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Non-Fermi Liquid Behavior and Griffiths Phase in f-Electron Compounds
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We study the interplay among disorder, RKKY, and Kondo interactiong-electron alloys. We
argue that the non-Fermi liquid behavior observed in these systems is due to the existence of a
Griffiths phase close to a quantum critical point. The existence of this phase provides a unified
picture of a large class of materials. We also propose new experiments that can test these ideas.
[S0031-9007(98)07424-9]

PACS numbers: 75.30.Mb, 71.55.Jv, 74.80.—¢g

The observation of non-Fermi-liquid (NFL) expo- the electrical resistivity in UCu.,Pd, [10], a Kondo
nents in the thermodynamic and transport properties oflisorder model can explain the temperature dependence
f-electron alloys has stimulated considerable interest iof the electrical resistivity [9], and the phase diagram
the study of these materials [1]. The alloys in which NFLof spin glass models is qualitatively similar to the one
behavior is observed fall into two categories: (1) Kondoobserved in these alloys [7]. Nevertheless, there is no
hole systems, in which theg-electron atoms(R) are final word as to the origin of the NFL behavior in these
replaced by nonmagnetic metallic atof$) according to  alloys. Here, we propose a framework that incorporates
the formular,-M,, and (2) disordered ligand systems, what we believe are the essential aspects of the problem:
in which the metallic atoms are substituted for a differentdisorder and the competition between RKKY and Kondo
metallic atom according to the formul(M1),,(M2),.  effect. In this framework the presence of disorder leads
Notice that due to alloying these compounds have do the coexistence of a metallic (paramagnetic) phase
high probability of being disordered. That disorder iswith a granular magnetic phase. We show that this
indeed a very important factor in bringing about the NFL coexistence phase is equivalent to tBeiffiths phase
behavior in these compounds has been shown in recenf dilute magnetic systems [11]. In our scenario, we
experiments [2]. This is in addition to the fact that mosthave two electronic fluids: one of them is quenched
of these systems are close to a phase transition. Thehy the Kondo interaction, behaving as a Fermi liquid,
we claim that the NFL properties of these compounds arand the other is dominated by the RKKY interaction,
a consequence of the competition between the intrasiteading to ordered regions of two-level systems. We
Kondo and the intersite Ruderman-Kittel-Kasuya-Yosidahave, therefore, an inhomogeneous environment which is
(RKKY) interactions taking place in the midst of a brought about by disorder. This scenario is reminiscent
disordered environment. If disorder were not presentpf the one found in compensated doped semiconduc-
there are two possibilities: the compound will havetors (Si:P, Ge:Sb) [12-14]. In these systems, disorder
long-range magnetic order when the RKKY interactionleads to local density fluctuations which result in the
is sufficiently large compared with the Kondo interac-formation of magnetic moments. The Griffiths phase is
tion or the compound will be paramagnetic due to thecharacterized by the formation of rare strongly coupled
quenching of the magnetic moments of the rare eartlmagnetic clusters which have large susceptibilities. In
atoms. However, the experimental observations showhis phase the thermodynamic functions show essential
that the NFL behavior generally appears between thessingularities with strong effects at low temperatures. At
two phases [1]. Several proposals have been put forwanthese low temperatures, clusters of interacting magnetic
as the possible explanations for the NFL behavior. Amoments can be thought of as “giant” spins which can
possible scenario is based on single impurity modelsunnel over classically forbidden regions. In the Griffiths
with particular symmetries such as the multichannephase magnetic clusters witki spins have a relaxation
Kondo effect of magnetic [3] and electric origin [4,5]. time which is given by [15] (we use units such that
Another possible scenario attributes the NFL behavior t&@ = kg = 1)
proximity to a quantum critical point [6,7]. Recently, a
route to NFL behavior that emphasizes a disorder-driven TR = w; et (1)
mechanism, known as “Kondo disorder,” has been sug-
gested [8,9]. All of these proposals have had partialvherew is an attempt frequency aridis a characteristic
success in explaining some of the experiments [1]. Irparameter that we discuss below. Because of cluster
particular, conformal invariance scaling gives a goodformation in the paramagnetic phase of these systems,
description of the dynamic susceptibility’(w,T) and  we have the following predictions for the thermodynamic
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functions:
y = Cy/T o [x(T)]ay = T4,
Dxnt(T)Jay o« T34
[xz(@)"]ay * @ " tanHw /T),
Ty (w) « 0 > Ttanw/T),
Sx(T)/x(T) = T2, ©)

where [---],, means average over disordeC’y is the
specific heat,y(T) is the static susceptibilityy,(T)
is the nonlinear static susceptibility;; (@) is the local R T
frequency dependent susceptibility/7; is the NMR 50 100 150 200 250

relaxation rate, and x(7') is the mean square deviation of FiG, 1. Mean square deviation of the Knight shift as a
the susceptibility due to the distribution of susceptibilitiesfunction of temperature given in (2). Diamonds: Experiments
in the system [16]. Herex = —/"'In(c), where ¢  for UCwPd from Ref. [7].

