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Crystal-field effects in the mixed-valence compounds Y4M;Gag (M =Rh,Ir)
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Magnetic susceptibility, heat capacity, and electrical resistivity measurements have been carried out on
single crystals of the intermediate valence compoundfR¥iGa, and Yhlr;Ga. These measurements reveal
a large anisotropy due apparently to an interplay between crystalline electri¢@igll and Kondo effects.
The temperature dependence of magnetic susceptibility can be modelled using the Anderson impurity model
including CEF within an approach based on the non-crossing approximation.
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I. INTRODUCTION conduction electrons is independeninogven when the CEF

The intermediate valence compounds pose one of thi included:*~**This is a requirement for the integrability of
most challenging problems of strongly correlated electrorfn€ problentalthough, there is no symmetry requirement to
systems. Different ingredients contribute to the complexityh@ve the sam¥, for each orbital in the presence of a CEF.
of these fascinating systems: the presence of strong Kondbl€ different orientations of the orbitals relative to the
interactions, the level structure of the crystal electric fieldn€arest-neighbor atoms clearly indicate that the hybridiza-
(CEP f orbitals, the different hybridizations between eachtions must be a function ah. It is essential to consider this
level and the conduction band, and the eventual coherendfect in order to explain the magnetic susceptibilityT)
effects and magnetic interactions introduced by the periodiceasurements of ¥M;Ga (M=Rh, ) shown here as well
ity of the Kondo lattice: Strong valence fluctuations are ob- &s various other experimental observations in related
served in the intermetallic compounds with Ce, Yb, and U. Inmaterials?!
particular, Yb compounds attract a great deal of interest be- Here, we report two examples of mixed-valence systems,
cause the trivalent Yb ion is at least in some sense the hol¥b.Rh:Gaz and YhlrsGay, in which the CEF and Kondo
counterpart of the G& ion which has one electron in itsf4 €nergy scales are of the same order of magnitude. We discuss
shell. As in the case of the Ce compouRd$ie Yb-based @ method based on the simple approximation scheme of

intermetallics exhibit a diversity of physical properties thatZwicknaglet al. for calculating dynamical and static proper-
remain to be understodd. ties for these types of systerfisThe novelty of the method

The isostructural series of compounBsM X, (R=La, is that, in addition to the usual CEF effects, it also incorpo-
Ce, Yb, U;M=Co, Rh, Ir;X=Al, Ga) exhibit antiferromag- rates the important consequences of having different hybrid-
netic ordering folR=Yb, X=Al, and mixed-valence behavior ization amplitudesv(m) between the CEF orbitals and the
for R=Ce, Yb andX=Ga?*" All the U-based compounds or- conduction band. The calculatgdT) provides a quantitative
der antiferromagnetically at temperatures below 40 e  description of the measured susceptibility in,¥xGa (M
Yb,M3Gay compounds are a suitable class of materials fo=Rh,Ir). We show that for Ybir;Ga, a single hybridization
studying the difference in the electronic structure between/(m) is sufficient to describe the data, whereas for
the magnetically ordered Kondo lattice and the mixed-Yb,Rh,Ga, two hybridizations are necessary to adequately
valence systems. The orientation-dependent tempergjidte  describe our results.
of the maximum in the magnetic susceptibility suggests the
possibility of an anisotropic Kondo effegf Previously, Il. EXPERIMENT
Petrovic et al. studied ternaryR-Ir—Ga compounds(R
=rare earth that were assigned their,Ga stoichiometry in Single crystalline rods of YiM3Ga (M=Rh,In with a
their work1%-12 Elemental analysis studies unavailable totapered hexagonal morphology were grown by a Ga self-flux
these previous authors suggest tRalr;Ga, is the correct technique. Elemental analysis confirmed the correct 2-3-9
stoichiometry of these materials instead. TRyr;Ga, com-  stoichiometry. X-ray powder diffraction measurements on
pounds with Ce and Yb show reduced magnetic momentsrushed single crystals produce a spectrum that can be in-
and the absence of magnetic order above 0.04 K. dexed in either a hexagonal @-centered orthorhombic

