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Infrared, visible, and near-UV reflectivity measurements are used to obtain conductivity as a function of
temperature and frequency in YbIngwhich exhibits an isostructural phase-transition into a mixed-valent
phase belowl,=42 K. In addition to a gradual loss of spectral weight with decreasing temperature extending
up to 1.5 eV, a sharp resonance appears at 0.25 eV in the mixed-valent phase. This feature can be described in
terms of excitations into the Kond@brikosov-Suh] resonance, and, like the sudden reduction of resistivity,
provides a direct reflection of the onset of coherence in this strongly correlated electron system.

Phenomena in the field of strongly correlated electron systerms of a Kondo-volume-collapse moddh that model, a
tems can often be described in terms of either a Mottreduced lattice constant in the low-temperature phase is as-
Hubbard model or a periodic Anderson mddéPAM). sociated with an increase in the hybridization interaction be-
YbInCu, is difficult to classify in this manner. Its low tem- tween local moment and conduction electron states, which
perature properties appear to be consistent with a PAMeads to moment disappearance due to the formation of a
approach—it is mixed-valent with an enhanced carrier mas&ondo-singlet state in which thkelevel moments are com-
and a correspondingly enhanced electronic specific heat amgensated due to a Kondo-like screening by conduction
Pauli spin susceptibility. However, it exhibits a phase transielectronst
tion at 42 K to a high-temperature state with integer valence YbInCu, exhibits an isostructural transition to a mixed-
and conventional electronic mass. This transition is beyongalent ground state at which the volume change is almost
the scope of the periodic Anderson model, which generally,egligible (=0.5%)7~* At this transition the Yb valence
exhibits gradual changecrossoverk in its temperature — gecreases from- 3 to ~2.85, and the local moment, present

dependence.lt is, however, reminiscent of Mott-Hubbard i, the high-temperature state, vanishes abruptly. The Kondo
physics, in which a phase transition associated with a Stro”Qcale,TK, which is a measure of the strength of the hybrid-

g]?su'o;ngrrviguI?(Ia(?sr:ar:tersmelcrlrg;?:oHfc‘:rgltlla%ri];no;:?hne 0%?52 tlpizgtion interaction, increase abruptly frofix~25 K above
bap b P b P e transition tol' =400 K below the transition for reasons

sition and the low-temperature state of YbInGuhich show :
a\thlch are not at all clear.

the emergence below the transition of a well-defined mode : . .
In this paper, we focus on changes in the infrared conduc-

an energy of about 0.25 eV. Possible interpretations of this,
9y P tivity of YbInCu, associated with the transition to the mixed-

electronic excitation, and the question of what Hamiltonian -
is required to capture the essential physics of Yblp@re valent state. The a_brupt_ increase of the Kondo scale below
discussed. T, can allow us to identify key features of the Kondo state,
The presence of local magnetic moments in metallic Sysand thus shed light on fundamental phenomena of Anderson
tems is associated with a variety of interesting phenomendattice systems. This work is complementary to previous op-
including the Kondo effect, heavy-fermion physics, andtical work which addressed the relationship between spectral
mixed-valencé. In certain cases, an isostructural first-orderfeatures and band-structure calculatiéfis® It is also pos-
transition occurs at which a discontinuous change in valenceible that the very high purity of present sampt€sallows
and volume is accompanied by an abrupt disappearance &atures to be observed that could not be readily discerned in
the local moment:® The transition to such a state provides earlier work.
an opportunity to explore fundamental issues associated with The samples used in these experiments are high-quality
magnetic moments in metals, moment compensation, Kondsingle crystals grown from an In-Cu flixor these samples
singlet formation, and mixed-valence phenomena. a sharp transition occurs at about 42 K in the absence of
At the y-a transitiorf of Ce a valence change from about strain. At the transition the volume increases by about 0.5%
3 to 3.2 occurs in concert with a volume reduction of aboutas the sample is cooled, and the susceptibility and resistivity
15% atT,~200 K. This transition has been discussed indrop abruptly by an order of magnitude. Thermal cycling
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FIG. 1. The reflectivity and the real part of the conductivity at me2)o 1 !

