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de Haas—van Alphen measurements made ,drhlJ ,Be,; for x<0.1 reveal that U enters the ThBdattice
as a mixed valent impurity of average valered.7, evinced by topological changes in the Fermi surface with
x. This implies that U exists in the tetravalent®configuration when diluted and that the strong correlations
in UBe,; involve 5f>—5f! transitions. Possible scenarios for the nature of thEhy_,Be;; ground state are
discussed.
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The renormalized quasiparticle band picture, comprised<x=<0.1, while the effective masses do not. The changes in
of hybridized conduction and electron states, has been the Fermi surface topology, alone, indicate that U enters the
largely successful at accounting for the Fermi liquidlike ThBe; lattice as a mixed valent impurity of average valence
properties of heavy-fermion metdé. Though simplifica- vy~ t+4.7 when diluted. We show that this result provides
tions regarding the many body effects need to be made, thisnportant clues as to the magnetic configuration of thoke 5
model contains much of the essential physics for explaininglectrons that are localized, and ultimately to the nature of
the dual observation of the de Haas—van AlpHdRivA)  the transitions giving rise to mixed valence. Noting the close
effect and field-induced metamagnetic transitions as a gereorrelation between the dimensions of e, lattice and
eral feature of stoichiometric heavy-fermion alldySThere  the degree of b electron itinerancy, we further address the
are, however, a few exceptions for which the existence of guestion as to why the Kondo effect need not necessarily
Fermi liquid state is highly questionabiehe stochiometric precede a heavy fermion ground statexas increased from
compound UBg, could belong to this class$® Notably, it  the dilute limit.
does not appear to undergo a metamagnetic transitian, Because thé/Be,; cage is structurally resilient to a large
have dHVA oscillations been observed that can be definivariety of substitutionsM, including Th (Refs. 16,17 (the
tively linked to the heavy-fermion ground stdfe'' Compel-  nonmagnetic analogue element most electronically similar to
ling evidence for heavy quasiparticles in this material, meany in the periodic tablg it provides an opportunity for the
while, is provided by the large specific-heat jump that occursiependence of the interactions to be studied over the entire
on entry into the superconducting phd8e. concentration range. Single crystals ofTh, _,Be;5 with x

Clearly, the absence of a Fermi-liquid state in YBe =0, 0.005, 0.015, 0.05, 0.1, and 0.2 were grown in Al flux.
would prohibit a direct exploration of its quasiparticle prop- The dHvVA oscillations in the magnetic torque were measured
erties by means of the dHVA effect. While we cannot probeusing a phosphor bronze cantilever capacitance magnetome-
the non-Fermi-liquid regime, should this exist, we can atter, with the axis of the magnetic inductid® rotated to
least discern the effect of substituting U Blectrons into a  within ~3° of the (100 direction in the{100; plane. The
suitable MBe; host lattice as provided, for example, by crystals were aligned using the visib{d00g, {110}, and
ThBe;3. Studies of the electronic specific heat throughout{111 faces. Temperatures between 500 mK and 20 K were
the UTh,_,Be;; series have shown that non-Fermi-liquid- obtained by either evaporating or heating a closed container
like behavior appears to subside for concentratios®.91°  of He liquid or gas, while magnetic fields extending to
While there are many reasons for expecting appreciable be-33 T were provided by the National High Magnetic Field
havioral differences between U and Ce impuritiedHvA Laboratory, Tallahassee.
studies on Cd.a; ,Bg have shown that the electronic struc-  An example of dHVA oscillations in the magnetic torque
ture changes in a continuous fashion withwith both the  measured in §;Thy Be;; at ~4 K is shown in Fig. 1),
guasiparticle effective masses increasing and the Fermi suwith the Fourier transfornffor the same interval in recipro-
face volume expanding gradually so as to accommodate theal magnetic fieltl shown in Fig 1b). The x dependence of
itinerant fraction of 4 electrons:* What was learned from the frequencies corresponding to orbits predicted by band-
this study is that dHVA measurements can be utilized to destructure calculations and/or that have already been con-
termine the valence of the impurity ion as well as the quasifirmed to exist experimentally in pure ThBgRefs. 11 and
particle effective massés?>® 18) are plotted in Fig. @). The sign of the slope of the

dHVA measurements on,Uh; ,Be,3, in this paper, re- dependence of the various frequencies identifies whether
veal that the Fermi surface changes significantly wittor  they are electron- or holelike. Of the two possible effects that
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0.10 - - which U ions could modify the Fermi surface on being sub-
0 Tneck b) stituted into ThBg;. The Fermi surface of ThBgis known

