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Optical spectroscopy and ultrafast pump-probe studies on the heavy fermion compound CePt,In-,
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We report optical spectroscopy and ultrafast pump-probasamements on the antiferromagnetic heavy
fermion compound CeRlh;, a member showing stronger two dimensionality than otherpounds in Celg
derived heavy-fermion family. We identify clear and typibgbridization spectral structures at low temperature
from the two diferent spectroscopy probes. However, the strength an@detaiergy scale of the hybridization
are much weaker and smaller than that in the superconduotimgpounds CeCognand Celrlg. The features
are more similar to observations on the antiferromagnaiimpounds Celnand CeRhlg in the same fam-
ily. The results clearly indicate that the Kondo interaestemd hybridizations exist in the antiferromagnetic
compounds but with weaker strength.

PACS numbers: 71.2¥a, 75.30.Mb, 78.20.-e

INTRODUCTION tion gapApc opening in the density of states (DOS) near the
Fermi energy, the energy scale of which is a measure of the hy-
gbridization strength. Significantly, a quantum phase items
partially filled 4f- or 5f-electron shell are among the most from magngtic to heavy Fermi liquid state is expected to bccu
fascinating materials in condensed matter physics. Toagtr When a delicate energy balance between RKKY and Kondo
interactions is approached. Unconventional supercondiyct

correlation off-electrons and their coupling to the conduc- ’ Rt
tion electrons result in a wide range of exotic phenomena€duently appears in the vicinity of the such quantum phase

e.g. magnetic order, unconventional superconductivitgg F’ransition[lO]. For example, antiferromagnetic (AFM) order
tum criticality, and a Fermi liquid state with heavy electro " Celrs and CeRhIgcan be suppressed by the application qf
mass. Depending on temperature fhelectrons show both Pressure and gives way to a heavy fermion superconducting
itinerant and localized behaviors. A great deal of attentias ~ State, because hybridization is strengthened due to atreduc

been given to the similarities and peculiarities amorfiedi  ©f their lattice constantsfL, 12].
ent HF systems. Among the most extensively studied systems As a relative new member of the @nlngm.2n family,
are the family CgMylInsm.2n, because dierent compounds CePgIn; also undergoes an AFM phase transition at the
in the family exhibit significantly dferent ground states in Neel temperatur@y=5.2 K[13]. Quantum oscillation mea-
spite of similar lattice structuresf6]. The compounds are surements reveal the two-dimensionality of its Fermi sur-
constituted by the alternate stacking of Geamd Mirnp build- ~ faces, in accord with the layered lattice structr] The
ing blocks, where M stands for transition metals. Dependindong range AFM order is reported to be either commen-
on the specific values afi andn, which represent the num- surate or incommensurate by muon-spin rotatidd,[ Nu-
bers of Celg and Min, layers respectively, there are several clear Quadrupolar Resonanté] and Nuclear Magnetic Res-
types of heavy fermion systems discovered in this familylunt onance measuremeris], depending on details of synthesis
now: Celny[1], CeMIns[2—4], CePbIn,[5], Ce:MIng[6] and  conditions for single or polycrystal samples. The AFM tran-
CesMIny[7, 8], etc. sition is suppressed by applying pressure, and supercenduc
The ground states of heavy fermion materials generally cafVity €merges in a broad dome. Particularly, the highkst
be depicted by the Doniach’s phase diagram, which was prg2Ppears at a critical pressure where the Neel temperature ap
posed initially to described the competition between Kondd®roaches zero Kelvin, implying the existence of a quantum
and Ruderman-Kittel-Kasuya-Yosida (RKKY) interactions i cfitical point[1g. In addition, Knight shift measurements re-
cerium compound$]. Although both of them originate from Veal that the hybridized quasiparicles begin to "reloezltze-
the exchange interactialx between conduction electrons and fore entering the AFM phase, possibly as a precursor to the
local f moments, the Kondofkect tends to generate a non- AFM order[19].
magnetic Fermi liquid ground state with all the local monsent  Here, we report infrared spectroscopy and ultrafast pump-
screened by conduction electrons and is characterizedeby tiprobe measurements on single crystalline @@t As these
Kondo temperaturd@x ~ exp(-1/Jx); whereas, the RKKY experiments show, infrared spectroscopy is an ideal method
exchange interaction enhances long range magnetic ortter wistudying heavy fermion materials, since it provides diieet
an energy scal@grkgy ~ J,ﬁ. When J is very small, the formation on not only the magnitude of the hybridization gap
RKKY interaction dominates the Konddfect and gives rise but also the enhancement dfective mass. The ultrafast mea-
to long range magnetic orders. Whéais suficiently large, surement also are a very useful tool in detecting small gnerg
the Kondo &ect dominates and the coupling betweén gaps in the DOS, which supplies supplementary information
electron and conduction electrons will lead to a hybridiza-on the electronic properties.

