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Evidence for a Common Physical Description of Non-Fermi-Liquid Behavior
in Chemically Substituted f-Electron Systems
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The non-Fermi-liquid (NFL) behavior observed in the low temperature specific i€éat and
magnetic susceptibilityy (7)) of many chemically substituted-electron systems is analyzed within
the context of a recently developed theory based on Griffiths’ singularities. Measuremefitg )of
and y(7) in the systems Th,U,PdAl;, Y;_,U.Pd, and UCy_ M, (M = Pd Pt) are found to be
consistent withC(T)/T « x(T) = T~'** predicted by this model withh < 1 in the NFL regime.
These results suggest that the NFL properties observed in a wide variety of disoydelectron
systems can be described within the context of a common physical picture. [S0031-9007(98)07863-6]

PACS numbers: 71.27.+a, 71.10.Hf, 75.20.Hr

Transport, thermal, and magnetic measurements on a In this Letter, we compare low temperature specific heat
number of chemically substituted (i.e., disordered) rareC(T) and magnetic susceptibility(7) data derived from
earth and actinide compounds have revealed low temsur own measurements on the ordefeelectron sublattice
perature physical properties that show striking departuresystems UCy <M, (M = Pd Pt) (Ref. [12,13]) and the
from the predictions of Fermi-liquid theory [1]. Several disorderedf-electron sublattice systems ThU,PdAl;
theoretical models have been developed to account fdRef. [14]) and Y_,U,Pd; (Ref. [15]) with the predic-
the non-Fermi-liquid (NFL) behavior observed ift  tions of the new model proposed in Ref. [11]. Some of
electron materials. These models include a multichannghe data are new and reported here for the first time; the
Kondo effect of magnetic or electric origin [2—4], fluc- rest of the data have been published previously [13-17].
tuations of an order parameter in the vicinity of a secondNe find that the NFL behavior af (T') and x (T') in these
order phase transition & = 0 K [5-7], a disordered compounds is consistent with the predictions of the model
distribution of Kondo temperatures [8,9], and an electromproposed in Ref. [11]. Specificall(T)/T andy(T) can
polaron model for heavy fermion systems [10]. How- be described by divergent power laws in temperature at the
ever, none of these models have been able to account fiawest temperatures for all of the compounds investigated.
all of the NFL characteristics observed in the wide vari- Details of the procedures used to prepare the poly-
ety of systems that belong to this new class of stronglycrystalline uranium compounds studied in this work are
correlatedf-electron materials. Three of us (A.H. C.N., described elsewhere [13,15]. Magnetizati&fit7) mea-
G.E.C., and B.A.J.) have recently proposed a modesurements were performed after field cooling a sample to
where NFL behavior is associated with the proximity tothe lowest temperature using a Quantum Design SQUID
a quantum critical point and the formation of magneticmagnetometer in fields df.5 and1 tesla and at tempera-
clusters in the paramagnetic phase due to the competidres in the rangé.8 = 7 = 300 K. The low tempera-
tion between the Kondo effect and the Ruderman-Kittelture M(T) data (.4 = T = 2 K) were acquired with a
Kasuya-Yosida (RKKY) interaction in the presence of*He Faraday magnetometer (FM). Heat capacity measure-
magnetic anisotropy and disorder inherent in alloyed maments were made using a standard heat-pulse technique in
terials [11]. This model predicts that various physical’*He-*He dilution and®He refrigerators.
properties diverge with decreasing temperature as weak Log-log plots ofC vs T in the NFL regime are shown
power laws of temperature and that this behavior perin Fig. 1 for several samples in the,Y,U,Pd (x =
sists over appreciable ranges of substituent concentr&2) and UCy_- M, (M =Ptx =1, M =Pdx =
tion, similar to what has been observed in a number of,, 1.5) systems and in Fig. 2 for the Th,U,PdAl;
f-electron materials. (x =0,0.2,04,0.6) system. In these figures, the error
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101 TT7T] T LR | T LB LR | UCU4Pd, T}b4U06Pd2AI3, and Y08U02Pd3. The upturns

