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Optical observation of non-Fermi-liquid behavior in the heavy fermion state of YbRh,Si,
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We report far-infrared optical properties of YbRh,Si, for photon energies down to 2 meV and temperatures
0.4-300 K. In the coherent heavy quasiparticle state, a linear dependence of the low-energy scattering rate on
both temperature and photon energy was found. We relate this distinct dynamical behavior different from that
of Fermi-liquid materials to the non-Fermi-liquid nature of YbRh,Si, which is due to its close vicinity to an

antiferromagnetic quantum critical point.
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The investigation of 4f-containing metals by far-infrared
optical spectroscopy provides valuable insight into the nature
of strong electronic correlations. This in particular holds true
for heavy fermion (HF) compounds where at low tempera-
tures a weak 4f-conduction electron (cf) hybridization gen-
erates mass-renormalized quasiparticles with a coherent
ground state which is in many HF systems of the Landau
Fermi-liquid (LFL) type.! The quasiparticles influence ther-
modynamic quantities which are described in terms of a
large effective mass m” exceeding the free-electron mass
by three orders of magnitude. Furthermore, in typical HF
materials, below a single-ion Kondo temperature (T%), the
coherent state is characterized by a dynamical screening of
the 4f magnetic moments through the conduction electrons.
Several highly correlated metals exhibit so-called non-
Fermi-liquid (NFL) behavior, i.e., strong deviations from a
renormalized LFL behavior when T—0 K.! The system
YbRh,Si, studied in this paper is one of a few clean stoichio-
metric HF metals with pronounced NFL behavior at ambient
pressure which is related to both antiferromagnetic (AF) as
well as ferromagnetic quantum critical spin fluctuations in
close proximity to an AF quantum critical point (QCP).>*
Those NFL effects manifest as a divergence of the
4f-derived increment to the specific heat AC/Tx—InT and
in the electrical resistivity p(7) showing a power-law expo-
nent close to 1 in a temperature range substantially larger
than one decade and extending up to 7=10 K.> Transport
and thermodynamic properties are consistent with a single-
ion Kondo temperature Tx=25 K (associated with the
crystalline-electric-field-derived doublet ground state®).

The electrodynamical response of HF systems is charac-
terized by an optical conductivity o(w) which follows at
room temperature the classical Drude model [o(w)
=Ne’7/m"(1+w?7); N: charge-carrier density] with fre-
quency independent m" and scattering rate 1/7.” At low tem-
peratures, upon entering the coherent state, large deviations
are observed which are caused by many-body effects. Then a
narrow, renormalized peak at zero photon energy w=0 eV
is formed and a so-called hybridization gap appears which is
related to the transition between the bonding and antibonding
states resulting from the cf hybridization.8-'" The coherent
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part of the underlying strong electron-electron correlations
are treated in an extended Drude model by renormalized and
frequency-dependent m"(w)/m, and 1/7(w);'"-1*

m'(w) Ne* ( 1 ) 1 Neé? ( 1 )
= -Im s =——"-Re .
m myw 7(w) w) my o(w)
Here, d(w) is the complex optical conductivity derived from
the Kramers-Kronig analysis (KKA) of the reflectivity spec-
trum R(w). The LFL theory predicts a dynamical scattering
rate 1/7(w) < (2mkgT)*+(hw)?> which also accounts for the
electrical resistivity, p(7), growing quadratically with
temperature.'' The (w)? behavior is indicated in 1/7(w) of
many renormalized LFL metals, e.g., YbAl;,"> CePds,'? and
CeAl;.'3 At the same time, m"(w) increases with decreasing
T and w indicating the formation of heavy quasiparticles at
low temperatures. NFL behavior in optical properties is typi-
cally indicated by a linear frequency dependence of
1/7(w)."" Up to now, optical NFL effects were explicitly
investigated for correlated materials whose NFL state is be-
lieved to be related to disorder (several U-based Kondo
alloys)'® or to two-channel Kondo physics (UBe;3)."!