denotes the density of the spins. The Griffiths phase

is characterized byA <1 so that the susceptibilities terials, the large‘-electronic clouds lead to an anisotropy
diverge at zero temperature. We propose that Griffith&omparable in magnitude to the exchange energy. In ad-
singularities dominate the physics of the system at lowyition to this ion anisotropy, one expects a Dzyaloshinsky-
temperatures leading to NFL behavior. Let us note her@loriya (DM) exchange interaction [20] generated by the
that power-law behaviors foy and y have also been spin-orbit coupling. This type of interaction is forbidden
obtained by other researchers using different approachesly in highly symmetric situations which are not com-
[10,13,14]. Notice that the logarithmic behavior observedmonly realized in alloys with very complex unit cells [21].

in some NFL compounds [1] can as well be fitted That this is the case, it can be seen from the coexistence
by small power laws X = 1). Also, it follows from  of weak parasitic ferromagnetism within the antiferromag-
(2) that NFL systems should havmositively divergent netic phase in some materials such R&rO; systems
nonlinear susceptibilities\(< 3). Indeed, YoTho1Be;s;  [22]. We believe that this DM interaction accounts for
shows a tendency to a positively divergent susceptibilitthe recent neutron scattering data in the NFL compound
[17], in contrast to the usual negative divergence ofCeCy_ yAu, [23]. Consequently the RKKY and Kondo
the paramagnetic susceptibility of UBe Systems like interactions will be strongly anisotropic in thielectron

UCus-,Pd, show even stronger divergent behavior andsystems. The simplest Hamiltonian that describes the situ-
can be considered “deep” inside of the Griffiths phaseation above is the anlsotroplc Kondo model

Recent neutron scattering experiments show that the [

]

’

imaginary part of the susceptibility, the specific heat, and H = H, + Z
the static susceptibility can be exactly fitted by the result
(2) with A = 2/3 [18]. To compare this result with NMR where the sum is over all th&k atoms with spin
and uSR, we calculated the variation of the Knight shift, S,,. H, is the conduction electron Hamiltonian that
8K/K « §yx/x, for the same material [8]. Our result is can be obtained from band structure calculations, and
shown in Fig. 1 forA = 2/3. sE=2, (,,cJr To.o'Cno With @ = x,y,z is the con-
The agreement between theory and experiment is vergiuctlon electron spint® are Pauli matrices). The main
good. Our predictions are robust inthe sensedlidhe re-  difference between Kondo hole and disordered ligand
sults in (2) have to be self-consistent. Moreover, we haveystems is the alloying process. In the Kondo hole the
a definite prediction for the NMR relaxation raitg7 (w),  magnetic atom is replaced which leads to a reduction of
which should be largely frequency dependent. We alséhe number of magnetic moments. Moreover, the substi-
predict that under pressure the expongrghould change tute atom has a different size from the origindlatom
inside of the Griffiths phase [19]. It would be interesting which will lead to local changes in the lattice structure.
to plot the logarithmic derivative of the susceptibility (and/ In disordered ligand systems the lattice spacing is also
or specific heat) as a function of temperature and pressuraffected by the substitution of the ligand atoms. As is
AT,P) =1+ dlnx(T,P)/dInT, for various NFL sys- well known, hybridization matrix elements between the
tems to verify our predictions. The main characteristicsconduction band and thg-electron system are exponen-
of f-electron systems studied here are interplay betweetially sensitive to changes such as the type of lattice and
RKKY and Kondo effects, magnetic anisotropy, and dis-characteristics of the substitute atom, and this will in turn
order due to alloying. Itis well known thgtelectron sys- affect the local values of the exchange constants in (3).
tems are characterized by their strong magnetic propertie$herefore, alloying leads to a situation where local varia-
This magnetism arises from the crystal field interactiondions result in parts of the sample having larger exchange
and the strong spin-orbit coupling; in some of these mainteractions than others. The magnetism in these systems
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can be understood by looking at the effective interactioril'x (M) > T. as we lower the temperature of the system
between theR atoms due to the conduction electrons.below Tk (M) the local magnetic moment is quenched
The magnetic Hamiltonian in second order perturbatiorand order is inhibited; and (i) iTx (M) < T. and the

theory relative to the free electron problem is temperature is lowered belo®,. there is local magnetic
order and the Kondo effect is suppressed [28]. If we now
Hy = Z A F,f;,’i, sb, (4) take into account the magnetic moments that are left to
n,ma.b interact via RKKY, as in (4), together with the sites which