low frequency are shown for YbInGuat T=250 K (long dashes
55 K (shorter dashgsand 20 K(solid line). Gradual reduction of 55 4 function of frequency. In this figufand in Fig. 2 we
spectral weight with cooling occurs in the vicinity of 10000 T goq that there is a net loss of spectral weight as the tempera-
(1 V). A well-defined resonance appears at 2000 tift/4 V) in 0 is jowered from 250 to 55 K. The loss amounts to about
the low temperature Kondo state. 10% of the strength of the broad mode centered around
12000 cm?!, and corresponds te-1.5 carriers/Yb atom
tends to induce strain in the samples, which can broaden thgith the reasonable assumption of a band mass of four times
transition and move it to higher temperatdrinfrared and the free-electron mass. Since spectral weight is ultimately
optical measurements are performed using a combination @onserved(if one integrates to high enough frequeffty
Fourier transform and grating spectrometers to cover théhese data imply that it must be displaced to still higher
range from 50 to 50000 cnt. In these measurements we frequency(above 16 000 cm'=2 eV) asT is reduced from
have gone to great efforts to measure in all ranges befor250 to 55 K.
going through the transition to avoid disorder effects influ- On the other hand, the coalescence of the 20 and 55 K
encing the infrared data significantly. The conductivity as acurves at the high-frequency end of Fig. 2 indicates that
function of frequency is obtained from a Kramers-Kronig spectral weight is conserved within the frequency range from
transform of the reflectivity data. For the purpose of per-0 to 15000 cm? as the sample goes through the transition.
forming this transform, the measured reflectivity is extendedn particular, the increase in spectral weight associated with
from 50 000 to 200 000 cm' as a constant, and above that it the appearance beloW, of the resonance at 2000 cn ?,
is made to decrease likedd?. At low frequency a Hagen- which corresponds to about 1.5 carriers/Yb, is balanced by a
Rubens termination is attached to the data. In the region ajeneral reduction of;(w) up to ~15000 cm i,
the actual data, the conductivity is insensitive to the details Both the starting Hamiltonian and the mechanism that
of these terminations. drives the transition to the mixed-valent state remain areas of
Figure 1 shows reflectivity and conductivity up to 15000 active research for YbInGuWith regard to the mechanism,
cm 1. These data show the emergence of a prominent resd has been argued that the lattice expansion is clearly too
nance in the mixed-valenfow-T) state near 2000 cit  small to directly account for the large change in Kondo tem-
(=1/4 eV). The spectral sharpness and the abrupt appeaperature at the transitiéh (from Ty=25 to 400 K. The
ance of this feature as a function of temperature are strikingralikov-Kimball model is capable of producing a quasi-
In addition, the data indicate the persistence of significanHubbard-like first-order transition, and may be relevant to
temperature dependence to relatively high frequefmoyn-  high-temperature properties of Ybinghowever it ignores
pared toT or Ty) in YbInCu,. In the frequency range from hybridization, which is certainly important in the loWw-
about 5000 to 12000 cit, o,(w) decreases substantially state?® In the mixed-valent state, where the Kondo scale is
as T is reduced both above and beloW,. Recent large, the dynamics of the periodic Anderson mod&AM)
theoretical’'® and experimental wofR=2®has explored the are expected to be relevant.
phenomenology and possible origins of such high energy Within the PAM context, the 1/4 eV excitation can be
spectral weight shifts in strongly correlated systdmsolv-  associated with a quasiparticle interband transition involving



RAPID COMMUNICATIONS

R4780 SEAN R. GARNERet al. PRB 62

a) Tg<<T (T>T,) SinceTx=V?/B, the infrared determination of this exci-
tation energy provides a measure of the renormalized hybrid-
ization, V. Using the valueV=1/4 eV from our infrared
data, along withT,=400 K (=35 meV), implies a band-
width of B=1.8 eV, which is reasonable. One can estimate

Ef ©o000000/0O

Ep / the hybridization broadenind;, using its relationship t&,
to be I'=0.25 eV. Further, one can usE in NCA
K DOS formulag® involving n¢(T) along withL,, edge measure-
____________________________ ments of valenc® to infer that thef-level (e;) is about 0.5
b) T>>T (T<T,) eV away from the chemical potential. These values are all

quite reasonable for this mixed-valent system.
Figures 1 and 2 show that the growth of the 0.25 eV mode

€ |coco0o00ko is associated with a reduction of spectral weight at frequen-
cies up to about 12000 cm (1.5 eV). This observation—
E that the growth of the resonance=atl/4 eV comes from a

bandwidth—may have implications for questions related to
exhaustion and the time scales relevant to screening in
K DOS Kondo lattice system@3! Does it suggest that conduction
electrons further thakgTk from the chemical potential are
FIG. 3. A generic picture of band dispersion and density-of-significantly involved in screening in the Kondo lattice? Fur-
states(DOS) for a Kondo-lattice or PAM syster(Ref. 1) is shown  ther work can be expected to address such questions. It is
for the case of a singlehole. For theE vs k plots, solid lines refer  also intriguing to note that an excitation of similar frequency
to conduction-band states, and circles indicate states with signifis present in Yb@z,32 for which T,=300 K, and that related
cantf character. The dotted line is the Fermi le¢etemical poten-  features may also be present in spectra from mixed-valent Ce
tial). (@) For T¢<T thef level (), associated with the Yb local compoundg?!
moments, lies well above the Fermi levéd} and only a rapidly In conclusion, we have examined the infrared conductiv-
dispersing conduction band crosses. (b) For Ty>T a many- jty of YbInCu,, which exhibits an electronic phase-transition
quy Kondo hybridization cre_ates slowly dispersing states With(from a magnetic state to a nonmagnetic, mixed-valent)state
f-like character nea; (the Abrikosov-Suhl resonancand an op- at T,~42 K. The most striking feature of the data is the

tical transition into such states becomes allowed, as shown by th&mergence of an electronic excitation aD.25 eV in the

arrow. We propose thaF .the resonance at 0.25 eV in Fig. 1 maYow-temperature state, which we discuss in terms of excita-
correspond to this transition.

tions into the dynamically generated Kondébrikosov-
Suh) resonance at the Fermi surface. Like the sudden reduc-
tion of resistivity and loss of local moment susceptibility, the

transition and the abrupt appearance of the resonance arghergence of this feature appears to provide a direct signal
consistent with this interpretation. Note that just above the® the onset of coherence in this strongly correlated electron

transition T, /T=1/2, whereas just below the transition system.
Tk /T=10. The study of the phase transition of YbInCat The authors acknowledge valuable conversations with D.
which Ty changes abruptly by an order of magnitude, canL. Cox, J. W. Allen, J. K. Freericks, S. A. Kivelson, D. H.
thus allow the first clear identification of this fundamental Lee, and A. P. Young, and technical assistance from T. Lo-
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this excitation involving dynamically generated quasiparticleand DMR-00-71949. Work at Los Alamos was performed
states atE; (the Kondo, or Abrikosov-Suhl, resonande  under the auspices of the U.S. Department of Energy.
expected to be- ' T¢B. HereB is the conduction bandwidth, NHMFL is supported by the NSF and the state of Florida.
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S M PPCIC F redistribution of spectral weight from essentially the entire

Kondo resonance states ndar,2"?8 as illustrated in Fig. 3,

which exist only forT>T. The abrupt change dfx at the
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