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Ultrafast quasiparticle relaxation dynamics in normal metals and heavy-fermion materials
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We present a detailed theoretical study of the ultrafast quasiparticle relaxation dynamics observed in normal
metals and heavy-fermion materials with femtosecond time-resolved optical pump-probe spectroscopy. For
normal metals, a nonthermal electron distribution gives rise to a temperétliindependent electron-phonon
relaxation time at low temperatures, in contrast tokhé-divergent behavior predicted by the two-temperature
model. For heavy-fermion compounds, we find that the blocking of electron-phonon scattering for heavy
electrons within the density-of-states peak near the Fermi energy is crucial to explain the rapid increase of the
electron-phonon relaxation time below the Kondo temperature. We propose the hypothesis that the slower
Fermi velocity compared to the sound velocity provides a natural blocking mechanism due to energy and
momentum-conservation laws.
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I. INTRODUCTION (Tk) down to 10 K. The Kondo temperature is about 100 K
in YbAgCu, and typically characterizes the width of the

Recently, ultrafast time-resolved optical spectroscopy hakarge DOS neaEf .
been used to reveal the nature of the quasiparticle relaxation In Ref. 7, we presented experimental data showing differ-
dynamics in condensed-matter systems. Femtosecond timent relaxation dynamics in LuAgGuand YbAgCy along
resolved pump-probe optical measurements have been catith the main theoretical ideas and final results of the calcu-
ried out in normal metals? conventional and highT, lations based on coupled electron and phonon Boltzmann
superconductor§,and charge-density wave solitisTime-  transport equations. In this paper, we report on the details of
resolved terahertz spectroscopy has measured picosecotig theoretical model and analysis, and clarify the underlying
time-scale transient conductivity in colossal magnetoresisphysics. The theories that existed before our study are sum-
tance manganitésThese experiments show directly in the marized in Sec. Il A. Sections Il B and 1l discuss our calcu-
time domain how constituent degrees of freedom of materitations of the relaxation dynamics in normal metals and
als interact with each other, which is important to understandheavy-fermion materials, respectively. Section IV summa-
the physics governing the ground state and the low-energsizes our results.
excited states of materials. Understanding the fast dynamics
of quasiparticles is also crucial for technological applications
of these materials, for example, in the design of very fast II. NORMAL METALS
switching devices. o ) ) ,

We recently reported femtosecond time-resolved pumpia" Two-temperature model, its inconsistency with experiments,
probe optical measurements on LuAgCand YbAgCu.’ and the nonthermal electron model
These two materials are isostructural with a negligible differ- In ultrafast optical pump-probe spectroscopy, an ultrafast
ence in lattice constaritsabout 0.3% and about 1% differ- laser pulse initially excites the electron system, and the probe
ence in atomic mass between Lu and Yb. However, theipulse monitors the relaxation of the electron system by mea-
electronic structures are strikingly different due to tHevel  suring transient optical properties with subpicosecond time
occupancies in Lu and Yb. The closed-shelllévels in Lu  resolution. Because the diffusion of heat out of the illumi-
have no significant interaction with Cud3and Ag 4 con-  nated(probed region is much sloweftens to hundreds of
duction electrons, and LuAgGus a normal metal.In con-  nanosecondsthan the time scales of interest, the relaxation
trast, the open-shell f4levels in Yb, that is, the localized of the excited electrons is due to the thermalization among
hole in the 42 configuration, have a strong interaction with electrons and other degrees of freedom, such as phonons,
conduction electrons, and make YbAgCa heavy-fermion  within the illuminated areas.
material, which is characterized by a large peak in the elec- The most commonly used model for the relaxation dy-
tron density of state¢DOY) at the Fermi energyHr) and, namics of photoexcited electrons in metals is called the two-
equivalently, a large Sommerfeld coefficient’® Our  temperature modelTTM), 2 which assumes much faster re-
time-resolved optical experiments show very different relaxdaxation within each constituent systenfe.g., electron
ation dynamics in these two materials. LuAgCshows a  system, phonon systgmompared to the relaxatidmetween
relaxation time ) versus temperatur€l) behavior similar these constituent systems. In this approximation, the tem-
to other normal metals, such as Ag and %uln particular,  perature of each system can be defined during relaxation, and
there is very littleT dependence i at low temperatures. the relaxation timer between systems 1 and 2 is determined
However, YbAgCy shows approximately a 100-fold in- by their specific heat€, andC, and the energy-transfer rate
crease inr, asT is decreased from the Kondo temperatureper temperature differencg(T):*3
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1 1 df,
=9M| &+ &) 1) {dtLp—fdw Kepl[fera(1=f(by+1)
Kaganov, Lifshitz, and Tanatarv calculated the energy- —f(1-f..,)b,]Dy(®)De(e+ w)
transfer rateg(T) between electroné) and phononsp) in ‘ erestelTh
normal metals by solving coupled Boltzmann transport equa- Ffeo(1=Ff)b,—f(1-F. ) (b,+1)]
tions for electrons and phonons with thermal equilibrium dis- «D D.(e— 4
tributions at different temperatures. Their results predict p(@)De(e=w)}, )
~T at T>Tpepyd5 and 7~T72 at T<Tpep,d5, Where db
ToebyeiS the Debye temperature. [_‘"} :J deKed —b,fo(1-f..,)
Groeneveldet al1? have measured the relaxation time dt |,

