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Absence of Kondo lattice coherence effects in Ce  jglLag4Pbs:
A magnetic-field study
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The specific heat of polycrystalline gg a, 4Pb; has been measured in magnetic fields ranging from

0 to 14 T. After subtraction of a lattice contribution, the specific heat between 1 K and 10 K is well
described by theS=% single-impurity Kondo model with just one adjustable parameter: the
zero-field Kondo temperature. In particular, the variation in the temperature and the height of the
peak inC vs T is captured with good accuracy. This fit suggests that lattice coherence effects play
no significant role in the magnetic-field response of this concentrated Kondo syst@90%®
American Institute of PhysicDOI: 10.1063/1.1855456

I. INTRODUCTION =2.6+0.2 K. In particular, the variation in the temperature
and the height of the peak i@ vs T is captured with good

Lately, there has been renewed interest in the subject adccuracy. This fit is nontrivial, given that the impurity has a

the Kondo lattice and its relation to the single-impurity field-dependeng factor arising from field-induced mixing of

Kondo model. Nakatsujéet all have proposed a two-fluid Ce crystalline electric field levels.

model that describes thermodynamic and transport properties

of Cela;_Colng by the superposition of a single-impurity |I. EXPERIMENT

part and a coherent heavy-fermion liquid part. It has been ,

shown for the concentrated Ce alloys>0.5) that only 10% Two polycrystalline samples of Ggl.aq b were syn-

of the low-temperature specific heat corresponds to théhesmed independently in an arc melter using highest avail-

single-impurity part, and that this part can be described b)?btle gr?,%e Giefrnentfg S‘:":g I:]agrom Al\r;eéhNatlonal Lab?'
the same Kondo temperatuf@ for all concentrations. ratory, rom ohnson MattheyBecause o

This remarkable result, which suggests that the specifi(t:he high vapor pressure of Pb, the starting material had ad-

. . . X ditional Pb to compensate for vapor losses. The starting com-
heat is essentially a coherent lattice property, requires reex- . . 0 o
amination of previous investigations concluding that single-posmon for sample 1 had 3% more Pb than indicated by

. stoichiometry, while that for sample 2 had an additional 2%.

impurity physics accounts rather well for the thermodynamlcEach sample was repeatedly remelted to improve the homo-

properties of a number of heavy fermions. Of particular note . . i
is the alloy series Gea,_Phy, for which the zero-field spe- geneity. After each remelting, the sample mass was com

o K . ared to that expected for the stoichiometric material under
cific heat scales with Ce concentration foK@<0.6, and b b

th ific heat Cei ted titativelv b ththe assumption that there were no vapor losses of Ce and La
_elsp,ec' IC heal per L€ 1S accouge or quantitatively By I+ the low arc current used. The process was repeated until
S=3 single-impurity Kondo model.The absence of coher-

i : o X the final stoichiometryassuming no loss of Ce and La&as
ence effects in Cga,_Ph; IS surprising given that the pure Cey 6L 4Pbs 00:0.0: Each sample was then annealed for two
compound CePjorders antiferromagnetically 8y=1.1K, \yeeks at 600 °C in the presence of additional free lead to

pointing to the presence of significant inter-ion correlations.inimize further Pb losses from the sampio such losses
In order to provide a more rigorous test of the single-\,qre detected.

impurity picture in Cel.a,Pb;, we have measured the spe-  The specific heaC of sample 1 was measured by the
cific heat of polycrystalline Gglag /2; in magnetic fields  thermal relaxation method over temperatufBshetween
ranging from O to 14 T. Thex=0.6 concentration was cho- 4 k and 10 K in magnetic fieldd=0, 5, 8, 10, and 14 T.
sen to satisfy two criteria: the system should be sufficientIySamme 2 was measured between 0.7 K and 4.2 K at zero

concentrated and it should not order magnetically at any teMe|g and 10 T to provide a basis for estimating the likely
perature. After subtraction of a lattice contribution, we find gegree of sample dependence in the data.