Uy, ThygBey, to be mainly made up of Bep electrons;*®with the extent

to which each contributes to the Fermi surface volume being
strictly integral and the net valence of Th being,= +4. U,

on the other hand, can exist in several possible valence
states,+ 3<wvy<+6, with conventional band-structure cal-
culations no longer being physically meaningful whenis
nonintegral. This primarily concerns the failure of band-
B F(T) structure calculations to account for the effects of the effec-

FIG. 1. (@) de Haas—van Alphen oscillations measured in thellve C_Zoulomb repulsiot; that becomes particularly_ir_npor-_
magnetic torque of kiThygBez at T~4 K. (b) A Fourier transfor- ~ tant in narrowf band systems. Perhaps emphasizing this
mation over the same interval in reciprocal magnetic field. ThePOINt, the present band-structure calculations, which do not
frequencies are labeled in accordance with Ref. 11. includeUy;, predict a significant 6 electron spectral weight

at the Fermi energ¥g.'® Yet, these spectral features are
could give rise to frequency changes as a functiom,ofle  both too shallow to account for the large electronic specific
can rule out the contraction of the lattice on doping with U,heat’ and too narrow {0.1 eV) to account for the broad
since the lattice parametea+{ 10.3794) of Y ThydBejziS  photoemission spectri.
only 0.17% less than thaif-10.3970) of pure ThBg."’ To better understand the delicate balance between itiner-
This could only account for changes in the Fermi surfaceant and localized electron behavior, it is therefore instruc-
cross-sectional area of order0.41%; i.e., much lower than tjve, first, to consider the simpler case of Ce impurities for
those observed experimentally. The experimental observaghich there is usually only onef4electron of relevance to
tions can therefore only be attributed to a change in the denne proplem. In Ce-based heavy-fermion systeth, is of-
sity of itinerant electrons withkx. According to Luttinger's g thought to be large enougbf order 1 eV or morgso
theorem, a simple proportionality between itinerant electronpt the £-band splits into two narrow corelike levels; one
density and Fermi surface volume always applfesyen N singly occupied in the # configuration at an energf
the most strongly correlated systems.'Thus, when appheq t8eep below the Fermi enerds;, and the other doubly oc-
heavy-fermion systems, dHVA experiments can determ|_n%upied in the 42 configuration at an energi+ U, far
the extent to which thé electrons contribute to the Fermi enough aboveE that its existence can often be ignored.
surface volume. In Cga, -,Bs, for example, each Ce ion The eytenm,, to which these 4 electrons contribute to the
contributes~0.1 4f electrons to the Fermi surface volume at Fo mi surface volume then depends on the balance between
. . . 5
fields above the metamagnetic transition: the hybridization potentiaV, the on-site Coulomb repulsion

Befc_)re extrgc_tmg similar mfor_matlon on XEIJ_hl,XBe13 _ Uy, and the depth oF; below Eg. Note thatns=uvce
from Fig. @), it is helpful to consider the possible ways in _, s equivalent to the valence difference between Ce and
the nonmagnetic reference element La. In a few Ce-based
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a) | y @: b) v mgterials, deA.experiments.beIow the metamagnleFic tran-
L EETT My dryox= 083 +-0.17) | u Ny sition have confirmed thg emstencg 'of weak hybridization,
g e 6 12 for which nss=<1, where, in the hybridized many-body band
Bt } of picture, large effective masses result from the fact Wat
B yax=112+-010)  *1 o 5= vz o7 <Ug .12
_ 4 | 0 Because of the probable existence of more than dhe 5
c PU— ! 5¢f° electron per U ion, it$ electron physics is somewhat more
T - Y (@n/dx=028.4/-041) 3 -1 complicated. Provided transitions occur between only two
r 5f different localized % electron configurations, however, par-
I ] ticle number conservation continues to imply some rather
P . 1 simple constraints: whiles; can assume any value in the
O (dnyir=083 -0 55T 1 range— 1<ng;=<2, it still remains equivalent to the valence
F . , , L differencenss=vy— v, between U and Th, with the local-
0.00 0.05 0.10 ized fraction of § electrons being given by 2ns;. The
X possible configurations of U are depicted in Figh)2 Thus