in Au and Ag as a function of temperaturé € 10—300 K)
and laser-energy density)(,so,=0.3—1.3 Jcm?) using the +(0,+ Dfero(1-T)IDe(€)De(e+ @), (5)
femtosecond pump-probe technique. Their experimental data df

were inconsistent with the TTM predictions ferversusT
and 7 versusU 4ser, Which led Groenevelét al.to consider
the nonthermal electron model. Using a simple estimate, they
pointed out that the relaxation time within the electron sys- tA-f)(l—fo)fefere o
tem is comparable to the electron-phonon relaxation time. / " '
Instead of assuming a thermal equilibrium distribution for X De(e")De(€)De(et €'~ ") ©
the electrons, they numerically solved the Boltzmann equaThe linear dependence of the electron-phonon scattering rate
tion for electronswith electron-electron and electron-phonon on the acoustic-phonon energy [see, e.g., Eq(26.42 in
scattering, starting from an initial nonthermal electron distri-Ref. 15 has been canceled out by awlfactor which origi-
bution created by a laser puls@ased on the fact that the nates from changing momentum indices to energy-indices, so
phonon specific heat is much larger than the electron specifihat K., is an energy-independent constakt,, and K
heat, phonons were assumed to have a thermal distributidnclude the squares of the scattering matrix elements and all
with a time independent.) This simulation could explain other numerical factors, and have the units of energy/time.
experimental data down to about 50 K. Although the work of  In the remainder of this section, we consider only light
Groeneveldet al. proposed the essential idea ai@nthermal  electron systemgnormal metals The above Boltzmann
electron systemtheir analysis focused on temperaturesequations, with electron and phonon DOS explicitly in-
above 50 K, and excluded the IoWwfegion where the most cluded, show why the electron-electron relaxation time is
striking difference between the TTMr¢ T~ %) and the ex- comparable to the electron-phonon relaxation time at low
perimental datdalmostT independent:) occurs. Therefore, temperatures. The relaxation rate depends on the square of
we undertake a more detailed analysis, particularly focusethe scattering matrix elementge., K., and K.) and the
on the lowT region, to understand the difference in relax- number of available final statege., D, and D). If we
ation dynamics between thermal and nonthermal electrons ibompare Eqs4) and(6), even thougiK . is typically much
normal metals as well as in heavy-fermion metals. larger thanK,, the large disparity between the magnitude
of the phonon D) and electron D) DOS expedites the
B. Relaxation dynamics between nonthermal electrons and relaxation of electrons with phonons, and hinders electrons
phonons from reaching thermal equilibrium. The electron-electron
and electron-phonon relaxation timeg, and 7, vary with
. In Ref. 2, Groenevelet al. found 7.~ T2 [Eq. (16) of
Ref. 2] from Fermi-liquid theory. Figure 1 schematically
compares the temperature dependence, gfthick line) and

dt} —jde’de”%Kee[—fefe/(l—feu)(l—fﬁe,,e,,

ee

We consider the coupled Boltzmann equations for bot
electrons and phononsvith electron-electron and electron-
phonon scattering includéd.The Boltzmann equations with

