements discussed herein. At high temperatures, S(T) changes from posilive
Lo negative as z is varied from 0.1 Lo 0.3, suggestive of a cross-over or Lransition
in electronic atructure near = = 0.2, The spin-glass teansition of Lhe z = 0.3, 0.4

alloys is signaled by a zero-crossing of S, similar Lo thal. ahserved for conventional
spin glasses.

2.2. Formi Level Taning in the (Yi_yThy), ., U, Pdy Syatem

Beaides Fermi level tuning, the substitution of UM for Y™ in the Yi_eUrPdy
system has the additional effect of increasing the U intersite interaction strength as
z is increased which leads to spin-glass freezing below a characteristic temperature
Tsc that increases with z. In order to study the effect of Lhe increase of [Ep — Esy|
on Tk, with U intersite internctions held constant to first approximation, we have
performed measurements of p(7'), x(T), and C(7') as functions of ¥ for a fixed value
x=0.1inthe (Yi_yThy); - U iy system.'® The data clearly reven! the scaling of
the physical properties with 7% and the plienomenon of Fermi level Luning in this
system.

Shown in Fig. 8(a) are plols of p versus T between 1.2 K and 200 K for
Yo.5-yThy Up. 1 Pd3 samples with y = 0, 0.1, 0.2, 0.3, and 0.4. The p(F") data for 0
Ly £ 0.2 revenl thal p inereasea wilh decrensing 7, indientive of n Kondo offect.,



pat] M. B. Maple et al.

LB i —
100 b, yeor Yn.l-yThyUﬂJPd:!
T
b
o)
2
a
20 PITH IS P TWY W aaalaaag
0 50 100 150 =200 250 300
T (K}
600 T T TY TY T
~ 500 YesyThU,,Pd,
3
§
3 400
2 a0
3 200 -
1 4
~ 1 o -
& 00 (5
0./.. Laaaald aaad s o Laa sl A i
0 50 100 150 200 250 300
T(K)
1.0 r Y
{1 0.2 Yu.tyThyUo.vpd:
g 08F ~__ -
= .
T o6r SN -
0.3 / . ;
= " 4
= P s 3
04 . 04 AN '-,‘;\VI-
- ~—— 0. .l |
) — ]
< 0.2k y=0 "“\.“.._m -
- (o)
s | a a P Erw e |
0.0 sl

Fig. 8 Temperature T' dependence of the electrical resistivity p, magnetic suscepti-
bility x, and electronic specific heat AC of the Yo.9-yThy Ug Pd3 {y = 0, 0.1, 0.2,

0.3, 0.4) system: (a) p versus T; (b) (x - xo)~! versus T, where o is defined in the
Lext; (c) AC/T versus InT. From Ref. (5.
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The increase of the lemperature dependence of pwithyfor 0 € y < 0.2 suggests
thal Tk decreases with y, consistent with Fermi level tuning.

Displayed in Fig. 8(b) are plots of (y - Xo)™' versus T belween 1.8 K and
300 K, where g was determined by fitting the x(T') data o the s of a constant,
Xo and a Citrie-Weina law, Delow ~ 100 K, the (x — xo)™" versus T' data fal! below
the linear fits to the higher T data and approach a finite value as T - 0, indicative
of a nonmagnetic ground state, which is presumably the U I'; nonmagnetic doublet.
The magnitude of the negative Curie-Weiss Lemperature
and salurales to a value of 57 K for large y. A compar
6, was observed for Lhe related system La, _. U, Pdy which does not show a Kondo
effect. This decrease is consistent with the decrease of Tg with y inferred from the
#(T) data of Fig. 8(a) since for Kondo aystems, |0,) = 3 — 4Ty