that the specific heat between 1 K and 10 K is well described Figyres 1 and 2 plot the excess specific hagt=C

by the S=3 single-impurity Kondo model with just one ad- —c,, normalized per mole of Ce. Her&,, is the lattice
justable parameter: the zero-field Kondo temperatdie, (phonon contribution, estimated from the data of Lét al?
Figure 1 also shows error bars for a few representative
dpresent address: Alien Technology, 18220 Butterfield Blvd., Morgan Hill, points. The uncertainties reflect possible errors both in the

CA 95037. measured total specific heat and in the lattice correction. By

b) . . .
Permanent address: Department of Physics and Astronomy, Ohio Wesley. o ; ;
University, Delaware, OH 33015, 40 K, C,, makes up roughly 90% df, so the uncertainty in

9Author to whom correspondence should be addressed; electronic maifC 1S particularly large at the upper end of the measured
ingersent@phys.ufl.edu temperature range.
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T ' o rrTrTT Since the quantities entering the Kondo temperaiyravere
not measured experimentally, we calcula@gl,, the impu-
A‘sg% rity contribution to the heat capacity, using the numerical

2.0

renormalization group(NRG) method for an arbitrary

—_
o

; choice p(e:)J=0.2 and then fitted the temperature scale of
B S ’ the data for Cgglag 4Pbs, focusing particularly on the region
N 080 %.po around the peak i€ (which occurs in both samples at

- AAAA Qﬁ; ~1.8+0.2 K). This process yielded a valug=2.6+0.%,
Pg £ some 20% lower than that obtained by lénal * We have no

[ = explanation for this discrepancy.

- a8 In magnetic fields, it is also necessary to kngyandg;.

AC (J/Ce mol K)
o

o
o

The calculatedCy,, is insensitive to the value of the
000 L v il oy 4 4 conduction-bandy factor, which we took to bg.=2. The
03 0507 1 2 3 5 7 10 impurity g factorg; is deduced by mapping the lowest pair of
T (K) energy levels of C& onto an effective spir%—degree of free-
dom, as described in the remainder of this section.
FIG. 1. Excess specific heAC vs temperaturd for sample 1(open sym- In the cubic crystalline electric fieldCEP environment

bols) and sample Zfilled symbol$ at magnetic fieldH=0 (circles and of Cgla;_Ph;, the sixJ=5/2 atomic levels of atomic Gg,
H=10 T (triangles. Error bars are shown for a few representative points. {‘m >} Sp|it into al’> doublet and 4 quartet5
/5 7 8 .

. THEORY T, +)y=v2£3) -3 7 2),
We modeled the experimental data using the %pin-
Kondo impurity model described by the Hamiltonian Tg 1, +)= \JC| + §> + VE| = §> (2)
by = V6l = 2 6 2/
Hi = 2 (& + 09ougH)Cl Cho + GineHS, .
ka Tg,2, £)=|+2).
. T l ! !yt . . = - H
IS gsz Cko2 a0/ Ck' o @D The preponderance of experimental evidéntendicates

that CePp has al'; ground staté. The I';-I'g splitting tem-
Here ¢, describes the conduction-band dispersi@n,i% la-  peratureTcge has been variously estimated from the mag-
bels the conduction-electron spin projection along the direcnetic susceptibilitf to be 67 K, from the elastic constahts
tion of the magnetic fieldyg is the Bohr magnetorg. andg; be 76 K, and from inelastic neutron scattering to be 67 K
are the conduction-band and impurgyfactors, respectively, (Ref. 8 and 72 K (Ref. 10. It is probable that the CEF
Jis the Kondo exchang& is the impurity spin operator, and scheme is affected only weakly by substitution of La for
o{w, (j=1,2,3 are the Pauli matrices. some Ce atoms since the immediate environment of each
At zero field, the model has a single low-energy stale remaining Ce is unaffected, so we SBtg=72 K in our
ks Tk = e exd—1/p(er)J], wherekg is Boltzmann’s constant — calculations.
and p(ep) is the density of states at the Fermi energy In a magnetic fieldH, the CEF states are mixed by the
Zeeman interaction. Therefore, the effective Hamiltonian