momentum indices are transformed into the following equa—Tep (thin line), the latter of which is from the TTM resulfs:2

tions with energy indices for a model with isotropic Debye The plot shows that it is likely that at high temperatures the

phonons and electrons with an isotropic parabolic dISIOerSIO@Iectron system thermalizes within itself faster than the ther-

trﬁrl]aet'?r}' (Itn) ;rg]s 8‘; efncc;r(t)r?e ae?SctFr)Sr?na(\)nn q d'ﬁghbour:'%ngsatmalization time with the lattice, whereas at low temperatures
V€ W\ /o P ' electron-electron thermalization becomes slower than the

Dﬁ(e) andD (), \{\;\heree alru?ijreltpresent the e!{gc;jréo_;yand electron-phonon relaxation. More detailed discussion on
phonon energies, the coupied boltzmann equatio € T-dependent thermal versus nonthermal electron distribu-

tions will be given later in this section.

%: d_ff} J{% ’ 2) We now discuss the methods and parameter values we
dt dt ep dt ce used to analyze the above Boltzmann equations. The coupled
Boltzmann equations are solved in two different ways. In the
db, |db, first method, an initial condition &=0 is set as a nonther-
TR TR (3 mal electron distribution excited by the laser pulse(t
€ =0)="fgp(e,T;)+Af,, and a thermal phonon distribution,
with the collision integrals b,(t=0)=bge(w,T;), where T;, fgp(eT;), and
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FIG. 1. Schematic plot for the temperature dependence of 10™ .
electron-electron and electron-phonon relaxation timgs(thick 0 2 t( ;') 6
line) and ¢, (thin line). 7¢¢ is from Eq.(16) in Ref. 2. 7., is from P

the TTM calculation, which assumestlaermal electron distribu- FIG. 2. Atypical result ofa) normalized excess electron energy

tion. The ratio betweem,, and e at highT (e.9., TpepyeOF 300 K) versus time andb) the instantaneous relaxation time versus time at

depends on thiee/Kep, ratio. Forkee/Ke,=700 used in our cal-  pjgn T (solid lines, T= 18 meV=208 K) and lowT (dotted lines,
culation, 7¢¢< 7¢p @t T=Tpepye, as shown in the plot. T=4 meV=46 K).

bge(w,T;) represent the initial temperature, Fermi-Dirac, ) ,
and Bose-Einstein distribution functions before the photoexWhere ~Ae is  the energy step size, and
citation. We findf(t) and b,(t) at subsequent times by (v1.03, --..UR.vE, .. vR)iis the normalized eigenvector
solving the differential equations until bofiy(t) andb,(t) ~ for modei with proper overall signrg(i) characterizes the
approach the final thermal distributions at eqisl A small  effectiveness of modé for electron-phonon energy relax-
Af. has been chosen so that the fifig[T;) is less than 3 K ation. The modes which have large dominate ine-p re-
higher thanT; (even at the lowesT), which simulates the laxation, and their eigenvectors describe how the relaxation
low laser intensity used in the experimehts the simula- between the electron and phonon systems occurs. The modes
tion the total electron enerdy,(t) is calculated at each time with smallrg(i) are eithemp-p or e-e relaxation modes, and
step, and the instantaneous relaxation tenj;glE) is evaluated describe how the relaxation within each system happens.
using E(t) at three consecutive time steps. The electron and phonon energy levels are discretized
In the second method, we perform a linear stability analy-with a step size of 2 meV, which we find small enough that
sis around the final statdsp(e, Ty) andbge(w,Tr) by €x-  any smaller step size would not change our results even at 10
panding the coupled Boltzmann equations, Eg@s.and(3), K (the lowestT of the calculations and experimentdhe
linearly in of(t) and ob,(t), where f (t)=frp(€,Tr)  energy window for the electrons has been chosen to be be-
+of (1) andb,(t) =bge(w,T¢) + b, (t). The zeroth-order tween —0.15 eV and 0.15 eV wittE-=0, which is wide
terms of the expansion vanish on both sides of the equationgnough in comparison to the higheébtof the calculations
because they correspond to the final equilibrium state. Witlf—300 K). Since the typical bandwidth of normal metals is
st (t)=vie ", ob,(t)=vPe V", and discretizedN elec-  of the order of eV, the electron DOS for normal metals is
tron andM phonon energy levels, the linear differential equa-assumed to be constant within this energy window. Fitting
tions can be cast into an eigenvalue problem of (M)  the experimental electronic specific-he&.) data, we ob-
X (N+M) matrix, the solution of which gives 1/7 (eigen-  tain D,=2.1 eV ! f.u.”! spin”* for LuAgCu,,° which has
values and the normal modes of the relaxation. Two of thebeen used for all of the results presented in this section.
normal modes have an unphysical infinite relaxation time Phonons are modeled by the Debye phonon model. Since
which originates from total energy and total electron numbeinly longitudinal phonon modes couple with electrons in the
conservation. The rest of the modes represent all possibigotropic electron and phonon modélve use the longitudi-
relaxation modes of the system. In general, the relaxation ofial phonon DOS with a Debye energy, =24 meV (Ref.
the system can be represented as a linear combination @0) and six atoms per formula uniDp(w)=18w2/w% per
these modes. By examining the eigenvector of each modggrmula unit, in the Boltzmann equations. For most of the
we find whether the mode predominantly contributes-& calculations, we Us&./Ke,="700 (see Figs. 3, 5, and re-
p-p, or e-p relaxation. Since the energy-transfer rate fromjated discussion for this choice #fcc/Kep ratio), and K,
the electron system to the phonon system at tiraa spe-  has been chosen #&,,=0.93 eV/ps for normal metals by
cific mode with relaxation timer is given bydE .(t)/dt  fitting experimental data with the results of the calculation
=[f(e—Ep)(—1I7)viDc(e)dele V", a useful quantity to (see Fig. 3.

