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Abstract

Ultrasonic measurements on a single crystal of the intermetallic compound LuslrsSiio are

presented. Large anomalies in the velocity and ultrasonic attenuation of the elastic modes are
observed at the structural phase transition Ts~80 K. The velocity of the longitudinal Ci; and
Cs33 mode exhibits a second order transition behavior. In contrast the velocities of the shear Cs4
and Ces modes exhibit a first order transition behavior. The longitudinal Ci; mode is strongly
coupled to the ordering system below Ts. Similarities in the longitudinal elastic anomalies
with known reduced dimensional charge density wave systems suggest that the nature of the
structural phase transition Ts in LuslIrsSiio could be associated with a charge density wave

phase transition.
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1. Introduction

The intermetallic compound LusIrsSiio exhibits a first-order structural phase transition at Ts ~
80 K associated with a commensurate lattice modulation along the c axis with a seven-unit cell
period [1-8]. This first order phase transition observed in LuslrsSiio is characterized by a large
specific heat jump, changes in the thermal expansion coefficients, anomalies in the elastic
constants and a sudden drop of the electric resistivity [1-7]. Charge modulation should be
associated to the structural phase transition Tsbut the microscopic origin of this phase
transition in this material is still debated and remains controversial [8-15]. This phase
transition Ts in LuslrsSiio has been denoted by Tcpw in references [1-8]. Mansart et al [8]
show by ultrafast optical reflectivity measurements a direct involvement of the lattice in the
CDW formation and the Peierls origin of multiple charge density waves in LuslIrsSiio. The
apparent low value of the order parameter critical exponent 23 ~ 0.3 derived from the
temperature dependence of the intensities of satellite reflections in LusIrsSiio [2] suggests that
the ordered phase is described by a low dimensional model. Such a small critical value [ is

considered as justification of the two dimensional behavior.

The key features of Peierls' model observed in the quasi 1D conductors include a Kohn
anomaly in phonon spectra, a structural transition and a metal-insulator transition [9-15]. This
model is characterized by a weak electron-phonon interaction. Contrary to the low
dimensional charge density wave systems, the ordered state established in LusIrsSiio has a
three dimensional character. LuslrsSiio crystallizes in the P4/mbm tetragonal space group and
presents a complex three dimensional structure including one dimensional lutetium chains
along the crystallographic c axis with a strong inter-chain coupling (Fig. 1) [8]. The CDW
transition in LusIrsSiio could be related to the existence of 1D Lu chains. Competition between
CDW and superconductivity ordering occurs below 4 K. Transition metal dichalcogenides
have been the center of CDW research but the results are still confusing [10-13]. McMillan
[14] proposed a description beyond the weak coupling limit to explain the anomalies observed
in 2H-TaSe». The question is why the T transition in LusIrsSiiois attributed to a charge

density wave transition.



The elastic constants are thermodynamic derivatives. They are important together with the
specific heat and thermal expansion for the equation of state of a material [16, 17]. Following
our survey of the thermodynamic properties of the charge density wave systems [18] we

reexamine the Landau phenomenological approach for LusIrsSiio[14].

Complete elastic tensor of LuslIrsSiio is given in [6]. This system having a tetragonal symmetry
is characterized by six independent, longitudinal Ci;, C33 and shear Cas, Ces, Ci12, Ca3 elastic
stiffness constants. In this paper measurements of the velocity and attenuation of the elastic

modes Ci1, C33, Cas and Ces on a high quality single crystal are reported.

2. Experiment

A single LuslIrsSiio crystal was grown in a tri-arc furnace by a Czochralski technique (see [7]
for more details). The sample is a small parallelepiped crystal with dimensions 2x1.5x1 mm®.
The largest dimension is along the ¢ axis the other dimensions are along the a and b axes. The
crystallographic axes were identified by X-ray diffraction. Laue diffraction measurements
were made using the back-scattering X-ray diffraction technique on a PAN analytical PW
3830 diffractometer. The quality of the sample used for this study was checked and the pattern

illustrated by Fig. 2 insured that the crystal presents a single crystalline domain.