N governing the atomid=5/2 Cé&* multiplet is
2.0 N )
< F Hee=keTcers 2 [Ta,0)(Tadiol +gusd -H,  (3)
5 1.5F Lo
E - where ug is the Bohr magneton and the Langdactor for
o [ Ce* (J=5/2,L=3,5=3) is g=6/7.
Q 10F For a givenH, we diagonalized:ICe and found the split-
A ting AE between the lowest two energy eigenvalues. We then
O os used the relatiodE=g;ugH to deduce an effective value of
<= gi(H) to insert into theS=3 Kondo impurity model. This
effective g factor is dependent on both the magnitudeHof
0.0 and its orientation relative to the crystal axes. The strongest
03 0507 1 2 3 s 7 10 variation ofg; with H is found for fields oriented along the
T (K) (100 directions, while the weakest variation occurs for fields
along(111).
FIG. 2. Excess specific heAC vs temperaturd in fields of 0 T(®),5 T To model the random orientation of our polycrystals

(¢), 8T (W), 10T (A), and 14 T(V). Data for samples 1 and 2 are : . : :
combined. The lines shoW;y, for the single-impurity Kondo moddlEq. relafive to the field, we averagep{H) over all directions of

(1)] calculated for the experimenthl values, withg; set to the correspond- H at fixedH =|H|. Table I shows the |argeSt.Va.-|U9x the small-
ing (g, listed in Table I. est value, the mean, and the standard deviatiay fufr each
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TABLE I. Properties of C& in CePl cubic crystalline electric fields with  that there is no adjustable parameter beyond the Kondo tem-
an applied magnetic field of magnitutte kgTcer is the minimum over all peratureTy deduced from the zero-field data, there is good
field orientations of the energy gap between the second and third IeveI%greement between experiment and theory The Kondo

maxg; and ming; are the maximum and minimum values over all field . .. ;
orientations of the effective impuritg factor deduced from the splitting model repmduces the field variation of the h6|ght of the Spe-

between the first and second energy levégs. anda(g;) are the mean and ~ Cific heat peak with very high accuracy. The temperature of

standard deviation ofj, respectively. the peak inAC is also well described, the only significant
~ deviation occurring foH=5 T.

HT)  TeerK) maxg min g, (o a(g) In all casesH>0, the peak in the experimental data is
0 72 1.429 1.429 1.429 0.000 s_omewhat broader than predicte(_j by the Kondp modgl, par-
5 65 1431 1412 1.423 o005 ticularly on the low-temperature side of the maximumii@.
8 61 1.434 1.387 1.415 0012 This broadening may be partially attributable to the spread in
10 59 1.436 1.364 1.407 0.019 @ values arising from the distribution of angles between the
14 55 1.443 1.302 1.387 0.037  magnetic field and the cubic crystal axes. As indicated by the

maximum and minimum values listed in Table |, thedis-

tribution has longer tails on the log-side of (g;), which

field H at which the sBecific heat was measured, as well aghould tend to produce an asymmetry of the type seexCin

the minimum splittingTcgr between the second and third vsT.

lowest eigenenergies. The rather minor differences between the field depen-
The table shows that over the range of fields covered ilence observed in the specific heat of gey, 4Pb; and that

our experiments, the lowest-lying pair of states remains welpredicted by the single-impurity Kondo model suggest that

separated in energy from the remaining four states. Thighere is no significant coherence effect in the specific heat of

separation(?I'CEFB 55 K) justifies the neglect of the higher this system, at least at temperatures of order the single-ion

levels at temperatureb= 10 K. Kondo scale and higher. This provides a clear counter ex-
Second, it turns out that although the field causes quit@mple to the two-fluid model advancetbr Cela;,Colns

strong mixing of CEF levels, the distribution of values and Cela;_rins, where coherence effects set in at tempera-

remains fairly narrow, and the mean value shows a ratheiures more than an order of magnitude abdye

weak dependence di. We used just the mean valgg,) in

a NRG calculation oC;r,,, at each magnetic fieldThe NRG

calculations are computer intensive, and it was therefore im-  This work was supported in part by the U.S. Department

practical to average over the entire distributiorgpfalues) ~ of Energy under Grant No. DE-FG02-99ER4574B.P.,

We discuss the likely effect of this approximation in the nextC.R.R., and B.A, by NSF under Grant No. DMR-0312939
section. (K.l.), and by the University of Florida Physics REU Pro-
gram under NSF Grant No. DMR-013957B.D.).
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