FIG. 2. (a) A plot of several of the key frequencies observed by application of Luttinger's the_orem, we can infey; from
throughout UTh, Be,; versus concentratior. The frequencies e X dependence of the Fermi surface cross sectipg
have been labeled according to the schematics of Ref. 11, with thg 27m€F(X)/%. The application of this idea to (ea; Bg at
exception ofy’ which has not yet been identified. Solidotted fields above the metamagnetic transition was particularly
lines depict electrofhole) orbits. (b) An illustration of the possible  trivial in that case owing to the simple elliptical Fermi sur-
5f electron configurations of U versus the itinerant fraction 6f 5 face topologies oM Bg compounds? In ThBe;s, however,
electronsng; and the U valence. The arrows indicate the transi- the Fermi-surface topology is considerably more compli-
tions between different localizefdstates that prevail. cated with many of the larger sections having still not been
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observed?! An alternative method, therefore, is to determine
ns; from the partial derivativeins;(x)/dx=dn/ JE X JE/ IA

X dAldx, where Luttinger’'s theorem implies thahs¢=dn.
Here, dn/JE is the density of states, which has been both
calculated and verified experimentally to ligE)~1.2

X 10% states per f1'® 9A/GE=27m* /%2 is the cyclotron g
effective mass, which can be obtained from the temperaturég
dependence of the dHVA oscillations, whit&\/ox~AA/

Ax can be extracted directly from Fig(&®2. This method is
accurate providedins;(x)/ox is constant for 6<x=<0.1.
Given thatdn(x)/dx changes very little over this rang®,

and a far greater error originates from the effective mass
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measurement made at=0, this is a fair assumption to x X
make. Estimates for four of the orbits are, therefore, shown
in Fig. 2(@), and an average made over these four orbit%u
y'_elds ‘?n5f(x)/‘?x~0'7.i0'2’ implying _thatvU~4'7i %2 N x=1. (b) The quasiparticle scattering rate ! obtained by fitting

Fig. 2(b). Thus, as with 4 electrons in Cd.a; ,Be, > We  the field dependence of the amplitude Ag exp(—m/w.r) where

find that the 3 electrons also contribute to the Fermi surface,, —ep/m*, having corrected for temperature.

volume in a nonintegral manner. While this valuewgf ap-

pears to be inconsistent with the value that has been consigglent systenjt_ln such as system, theelectron self-energy
ered to explain magnetic data?’ it does appear to be con- 3 (E k)~E.—E,, which is responsible both for the mass
sistent with the estimate afy, for U in MBey; inferred on  enhancement and for the formation of the Kondo resonance,
the basis of a chemical bonding topology analy3i8s can s relatively small. Such a ground state is realized when the
be seen in Fig. @), it further implies that the U impurities highest occupied corelikéelectron level lies very close to
exist in the § configuration prior to mixingor hybridiz-  E, enabling it to hybridize directly with the conduction
ing), with the mixing then giving rise to 8—5f" transi-  electron bands. Specific-heat measurements=a.1, fur-

tions. ther corroborate this picture, yielding an electronic specific-
While dHVA experiments yield no direct information on heat coefficienty=xx y,~9 mJ mol* K? that is only mar-

