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ABSTRACT

The electronic properties of single crystal YbInCuy and YbAgCu, have been
investigated by means of high resolution photoelectron spectroscopy. A first
order. isostructural phase transition for YbInCu, at 42K leads to changes in
the Kondo temperature, of more than an order of magnitude. This phase
transition and accompanying Kondo temperature change provide the most
direct test of the single impurity model to date. The photoemission results are
incongruous with the single impurity model predictions for temperature
dependence, binding energy and 4f occupancy, encouraging a re-evaluation of
the single impurity model applicability.

The electronic properties of heavy fermions have generally been explained (Allen
et al. 1986, Patthey et al. 1990, Tjeng et al. 1993, 1994, Weibel e al. 1993) within the
framework of the single impurity model (SIM). Particle-hole symmetry allows the
SIM to be used for Yb compounds as well as Ce heavy fermions with the great
advantage that the predicted Kondo resonance is found on the occupied side of the
spectral weight function for Yb materials and is thus directly observable in photo-
emission. YblInCu, provides the finest opportunity to date for testing the predictions
of the SIM. YbInCuy has an isostructural first order phase transition at 7y = 42K
with a 0.5% volume reduction (Sarrao et al. 1996) and within the SIM framework
predicted changes in the electronic structure as the Kondo or characteristic tempera-
ture (T ) changes from ~ 400 K below Ty to ~ 25K above Ty. We report the first
single crystal photoelectron spectroscopy (PES) results as they pertain to electronic
properties of YbInCuy and also YbAgCu, (T ~ 100K). In addition, we have cal-
culated spectral weight functions using the non-crossing approximation (NCA)
(Bickers ef al. 1987) and Gunnarsson-Schénhammer (GS) (1983, 1985) methods
within the SIM formalism. Examination of the experimental data and the model
calculations Jeads to the conclusion that the SIM does not accurately represent the
spectral function and hence, electronic structure of these Yb heavy fermions.
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Within the framework of the SIM, a given heavy fermion has a particular char-
acteristic temperature which describes the magnitude and temperature dependence of
the interaction (Bickers et al. 1987, Gunnarsson and Schénhammer 1983, 1985)
between the localized f electron and a spin-compensating cloud of conduction elec-
trons. The so-called Kondo resonance then, formed by the f electron and compen-
sating cloud, is predicted to result in a very narrow, highly temperature dependent
peak in the immediate vicinity of the Fermi level. Specifically, from GS and the
NCA, the Kondo resonance is at an energy proportional to kgTyx below the
Fermi level (in Yb materials) with a full width at half maximum of kyTx. The
NCA also predicts the temperature evolution of the spectral weight function
where the spectral intensity can change by an order of magnitude (Bickers et al.
1987) going from well below Tk to well above Ty for a given material. YbInCuy is
ideal for testing this model prediction since measurements at 20 K (below TY) are for
the high Tk phase with T/Tg = 1/20, whereas the 80 K measurements (above Ty)
are for the low Ty phase with T/ Tg ~ 3. The isostructural YbAgCuy, is used as a
control point showing the temperature evolution between 20K and 80K in a mate-
rial without the phase transformation. The NCA and GS calculations can be com-
plicated by spin-orbit and crystal field sidebands (Joyce and Arko 1993) to the
Kondo resonance. Fortunately, the spin-orbit splitting (SOS) for Yb is large
(1.29¢V) and is energetically removed from the Fermi level (Eg). Also, for both
YbInCu, and YbAgCuy neutron scattering data indicates no crystal fields to com-
plicate the interpretationf{. Moreover, the surface contribution to the 4f spectral
intensity is easily separated from the bulk contributionsi. Then, the large SOS in
Yb and the lack of crystal field levels in these materials combined with the immense
advantage of the isostructural phase transition for YbInCu, giving rise to a huge
change in Ty (400K to 25K) over a narrow temperature interval with all other
parameters relevant to the Kondo resonance remaining constant, provide the best
test of SIM to date.

The photoemission experiments were conducted at the Synchrotron Radiation
Center using the PGM undulator and 4 m NIM beamlines. The analyser was a VSW
HAS0 modified for multichannel detection and a changeable entrance aperture with
a =+ 1° or £4° angular acceptance. The crystal structure for YbXCu, (X = In, Ag) is
cubic (Cl5b) with a lattice constant of 7.15A for YbInCu,. The photoelectron
spectra were taken at two photon energies. The PES data taken at a photon energy
of 40 eV, an energy resolution of 45meV, and the £4° aperture sampled ~ 50% of
the sample Brillouin zone. The PES data taken at a photon energy of 90eV, an
energy resolution of 85meV, and the +1° aperture sampled ~ 20% of the sample
Brillouin zone. No angle-resolved effects were observed in the spectra of the bulk Yb
4f levels. Energy resolution was determined by means of the gold Fermi level. The
measurement temperatures were 20 K and 80 K, set by using a flow-through cryostat
with liquid nitrogen or liquid helium. The single crystal samples were grown by the

1 The neutron data for YbAgCu, are unambiguous, however, the results on YbInCu, are
not as universally accepted. It is possible that crystal field levels exist 3.2 and 3.8 meV below a
Ty ground state (Severing er al. 1990) but these states would be close enough to Ty, in any
evenl, so as not to appreciably alter the calculations.