identify the e-p relaxation modes is the following-p We now discuss the results obtained from the first
energy-transfer strengttx(i): method. Figure 2 shows a typical result of normalized excess
. N electron energyAEe'/AE'e,max versus t_ime (),_ and 7 (in-
V= —ES)e(i)D A 7 stantaneous rglaxatlon tilneersust at high(solid lineg and
re(i) (i) nzl(en Fun(DDelen)Ae, @ low (dotted line$ temperatures, whereAE(t) =E4(t)
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FIG. 3. Relaxation timer calculated from the coupled Boltz-

df/dl
mann equations for LuAgGu along with experimental data and the (/)
TTM prediction (Ref. 7). - ]
—Eg(t=2) and AE, nax=AE(t=0). Two different stages -01 0 0.1
of relaxation can be identified for high+esults. During the e(ev)
intermediate time between 0.3 ps and 2(ps mentioned FIG. 4. Normalized df/dt compared with normalized

earlier, the time scale in picoseconds is obtained by using 4t__ /4T at (a) high T and (b) low T. For highT, the two lines
Kee/Kep=700 andK.,=0.93 eV/ps), the energy transfer coincide.

from electrons to phonons is fast. After more than 99% of the

excess electron energy is transferred to phonons, a slow ref T, which is the width of—dfgp /d T (dotted ling.?° The
laxation(about 100 times slower than the intermediate Stageresults clearly show that at low temperatures the electron
appears. The changes of distribution functions at differensystem does not have a thermal distribution, which agrees
time stages show that the fast relaxation during the intermewith the previous discussion in relation to Fig. 1.

diate time corresponds to electron-phonon relaxation, The effect of a nonthermal electron distribution on the
whereas the later slow relaxation corresponds to phonorrelaxation dynamics becomes even more evident, if we in-
phonon thermalization processésThe relaxation behavior creaseKqe to 700K, so that the electron-electron relax-
is independent of the initial conditions, i.e., the formAdf,,  ation is faster than the electron-phonon relaxation even in the
except atvery early stages of the relaxation, namety, |ow-T region. The resultsolid circle is shown in Fig. 5
<0.3 ps in Fig. 2. Since the changes in electron distributioralong with TTM prediction(line). In this case, the electron
during the late stage are expected to be unobservable due ¢9stem has a thermal distribution in the whdleange, and
experimental noise, we identify the intermediate stadeé  the TTM prediction~ T2 is recovered at lowT. It is re-
=0.3~2 ps for the solid line in Fig. @)] as the one mea- markable that our simulation with a lardgé, recovers the
sured experimentally at high As T is lowered in the simu-  TTM prediction in spite of the fact that our Boltzmann equa-
lation, the well-defined flat intermediate time region in the tions do not include direct phonon-phonon scattering and,
versust plot is replaced by a gradually changingwith a  therefore, the phonon distribution is nonthermal exceyt at
minimum as shown in Fig.(®). This indicates multiple re- =o. We speculate that the very weak dependence-pf