Heavy fermion (HF) systems containing elements with
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INFRARED SPECTROCOPY structures of the compound are quite stable against tempera
ture changing. The main panel of Figa) displays the en-

CePsIn single crystals were grown by self-flux method, as'arged view ofR(w) in the frequency range below 2500 thm
described in referencd§]. Platelike crystals with shiny sur- Which focuses on the low energy evolutions. When the fre-
faces were obtained after eliminating extra flux. The impla duency decreases to zeR(w) approaches unity at all mea-
reflectivity R(w) was measured by the Fourier transform in- sured temperatures, indicative of metallic behavior. Abov
frared spectrometer Bruker 113 V, and 80V in the frequencyl00 K, the low energyR(w) increases slightly with cooling,
range from 40 to 25 000 cth. Thein situ gold and alu- consistent with a typical metallic temperature dependence
minium overcoating techniques were employed to obtain thé&lowever,R(w) exhibits a very weak depletion structure at 8
absolute value of reflectivity. The optical conductivitysva K, demonstrating the renormalization of underlying eleatc
derived fromR(w) through the Kramers-Kronig transforma- structures. Remarkably, this feature is quite similar wité
tion. The low frequency reflectivity was extrapolated totuni reflectivity of antiferromagnetic CeRhih20]; whereas, there
by Hugen-Rubens relations. Atthe high energy skiey) was  are significant contrasts with that of superconductors @& o
extrapolated as %2 to 800 000 cm?, and higher frequencies and Celrin [20, 21].

are assumed to decay@s’. The real part of the optical conductivity, (w) of CePtIny

1.00 T0 is displayed in Fidl (b). For temperatures above 100 K, the
08 ok low energy responses are dominated by a Drude-like shape.
0.99 —100K The half width of the Drude peak narrows slightly as temper-
—8K ature decreases, and the dc conductivity(¢ = 0)) is en-
0.9 0.4 hanced concurrently, in good agreement with previous trans
o 097 70000 20000 port_measurementlB]. When temperature is lowered to 8 K,
o (cm+) a minimum appears at very low frequency, and a weak bump
096 200K develops that corresponds to a suppression of the reflgctivi
100K At the same time, the Drude peak shifts dramatically to lower
095F 8K energy. All these characters are consistent with the typica
[ optical response of heavy fermion materials. Upon entering
0_94 1 1 1
0 500 1000 1500 2000 2500 the coherence state where the local moments start to become
o (cm™) screened by conduction electrons, the scattering rataiplsh
(b) =10 reduced and gives rise to a narrowing of the Drude peak. Con-
8 ’ —300 K Eos 300 K currently, spectral weight of the Drude component is substa
i —200 K %, 06 tially removed because théfective mass of free carriers be-
‘-‘E 6F —100K 04 comes much heavier. The weak bump feature is attributed to
G | —38K < °'i optical excitations across a hybridization gap.
o 4l 6 005600 20000
< ® (cm)
2
~ 0 Drude-Lorentz fit 10
o 8 exp data -
....... Drude g T=300 K
------- Lorentz 1 W
0 1 ) ) 1 Lorentz 2 "g“
0 500 1000 1500 2000 2500 6f e Lorentz 3 v
Ay e D e Lorentz 4
® (Cm ) ------- Lorentz 5 00 R T