where I'¢% is the RKKY interaction mediated by the are quenched by the Kondo effect, as in (5), we see that
conduction electrons. In the limit of large anisotropy,the magnetism of the original problem in the limit where
Ji> JL, we havel? ~ O[(J?)?/Er] where Er is Ji > J is described by
the Fermi energy. In a cleag#tdimensional system this
interaction decays like/r¢. In the presence of disorder, Her = D TiSi8% + D 457, (7
however, it decays like~"/¢ where ¢ is the spin-orbit (@) i
diffusion length [24]. Since we are dealing with disorderedwhere the bracket§, j) imply nearest neighbor coupling.
systems the effective interactioR®? is actually short Notice thatI';; ~ O((J%)*/Er) and t; ~ O(J*) are
ranged. The important point here is that the orderingandom (but intercorrelated) variables dependent on the
temperature of the magnetic systei, is of order of alloying and lattice structure. Thus we have mapped
the exchange interaction, that &,(J%) « I' « (J?)*/Ep.  our problem into the random Ising model in a random
The critical ordering temperature is not the only energytransverse magnetic field [15]. The phase diagram of this
scale in the problem since the Kondo effect can take placmodel follows: at small doping the RKKY interaction
and quench the magnetic moment. dominates and the system can order magnetically (the
Consider, for instance, a particular position in the sys-ordered phase can be antiferromagnetic, ferromagnetic, or
tem, sayyn = M, where, due to the alloying,j; is much  spin glass [7] depending if the mean valuelgf; in (7) is
larger than average. For simplicity we disregard all thepositive, negative, or null, respectively). With increasing
other sites and look at the physics at this particular sitedoping the quantum fluctuations grow due to the Kondo
The Hamiltonian of interest can be writtendgy = Hy +  effect and the bulk critical temperature decreases until
H;, where it vanishes for some critical value of doping. At this
_ o . quantum critical point the system percolates. For large
Ho = He & Ty S, (nug = mt). values of doping, inside of the paramagnetic phase, oﬁly
_ JM finite clusters of magnetic atoms can be found. Among
Hr = (SMSM * Ssi) ®) these clusters there are some rare ones which are large
and in the limit of Iarge anisotropy we treH} as a pertur- and strongly coupled. Within these clusters the spins
bation of Hy. Observe thati, can be easily diagonalized behave coherently as a giant spin or a magnetic grain.
in the S¢ basis. If theR atom is in a state such th8f is We can describe the cluster in terms of a “classical”
T () the energy of the system is minimized by making adegree of freedom which can be parametrized by Euler
bound state with an electron with spirf1), respectively. angles(é, ¢). The classical energy (6, ¢), will have
The bound state energy is just the Kondo temperature at least two minima due to the original degeneracy of the
T (M) = We ™ 1/NOJ ©6) magnetic grounq state. In the simplest of_ cass¥, ¢)
can be written in terms of a classical spin wixheasy
where N(0) is the renormalized density of states at theaxis andXY-easy plane,
Fermi energy, an® is the conduction electron bandwidth. _ ; ;
This situation is similar to the approach to NFL behavior E(6.¢) = N(~e. + e|sim¢)sine, (8)
which takes into account a disordered distribution ofwheree, > € > 0 are the anisotropy energies perpen-
Kondo temperatures [8,9]. The ground state fif is  dicular and parallel to the easy axis, respectively. These
doubly degenerate corresponding to the spin configuratiorgnergies depend on the microscopic coupling constants in
[1,0) and | ,1). Application of first order perturbation (7). Observe that the energy has two minimdzaf2,0)
theory inH,; shows that the singlet statg,]) — | |,1)is  and(w/2, 7) with an energy barrier between them. When
lower in energy than the triplet statg,|) + | I,1) by an the temperature is higher than the barrier height the clus-
amount/;;. In this caseH, acts as dransverse fieldind ~ ter is thermally activated and behaves classically. At
lifts the degeneracy of the bound state. In fact, using théower temperatures the cluster can undergo quantum tun-
bosonized version [25] of Hamiltonian (5) and mapping theneling between the two minima. Using standard instan-
problem into the dissipative two-level system [26], we cantons methods [29], we can calculate the parameters that
show that tracing out the electrons of the problem result@ppear in (1):
in a Sy, operator f(_)r theR atoms spin degrees of freedom wo = 2./€€L
[27]. The competition between the RKKY interaction and
the Kondo effect can be understood in terms of the two [~ In(l + Vell/fi) 9)
relevant energy scales, thatg (M, J?) andT.(J,): (i) If 1 — ey/eL
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