1 Details of the 4f component designations as well as lineshape analysis, background and
non-f intensity removal are specified in Joyce er al. (1996) and to a lesser extent in Joyce et al.
(1994) and Joyce and Arko (1997).
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flux growth method (Sarrao et al. 1996) and the sample surface was prepared in situ
by post cleaving the samples along a high symmetry axis in a vacuum of
7 x 107" Torr.

We test directly three of the central predictions of the SIM; the temperature
dependence of the Kondo resonance spectral intensity, the 4f hole occupancy, and
the energy shift of the Kondo resonance as a function of Tk. These three SIM
predictions are tested against PES measurements for YbInCuy and YbAgCu,. In
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Figure 1. PES data at i = 40eV and NCA calculations for YbInCuy and YbAgCuy. The
calculations have been convoluted with the appropriate Fermi function and broadened
by the experimental resolution of 45meV.
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figure 1 we show the PES data at two temperatures followed by the NCA calcula-
tions for the same material at the same two temperatures. The experimental resolu-
tion was 45meV at a photon energy of 40eV and the NCA calculations have been
broadened by this same amount and cut by the appropriate Fermi function to
facilitate comparison with the PES results. The top two frames of figure | show
the results for YbInCuy at 20 K and 80 K, bracketing the phase transition at 42 K.
The 4f related features in the valence band are identified as the bulk 4f;,, surface
4f;/, and the bulk 4f5;, moving away from the Fermi level with binding energies of
0.02eV, 0.85eV and 1.3eV respectively. For the PES data, the change in the inte-
grated spectral intensity for the bulk 4f features of Yb in YblnCuy is about 25%
between 20 and 80 K. The SIM model calculations using the NCA framework for the
same material and temperature range show a reduction in the 4f spectral intensity by
a factor of 10. Comparisons between the SIM calculations and the PES data strongly
indicate problems with the model predictions.

The lower two frames of figure 1 show the PES data taken at 40eV and NCA
predictions for YbAgCuy. This material is isostructural with YbInCu, but does not
show a volume collapse phase transition. Here the NCA calculations at both tem-
peratures are for Tk =~ 100 K. Now the PES data show less than 5% intensity loss
between 20 an 80 K while the NCA predicts a 35% loss in intensity. Again the PES
data and the SIM calculations are at odds indicating a serious problem with the
application of SIM to these Yb heavy fermions. The following parameters were used
for the YbInCuy NCA calculations to arrive at the above specified Ty values, con-
duction band width 6¢eV; bare f level —1.0eV, SOS 1.29¢V; crystal ficld levels-none;
hybridization (4) = 0.06737eV for Tk =~ 400, and 4 = 0.04633eV for Tx =25K,
with the same parameters used for YbAgCu, but with A4 adjusted to yield
Ty =~ 100K. Slightly different values of A4 were used in the GS calculations with
the Tk, SOS, bare f and conduction band widths held fixed at the NCA values. The
differences required in the A values between the two calculations to maintain the
same Ty values arise from the difference in the conduction band lineshape. The NCA
calculations use a Lorentzian conduction band while the GS calculations use a flat
conduction band.

We examine the SIM prediction of a binding energy shift going from Ty ~ 400K
to Tx ~25K. It has previously been demonstrated that the binding energy of the
4f7 level in YbAgCu, is inconsistent with a SIM interpretation (Weibel e al. 1993,
Joyce et al. 1996) but in YbInCu, one can actually look for changes in binding
energy rather than absolute values. A comparison between GS calculations (top
frame) and the PES data at hv =40eV for YbInCuy (bottom frame) on either
side of the Ty phase transition are presented in figure 2. As an aside, the inset in
figure 2 shows a comparison of the NCA and GS calculations for YbInCuy in the
region of the 4f,,, emission. The two SIM calculations are essentially the same
within the experimental resolution of the present study so that the SIM models
are indeed self consistent; they are not, however, necessarily (or in fact) correct.
Figure 2 presents PES data and GS calculations for the SOS component (4f5);) of
the Yb 4f emission. The SOS of the 4f manifold does not depend on Tk (so the 4f5,
level like the 4f;; level should show a binding energy directly dependent on Tk) and
since the 4f5, level is energetically very near the Fermi level (~ 25meV from Ep by
lineshape analysis) the shift in this spectroscopic feature could possibly be masked to
some extent, by the role of the Fermi function whereas the 4f; level is unaffected by
Ep. Figure 1 demonstrated the extreme change in predicted NCA intensity as a
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Figure 2. GS calculations and PES data at v =40eV for YbInCuy in the region of the spin—
orbit split component for the Yb 4f bulk divalent signal. The top frame shows the GS
calculation for the different Tk above and below Ty. The inset to the top frame shows
a comparison between NCA and GS calculation for the same material. The lower
frame shows the PES results for the Yb 4f5;; level at temperatures above and below
Tv. All calculations have been broadened for the experimental resolution of 45 meV.
The SIM predicted shift in the binding energy is absent from the PES data.