laxation times, a sign of a nonthermal electron distributionthermalization dynamics on the phonon distributi@ncon-
As done in the experiments, we find the best-fitting single

relaxation time through a linear fit of |tiE./dt| versust, 10? ‘ :
which is close to the minimurr of the dotted line in Fig. ® Our model with K_/K,,=7000
Z(b) — TTM prediction

The 7’s obtained at variou3’s are plotted in Fig. 3solid
circles along with the experimental datapen circles for
LuAgCu, and the TTM predictior{dashed line, see Ref).7
The time unit has been scaled to fit the experimental data at
high T, which givesK.,=0.93 eV/ps as mentioned previ-
ously. The fit does not uniquely determiig., as long as
Kee is smaller than or similar to 76Q.,. The results show 10
reasonable agreement with experimental data, including the
region below 50 K, where the TTM predicts strikingly dif-
ferent 7~T~2 behavior (Refs. 2 and 12 By comparing

t~T atlowT

T{ps)

df/dt and —dfgp/dT, we examine whether the electron 10" ‘ '

system approaches the final equilibrium state while maintain- 0 100 TK 200 800

ing a thermal distribution or not, as shown in Fig. 4 at high (

and lowT's. At high T [Fig. 4@)], the two curves coincide FIG. 5. Solid circles: calculated relaxation time from our

with each othefindistinguishable in Fig. @], implying that  model for LuAgCy for a very largeK = 7000% K. Line: TTM
the electron system has a thermal distribution. However, afrediction from Fig. 3. With fast electron-electron relaxation our

low T [Fig. 4(b)], df/dt (solid line with solid circleshas a  simulations based on coupled Boltzmann equations recover the
width of the order of the Debye temperatuf@(p,o instead  TTM prediction7~T~3 at low T.
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FIG. 7. [(a), (c)] Relaxation timer and[(b), (d)] e-p energy-

FIG. 6. Schematic pictures explaining different relaxation dy-transfer strengthig at[(a), (b)] high T and[(c), (d)] low T calcu-
namics for(a) thermal andb) nonthermal electron distributions at lated by the second method, which linearizes the coupled Boltz-
low temperatures. Dotted lines represent the final thermal electromann equations. The indéxs assigned in descending order of
distribution.

r’{he rest of the modes. For example, at higthese modes are
originates from the characteristics of Boseersus Fernji wo orders of magnitude sloyver than the rest of the modes.
These slow modes, whose eigenvectors have mostly phonon

statistics?* )
We provide a qualitative reason why the thermal electrorfOmponents and very little electron components, correspond

distribution gives rise to a slow~T 3 relaxation behavior t© the late time phonon-phonon relaxatitsee Fig. 2 For