Yet, to our knowledge, the optical properties of a heavy-
fermion NFL state due to spin fluctuations in close proximity
to a QCP, as is the case for YbRh,Si,, have not been inves-
tigated so far. As shown by our preliminary optical experi-
ments on YbRh,Si, the 7-linear NFL behavior of the zero-
frequency resistivity, ppc(7), is also reflected in o(w,T) for
T<20 K, w<20 meV, and w7> 1, assuming a frequency-
independent 7 consistent with a classical Drude approxima-
tion of the data.'” This behavior was interpreted as the tem-
perature dependence of a renormalized scattering rate of a
Drude peak whose tail at 2.7 K was observable just above
the lowest measured energy of 10 meV. Moreover, a peak at
around 0.2 eV, visible already at 300 K and gradually devel-
oping with decreasing temperature, appears beyond a
pseudogaplike structure similar to that reported for several
other Kondo-lattice systems.%!%1518

Here we report the extension of our optical investigations
down to energies of 2 meV and temperatures down to 0.4 K.
This allowed us to obtain information on the low-energy HF
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FIG. 1. (Color online) Temperature dependence of the reflectiv-
ity spectrum R(w) in the photon energy range of 2—500 meV. Inset:
R(w) at 5.5 and 300 K in the complete accessible range of photon
energies up to 30 eV.

optical response of YbRh,Si, and provides a detailed char-
acterization of the electrodynamic NFL properties. In par-
ticular the low-energy heavy quasiparticle excitations could
be analyzed within the extended Drude model which yields
m*(w,T) and 1/ 7w, T).

Near-normal incident R(w) spectra were acquired in a
very wide photon-energy region of 2 meV-30 eV to ensure
an accurate KKA. We investigated the tetragonal ab plane of
the as-grown single-crystalline sample. The preparation as
well as the magnetic and transport properties has been de-
scribed elsewhere.?> The high quality of the single crystals
is evidenced by a residual resistivity ratio of p3yy x/pg=65
(pp=1 u cm) and a very sharp anomaly in the specific
heat at T=Ty.? Rapid-scan Fourier spectrometers of Martin-
Puplett and Michelson type were used at photon energies of
2-30 meV and 0.01-1.5 eV, respectively, at sample tem-
peratures between 0.4 and 300 K using a *He (I'—5.5 K)
and a *He (T— 0.4 K) cryostat. To obtain R(w), a reference
spectrum was measured by using the sample surface evapo-
rated in situ with gold. At 300 K, R(w) was measured for
energies 1.2—30 eV by using synchrotron radiation.!® In or-
der to obtain o(w) via a KKA of R(w) the spectra were
extrapolated below 2 meV with R(w)=1- 2w/ mopc)"? and
above 30 eV with a free-electron approximation R(w) « ™.’
The temperature dependence of the R(w) spectra of
YbRh,Si, is shown in Fig. 1. The inset shows an extended
energy region where above 500 meV R(w) is dominated by
interband transitions. In this study, we focus only on the
intraband transition region below 500 meV where the spectra
display a strong temperature dependence. With decreasing
temperature R(w) gets strongly suppressed, creating a dip
structure at around 100 meV. Simultaneously, below
12 meV, R(w) approaches unity with decreasing tempera-
ture. These pronounced temperature dependences are typical
for HF compounds.!' Most clear coincidence is found when
comparing the optical properties of YbRh,Si, with those of
the intermediate-valent compound YbAl;."> Their low-
temperature, low-energy shapes of R(w) are very similar, al-
beit a weaker temperature dependence is found for YbAl;
reflecting its much stronger cf hybridization which underlies
its intermediate-valence behavior. However, very similar to
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FIG. 2. (Color online) Temperature dependence of the optical
conductivity o(w) (solid lines) with corresponding direct current
conductivity (op¢, symbols). Dashed lines: Classical Drude model
with implicit Drude masses m" as indicated. Corresponding o
and carrier densities (derived from the Hall coefficient) were used.

R(w) of YbRh,Si, at 300 K, the R(w) of the nonmagnetic
reference compound LaAl; does not show any dip structure.
Therefore as already identified for YbAls, the pronounced
low-temperature dip in R(w) of YbRh,Si, can be related to
Yb-4f electronic states near the Fermi energy. By decreasing
the temperature, due to ¢f hybridization, the character of the
4f states changes from localized to itinerant where optical
transitions between the cf-hybridization states are expected.’
This is consistent with the observed R(w) dip structure and
its temperature evolution in YbRh,Si,.