Presented in Fig. 8(c) are plots of AC/T versus In T for Y, o~y ThyUg 1 Pdy
between ~ 0.5 K and 20 K. The incrense of Lhe magnitide of the slope
[#{AC/T)/dInT| with y is consiatent with a decrease of T with y. 'I'he features
in the AC/T versus InT data at ~ 1 K {(a shoulder) for Lhe sample with ¥y =02
and al ~ 2.4 K (a maximum) for the samples with z = 0.3 and 0.4 may be due
to the splitting of the I'5 nonmagnetic doublet ground state, which is analogous
to Zeeman splitting of the magnetic doublet for a magnetic Lwo-channe! Kondo ef-
fect. 1t is interesting that the evolulion of the shape of the AC(T") curves with y
resembles that of the calculated AC(T) curves for a two channel magnetic Kondo
effect in the presence of an applied magnetic field.!'s Such a splitting of the U I3
doublet could arise from a local charge asymmetry or distortion of the lattice from
cubic symmetry about a U site due to the substitution of ‘Th. An analysis of Lhe
slope |d(AC/T)/dInT| within the context of the two channel Kondo model yields
a decrease of T with y, similar to that deduced from the x(T) data.

10,1 de_crea.scs exponentially
able z-independent value of

2.3. Crystalline Electric Field Energy Level Scheme for U+

In order Lo understand the microscopic origin of the observed NFL behavior in
the thermal, transport, and magnetic properties, it is important to determine the
CEF energy level scheme of the U 5f electrons. etravalent U ions have two local-
ized 5[ electrons (5f?) which have a Hlund's rules magnetic ground state muitiplet
configuration 3l (§ = 1,L = 5,J = 4). In a cubic CEF, the 9-fold degeneracy is
lifted, leaving a I' singlet, I’y and 'y triplels, and a 'y nonmagnetic (non Kramers)
doublet.!” According Lo Lea, Leask, and Woll, it is possible for cither the I';, I's, or
I'5 state to lie lowest in energy. These states, in turn, can hybridize with cond:
electron states leading lo Kondo, heavy fermion, or intermediate valence beh
For actinide compounds, the CEF splitling and hybridiz
comparable and can range from 1 K to 102 K.

Previous inelastic neutron scatlering measurements on YorUg2Pda at 10 K re-
vealed two magnetic peaks centered at energies E = 5 meV and 16 meV, attributed
to hybridization broadened CEF levels, with integrated intensilies consistent with
Ts and I'y first and second excited stale triplels, respectively, lying above a I'y dou-
blet ground state.'® For a magnetic Kondo effect, one expects Lo ohserve quasielastic
scatiering with a half width of the order of kpTy, which for Yo gUp 9Py is al lenst
1 meV. The absence of a pronounced low energy quasielastic response provided

1ction
avior,
ation encrgy scales are often
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further evidence thal the nonmagnetic [’y doublet lies lowest in energy.

The possibility of a tow energy quasielastic response was investigated further by
performing inelastic neutron scatlering at low energies. Low temperature (~ 1.5 K)
data with ~ 0.5 meV resolution showed no indication of substantial scatlering below
the first CEF peak at ~ 7 meV, while higher resolution (0.1 meV) measurements
up to 0.6 meV showed no scattering above ~ 0.2 meV. In an attempt to identily
the magnetic scallering even at zerc energy transfer, polarized measurements of the
spin flip scatlering by subtracting the spectra taken using a vertical field from that
using a horizontal field are in progress.

The 'y stale consists of two degenerate singlet stales which can be expressed
as linear combinations of the J, eigenstates |J,) as 0.5401(|4) + | — 4)) — 0.6455[0)
and (1/v2)(]2) +1-2)). 1L is apparent thal the magnetic moment, which is propor-
Lional to the expectation value of J,, {I'3]J,ITa}, vanishes. lowever, the expectation
value of Lhe z-component of the electric quadrupole moment, which is proportional
to (['3]3J2 — J(J + 1)iTa), is finite. Thus, an eleciric field gradient, which can
be oblained through the applicalion of uniaxial stress or some other interaction
which drives the system away from CEF cubic symmetry, will induce a nel. eleclric
quadrupole momenl on Lhe impurily in which the charge distribution ol the 5[ elec-
trons in the ['3 state no longer has spherical symmetry. It is this charge asymmelry
that the conduclion elecirons overcompensate through the two channel quadrupolar
Kondo effect {QKT). While iL is not clear that a QKE is responsible for the NFL
low temperature behavior in the Yy _. U, Pda system, the ground stale does appear
lo be a I'3 nonmagnetic doublel with an electric quadrupole moment so thal the
conditions for a QI{E seem to be satisfied. Ilowever, recent elaslic conslant mea-
surements on a polyerystalline specimen of Yg.gUp.2Pda by Amara et al.® revealed
no strong variation with T as expected for a quadrupolar interaction.