and the nonthermal electron distribution gives faster and les§'® highT results in Figs. @) and 7b), a single mode with
T-dependent relaxation behavior at IdwAs depicted in Fig. =12 has a largee and is very effective in transferring
6(a), if the electrons have a thermal distributionTatsolid ~ €nergy from the electron system to the phonon system in
line), which is slightly higher than the final (dotted line, comparison to the other modes. This mode has a value of
the electron-phonon scattering important for the relaxatioridentical to the intermediate time in Fig. 2 found by the
happens within the energy range of the ordel dfom Ef . first method, and is well separated from othewalues as
Therefore, the relaxation rate depends on how many phonoseen in Fig. 7a).”* The electron part of its eigenvector
modes exist ato<<T. In the Debye phonon model, since matches—dfg;/dT, confirming the results obtained by the
D,(w)~ w?, the relaxation rate”* is proportional toT3. In  first method at hight [Fig. 4@)], that is, the presence of a
contrast, if the electron distribution is nontherrpstlid line  thermal electron distribution. Modes witk-14, 41, and 158
in Fig. 6(b)], then electron-phonon relaxation occurs over anhave smaller g values than thé=12 mode. Their eigenvec-
energy range of the order of Debye enefgge also Fig. tors show that they participate @p relaxation, but the elec-
4(b)]. This makes the electron-phonon relaxation faster andronic parts of the eigenvectors do not matetd frp /dT.
lessT dependent, as indeed obser&ig. 3). Their nonthermal behavior seems suppressed in the experi-
In the second method, we linearize the coupled Boltziments and in the simulation due to the thermal
mann equations and calculate eigenvalues and eigenvectorsl2 mode, which has more than five times larger energy-
of the matrix. This second method supports and clarifies th&ransfer strengthrz. The remainder of modes betweén
results obtained earlier by the first method. With the same=13 and 161 with very smallg values are mainlg-e ther-
discretized energy levels as in the first method, a total of 1638nalization modes. These features changé& a&slowered, as
energy levels(151 electron and 12 phonon energy leyels shown in Figs. ) and 7d). Many modes(modes with
exist in our model, which means a matrix of size ¥6863  roughlyrg>0.1 meV/ps) transfer energy from the electrons
has to be numerically diagonalized. Two of the 163 eigento the phonons. However, none of their corresponding elec-
modes are unphysical as discussed earlier. The remainirtgonic eigenvectors can be described-byfrp/dT, indicat-
161 physical modes have negative eigenvaluel/r, as ex-  ing the absence of a well-defined electron temperature during
pected for a stable fixed point, and represent all possibleelaxation. This again supports the results of the first method,
relaxation modes of the system. Ths at high and lowT’s  presented in Fig. @). The rest of the modes betweén
are plotted in Figs. (& and 7c), respectively. The indices of =13 and 161 withr¢ very close to zero again correspond to
modesi are assigned in descending order of The e-p e-e relaxation modes. Importantly, these have largealues
energy-transfer strength calculated by Eq(7) for high and compared to the higfi- case, showing the slowing down of
low T’s is plotted in Figs. ) and 7d), showing the effi- e-e relaxation at lowT, consistent with Fig. 1.
ciency of each mode for electron-phonon energy relaxation. Both methods show the importance of a nonthermal elec-
At both T's, there exist 11 mode®ne less than the number tron distribution for the electron-phonon relaxation dynamics
of phonon energy levelsvhich have a much larger than  at low T for normal metals. In the following section, we

trast to the very strong dependence on electron distributio
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discuss how the relaxation dynamics of heavy-fermion com- TK)

pounds are dramatically different from that of normal metals. FIG. 9. Relaxation time calculated with the peak DOS iy,

(8) and Fig. &a)], along with experimental data for YbAggu
lll. HEAVY-FERMION MATERIALS

As mentioned in Sec. |, heavy-fermion materials are charSince LUAgCy and YbAgCuy are isostructural with almost
acterized by a large DOS peak with a width of or@grnear  identical atomic masses, we use identical phonon DOS for
Er. YbAgCu, hasT¢~100 K and is a paramagnetic metal LUAgCu, and YbAgCu.
down to the lowest studied!® The interaction between lo- To gain insight into the nature of the scattering between
calizedf electrons and delocalized conduction electrons irheavy electrons and phonons, we consider a case in which
heavy fermion materials is a focus of intensive research ironly heavy electrons with an isotropic parabolic dispersion
strongly correlated electron systems and has not yet beegxist. As in the normal-metal case, we transform the coupled
fully understood. In this paper, we consider the simplesBoltzmann equations with momentum indices into the equa-
model that captures the basic physics of heavy-fermions, thdions with energy indices. The result is similar to the normal-
is, a peak in the DOS ne&;- . Even though some theorfds metal case, Eq$4)—(6), except for one important difference:
predict a disappearance of the peak DOS abigyewe find  If the Fermi velocityv ¢ is slower than the sound velocigy,
that the calculated specific hefig. 8b)] and relaxation ~wherevg=(de/ k) .—g_andvs=(dw/dk)x o, then the pho-
time (Fig. 11) have only a weak dependence on the presencfion integration in the electron-phonon scattering has a lower
or absence of the peak DOS abolg. (Therefore, neither hound, which represents the blocking of electron-phonon
the relaxation-time data nor the specific-heat data can distinscattering for low-energy phonons and has a great influence
guish whether the peak DOS is present or not abiqye) In  on electron-phonon relaxation at loWw. Therefore, ifvg
the hybridization gap modéf, local f levels hybridize with >, Eqs.(4)-(6) with a peak DOS foD, can be used to
the conduction band and open a gap with DOS peaks abovgyproximately model the relaxation dynamics for both light
and below the gap. IE¢ is located within the peak, not in and heavy electrons, whereasvif<vs, appropriate block-
the gap, the results we will show below have little depen-ing of scattering processes should be imposed upon these
dence on whether we use a hybridization gap model or @quations.
single-peak DOS model. Therefore, in our simple model, we e first consider the casg->v, for which the impor-
assume d-independent single-peak electron DOS as showRant physics is simply the increased DOS nEargiven by
in Fig. 8(@). We further simplify the problem by choosing the Eq. (8). We use the same value #,, and K, as the
Er at the center of the peak, so that the chemical potential isyagCu, case in Sec. Il. The calculated (solid squares
T independent. The peak DOS is described by a Gaussiaghd the experimental dat@pen circles shown in Fig. 9