FIG. 1. (a) The temperature dependent reflectiRfy) of CePtIn;.
The inset shows th&(w) in a larger frequency range. (b) The temper-
ature dependent optical conductivity (w). The inset shows;(w)

in a larger frequency range up to 25 000¢ém

s,(10'"em)
-y

The frequency dependent reflectivity of CdRt is plotted 0 500 1000 1500 2000
in Fig.1 (a) at several selected temperatures. Although the re- o em™)
sistivity of this compound decreases with decreasing tempe
ature and exhibits a slight downward curvatures around 106!C- 2. The experimental optical conductivity(w) along with the
K [13], the reflectivityR(w) shows a very weak temperature décomposed Drude and Lorentz components of Sepat 8 K in
’ . . b the main panel and 300 K in the inset.
dependence. Except for tiny discrepancies at the dip streict
around 5000 crmt and bump around 11 000 ct, the reflec-
tivity at different temperatures almost overlap, as shown in
the inset of Fidl (a). This result suggestes that the electronic In order to analyze the optical conductivity more quantita-
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tively, we use the Drude-Lorentz model to decomposgiy): CeColny and Celrln indeed suggest stronger hybridization
W2 g2 strength, and the relative weaker character of gaPis in
() = €0 — — P " Z I . @ accord with its antiferromagnetic ordered ground statéclwh
w* +l1w/Tp i w]? - w? — /T reflects relatively weaker Kondo coupling in comparisorhwit
the RKKY interactions between local moments being medi-
ated by conduction electrons.

Here, &, is the dielectric constant at high energy; the middle
term is the Drude component that characterizes the elgetrod
namics of itinerate carriers, and the last term is the Larent
component that describes excitations across energy gaps or ULTRAFAST PUMP PROBE MEASUREMENT

interband transitions. We find that; (w) can be well repro-

duced by one Drude term and four Lorentz terms at high tem- gacause the hybridization gap structure detected by in-

peratures, but an additional Lorentz term is required at8K,  frared spectroscopy is quite weak, we also performed time re
shown in Fig2. Some temperature dependent fitting parame¢eq pump-probe measurements on the same sample. This

ters are listed in Table measurement is very sensitive to the presence of low en-
TABLE |. Fitting parameters of-1(w) for different temperatures. At €rgy gaps and provides useful supplementary information. A
8 K, a new Lorentz term centered at 215¢is added. Ti:sapphire oscillator was utilized as the source of botimpu

and probe beams and produces 800-nm laser pulses with 100
T “r Yo “1 n S1 fs duration at a 80 MHz repetition rate. The pump beam
300 K 39580 613 was modulated with a frequency of 1 MHz and polarized per-
200 K 309580 575 pendicular to the probe beam. The pump fluence is about 2