The KKA of R(w) yields optical quantities as shown in
Fig. 2. At 300 K, o(w) shows normal metallic behavior, i.e.,
a monotonic decrease with increasing photon energy, and a
zero-energy extrapolation consistent with op (symbols at
left axis of Fig. 2). However, as shown by the dashed line in
Fig. 2, the experimental o(w) is poorly represented by a
classical Drude fit [with parameters m"=15m,, 1/7=4.0
X 1083 sec™!, N=2.7X 10% cm™ (Hall-effect result?®)]. This
discrepancy indicates that the scattering rate depends on pho-
ton energy, as discussed below and as shown in Fig. 3(b).
With decreasing temperature, a pseudogaplike suppression of
o(w) appears below 100 meV with a simultaneous increase
in ope. A minimum of o(w) develops whose position con-
tinuously decreases towards low temperatures. The onset
temperature of pseudogap formation between 80 and 160 K
corresponds to the maximum of pp(7) at T,,,=120 K which
marks the onset of coherence effects upon c¢f hybridization.
This suggests that the temperature dependence of o(w) is
indeed related to the formation of heavy quasiparticles and
the formation of a minimum in o(w) may be associated with
a heavy plasma mode.

As already indicated from the above discussion, the en-
ergy and temperature behavior of the optical conductivity
implies that highly energy-dependent m" and 1/ w) are in-
volved. For example, o(w) at 5.5 K cannot be represented by
energy-independent values of both 7" and 1/ within a clas-
sical Drude curve as shown in Fig. 2. Moreover, due to the
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FIG. 3. (Color online) Temperature dependence of (a) the effec-
tive mass relative to the free-electron mass, m"(w)/my, and (b) the
scattering rate 1/7{w) as a function of photon energy fiw. The inset
of (b) is the low-energy part of 1/7{w). The dashed line emphasizes
a 1/7xhw behavior.

different temperature dependences in o(w) and op, the clas-
sical Drude analysis emphasizes the need for strongly
temperature-dependent and, at low temperatures, very heavy
effective masses (mp, 4. =600mg, 1/7=1.6X10"" sec™! at
5.5 K). In general, such behavior of the optical mass and
scattering rate reflects electron-electron scattering or electron
scattering off spin fluctuations. In case of HF compounds, a
many-body effect due to the c¢f hybridization is effective at
low energies and temperatures where the conduction elec-
trons are scattered resonantly off the hybridized charge
carriers.?

Such scattering process is reflected in the temperature-
and photon-energy dependences of m” and 1/7 which we
obtained from an extended Drude analysis and which are
shown in Fig. 3 for energies lower than the interband
transition spectrum. At 300 K both m"(w)/my and 1/7(w)
are almost constant, with values of about 15m, and
1 X 10' sec™!, respectively. Therefore it is not surprising that
o(w) at 300 K clearly contains the features of a classical
Drude model as shown in Fig. 2. With decreasing tempera-
ture from 300 to 0.4 K, m"(w)/m, below =20 meV mono-
tonically increases and exceeds values of 130. Clearly, this
enhancement can be related to the HF state formation in
YbRh,Si, as the enhancement of m"(w) occurs at energies
comparable to kgT.,,. It is interesting to note that, below
10 meV, m"(w)/m does not seem to saturate with decreas-
ing temperature and energy but rather increases continuously.
We speculate that this behavior indicates an energy equiva-
lence to the electron effective-mass temperature divergence
to infinity as observed in the electronic specific heat.>>> The
appearance of a negative mass at energies above =30 meV
and at low T is caused by a positive &,(w) indicating a heavy
plasma mode (not shown). Equivalently, one may relate tran-
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sitions across the hybridization gap to the observed negative
optical mass. Such behavior is observed in many other
heavy-fermion materials.!'$?1-23

At the lowest temperature of 0.4 K, a maximum in
m"(w)/m appears at 10 meV. A similar peak formation of
the optical mass has also been observed in other materials
with strong electronic correlations'>?* but the origin re-
mained unclear. Magnetic correlations might play a role as
indicated in the HF compound UPd,Al; where a maximum
in m"(w)/mg develops below the AF ordering Tyy= 14 K and
below the correlation gap energy.?! However, in YbRh,Si,
the m"(w)/m, peak appears at an energy which could hardly
be reconciled with magnetic correlation energies correspond-
ing to Ty=70 mK.> Moreover, the lowest temperatures of
our optical experiments are well above Ty.