3. THE U,_.Th,Pd;Al; SYSTEM

In 1991, Geibe] et al. discovered Lwo new U-based heavy fermion supercon-
ductors, UNizAl32® and UPd3Aly,?! which crystallize in the hexagonal PrNizAls
structure. These two compounds exhibit the coexistence of superconductivily and
antiferromagnetism (AFM) with T, < Tx; for UNizAlLy, T, = 1 K and Ty = 4.6 K,
while for UPdaAly, Te = 2 K and Ty = 14.6 K.

The compound UPdzAly has the highest T, of Lhe heavy fermion superconduc-
tors and a large ordered magnetic moment ol 0.85 y5,2% in conlrast Lo the small
ordered moments (~ 0.02 pp) observed for URu,S5i22% and UPt3,2* two other heavy
ferinion compounds in which superconduclivity and AFM coexist with T, < Tn.
The antiferromagnetic structure of UPdaAla consists of alternating ferromagnetic
sheets, with the moments lying in the hexagonal basal plane.?? The temperature
dependence of the upper critical field is consistent with singlet superconductivity
and the antiferromagnetic Lransition appears to involve the opening of a 30 meV
gap over parl of the Fermi surface,?® similar to that observed in URu,Si;.”®

In an effort to find new examples of NFL behavior, we embarked on an investi-
gation of the Uy_.Th,PdaAla system about a year ago. Our initial studics revealed
NFL behavior in Lthe low lemperature physical properties of this system?® 27 which we
have characterized in more detail during the past year. Dased upon measurements
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Fig. 9. Low temperature phase diagram of the Ui Thy Pd3Aly system. As the
Tl.l concentralion z is increased, Lhe Neél temperature T'y and the superconductling
critical temperature T, decrease slightly, bul the features associated with AFM and
superconductivily are rapidly suppressed and eventually become undotectable. The

line in the right hand side of the ligute representa the estimaled value of the Kondo
lemperature I'y.

of p(T), C(T), and x(T), which will be briefly reviewed below, the low temperature
phase diagram of the Uy_.Th, Pd, Al syatem shown in Fig. 9 has been established.
However, this phase diagram is incomplete near = = [ since we have discovered
during the courae of Lhis investigation that the compound ThP’d, Al is supercon-
ducting with a 7. = 0.2 K. This is an exbraordinary result, since it is the first case
where a Ce or U heavy fermion superconduclor has an isostructural counlerparl
b_ased on a rare earth or actinide element with an empty or fitled [-clectron shell
(i.e., Se, Y, La, Lu, Th) which is also superconducting. We are presently measuring
the Te(z) curve for the Uy_,Th,’daAly system near = = I,

Llectrical resisilivity p(1°} data for the Uy_,' T, Pd;Al, systemn for various
values of = between 0 and 1 are shown in Fig. 10. With increasing z, the Neél
temperalure Ty retnains nearly constant up lo r = 0.4, while the drop in p below
Ty is rapidly suppressed. For values of z > 0.6, no magnelic ordering is evident and
p(T} exhibits single ion Kondo like behavior. 1lowever, A(T) is nearly linear over
an appreciable temperature range between about ~ 4 K and ~ 30 K, indicative
of NFL behavior and similar to Lhat observed for the MU Pd3 (M = Se,Y)
systems discussed in the preceding section. The resislivity A(T) levels off hcl‘ow
~ 4 K, suggesting that the degeneracy of Uie conduction electron channels or Lhe
localized electron spin or charge degrees of freedom has been remaoved by some type
of residual interaction, producing an evolution towards single channel F1, behavior.