The thermodynamic properties of the single-impurity structure. Examination of the resulting lattice parameters
model have been calculated exactly using the Bethe-ansastiggests that the hexagonal unit cell is apparently a subcell
techniqué®~'8 and also approximately within the non- of a larger orthorhombic celWwith ainorhombic= \V3@hexagona-
crossing approximatiodNCA), which shows good agree- The room-temperature values of the hexagonal lattice param-
ment with the formet® However, to the best of our knowl- eters area=7.4716) A, ¢=9.4443) A for Yb,Rh;Ga, and
edge, it has always been assumed that the hybridizatipn a=7.4834) A, c=9.4412) A for Yb,Ir;Ga, in agreement
between any state of the magnetic configuratiohand the with Refs. 6 and 11. The larger orthorhombic lattice con-
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FIG. 1. Magnetic susceptibility(T) of Yb,Rh;Ga,. The lines T(K)

are fits to the data using the model described in the text. Left-hand g5 2. Magnetic susceptibility(T) of Yb,lrsGa,. The lines are

inset, electrical resistivity(T) of Yb,RhsGay. Rzlght-hand INSet,  fits to the data using the model described in the text. Left-hand

specific heat divided by temperatu@é T versusT® of Yb,RGay.  jnset, electrical resistivity(T) of Yb,IrsGa,. Right-hand inset, spe-

stants are close to those reported for polycrystalline samplefic heat divided by temperatu@/T versusT? of YblrsGa.

of the same compounds obtained by means of arc or induc-

tion melting*2324 X-ray single crystal diffraction studies crystal3, of Yb,Rh;Gay and Yhlr;Ga is displayed on the

(discussed in detail elsewhéfe that include the possible left-hand insets of Figs. 1 and 2, respectively. The observed

role of stacking fault disorder, as indicated in isostructuratemperature dependences are characteristic of intermediate-

aluminum-rich compound$, suggest that the samples crys- valence metals and again reflect the higher characteristic

tallize in the hexagonal structure. Specific heat and magnettemperature(i.e., the inflection pointin Yb,lr;Ga,. Simi-

zation measurements were performed in a commercighrly, specific heat divided by temperatu@#T versusT? is

(Quantum DesignPPMS and MPMS, respectively. The re- shown on the right-hand insets of Figs. 1 and 2Nbr Rh,

sistivity was measured using a standard four-probe techy, respectively. A low-temperature fit taC/T=y+ T2

nique, with the current parallel to tfeaxis in the tempera- gives values of y=4525 mJ/molYb K2 and 2B

ture range of 0.5—-300 K under zero applied field. =0.750.92 mJ/mol Yb K corresponding to a Debye tem-
Figure 1 shows the magnetic susceptibility(T), of peratured, =250 K (234 K) for M=Rh (Ir). The values ofy

Yb,RhsGay measured inH=1 kOe. x(T) displays a broad reflect moderate mass enhancement in,RfgGa, and

maximum at 90 K(Hlic) and 165 K (H Lc), typical of  vyp,r,Ga,.

mixed-valence compounds. The high-temperature magnetic

susceptibility of YBRh,Ga, follows a Curie-Weiss law . THEORY

above 200 K yielding values gf;=4.3 ug/Yb; 6=-50 K To account for the combined effects of Kondo hybridiza-
and jei=4.4 g/ Yb; §=-293 K for field parallel and per- ion and crystal electric field splitting, we use an approxima-
pendicular to thet axis, respectively. The average effective tjon scheme developed in Refs. 22 and 25 that we generalize
magnetic moment is nearly the value of free Ytuer 1o allow for different conduction electron hybridizations of
=4.5 ug). The marked difference in the respective values foreach ground state multiplet of the magnetic configuration.
the Weiss temperature is due to the strong magnetocrystallinehe approach is based on the non-crossing approximation
anisotropy. As will be discussed later, this anisotropy is alsqNCA) with the additional assumption that the density of

the origin of the orientation-dependent maximay). states of the nonmagnetic configuration by its pole at tem-
Figure 2 displays magnetic susceptibility data forperatureT=0,

Yb,lr;Ga,. These data are consistent with stronger hybridiza-
tion in Yb,lr;Ga, as compared with YfRh,Ga,. The po(®) = (1 =ng) 8w - wy), (1)
maxima iny(T) are shifted to higher temperature, and Curie-yhere 24n¢ is the valence of Yb aff=0, and w, is the
Weiss behavior is not fully recovered by our highest meaground state energy, obtained by a variational ansatz that is
surement temperature. As pointed out by Trovaretlial.°  exact for large degeneracy of the magnetic configuraon.
the upturns in susceptibility at lowest temperature may notrhe approximation Eq.1) ceases to be valid at temperatures
be extrinsic. These authors reach this conclusion based af the order of the charge transfer enefgy-min(E,) + er
field-dependent magnetization measurements. That we sggee below. However, it has led to very good agreement
field-orientation dependent upturns at low temperature, espeyith results for the magnetic susceptibility of the full NCA
cially in the case of YERh;Ga, [x(T) for Hlic is essentially  and Bethe-ansatz in the isotropic cd&urthermore, it has
temperature independent wheregd) for H L c increases the advantage that the results converge smoothly to those of
rapidly with decreasing temperatyradds further credibility the variational approximation foF=0 and is free from the
to this assertiof. usual artifacts of the NCA at low.?7:28