function with a constant background DOS: disagree in two respects. First, the calculateat aroundT
=300 K is about 60 times less than the observedNote
DJ(e)= Dpea@xr[—(e/A)z]Jr Dy. (8)  that, experimentally, both YbAgGuand LuAgCuy have

similar 7 at ~300 K.) This difference is due to the increased
The discretized energy step size and energy window arelectron DOS in the calculation, which enhances ¢p
identical to the normal-metal case in Sec. Il. We determinegelaxation. An~60 times smalleK., would shift the calcu-
the DOS parameters by fitting the electronic specific-healated 7 in the wholeT range by 60 times, but it is unlikely
data, C,, as shown in Fig. &), and obtain Dpeac  that Ke, in YbAgCu, would be smaller thanK,, in
=70eV i futspint, Dy=2.1evfu tspin! and LuAgCuy, in such a drastic way. Second, and more impor-
A=13 meV. D is directly related to the linear slope of tantly, the divergence of calculatetis at low T is much
Ce nearT=0. A is of the order ofTx and determines the weaker than the experimental data. This slow divergence in
temperature of the peak D,. Dy is identical to the electron calculatedr can be understood in the following way. The
DOS atEg for LUAgCu,, and is related taC, aboveTy . large electron DOS increases both the electron-electron and
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10" F o Experiment E
(a) VF > Vsound .Simula‘tion with complete blocking
— TTM with partial blocking
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T KN\
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T(K)
(b) Vi < Vsound FIG. 11. Solid circles: relaxation time calculated with peaked
DOS and blocking ok-p scattering within the peak DOS due to
ky ve<vs. Open circles: experimental data for YbAgCSolid line:

results obtained in Ref. 7 using TTM with partial blocking of the

8 A&f“‘"% - ‘ . i
- '\\; e-p scattering within the peak.

// e—wl| kA=) N . o
f E/” q then from the isotropic parabolic heavy electron dispersion
l \\“ ) } model and the carrier density of=0.85 per formula unit
\ /‘ k, measured by the Hall effect for YbAgGd® we can estimate
\\\ ' ve~4 km/sec. Ultrasonic measurements show that the lon-