Plots of log(l — Ap(T)/Ap(0)) versus logT between 0.1 K and 20 K for
z = 0.6,0.8,0.9, and 0.95 are shown in Fig. 11. The U contribution Ap Lo the
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Fig. 11. Low Llemperature electrical resistivity data (T < 20 K) plotted as
log(1 ~ Ap(T)/Ap(0)) versns log 7. Solid lines represent fits to a power law
Ap(TY Ap(0) = | — a(T{Ti )", with n & 1, indicalive of NFI, behnvior.

Fig. 12. Specific hent dlivided hy Lemperalire CF versng 1
various values of = between 0 and 1.
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Fig. 13. Low temperalure specific heat divided by temperature, C/T, versus logT'
for Uy - ThPdaAly alloys wilth = = 0.4,0.6, and 0.8.

resistivity was estimated by subtracting the resistivity of Th[’d;A'l;; I'l:om that of
each U _,Th:PdsAly alloy Lo remove the phonon background contrlb:utlcln, at least
Lo a first approximation. In the range 4 K < T < 20 K, the'da!.a in Fig. 11 can
be described by the refation Ap(T) = Ap(0)(1 — a(T/Tk)™), yleldlng.values for the
residual resistivity Ap(0), the slope n, and Lhe intercept a/T¥. Taking a = 0.1‘ to
achieve agreement with the Ty values enfculated from the measured hc'n‘t. cap'ncn.y.
the fits yicld the following values of noand Ty: n = 1.0, 1.1,0.96,1.4; T = 22 K,
21 K, 22 K, 35 K, for z = 0.6,0.8,0.9,0.95, reapeclively. ‘

Displayed in Fig. 12 are plots of C/1" versus log 1" for various values of £ between

0 and 1 for Uy_,Th;Pd3Als. The specilic heal anomalies due to AFM at. Ty and
superconductivity at Te, which are evident in the data for £ = 0, are r.apldly su;;;
pressed with increasing z, similar to that observed in the U;-,T_h, RuySis sys.l.em.
A TnT divergence in the G/T dnta, emerging in the sample with 'z‘='(‘l.2. is fully
developed for Lhe samples with = = 0.4,0.6, and 0.8. Plols o.f C(T)/T, per mole
U K2, versus log T are presenied in Fig. 13 for the samples with = = 0.4,0.6, and
0.8. Analysis of the specific heat data in terms of the two-channel spin 1/2 Kondo
formula yields values of T% of 20 K, 18 K, and 21 K, for z = 0.4,0..6, and -0.-8,-re-
speclively, in good agreement with the values inferred I'rom. the electnc&?l .resushvaty.
Fixperimenls are in progreas Lo determine whether the apecific hent exhibits a sharp
upluen below ~ 0.4 K, as it does in the Yy U Pds sys.t(frli.

I'igure 14 contains plois of the magnetic susceph?)nltty X versus lemperature
for Lthe U,_;Th1’d; Aly system for various values of z in the range 0 < £ < 1. The
x(7'} data lor UPd2Aly exhibit a maximum near 40 K and an abrupO: d.rop' at Ty =
14.5 K. Wilh increasing z, the maxitmum in ¢(T') is suppressed until it disappears
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Fig. 14. Magnetic susceplibility x versus temperature T for Lhe Uy fThPdyAly
system for various values of z between 0 and |,