The electrical resistivityp(T), measured with current ap- The Hamiltonian is that of the impurity Anderson model
plied along the hexagonataxis (the long axis of our rodlike including crystal and magnetic field,
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H:H0+H1+HB+Hband+ Hmix: (2)
with

Ho=Egl0)X0], Hy=2> EqJmxml,

_ T
Hpand= > €ChmrCims (3
km

Hg = - gugBJ,,

Hmix = E Vm(|m><0|ckm+ H-C-)-
km

H, describes the ground state of the nonmagneti¢ don-

figuration of YB'?; H, corresponds to the ground state mu
tiplet of the 42 configuration, distributed in four Kramers
degenerate doublets belonging to three irreducible represen- C r

tations of the point groumlm creates a hole in an extended -

state with the same symmetry as the localized $tateThe

density of these band statpss assumed constant and inde-
pendent ofm as usual. The terni,,, allows for different
hybridizationsV,, for each doubletHg describes the cou-
pling of the magnetic configuration with an applied magnetic

field B in the directiona. The value ofg for Yb is 8/7.

To be able to use the NCA at finiiewhenV,, depends on
m, we diagonalize firstH,+Hg and perform a canonical
transformation on the;  in such a way that,+Hg takes
the form ofH, with field dependenE,,, andH,,;, retains the
same form in the new basis. Callihm(B)) the eigenstates of

H,+Hg, the transformation is

1
Vin(B)

Chn(B) = > V(' (0)[m(B))cy (4)

m

where

VZ(B) = X V2, [(m' (0)]|m(B))/2. (5)

Working up to second order iB, diagonalizing first], in
each subspace of identicg},, denotingl',,= 7Ter2n, we ob-
tain for E(B) andI'(B) in the new basis,

S [(mla,m) 2
Em=E%— gueB(MJ,Im) + (gusB)?> ~— 5
EC-E
m’ m m’
' (T2, =T KM Jm")
[n=T0+ (9ueB)? . (6
m m (gMB ) % (E?n_qu,)z ( )

where3/, runs over allm’ with E2, #E2 and EQ=E(0),
F%:Fm(O). In this way the Hamiltonian is mapped intd
—Hg with field dependent parameters.

Proceeding as in Ref. 26, the ground state enexgf) is
obtained from the equation

r En-—

(O Eozz - In m—a)O,
W+ Em — Wo

m

)

where we set the Fermi energy to zero and/ is the width
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ing x,(0)=-wy/B?> and neglecting 1W in comparison
with 1/T,, whereTy=min(E,,) — wg is the stabilization energy

of the correlated singlet, we obtain a closed expression for
the susceptibility af =0,

J !
Xal0) = (0pe)”S nfm[ w + 23 [(miJ, )P

m 0 m

X( 1, E% - wo InE&—w0>
E° -E% (ES-E%)? EX -,

(8)

|- whereng,, the occupation number of the stawa at T=0, is

given by

9)

nf = —m =
" 1+3 ¢, " mEn=wo)
The same expression E) is obtained finding first the
variational wave function foB=0 and then using second
order perturbation theory iB. While this procedure is actu-
ally easier, it cannot be extended Te- 0.
At finite T, the susceptibility is obtained fromng,(T)=
-&°F/dB?, where the free energy is given by

F:wo—Tln[(l—nf)(l+Elem”, (10)
with:
N = 2 Ne, (11
_ | de f(w)
Im_f 7 (@t og- B + [Tyl -mf— a2

wheref(w) is the Fermi function. The second derivativeFof
is calculated using Eg$6), (9), and(11).

Up to now the theory corresponds to a single magnetic
impurity coupled to band states. We find that in order to
explain the observed magnetic susceptibility, in particular the
ratio of y(T=0) and the maximum value of(T), a small
antiferromagnetic interaction between Yb ions should be in-
cluded. In mean field, the susceptibility of the compoud
is given by

M 2,35

"= o’

where the sum runs over the exchange interactions of all sites
that interact with the given one.

C

Xa

- , 13
L+ly, (13

IV. DISCUSSION

The best fits to the anisotropic magnetic susceptibility
data for YBRhGa and Yhlr,Ga, using our theoretical
framework are shown in Figs. 1 and 2, respectively. The
parameters associated with these fits are given in Table I. To

of the part of the conduction band occupied with holes. Us-obtain these fits in practice, we usgat T=B=0 rather than
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TABLE I. Fit parameters for the three calculations of the magnetic susceptibility efif¥Ba, (M=Rh,Ir) described in the texfly
Kondo temperature. The values of the energy s@glfor the NCA calculations have been scaled to compare with the Bethe-ansatz Kondo
temperaturélk. The scale factor is given b =[(2J+1)/27n;]T,, yielding the values ofk listed in the tablel, molecular field constant;

I', (single conduction electron hybridization with CEF statEﬁ;, conduction electron hybridization with CEF stame); A, CEF splitting
between upper and lower quartets;, f-occupation number af=0 K; v, electronic specific heat coefficient; GOF foll/ Lc,
(LIN)ER (- X"/ o®P12/d, whereN is the number of data points®™ is the error iny®®, andd is the number of degrees of freedom

(Ref. 29. The units ofTk, A, andI" are K; units ofl are mol Yb/emu; units of are mJ/mol Yb K.