The m"(w)/m, enhancement with decreasing temperature
is accompanied by a formation of a broad peak in 1/ 7 w) in
the energy region where the pseudogaplike suppression of
o(w) appears as shown in Fig. 3(b). It is related to the pro-
cess of mass renormalization as, at 0.4 K, the 1/ 7(w) reaches
the maximum position of =22 meV which corresponds to
the onset of the m"(w)/m, enhancement. Again, transitions
across the hybridization gap lead to such enhanced dynami-
cal scattering rates reflecting the particular quasiparticle ex-
citation in accord with hybridization-gap scenarios for HF-
derived optical properties.®%!3 As shown in the inset of Fig.
3(b) the HF state is characterized by 1/ 7 %iw for energies up
to =7 meV which is a pronounced NFL behavior, see the
dashed line for the data at 5.5 K. It is worth to remind that in
stoichiometric YbRh,Si, NFL effects due to disorder can be
excluded.’ Therefore we attribute the low-energy linear in @
behavior of 1/7(w) to spin fluctuations due to the close vi-
cinity to the QCP.

The extended Drude description of the optical properties
of correlated electron systems yields the energy dependence
of the renormalization effects. In the low-energy limit the
frequency dependence of both m" and 1/7 should resemble
their temperature dependence.?! This expectation is satisfied
when comparing the data of Fig. 3 with Fig. 4. The latter
shows the temperature dependence of m™(T)/m, at 5 meV
and that of 1/7(T) at 5 meV and at 18 meV obtained from
Fig. 3. Note that the m"(T)/m, enhancement occurs below
160 K which roughly corresponds to the onset energy of
mass enhancement. Similar to m”(w)/mg, m"(T)/m does not
saturate even at the lowest accessible temperature below
Tx=25 K. However, in contrast to the divergence of the elec-
tronic specific-heat coefficient AC/Tx—InT, m"(T,w)/m,
shows an almost linear increase towards low temperatures, at
least for photon energies down to 5 meV. From this discrep-
ancy, we anticipate that a divergence of the optical mass
renormalization may occur below the single-ion Kondo en-
ergy scale of kgTx=2 meV. The mass enhancement with de-
creasing temperature corresponds to a continuous increase of
1/7(T) at 18 meV as shown in Fig. 4(b). However, below Ty
the increase of 1/7(T) at 18 meV becomes stronger. At the
same time, 1/7(7T) at 5 meV reaches a NFL behavior. Its
temperature dependence clearly deviates from LFL quadratic
and might better be reconciled with a NFL linear behavior as
the dashed line emphasizes in Fig. 4(b). Therefore at the
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FIG. 4. (Color online) Temperature dependence of (a) the dy-
namical mass m"(T)/my and (b) the scattering rate 1/{w,T) at
specific photon energies as indicated. The dashed line in (b) shows
a non-Fermi-liquid 1/7%T behavior.

single-ion Kondo temperature Ty, the charge dynamics
changes while a single-ion Kondo scenario fails to explain
the magnetic properties of YbRh,Si, below Ty (large fluctu-
ating 4f-magnetic moments® and a sharp electron-spin-
resonance line?%).

In conclusion, we found distinct electrodynamical non-
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Fermi-liquid behavior of the low-energy charge dynamics of
clean (i.e., atomically ordered, stoichiometric) YbRh,Si,. We
relate our results to the close proximity of YbRh,Si, to an
antiferromagnetic quantum critical point as the latter is the
origin of the pronounced NFL effects of thermodynamic and
transport properties.>>> Our findings were accomplished by
measuring the temperature dependence of the optical con-
ductivity of YbRh,Si, down to 0.4 K in the photon energy
range 2 meV-30 eV. From an extended Drude analysis, the
scattering rate below Aw=7 meV and below T7=20 K is
consistent with a NFL linear proportionality both to the pho-
ton energy and temperature. Moreover, towards low tempera-
tures, clear signatures of heavy fermion behavior are found:
formation of an interband peak at 0.2 eV and a heavy plas-
mon mode below 30 meV which both can be related to ¢f
hybridization. The low-temperature optical effective mass is
strongly enhanced below 20 meV and continues to increase
down to the accessible lowest energies (2 meV) and tem-
peratures (0.4 K).
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