function of temperature. We have now normalized the GS calculations (after broad-
ening by the experimental resolution) in figure 2 to be of the same amplitude in order
to examine the details of the predicted energy shift. The GS calculations (top of
figure 2) predict a 33 meV shift in the peak position of the Yb 4fs;, as well as the
4f;), level in YbInCuy. The PES data (bottom of figure 2) for YbInCuy however,
show no such energy shift which would be trivially observed at the stated experi-
mental resolution. Once again fundamental SIM predictions are not observed in the
PES data.

There remain discrepancies in the reported PES results for Yb heavy fermion
systems. In general, the discrepancies arise between measurements on cleaved single
crystal samples and polycrystalline samples with varying surface preparation meth-
ods. In particular, the differences between single crystal and polycrystal samples have
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Figure 3. Photoemission data for LulnCuy and YbInCu, at 80 K with YbInCuy in the low
Tk (~ 25K) phase. The top frame shows LulnCu, as a reference spectrum to indicate
the non-4f contributions to the spectral weight at 90eV and indicates the region of the
Cu 3d and the Lu 4f emission. The inset to the top frame shows the lineshape analysis
for the divalent Yb 4f region with separations into surface (dot) and bulk {(dot, dash)
as well as the Lu contribution (dot, dot, dash) near eg. The lower frame shows
YbInCu, measured at 80K and 90¢V photon energy. The trivalent 4f emission has
been isolated in the inset to show the structure of the fractional parentage for the
4" ., 4f? emission. The divalent emission is within the first 2eV of the Fermi level.
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been addressed for YbAl; (Joyce er al. 1994), YbB,; (Joyce and Arko 1997), and now
for YbInCuy (Okusawa er al 1996). A general discussion of these differences can be
found in appendix B of Joyce ef al. (1996). In the case of YbInCuy, the quality of the
samples can be further confirmed by the sharpness of the Ty transition as indicated
in Sarrao et al. (1996) and we proceed from the assessment that the confidence level
for these experimental results are high for the single crystal samples.

The discrepancies between SIM and experimental data persist with SIM predict-
ing a hole occupancy (n¢) for the low Ty phase of YbInCuy in the range of 0.9 to
0.95 (Cornelius et al. 1997) while PES determines the n¢ to be 0.5, much closer to the
values used in a band calculation (Takegahara and Kasuya 1990) for YbInCuy. Our
PES measurements also indicate a Anp = 0.11 between the two phases of YbInCu,.
The hole occupancy is defined as np = I(f")/[I(f") +%f{fh':|k)], where 7(f") is
the integrated intensity of the primary trivalent 4f component and I(fify) is the
integrated primary bulk divalent 4f component from the lineshape analysis. The full
valence band spectra for YbInCuy and LulnCuy taken at a photon energy of 90eV
are shown in figure 3. The top frame of figure 3 shows LulnCu, which is used to
determine the non-4f contribution to the emission in the vicinity of the Yb divalent 4f
spectral weight while the inset to the top frame shows the fitting of the divalent
YbInCu, region. The lineshape analysis discussed in Joyce et al. (1996) is used to
separate the 4f from the non-4f as well as the 4f divalent signal into surface and bulk
components. The bottom frame of figure 3 shows the full valence band spectrum for
YbInCu, at 80K with the dashed line showing the inelastic background electron
emission along with the Cu 3d states. The region of the Yb 4f trivalent emission is
enlarged in the inset between 12 and 6 eV. By isolating the primary emissions in this
manner. for both the trivalent and bulk divalent 4f signals, we are able to calculate
the ny for the 4f levels. The PES data gives an ny = 0.50 for YbInCuy at = 80K
which is well above Ty and thus places the material in the low Tk phase where SIM
predicts n; > 0.90.

In summary, YbInCuy with its isostructural phase transition provides the best
test to date of the applicability of the SIM to Yb-based heavy fermions. In light of
the SIM discrepancies compared with the experimentally measured PES values
including binding energy shifts, temperature dependence and ny values, it would
seem prudent to investigate other avenues of interpretation for heavy fermion char-
acteristics beyond the SIM. This finding is consistent with fundamental questions
raised recently regarding the applicability of SIM (Arko er al. 1997a, b, c) to Ce and
U correlated electron systems. The observation of f-electron dispersion in Ce and U
compounds both above and below Tk leads one to consider new models (Jarrell
1995, Sheng and Cooper 1995, Liu 1997) which incorporate both lattice effects and
electron correlations but can also address, at least qualitatively, the issues of disper-
sion in Ce and U as well as the greatly reduced temperature dependence and lack of
Ty scaling found in Yb heavy fermions.
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