Bethe-ansatz NCA, single CEF hybridization NCA, multiple CEF hybrizations
Compound Ty I T A | T¢ nmn y GOF T%pisn I, A I T¢ ne y  GOF
Yb,Rh:Gay 550 10 165 400 25 419 0.59 68 2.51/9.10 170 145 400 25 429 0.59 68 2.51/0.59

Yh,lrsGay 1000 20 230 280 45 1030 0.53 28

Eo, andW as fitting parameters and determing from Eqs.  more similar values of; and x, . As indicated in Table |, a
(9) and (11). Because the upturns in susceptibility at low single hybridization parametei.e., I'=T%,,=T"% ,=T"%,,
temperature are either extrinsic or periodic effects beyone&I?,,,) is sufficient to produce a high quality fit to the data
the scope of our model, only data above 50 K were used iffior Yb,Ir;Ga (Fig. 2). It is worth noting, however, that the
our fits. Several considerations influenced our fitting of theincluded crystal field splitting is essential for describing the
data in order to minimize the number of allowed free param-data.
eters. In order to obtain a larger susceptibility Bparallel As the overall hybridization decreases from,¥hGa, to
to thec axis (), states with larger angular momentum pro- Yb,Rh;Ga,, the need for level-specific hybridization be-
jection along that axisn. should lie lower in energy. How- comes apparent. In order to adequately fit the susceptibility
ever, the well-defined maximum ig, at intermediate tem- of Yb,Rh:Gay, especially the in-plane susceptibility , ), a
peratures (T~ 100 K) points to an effective large quartet-specific hybridization must be included. This is
degeneracy(this is clear from Bethe-ansatz results in the shown most clearly in Fig. 3. Here, we show best fits to the
isotropic casé’) As a compromise, we took a fourfold de- measured data using three calculation approaches, that of the
generate ground state &f;, containing the states withn,  traditional Bethe-ansatz, the NCA with a single hybridization
=+7/2 andm,=+5/2 along c (all belonging to the same that was used for Y}r,Ga, and the NCA allowing for a
irreducible representatignThe remaining four states were different hybridization of the upper CEF quartet than that of
also assumed degenerate. Allowing these quartets to splite lower CEF quarte(tf(i)7,2¢5-)/27é Fgg,z,ﬂ,z). Our theoretical
into closely spaced doublets does not qualitatively changapproach also enables the calculation ¢f the low-
the results. A larger admixture with thef*4 configuration  temperature electronic contribution to specific heat. Using
(lower n;) decreases both susceptibilities but increases relahe best model parameters of Table |, we find
tively the upturn iny, as pointed out earlié? 68 mJ/mol Yb K and 28 mJ/mol Yb K for Yb,Rh,Ga, and
The structure of the compounds suggest a larger hybridYb,Ir;Gay, respectively, in reasonable agreement with mea-
ization for orbitals lying in the plane perpendicular to the sured value$45(25) mJ/mol Yb K2 for M=Rh (Ir)]. Inelas-
axis, which should correspond to higheg. Thus, we begin tic neutron scattering measurements of the quasielastic line-
our fitting procedure with two different values &%, with  width and x-ray absorption spectroscopy measurements of
the larger value corresponding to the ground state quartere presently in progress to further validate our mdglel.
Increasingl’y, for both quartets leads to flatter curves and In summary, measurements of magnetic susceptibility,
specific heat, and electrical resistivity have been performed
' ' ' ' ' ' on the mixed-valence compounds -RhGa and
H/ ¢ - Yb Rh Ga K . . -
5 2 3 Yh,lr;Ga. Anderson impurity model calculations within the

e Bethe ansatz

510 | ~-oNoA, gl:]agrstrspeciﬁcr 1 NCA approach describe the anisotropic magnetic susceptibil-
- : ' ity indicating that it is essential to include crystalline electric
E field effects. In YBIr;Gay, a single hybridization of the two
é split CEF quartets with the conduction electrons is needed to
% model the anisotropig(T), while two different hybridiza-
i tions of the two quartets are needed to fit t(@) data of

0 50 100 150 200 250 300 350 ACKNOWLEDGMENTS
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