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The electrodynamic response of the heavy fermion compound Ce@adtudied via infrared spectroscopy.
Below 100 K the high temperature Drude-like conductivity evolves into two distinct components. At low
energies a narrow mode is observed which is characteristic of the response of heavy quasiparticles. At higher
energies a gap structure emerges with~2600 cm * (75 me\). Examination of the fine features of the
optical conductivity reveals additional absorption below the gap. This intergap resonance can be qualitatively
understood as a Holstein band, where the quasiparticles are strongly coupled to a collective mode at
~65 cm ! (8 meV).
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Recently a new class of heavy fermion compounds with~600 cni'! (75 me\). In the very far infrared, we also
chemical formula CeMlghas been discovered, where M can observe a mode characteristic of the response of heavy qua-
be either Rh, Ir, or C8-3The ground state of these materials siparticles, from which we deduce a mass enhancement of
depends strongly on the transition metal M, being antiferrom* =26-55n,, wherem, is the band mass of the charge
magnetic for Rh but superconducting for F(=0.4 K) and carriers. Further analysis of;(w) in the coherent state
Co (T.=2.3 K). Alloying the different members of this shows the possible signature of a Holstein band. We suggest
family produces a rich phase diagram of superconductinghat this feature may be due to quasiparticles interacting with
and antiferromagnetic regions that can coexist with eaclantiferromagnetic fluctuations with an energy scale of
other*® One way to view these materials is as a composite of-65 cm * (8 meV).
alternating Celgp and MIn, layers, where Celnis itself a Single crystals of CeColnwere grown using an Indium
three-dimensional heavy fermion superconductof, ( flux method® The crystals were approximately 5 rfiim the
=200 mK at 25 kbdb. In this fashion these materials may ab-plane orientation and &@n thick along thec axis. The
be similar to cuprate superconductors where reduced dimems-grown crystals had smooth, shiny surfaces, and no polish-
sionality and the proximity to an antiferromagnetic phase aréng was required for the measurement. The near normal re-
believed to contribute to the enhanced valued of’ flectance of the ab-plane was measured from the far-infrared

Like the cuprates, superconductivity in CeMlmom-  (FIR) to the near-ultraviolet. A Fourier transform spectrom-
pounds is believed to be unconventional. Specific heateter was used from 30 cm to 18,000 cm?, and a grating
nuclear magnetic resonancgNMR),® and thermal monochromator was used from 12,000 ¢m to
conductivity experiments are all consistent with an order50,000 cm . The complex optical constants were obtained
parameter with lines of nodes. Additionally, observation of afrom the measured reflectance using the Kramers-Kronig re-
fourfold symmetry of the thermal conductivity in a rotating lations. Details of the experimental procedure can be found
magnetic field indicates ad,2_,2 order parameter in in Ref. 19.

CeColn,.1° A question which is still open is the nature of the ~ The inset of Fig. 1 shows the reflectan®{(w), up to
pairing interaction. The close association between antiferro50,000 cmi* on a logarithmic scale. In nearly the entire
magnetic order and superconductivity in heavy fermion sysspectral rangeR(w) is above 50%. Two distinct contribu-
tems suggests that magnetic excitations may play an impotions to the reflectance can be resolved in the data. Below
tant role in pairing the electrors. In fact, tunneling =10,000 cm?, R(w) is characterized by a metallic re-
experiments on UPAI; have found strong coupling effects sponse whereR(w)—1 as o—0. At w=17,000 cm?' a

on the conductance spectrum in an energy region wherpeak is seen ifR(w) which is indicative of interband transi-
magnetic excitations have also been observed by neutraions. The main panel of Fig. 1 shows the temperature de-
scattering? While the spin fluctuation spectrum is as yet pendence oR(w) below 2,000 cm?. At 292 K [thin black
unknown in CeColg, the optical conductivity can act as an line] R(w) increases monotonically with decreasing fre-
indirect probe of these excitatioh%;*°in an analogous man- quency. As the temperature decreases to 100 K, a minimum
ner to tunneling spectroscopy. An additional consideration irbegins to develop near 500 ¢rh This minimum deepens as
the study of heavy fermion superconductors, is that the lovthe temperature is reduced further.