al z = 0.1 and, below 10 K, is accompanied b
temperature. For values of z > 0.2, x(T) foll
50 K and 300 K; the effective magnetic moment Hegy and Curie-Weiss temperature
0p vary somewhat with = and have valies Fepp = dApp and 8, = —40 K in the
NFL regime = > 0.8. Since for Kondo systems, 10,] ~ 3 - 4 Ty, this suggests a
value T = 10 K, in reasonable agreement with values of Tk obtained from Lhe
scaling of Lhe elecirical resisbivity and specific heat. AL lower temperatures, the
x(T’) dala can be described by the relation y(1) = XY = e(T/T%)'1?), with
values of L'y in reasonable ngrecinent with Lhose obtained fromn p('1') and C(1) for
¢ = 1.15. The values of T’x are plotted in the low temperature phase diagram for
Ui_:Th; PdaAl; (Fig. 9), along with the values determined from p(T)) and C(m).
We have also compared the x(T) data to the Lwo-channel spin 1/2 Kondo model
tesult x(T) ~ (=1/Tx)In(T/cTx) where ¢ = 2.2 {T < Tk). However, the fils are
only qualitalively satisfactory and give values of Ty that |
on z than those oblained from p{T) and c).

y an increase in x with decreasing
ows a Curie-Weiss law between ~

wave adifferent dependence

4. THE UCnjs_.Pd, SYSTEM

The family of compounds UCus_,Pd, is unique among the uranium based in-
termetnllics known Lo hnve NFI, aenling propertica ns it is n concentrated moment
system. All z £ 2.5 share Lthe common Aulles structure, characterized by n periodic
uranium lattice with iwo inequivalent copper sites.?® ‘The parent compound UCug
is a Kondo lattice antiferromagnet with Nedl temperature Tr=15 K and a Kondo
temperature of ~ 10? K, taken from the quasielastic linewidth in inelastic neutron

scatiering experiments.®! With P doping =, the AFM is quickly suppressed, van-
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Fig. 15. x"(w) for UCu,Pd at constant temperatures ranging from 12 K to 300 K.
Inset: Lhree qualitatively different regimes are observed in the response: I w > w*:
Y (w, T ~ (w/To)/ {1 + (w/To)?]. ILw €T : x"(w,T) ~wlT?, p=1£1/3 1IL
w> T x"(w,T) ~w /3. Solid line: w*(T), dashed tine: w = T. From Ref 33

ishing for = between 0.5 and 1.7 A spin glass regime is observed for z > 2.
The intermediate values z = 1, 1.5 display no long range order of any kind at the
towesl temperatures, although thermal and Lransporl measurements at tempera-
Lures below ~ 20 K reveal that both have remarkable temperature and magnelic
field scaling.?3? These NFL properties are similar to those found in the dilule mo-
ment systems like Yo gUg 2Pda described above, with the electrical resistivity p(T)
~ | — a{T[Ty), the specific heat C(T)/T ~ {=1/To)In{T/bT0), and static magnetic
susceptibility x(T) ~ 1 - (T/To)/? for both UCuysPdys and UCu,Pd. These
weak low temperature divergences suggesl the existence of magnetic excilations
with unusual scaling properties.

We have used neutron time of flight measurements®? performed for energy
translers between 0.5 meV and 400 meV at temperatures from 10 K to 300 K to
study the frequency/Lemperature scaling properties of these excitations. Although
hotl systeins display virtually identical temperature dependences in p, C,and x, the
nature of Lhe magnelic excilations for UCuss1'd, 5 and UCusPPd are qualitatively
different from those of Yo.s8Uo.2Pd3.1%3* The uranium ions in the latler compound
lave a nonmagnetic ground state, and a magnetic response 5(w) consisting of two
inelnatic erystal field levels al. ~ 5 meV and ~ 16 meV. In contrast, we have found a
broad, quasiclastic magnelic reaponse S{w) which is virtunlly identical for UCuaPd
and UCua sPd;.s, indicative of a magnetic ground state for the uranium ions, with
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‘ aveveclors.
ure dependences of the dynamical suscep-

1.5} are oblained from S{w,T") by
S{w) = (n(w) + Dx"(w,T) (5)
:':i.:lel: F(w) + 1 is t.}:e I.I.xermal occupation factor. The resulting x"(w,T) is de-
aref:“] or UCu‘4l (! in FI:g, 15.  As schematically indicated in I.inc il;set. .Lllcre
three qlnz?lllatlvc’fly d_lﬂ'erent. regimes of behavior. AL every tem )erail
q:llam-Lorentman regime is found for energy Lransfers w I e
X" (@, T) = Xpor(w/I')/(1 + (w/T)?) has a weak Lem
l'rorr} that of xzor and I'. For w < w*, x*(
scaling relation l

a
.