the magnetic configuration of the localized ®lectrons, ginally higher than that of pure ThRe’
5f2—-5f1 transitions have been proposed as one of the pos- While the effective masses within the Th, _Bey; series
sible routes to the quadrupolar Kondo effécand non-  are relatively unenhanced at low concentrations, specific-
Fermi-liquid-like behaviol-"?* The applicability of this heat studies have shown that, (per U ion undergoes a
model to UBg3, or U, Th;_,Be;s, would require the lowest dramatic increase fox=0.51" The pronounced increase in
energyJ=4, 5f2 multiplet to exist in thel'; configuration 7~ with x implies that this region of the phase diagram is
rather thanl'5 as a result of the cubic crystal symmetry en-inaccessible to dHVA measurements. The inability to observe
vironment. Since thd'; multiplet is nonmagnetidi.e., J,  dHVA oscillations in pure UBg, in this work and in
=0), with only a finite electric quadrupole moment remain- others' is further suggestive of there being no recovery of
ing, one could speculate that tHi state is consistent with Fermi liquidlike behavior ag—1. Althoughy for UBe3 is
the lack of a metamagnetic transition in UBE which re-  some~150 times greater than that of ThBe because the
quires a Zeeman mechanism. It nevertheless remains unclegfifective masses in pure ThBeare so low(in the 0.07 to
how the quadrupolar interactions, should these be relevan®.2 m, range withm, being the free electron masshe ef-
manifest themselves on the quasiparticle properties in théective masses in UBgshould not be any higher than those
mixed valent regime €&x<1, how this could give rise to a in other heavy-fermions systems in which quantum oscilla-
spin fluctuationlike effects at intermediate concentrations, tions have been observed.
or why the quasiparticle effective mass in Figa3does not The development of strong correlations only 3£ 0.5 is
increase as does the scattering rate in Hig).3Vhat is clear, a likely consequence of the sensitivity of the interactions to
from the present study, is that,Uh, ,Be;3 behaves very the lattice dimensions. Evidence for a strong coupling of the
much like a weakly interacting Fermi liquid fox<<0.1, itinerancy of thef electrons to the lattice is provided by the
within which the U ions function primarily as charged impu- data of Kim etal,'” whereby Kondo-like behavior in
rities. The charged nature of the impurities is evinced botHJ,M;_,Be;3 occurs only when the lattice parameteis less
by the valence difference and by the increase in the quasthan or equal to thad, of pure UBg;. Kim et al. attributed
particle scattering rate”* with x in Fig. 3(b). this to the increased hybridizatiovi resulting from the re-
Perhaps the most intriguing aspect of these results is thaluced U-Be separation distance #€a;. However, an in-
they show that it is not necessary for any type of Kondocrease in hybridization usually results in lower effective
effect to precede the development of a heavy fermion grounchasses;? and it is difficult to imagine how the existence of
state in YTh,_,Be;; asx is increased from the dilute limit. Kondo-like behavior only fora<a; could be a matter of
Instead, the low effective masses in Figa)3 together with  mere coincidence. An explanation along the lines of “Kondo
the fractional U valence state, is more typical of a mixedcollapse” is more consistent with these observations. While

FIG. 3. (a) The effective masses measured as a functionfof
r orbits. Reliable effective mass estimates were not obtained for
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this mechanism manifests itself most strongly in elementajvhen M=Y or Sc, the U impurities enter that lattice in-
Ce and U, in the form of a structural phase transitian, “precollapsed” state whereby Kondo-like behavior ensues at
“collapse” of the size of the lattice of UBg (along with g concentrations &x<1.1" To test this hypothesis, it

actinide and rare-earthl Be,3 compounds, is clearly appar- \;nger hydrostatic pressure.

ent in Fig. 2 of Ref. 16. Kondo collapse results from the
effective reduction in the size of the (ér Ce ions whenf Fermi liquid behavior forx=0.1, for which the presence of

eIecFrons, formgrly In I_ocahzed states, are shed to the COMsaht quasiparticles, together with the strong dependence of
duction sea, with the increased U-Be overlap subsequent| . . .
e Fermi surface topology oR, evidences mixed valent

resulgng n afeedbac_k process th_at encourages furelec- behavior. It appears that Kondo-like behavior is activated
tron itinerancy. The increased kinetic energy of the com-

. . only upon collapse of the lattice. The fact that each U ion
pressed conduction electrofiy eventually counteracts this adds~0.7 extra electrons to the Fermi surface volume indi-
collapse, but not until nearly all of the availadlelectrons j

are itinerant and the valence is nearly integral; it is therefor cates that the Selectrons are in thefS configuration prior

likely that v —5 asx—1. As a consequenca,(E,k)~Er %o mixing, which is one of the possible configurations that

—E; also becomes larger, leading to heavier masses. LighﬁOUId give rise to the quadrupolar Kondo efféct.

masses fox=0.1 can now be understood to result from the The work is supported by the Department of Energy, the
fact that too large a concentration{Xk) of Th prevents the National Science FoundatigfhNSF), and the State of Florida.
Kondo collapse from occurring, thereby mitigating heavy-J.S.B. would like to acknowledge the provision of a NSF
fermion behavior. Conversely, if the size the hoéBe;;  grant(DMR-9510427%. L.B. is also grateful to the NHMFL
lattice is already smaller than that of UBe as is the case for financial support.

In summary, we have shown that,Th; ,Be;5 exhibits
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