temperature ordered phase is formed out of a coherent many- The temperature dependent dc conductivity(w=0),
body state® The analysis of the optical conductivity is an normalized to the value at 300 K is shown in the inset of Fig.
ideal tool for unfolding the energy scales associated with thi€ on a log-log plot® As the temperature decreases the dc
collective regime-’18 conductivity increases slightly at 200 K, then decreases back

In this Rapid Communication, we present the results of arto the high temperature value at 50 K. Below 50 K the dc
infrared study of CeColnat T>T,.. An analysis of the fre- conductivity rises dramatically, increasing by nearly an order
qguency dependent conductivity; (), reveals the opening of magnitude before the onset of the superconducting transi-
of a hybridization gap aff~100 K, with magnitude 2 tion at 2.3 K. This sharp rise in the dc conductivity is a
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. FIG. 3. Dissipative part of the conductivity in the far infrared.
. FIG. 1. Temperature_ dependence of the refle_ctance n the fa‘r‘he low frequency part of the graph shows the conductivity in the
'“f“"_“ed- At 292 K,R(w) increases sr_n(_)othly showing metallic be- region corresponding to the extrapolated reflectance on a log scale.
havior. ,A;[ Iowe_r temperatures a minimum developsR) at . At 292 K, o1(w) shows a metallic Drude-like response. At low
500 cm -. The inset shows the reflectance at 292 K over the em're(emperatures the development of a gap in the DOS is apparent from
measured frequency range on a log scale. the peak ino;(w) which grows near 600 cnt. The very narrow

i . mode at low energies is a signature of the intraband response of the
hallmark of the formation of a coherent many-body state iNeavy quasiparticles. The arrows near 250" &mhighlight addi-

heavy fermion systems. The source of this coherence lies ifional absorption within the gap. Parfa) of the inset shows model
the Kondo interaction which causes a hybridization of carrieg.giculations ofo(w) for a hybridization gap and heavy quasipar-
in the conduction band with localizefdelectrons. This hy' ticle intraband responi@ef. 25 In pane|(B) the hea\/y quasipar-
bridization process leads to a reduction in scattering for carticle component is allowed to couple to a boson modewgt
riers near the Fermi energy, and therefore an increase in the0.751 which produces an additional absorption band.

dc conductivity. Additional consequences of this interaction,

is an increase in the quasiparticles mass and the formation g€ coherent state is more clearly revealed with the analysis
a gap in the density of statéB0S).16 of the frequency dependent conductivity, shown in the main

The evolution of the electronic states as the sample entef@@n€! Of Fig. 3. At 292 Koy(w) shows canonical metallic
behavior, with a line shape in accord with Drude theory. As

the temperature is lowered to 100 K strong deviations in the

spectrum ofo;(w) become evident. At frequencies below

30

0 F

;/sum rule = =300 cm ! o(w) is reduced from the high temperature
BT 2 value, while at higher energies an increaserifw) is ob-
o served. This trend in the deconstruction of the Drude spec-
ol WK e trum continues to grow as the temperature is further reduced.
:% By 10 K (thick black line two distinct components can be

15 resolved in the frequency dependence of the conductivity

g T T T which clearly exhibit the key features of the coherent many
g ol Temperature (K) body state. At the lowest measured energies, the tail of a
K narrow peak can be seen, which represents the intraband re-
sponse of the heavy quasiparticles. The second component is
> '75 K50K the peak ino;(w) centered near 600 cm, which signals

electronic absorption across a gap in the DOS. Both of these
features reflect the radical changes which occur in the elec-
tronic system as the conduction band carriers hybridize with
the localizedf-electrons.