h,mﬁé/ gitudinal sound velocity along thgl11] direction is about

4.4 km/sec® This comparison shows that in fact the two
velocities are comparable to each other, supporting the pos-
sibility of vp<vs. We should note that experiments such as
FIG. 10. Schematic pictures explaining different electron-de Haas—van Alphen are required for a more reliable esti-
phonon scattering processes af v>vs and(b) ve<vs cases. If  mate ofv . Therefore, we hypothesize that the Fermi veloc-
ve<us, then the electron dispersion changes more slowly than th@ty is lower than the sound velocity, and discuss how this
phonon dispersion. Therefore, the distance between thé-space  affects the electron-phonon relaxation dynamics.
spheres with energiesande— w is larger than the phonon momen- As depicted in Fig. 10, if the Fermi velocity is slower than
tum q and no momentum- anq eqergy-conserving scattering profhe sound velocityFig. 10b)], then momentum- and energy-
cess is possible, as shown (i in this figure. conservation requirements prohibit scattering between
heavy-electrons and phonons. In the actual heavy-fermion
the electron-phonon scattering rates due to the increasddOS, heavy electron dispersion exists only within the peak
number of available final stat¢see Eqs(4)—(6)]. However, DOS arouncEg, and electrons outside the peak have a regu-
electron-phonon scattering in E@) has only one factor of lar light mass. Therefore, the above blocking mechanism ap-
D., whereas electron-electron scattering in Ej.has three plies only when both the initial and final electron states are
factors ofD.. Therefore, the electron-electron scattering ratewithin the peak of the DOS. If one or both of the states are
increases much faster than the electron-phonon scatterirgytside the peak, regular electron-phonon scattering is ex-
rate, which makes the electron system thermal and the TTNpected. These effects can be simply incorporated into the
description valic?® According to the calculation of Kaganov simulation by blocking electron-phonon scattering within the
etal,*? g(T) in Eq. (1) goes asg(T)~T* at low T and peak DOS. The results of the simulation are shown in Fig. 11
g(T)~const at highT. For normal metals, sinc€.<C, as solid circles, for which the blocked energy range is from
even down to 10 K, the TTM relation, Eq1), gives 7  —24 meV to 24 meVK,,=0.23 eV/ps, anKge=700K,.
~T73. In the case of heavy-fermion compoun@s,is com-  This K¢, value is smaller than the value for LuAggaase,
parable to or larger tha€, at low T, and thereforeC, by about half in terms of the scattering matrix element. It
~ T3 for the Debye phonons produces®~T as the leading shows reasonable agreement with experimental ¢zten
T dependence. Indeed, the lWwdivergence of the calcu- circles.
lated 7 in Fig. 9 can be well described @s . Therefore, the Since the electron system has a thermal distribution, the
discrepancy with experimental data cannot be fixed by simI TM approach, with a similar blocking of electron-phonon
ply changing parameters, and it indicates that there is addpcattering within the peak, can be used to describe the relax-
tional physics involved other than the large DOS at the Ferm@tion between the electrons and phonons, which was dis-
level to explain a 100-fold increase efbelow T . cussed in Ref. 7. In this TTM approach, we also included the
If we take the approximation that the difference betweerpossibility that some electron-phonon scattering within the
Er and the bottom of the heavy electron band is atlouf  peak is allowed due to the anisotropy wf(k) andwv4(k),
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that is,u>v¢ along some directions ang-<vg along other  the former is a normal metal and the latter is a heavy-fermion
directions. The results were shown as a solid line in Fig. 3 icompound. For normal metals, we find that a nonthermal
Ref. 7 and reproduced in Fig. 1%olid ling), which shows electron distribution is responsible for a temperature-
good agreement with experimental dafa. independent electron-phonon relaxation time at low tempera-
The physical idea behind the increasemobelow Ty is  tures, instead of & 3-divergent behavior predicted by the
simple: AsT decreases beloWy , or equivalently the width two-temperature model. For heavy-fermion compounds, we
of the DOS peak, since the electron system has a therméihd that prohibiting electron-phonon scattering within the
distribution, the main electron-phonon relaxation processedensity-of-states peak near the Fermi energy is crucial to
should occur within the peaksee Fig. 6a)], where the explain the rapid increase of the electron-phonon relaxation
momentum- and energy-conservation laws block thdime below the Kondo temperature. On the basis of the esti-
electron-phonon scattering. Therefore, the electron-phonomated Fermi velocity and the measured sound velocity, we
relaxation time increases very rapidly fi$s lowered below propose the hypothesis that the slower Fermi velocity com-
Tk .28 The results show that complete or substantial blockingoared to the sound velocity provides this blocking mecha-
of electron-phonon scattering processes within the DOS peafism due to energy- and momentum-conservation laws. We
is essential to explain the rapid increase of the electronfind good agreement between the experimental data and our
phonon relaxation time beloWy in YbAgCu,. model for both normal metals and heavy-fermion com-
pounds.
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