2w = 256 meV. lere,
perature dependence stemming
w,T') is well described by a universal

X', T = (T/) P 2(w/T) (6)
demonstrated in Fig. 16 for both UCuPd nnd UCua sy n. While our chojee

may nol be unique, it is clear from Fig. 16 that 2 ~ tanh(w/1.2 1} fits the dat
very yvell. Z ~1/{n(w) + 1) is another intriguing possibility ing
function fails for 7' > w*. '

oy . .
Fhe acnling hehavior found for w < w*

although this scaling

. represenls o qualibativel ;
o ‘ 1 Wabively new Lype
magnetic response for an [-electron based system. It is interesting Lo invc-al'igyaltc
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Fig. 17. A Comparison of the measured static susceptibility x(T') to that calculated
from the measured dynamical susceplibility {see text) for energy l.ransl'er.s larger
(filled triangles) and smaller (open Lriangles) than w* = 25 meV. lntegratn}g over
the total response for 1 meV < w £ 200 meV (open circles) accounts for virtually
the entire mweasured x(T).

how these unusual excitalions are reflected in thie Lemperature dependenc?s ol'sl.a.tic
properties, in particular, the static susceptibility x(T). A Kramers-Kronig relation
links x"(w,T) and x(T):

) 2 00 3 " w,T) w® w-l/:lz(w/T) o0 . XL"U/[- .
X = ;/n dwl(—w— - -[n o j., Wottr (w/l‘)z()ﬂ

That is, both the NFL like excitations for w < w* and the higher energy localized
magnelic excitations contribute, in principle, lo ‘!.hc temlperature dependence of the
mensured ¥(T). We have performed numerical mteg‘rahons over both of I.lfe terms
appearing in Eq. (7) to determine the relative magnitudes of the two contributions
in UCuqPd, depicted in Fig. 17. ' .
U'l‘i:: hi'gh ti-.ncrgy, localized moment excitalions (w > w*) make a Curie-Weiss
like contribution Lo xp, which is almost temperature mdcpf:ndenl. for Tr' < 3(00 1((.
The Lemperature dependence of x(T7) is consequently dommatet:l for 86 K 5 T 5
300 K hy the low encrgy excitations (w < w*), and reflects their unusual scaling
properties. As demonstraled in Fig. 17, the sum of l.hef;e two Lcnns' agrees very
well with the measured static susceptibility x(7"), indicating tI}at relatively little of
the magnetic response [alls outside our experimental energy window, 1 meV <w <
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200 meV. lHowever, extending Lhis window Lo lower energy transfers is imperative to
establish whetlier the non Fermi liquid scaling properties of Lhe excitations we have
ohserved correspond Lo brue erilical seallering related Lo a 7" = 0 K phase Leansition

or, alternatively, represent. an intertnedinde tempernbore /frequency crossover regime
preceding Lhe actoal eritienl regitne.

5. CONCLUDING REMARKS

It is apparent thalt NFL behavior in felectron systems is a general phenowmenon,
Low temperature NFL characteristics have heen identified in Lhe physical proper-
Lies of nearly ten Celectron systema. With a few possibie exceptions (e.g., Ule 3?%),
all of the examples of NFI, hehavior in f-clectron systems are found in nlloy sys-
lems. "The mnin resull of the alloying process seenis Lo be Lo "Line” Lhe ayalem
into the NT'L regime, although the alloying also introduces disorder into the system,
which may also play an important role. ‘The NFI, behavior is found in Llwo Lypes
of systems: (1) Systems containing small concenlrations of rare ear@@and actinide
ions with partially-filled f-clectron shells, whete the NF1, behavior appears to be a
single ion elfect. Examples of Lhis Lype of system include M| _, U, I, (M=5c1Y),
Thy s Us Ru38i2,% Lag aCeq.y CuaSia,™ and U2 Thy Pda Aly for sinall U concenira-
Lions, (2) Syalems coutaining Inege concentralions of rare enrth or aclinide jons with
partially-filled f-eleclron shella, which sometinies form an ordered sublallice, where
the NFL behavior appears Lo due Lo interaclions between the ions. Examples of this
Lype of system include CeCus aAug % and UCu35Pd, 5.%2 In the CeCus_ Aug sys-
tem, the NFL regime exists in a narrow range of z-values belween a nonm
heavy fermion ground state at = 0 and an antiferrom
z=0.2.