cm?, 10 times stronger than the probe pulses.
100K 39580 488 Y g probep

8K 12080 30 215 593 38000 2.0
 (a) —200K
15k —160K
Among these fitting parameters, the square of the plasma __ — 120K
frequencyw? is proportional ton/m*, wheren is the density ‘o 1.0 — 100K
of free carriers andh* stands for the fective mass of quasi- A
particles.wp is essentially a constant for temperatures above x
100 K, but it drops sharply at 8 K. Assuming the carriers den- °<‘1 0.5
sity n does not change with temperature, tlteetive mass
can be estimated to be* = 10.7m,, wherem, is the corre- 0.0
sponding band mass. This value is a little bit higher than es- L
timated from quantum oscillation measureméadg[ Further- 0 1 2 3 4 5
more,yp = 1/7p is the scattering rate of free carriers, which Delay (ps)
is an order of magnitude larger at 100 K than 8 K. The large 20 — 60K
vp at high temperature is attributed to strong scattering nf co r (b) —30K
duction electrons by Cefdlocal moments that ultimately are 151 :féﬁ
screened by free carriers in the coherent state and actitike i - —10K
erate quasiparticles. s 1.0 ¥
For the Lorentz termsy;, vi = 1/7; andS; represent the A
resonance frequency, width and square root of the oscillato & 0.5
strength, respectively. There are four nearly temperataie % 0.0
pendent Lorentz term appearing at high energies, which stem '
from interband excitations. We only display parameters for
the additional Lorentz term emerging at the lowest tempera- 05 LT .

ture, which is associated with the formation of hybridiaati 0 1 2 3 4 5

gap. The central frequeney; = 215 cnt! (~ 27 meV) can Delay (ps)

be considered as the energy scale of the hybridization gap.

Compared with other members in the B&,IN3m2n family, FIG. 3. The photoinduced transient reflectivitiR/R at several se-

it is much smaller than that of CeCgland Celrlg but is a  lected temperatures. The data are smoothed for clarity.

little bit larger than for CeRhlnand Celg [20-23]. More-

over, the hybridization peak feature in the optical conuct Figure3 shows the photoinduced reflectivity change/R

ity of CePtln; is much weaker than in CeCgalland Celrlg  as a function of time delay at high (a) and low (b) temper-
but is comparable with that in CeRhland Celn. Accord-  atures. The transient reflectivity is initially enhanceatda
ing to Doniach’s model, the non-magnetic ground states othermomodulation of the pump pulse that excites electrons t



empty states much higher than the Fermi energy and leaves

holes below. ThemM\R/R relaxes back to a flat background

within several picoseconds. Above 24 K, this relaxation can al e expdata

be well described by a single exponential deedy/R = A ——RTfit °

exp(t/r1), whereA stands for the amplitude of the photoin-

duced reflectivity and is the relaxation time of the decay.

The flat background cannot recover to equilibrium within our

measurement range of up to several hundreds of picosecond + 2t

so it is most likely corresponding to a heaffdsion process

that usually takes several nanoseconds. It is clearly seen i

Fig.3 (a) that at high temperatures the magnitudaBfR in-

creases monotonically with temperature cooling, whereas t

relaxation time is almost temperature independent. Thés is o s 0 = 0 P 20

typical response of conventional metals and can be inttgre T (K)

by the phenomenological two-temperature model. In this

model, the electrons are first heated by the pump pulses arlG. 4. The temperature-dependent relaxation time of tioerse

establish a quasi-equilibrium state in tens of femtosesond decay channel. The blue solid curve is the result of fittingheoRT

Thus, the transient temperature of the electron systgbe- ~ model.

comes much higher than the lattice temperaliyrerhese hot

electrons transfer their excess energy to the lattice viaed

electron-phonon interactions, and the relaxation timehisf t

process is directly dependent on the electron-phonon caupl

constantl. rameters anchy represents the density of thermally excited
Between the temperature range 106K > 60 K, we find  quasiparticles which is related to the energy scale of the lo

that AR/R remains nearly unchanged. With temperature fur-energy gap\q via nr = VTexp(-Ag/2T). We find thatr,

ther deceasing below 60 K, bothandr; drop rapidly upon follows Eq.2 quantitatively and the gap energy is determined

cooling. Moreover, an additional decay channel with optgosi to be Ag=140 K (~ 13 meV), as shown by the solid curve

sign is clearly observed below 24 K, which provides strongin Fig. 4. Note thatAgy is much smaller thang identified

evidence for the renormalization of the electronic streestu by infrared measurements. Because optical spectroscopy is