The low frequency region of the main panel of Fig. 3

FIG. 2. Inset: dc conductivity normalized to the high tempera-SNOWSo1(w) corresponding to the extrapolated region of the
ture value on a log-log scale. Main panel: Frequency dependence §¢fléctance on a logarithmic scale. While different low en-
the effective mass on a log frequency scale. At 292nk~m,  €rgy extrapolations oR(w) will slightly alter the behavior
over the entire spectral range. At lower temperatures the effectivef o1(w) below 30 cn?, the qualitative result remains un-
mass is also equal to the band mass at high energies. Beloghanged: a very narrow mode exists at 10 K which crosses
100 cm !, m* increases rapidly with decreasing temperature andhe 292 K conductivity curve, and is roughly a factor of two
frequency. The filled circle represents the valuerdf/m, at 10 K greater in magnitude at 2 cm, in accord with the dc trans-
obtained from Eq. 1. port data.
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An analysis of the low energy mode reveals the masperature dependence of,(w) observed here is commonly
enhancement of the quasiparticles in the coherent state. Thisund in the low temperature spectrum of heavy fermion
mass enhancement may be estimated by applying a sum ruteaterials:’*8 The gap in the low temperature DOS is a con-
to the oy (w) data. Specifically, the area confined under thesequence of the hybridization between localiedectrons
conductivity curve is proportional to the density of carriersand the conduction band carriéfdi/hat is uncommon about
divided by their effective mass. Therefore assuming the denthe low temperature spectra in Fig. 3 is the frequency depen-
sity of carriers remains constant and using the fact thatlence ofo;(w) below the 600 cm! peak. Examination of

m* (292 K)=m,, one obtains: the curves reveals additional absorption. Looking at the 10 K
spectrum where the hybridization gap is well developed, a
022K shoulder can be seen near 250 ¢ntmarked with arrow.
J; 01(0,292 Kydw The 250 cm'? structure is also clearly visible at 25 K and
m*/m,= — ; (1) 50 K, and_ less obvipusly at 75 K. The_position of the shoul-
f‘"c o1(0,10 K)dw der remains gssentlally unchanged W|th increasing tempera-
ture. Qualitatively, a sharp drop i, (w) is expected below

the hybridization gap®?! Panel(A) of the inset in Fig. 3
where 02K and 2% are the integration limits at the re- illustrates the expected frequency dependence of the low
spective temperatures. These integration limits are choseemperature spectrum of,(®).2> The two components cor-
such that only the intraband componenba{ w) is included  responding to the intraband response of the heavy quasipar-
at each temperature (65 crhat 10 K and 2500 cm' at ticles and the hybridization gap are often adequate in de-
292 K). Using this procedure a value afi* =26m, is ob-  scribing o1(w) of heavy fermion materials in the coherent
tained for the effective mass at 10 K. An alternative methodstate'® However these two components alone cannot account
of estimating the mass enhancement may be derived from tHer the frequency dependence of the low temperature data in
frequency dependence of the complex conductivity, whichFig. 3. The slow decrease of the experimental data below the
yields a frequency dependent effective mds€.The main  hybridization peak, along with the shoulder at 250 ¢ém
panel of Fig. 2 showm* (w) normalized to the band mass at indicates that there is an additional absorption channel below
several temperatures. At high energies (2000” tmthe ef-  the hybridization gap.
fective mass is just the band mass for all temperatures. The Some insight into the origin of this intergap absorption
spectrum at 292 K remains essentially constant throughouhay be found in specific heat experiments. Measurements of
the displayed frequency range. In contrast, at temperaturesC/yT. indicate that CeColp is a strongly coupled
whereay. and o, (w) show signatures of the coherent state,superconductdr? Indeed, values oAC/yT, as high as 4.9
m* (w) increases rapidly below 100 ¢rh. At 10 K and the  have been reportétiwhereas in the BCS weak coupling
lowest measured frequeney* /m,= 20, while the zero fre- limit a value of 1.43 is expected. Independent of the origin of
qguency limit yields a value ah*/m,=40-55, depending on the boson mode which couples the electrons to produce su-
the form of the low frequency extrapolated reflectance usegerconductivity, a characteristic absorption feature, known as
in the Kramers-Kronig analysis. a Holstein band, should be observed in the optical conduc-

The values we obtain for the enhanced mass are in redivity above the energy of the mode. This is illustrated in
sonable agreement with specific heat redulibich find y ~ Panel(B) of the inset of Fig. 3 where the quasiparticles that
=290 mJ/mol¥ and de Haas-van Alphen(dHvVA) give rise to the narrow low energy mode in Pag), are
measurementé which obtain values ofn* between 5 and now allowed to couple to a boson mode @g=0.75A.