Many of the F-electron systems in which NI, behavior is found exhibit the
Kondo effect as evidenced by an increase of the eleclrical resistivity with decreasing
temperature and a magnetic susceptibilitiy x al high temperalures (T > Tk) that
follows a Curie-Weiss law with a negative Curie-Weiss temperature |0,] 2 (34 Tk ).
In the cases where T can be estimated from the In7’ behavior of the electrical re-
sistivily or the Curie-Weiss Lempetature, the NFL behavior occurs al temperatures
much less than Ty. The NFL behavior is manifested in the temperature depen-
dences of the elecirical resistivity, apecific heal, anid magnetic ausceplibility for
T & Tg: p(I) ~ 1 —aTf Tk where @ can be > 0 (nsuad Kowdo eflecl) or < 0,
C(T)/T ~ (~1/Tk) In(T/bTx ), and x(T') ~ | = ¢(T/Tx)}?, where Jal,b, and ¢ are
constants of the order of unily. These low Lemperature properties scale with Ty
where Tk is comparable Lo the value determined from the high temperature Kondo
behavior when a > 0. This is summarized in Table 2, which is an updated version of
a table we first presented in reference 2. lowever, Uhese tetnperature dependences
of p, C, and x have also been observed in f-eleciron syslems in which a Kondo
effect has not been clearly identified. ‘T'herefore, we refer 1o a characleristic Lem-
perature Tp thal is equal Lo Tk in the systemns where the Kondo effect is operative.
The two new entries are for Mg Ug sNia Aly®® (M ="Pr, Th) aind Cey_ ', RhSH.10
Materials conforming Lo these temperature dependences are indicated by "yes™ and
the exceptions by an entry describing the behavior, or a "dash” where the behav-
ior has not yet been established. As we stated in reference 2, taken of face value,

agnetic
agnetically ordered state at
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Table 2. Examples ol [-electron systems which exhibit characteristic non Fermi
Higquid behavior in the low temperature electrical resistivity p(T) ~ 1 — aT /Ty,
apeeitie henl VT ~ (=170 In{T/0T), and magnelic suaceplibility x{(7) ~
| — eI,

Systeim p crr X Ty (I0)
Liapg.aCleg 1 CngSig yes yes — 9
M UpPdy (M =8, Y) yes yes yes 40-220
Uy g0 yea you yos 28
U2 Thy PdyAla yes yra yrs 20
Nln_l Ug_g]NizAE:] (M = PI’, 'l‘h) -— Yes yes 200
Cey- . Th, RhSb — yes - 33
Thy~ U RusSis (a<0) yes —In{T/bTx) 11
Up oThp 1 Beys (a<0) yes yes 8
CeCus.gAug {a<0) yes yes 3.5

* Deduced from the slope A = d(C/T)/dInT of the logaritlnnic divergence in the
specific heat: Ty = —0.251R/A

the results presented in Table 2 suggest Lhat the low temperature behavior of the
electrical resistivily, specific heat, and magnetic susceplibility of {-electron systems
that exhibit NFIL behavior have some common characteristics, irrespective of the
microscopic mechanisims responsible for the NFL behavior.