Here, two exponential functions are required to fit the relax responsive to direct charge excitations, whereas pumpeprob

ation: AR/R = A exp(-t/t1) + B exp(-t/r2). We have ex- techniques are sensitive to indirect interband transstidine

tracted the relaxation time of the second decay channel froratter is very likely to yield a smaller gap energy. For ex-

an exponential fitting. This relaxation time increases monoample, similar results also are revealed in the heavy fermio

tonically with decreasing temperature and grows to be alsuperconductor PuCog§31].

most 6 times longer at the lowest temperature. The slowing

down of the relaxation time also has been demonstrated in Another remarkable fact is that the monotonic increase of
many other heavy fermion compounds, such as Cefl2#  the amplitudeA upon cooling terminates around 100 K, which
Ybi_xLuxAl3[25], URU,Si; [26] and so on®7, 28]. In these s far away from the direct observation of two exponential
materials, enhancement of the decay time is attributedeto thdecays. It is worth noting that the temperature dependent
opening of hybridization gaps, which can be well explainedresistivity also shows a downwards bending around 100 K.
by the Rothwarf-Taylor (RT) mode&lP]. Below the Kondo  Therefore, we propose that the hybridization gap begins+to d
temperature, the photoexcited quasiparticles relaxaityti velop just below this particular temperature, and the dirogpp
through electron-electron and electron-phonon scaeton  of A andr; is actually ascribed to the emergence of the ad-
states just above the hybridization gap, usually within-subditional decay channel whose amplituds) {s opposite that
picosecond time scale. The further combination of electrorbf A. Upon lowering temperature, bothandr, should in-

and hole pairs acrossyg generates high frequency phonons crease due to the opening of the hybridization gap, although
(HFP) with energywnrp > Ang, Which subsequently break it is too weak to be observed in the presence of relative large
more electron-hole pairs. This avalanche process sevierely A andr; above 24 K. In contrast, the relaxation dynamics
pedes the recovery of quasiparticles back to the equitibriu of CeColn; follow a single exponential decay, and the ini-
states, leading to the well known phonon bottleneBéat that  tial electron-phonon coupling process is buried in the imon

substantially increases the relaxation time. bottleneck signal€4]. Moreover, the relaxation time across
According to the RT model, the temperature dependence qhe hybridization gap in CeCodris enhanced by two orders
the relaxation time follows4, 30]: of magnitude upon cooling, much larger than in Gét

@) All these characters suggest that the hybridization streofy
CePslIny is rather weak, consistent with the infrared measure-
whereTl’, § ande are all temperature independent fitting pa- ment.

T X(T) = TT8(ent + 1) + 2nq],
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SUMMARY [7] A. Tursina, S. Nesterenko, Y. Seropegin, H. Noél, andKBc-
zorowski,J. Solid State Chen200, 7 (2013)

In conclusion, we have performed infrared and ultrafast [8] M. Kratochvilova, M. Dusek, K. Uhlirova, A. Rudajevova,

. . J. Prokleska, B. Vondrackova, J. Custers, and V. Sechovsky,
pump probe measurements on the antiferromagnetic heavy Cryst. Growtl897, 47 (2014)

fermion compound CePln7. Upon entering the heavy [9] S. DoniachPhysica B-C 91, 231 (1977)

fermion coherence state, the optical conductivity reveals [10] P. Monthoux, D. Pines, and G. G. Lonzarich,
very weak hybridization gap feature with an energy of 27 Nature450, 1177 (2007)

meV. Concurrently, the Drude component shifts dramagjcall [11] I. Walker, F. Grosche, D. Freye, —and G. Lonzarich,
to lower frequency because of the screening of local moments . Phys. C Supercon@82-287, 303 (1997)

and the spectral weight of it is substantially removed due t 12] ?'Pﬁ;;bse(lj’c ?bﬂ?Aolki,M‘g)'zl go(iar)lson, and J. Flouquet,
enhancement of thefective mass. Ultrafast pump-probe re- [13] P H Tobash FE Ronning, J. D. Thompson, B. L.
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