Y;)L.sug.z;;da in C(T)/T at high temperatures are due to the phonon con-

tributions and Schottky anomalies arising from crystalline
electric field splitting of the b/ Hund’s rule ground state
multiplet and are excluded from the fitting range. These
contributions were not subtracted because they could not
be estimated with sufficient accuracy. In this figure, both
power law (solid lines) and logarithmic (dashed lines) tem-
perature dependences were fit to the data over the same
temperature range, ang was then calculated to assess the
quality of each fit. Table Il shows the calculated values of
x2 for each of the compounds in Fig. 3. Recall that for an
optimum fit, x 2 is close tol [18]. Both the logarithmic and
power law descriptions of the specific heat agree with the
107" experimental data within the experimental resolution, and
the y2 values in Table Il indicate that a power law provides
a comparable (e.g., ThUpsPdAl3) and, perhaps, even
slightly better description (e.g.,0¥U¢2Pd and UCuPd)
10° of the data than a logarithmic relation over the same tem-
perature range.
Log-log plots of the magnetic susceptibilig(T) vs T
10 "'6'1 e ”I‘iIO — "'[]lo for UCuwPt, Th).4U0A6Pd2A|3, and Y().8U0.2Pd3 are shown
) T (K) in Fig. 4. The data have been fitted with power laws
[Eg. (1)] and give values oA, listed in Table I, that are
several U-based NFL systems. Solid lines are fits of the da‘tClose o those obtained from the power law fits to the

to Eq. (1). Square symbols represent data on JR@ufrom %(T)_data. The magnetic susqep'gibility was obta.ine.d from
Ref. 19 for the temperature ranfe < 7 =< 2 K. the linear part of the magnetizatiod vs magnetic field

H isotherm at low fieldsuH /kT < 1, where u is the

C (J/mol U-K)

10’

10"

FIG. 1. Log-log plots of specific heat vs temperaturd for

bars are smaller than the size of the symbols. The solid
lines represent least squares fits of the expression relating 10! — T — e

the specific heatC to the magnetic susceptibility, E Th UPAAL P
given by ] 0.1§r
C(T)/T o x(T) o 771" (1) -
at low temperatures, wherk is a parameter determined 10°C
by the best fit. The values of for different compounds 10'E
and/or different compositions of the chemical sub- o F
stituent are indicated in Figs. 1 and 2 and are given in 10 3
Table I. To test the quality of the fits, the reduced chi o il
squarey? was calculated [18] and will be discussed be- X 10 F
low. The log-log plots ofC vs T (Figs. 1 and 2) re- 2 10'F
veal that a power law withh < 1 provides an excellent 2 F
description of the data for all of the systems considered. 10° 3
For the Th_,U,Pd,Al; system, the power law describes -
the data from0.08 K up to 8.5 K. In the Y;_,U,Pd; 107k
(UCus—«M,) system, the best fit was achieved bt = 10 E
T =36K(02=T = 43 K). For ThPdAIl; we obtain F
A =1 as expected for a Fermi liquid. For the URd 100k
system, the data from Ref. [19] were added (square sym- 3
bols) in the temperature range2 = T = 2 K. The data 101k =0.
were normalized to our data to account for the s ) T v Ty
experimental difference between the two experiments. T (K)

In order to provid_e a more dirgct com_parison bEt""e‘:"qilG. 2. Log-log plots of specific hed vs temperaturd” for
power law and |093”t_hmlc behavior, semilog plotSHT  the Th_,U,PdAl; system for several values of Solid lines
vs T are shown in Fig. 3 for three selected compoundsare fits of the data to Eq. (1).
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TABLE I. Exponent) obtained from fits of Eq. (1) to specific heat) and magnetic susceptibility\() data for thef-electron
systems shown in Figs. 1 and 2.