Since mnny examples of NFL behavior are found in [-electron aystemns that ex-
hibit the Kondo alfect, the multichannel Kondo model wonld be expected Lo provide
an explanation since il predicts thal the physical properties have NI'L, characleris-
lics at low temperatures T <€ Tx. The two-channel spin 1/2 Kondo model does,
in fact, give C(TY/T ~ (=1/Tk)In(T[bTx), which agrees with experiment, but
predicts that p(T7) ~ t — a(T/Tx)"? and x (T ~ (=1/Te) (T /cTx), in disagree-
ment with experiment. The quadrupolar Kondo model, which maps onto the lwo
channel spin 1/2 Kondo model, can account for the 1 — ¢(T/T'x)}/? dependence of
the magnetic suaceplibility at low temperature. For a magnetic two channel spin
1/2 Kondo effect, the magnetic susceptibility is also found to diverge logarithmi-
cally aL ' = 0, while lor n Lwo channel quadrupolar Kondo effect, it is the electric
quadrupolar susceptibility that diverges logarithmically. ‘The quadrupolar suscepti-
bility can be extracted from ultrasound measurements. For the quadrupolar Kondo
effect, the magnetic susceptibility is van Vleck in character, resulling from cou-
pling of the T3 ground state to the I's and I'y magnelic excited states.> Cox and
Makivic have estimated that x(T) should vary like x(T) = x(0)(1 — ¢(T/Tx)!/?)
al low temperatures, where x(0) ia of Lhe order of Lthe van Vleck suscepiibility and
the coellicient ¢ =2 1. As we have discussed in Section 2, this seems Lo be Lhe case
for Yy_,U,D"d3 where the ground state of the Ut ions in the cubic CEF appears
to be a '3 nonmagnelic doublet. However, a quadrupolar Kondo effect would not
be expected to be appropriate for all of the other {-electron systema which exhibit
NF1, behavior. Furthermore, the quadrupolar Kondo model cannot account for the
linear temperature dependence of the electrical resistivity. One system that does
appear Lo satisfy the predictions of the quadrupolar Konde model for p{T}), C(T),
and ¥(T), is UgsThg Bers, according o recenl measurements by Aliev e! al. A2
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although in this case the coeflicienl a (hat appears in the resistivity is negative,

It will be interesting to see whether U is Letravalent in Un o Tha yBeys and has a
nonmagnetic 'y donbiel ground alate in Lhe cubic CRI.

Andrakn nnd ‘Trvelik® linve rnined severst ohjeetionn 4o the utlichanel
Kondo interpretation of the NF1, behavior in YioeUpldy and other f-edectron
systems.  One of these objections is based on specific heat measurements on
YoaUo2Pdy where they find thal the specific heat seales as o ryr -
cCO, YT =~ (/TP with fi= 13400, They argue that a acaling dimension
/3 grenler Lhnn one precludes asingle mite interpretntion of this phienomenon, More-
over, it ltas heen noted? Lhat sealing of the magnetic hield for a two ehannel apin 1/2
Kondo effect has predicted scaling dimensions of 1/2 for the magnetic case'? and
1/4 for the nonmagnetic (quadrupolar) case,*> well outside the experimental uncet-
Lainty of B. A phenomenclogical theory for the NFL hehavior of [-electron systems
such as Yo 4Up 2Pd3 and UCu, sPd, 5 has been proposed by ‘I'svelik and eizer.*®
According to this theory, the ailoys have a critical point at T' = 0 K so that Lheir
low lemperature thermodynamics is determined by collective modi@gorresponding
to fluctuations in the order parameler in the vicinily of a critical point, ralher than
single particle fermion excitations, as in a Fermi liquid. This scenario would seem to
be applicable Lo Lhe CeCug gAug; system, menlioned ahove. llowever, we caulion
that the scaling exponents deduced from experiment so far lack internal consis-
tency within the context of this particular theory. Nonetheless, the NFL behavior
in systems such as Y,_,U.Pd, and Ui Thy PdaAly, which dehnitely do exhibit
Kondo like features in p(T') and x(7T') at high temperatures 7" S T, persista into
the dilute U concentration limit, suggeating that. single gite mechanism such ns a

multichannel Kondo eflect is operntive.
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