87. It should be noted that an exact comparison of our resultdbove wg an additional scattering channel is available giv-
to the thermodynamic mass enhancement and the dHvVA réng rise to an absorption feature in;(w). Note that the
sults is only appropriate for our data in the limit—0.  position of the boson mode is not given by the absorption
Therefore the 30 cm' value ofm* =20 is almost certainly maximum in o4(w), but rather the minimum between the
an underestimate while the=0 value suffers due to uncer- zero energy mode and intergap resonance. At least qualita-
tainties in the extrapolated region of the spectrum. tively, the different components af,(w) shown in Panel

We now turn to a discussion of the second main feature irf{B) can account for the main features of the data observed in
the low temperature spectrum of Fig. 3: the absorption maxiFig. 32° From the spectra af;(w) in Fig. 3 we estimate the
mum observed near 600 crh A key feature in the data is energy of the boson mode to be near 65 ¢ni8 meV).?’
the evolution of spectral weightirea underor(w) curve] A common source of Holstein bands in metals is the elec-
with decreasing temperature. Below400 cm ! the spec- tron phonon interaction. While phonons are obvious candi-
tral weight is reduced with decreasing temperature whiledates for the boson mode producing the Holstein band,
concomitantly increasing in the energy region nearknowledge of the phonon density of states is required before
600 cm . This behavior signals the opening of a gap in thea direct connection can be made. An alternative origin of the
DOS. While the 600 cm! peak observed at 10 K does boson mode which strongly couples to the charge carriers is
soften as the temperature increases, it is unclear whether thégtiferromagnetic fluctuations. While these fluctuations have
is because of a temperature dependent gap, or rather just gat to be directly observed in CeCglrsuch a hypothesis is
effect of the spectral weight transfer discussed above. Imworth exploring for several reasons. First of all, the phase
other related systems the hybridization gap has been found diagram of CeMIg displays a close proximity between an-
be independent of temperatufre?* The frequency and tem- tiferromagnetic order and superconductivity. In fact in the
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compound CeCGgaRh, sing both superconductivity and anti- near 65 cm? (8 meV) when searching for antiferromag-
ferromagnetism coexiglikewise in CelgsRhydns).*° Ad-  netic fluctuations. Finally we note that in this scenario the
ditionally, strong coupling effects attributable to antiferro- disappearance of the Holstein band above the coherence tem-
magnetic fluctuations have already been observed in thperature may in part be explained by an increase of spin
superconducting heavy fermion compound W®d.’> In  damping when the hybridization gap is suppresSed.
CeColn;, the results of thermal conductivity measurements In summary we have studied the electromagnetic response
are also in accord with strong coupling to antiferromagneticof the heavy fermion compound CeCgliWe observe clear
fluctuations?*°It is valuable to once again return to the anal- signatures of the hybridization state; a gap withA 2
ogy with the cuprates where there is compelling evidence for-600 cm !, and a low energy mode due to the intraband
a tie between superconductivity and antiferromagneffsin.  response of the heavy quasiparticles from which we estimate
nearly all families of cuprate superconductors a feature thathe effective mass to be 26—+55. A close inspection of the
can be interpreted in terms of a Holstein band is observed ispectrum ofo;(w) reveals additional absorption which may
the far infrared spectrum af,(w).%° In one of these families be a result of charge carriers coupling to a collective mode.
(YBa,CusO,_5) a quantitative match has been made be-We estimate the energy of the collective mode to dug
tween the spectrum of the antiferromagnetic fluctuations de=65 cm ! (8 meV) and suggest that its origin may be an-
rived from the Holstein band ior;(w) and direct measure- tiferromagnetic fluctuations.

ments obtained by neutron scatterffigWhile the close
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