Thi_,U,PdbAl, UCus_,Pd,
0 0.2 0.4 0.6 0.8 0.9 1.0 1.5 UGRL Yo3Uo2Pdk
A 1 0.85 0.81 0.84 0.81 1 0.71 0.81 0.83 0.76
A ~1 0.6 0.63 0.63 0.6 0.72 0.78 0.77 0.70

magnetic moment and is Boltzmann's constant. This ~ We have shown from our experimental data that the
procedure was especially important at low temperatureblFL behavior observed i’ (T") and y (T') given in Eqg. (1)
where theM vs H curves display negative curvature is consistent with the existence of Griffiths’ singularities.
which is more pronounced at lower temperatures. AsThe values ofA obtained from theC(T) and y(T') data
suming the negative curvature &f(H) is intrinsic, this agree with one another within experimental resolution,
method of extractingy(7T) suggests that the origin of suggesting that the NFL behavior originates from mag-
the NFL behavior is magnetic in nature, sin€¢T)/T netic interactions. The U-based systems investigated in
and x(T) have the same temperature dependence. Wihis work have all of the prerequisites for the Griffiths’
also note that the values af obtained from magnetiza- phase scenario: the Kondo effect, RKKY interactions be-
tion measurements on the ThU,PdAl; system reflect tween the U magnetic moments, magnetic anisotropy due
the average of the magnetization over crystallites with @o spin-orbit interactions, and disorder associated with
hexagonal structure oriented in different directions, whichthe chemical substitutions. Furthermore, the imaginary
may explain the difference between the valuessdfom  part of the frequency dependent susceptibiftf(w) of
specific heat and susceptibility in this system. In a singldJCu; sPd; s and UCuPd, derived from neutron scattering
crystal, we expect better agreement between the specifineasurements on these materials [21], is described well
heat and the magnetization [20]. by the Griffiths’ phase resulf”(w) = o ' taniw /T)

[11] with a valueA = 0.7, in good agreement with the

values of A determined from the above analysis of the

05 M C(T) and y(T) measurements. Nuclear magnetic reso-

nance (NMR) and muon spin rotatiop $R) experiments
[8] on these same compounds reveal a distribution of sus-
ceptibilities given bys y/x = T~*?2 which is also con-
sistent with the presence of a Griffiths’ phase at low
temperatures [11]. Finally, recent NMR apER experi-
ments on UCy,Pd, [8] and pressure experiments on the
NFL systems CeRI®i, and CeRb-_,Ru, Si, [22] indicate
that disorder plays an especially important role in NFL
behavior. In addition, the relatively large range of sub-
stituent concentratiom over which the NFL behavior ex-
tends in certain NFL systems is consistent with the notion
of a Griffiths’ phase since these systems have rather large
values ofTk (= 10? K) and the range of over which the
Griffiths’ phase extends is predicted to be larger for larger
values ofTx [11]. Thus, there is sufficient evidence to
suggest that the Griffiths’ phase model is a viable can-
didate for the NFL properties of thg-electron systems
investigated herein. Moreover, recent calculations yield a
linear temperature dependence of the resistivity in these

0.4
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o

C/T (J/mol U-K?)
o o o
[e.] » [e ]

o
o

o
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L - C/TKT'1+)\4 . 7
oo L --- CT<h(M systems due to electron scattering by magnetic clusters
’ ' | S [23] in agreement with transport data [1].
107" 10° 10" )
T (K) TABLE 2. Calculated values of the reduced chi squae

from fits to specific heat data shown in Fig. 3.
FIG. 3. Semilog plots of specific heat/T vs temperature
T for selected U-based NFL compounds. Square symbols Tho4UosPAbAl UCuwPt YosUoPdh
represent data on UGRd from Ref. 19 in the temperature /7 o |nT 0.31 1.70 3.48
range0.2 = T = 2 K. Solid and dashed lines are fits to the C/T o T~1+A 0.94 1.07 097
expressions given in the figure.

5622



VOLUME 81, NUMBER 25 PHYSICAL REVIEW LETTERS 21 BcemMBER 1998

102 s f-electron systems, nor the apparent internal consistency
r found in our analysis in terms of Griffiths’ singularities.
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