The sample was annealed at 900 °C for 7 days under ultrahigh vacuum to reduce internal
stress.

The pulse echo technique [19] was used at frequencies 15 and 45 MHz with bonded LiNbO3
transducers to measure the velocity and ultrasonic attenuation of the elastic modes. The
relative sound velocity AV/V was measured by a phase coherent detection as a function of
temperature.

Ultrasonic elastic modes were generated into the crystal, k and u represent the

ultrasound propagation direction and polarization. Pure longitudinal modes Ci; (k//u//axis a)

and Cs; (k//u//axis c) were generated along the a_and ¢ axes respectively. Shear modes

Cus (k//c, u//a) and Ces (k//a, u//b) were generated along the c and a axes respectively. Each
elastic constant C;; is related to the corresponding longitudinal or shear velocity Vi by Cii =p

Vi, i=1,3,4,6, (tetragonal symmetry) where p is the mass density p=9 g cm™.

3. Results



The temperature dependences of the relative velocities [AV(T)-V(50K)]/V(50K) and

attenuations of the longitudinal Ci;, Cs3 and the shear Cs4, Css modes are shown in Fig. 3-6.

The measurements have been extended to 10 K for the longitudinal C;; mode.

Our results are in qualitative agreement with the previous analysis [6]. The anomaly observed
for the Cy; at Tc~80 K phase transition in Fig. 3(a) is comparable with the anomaly reported
in [6]. A small thermal hysteresis of about 1 K found between heating and cooling (Fig. 5 and
6) is in agreement with that observed with the electrical resistivity measurements [7]. The
phase transition occurs at Tc ~80 K on cooling and at Ty ~81 K on heating. A step like
decrease AV/V ~0.005 of the velocity of the longitudinal C;; mode and a minimum AV/V
~0.003 of the velocity of the longitudinal Cs3 is observed at Tc (Fig. 3 (a)). Steplike increases
of the velocities of the shear C44 and Ces modes are observed at Tc (or Tw) (Fig. 3(b)). Below
Tc the deviations dV/V defined by AV/V-AV/V, where AV/V is the extrapolated linear
dependence of the background velocities ( black dotted line in Fig. 3 (a)) is shown for the Ci;
mode in Fig. 5.

We evaluate the elastic constant decreases ACi; at Tc from the mean field specific increase

AC;?F [5] using the Ehrenfest relation and the discontinuity in the thermal expansion
coefficient Aa[P2x10°® K™ measured in [3]. The Ehrenfest relation established for a second

order phase transition is given by [17].

AC11/C112 ~ -VmTCDwA(XZ/ACPMF (1)

eq.1 gives AC; /Cii ~0.004 close to the experimental value (Fig. 3 (a) and table 1)



with the longitudinal elastic constant Ci; ~230 GPa [6]. The measured specific anomaly at

the CDW phase transition was analyzed by Kuo et al [ 5] by a small mean field term

ACPMF = 6 J/molK and a large contribution due to fluctuations. The molar volume is

Vm =2x10* m3/mol.

In conclusion the Ehrenfest mean field theory relationship (eq. 1) is satisfied at the T¢ phase
transition in LusIrsSijo. In the same manner, the Ehrenfest relationship is satisfied by several
CDW compounds such as the quasi-one-dimensional conductor Ko3Mo0QOy 3 [20], the transition
metal dichalcogenide compound 2H-NbSe; and the rare earth tritellurides compounds TbTes,

ErTe; and HoTes [18].

4. Analysis

4.1 Landau theory of a second order phase transition

The interpretation of the elastic constants is based on an expansion of the free energy density
in powers of the strain components e; and the order parameter Q with the mean field
approximation. In a second order transition, the Landau free interaction energy has the form

[14, 21, 22]:

F(ei,Q)= Fo + a(T—To)Q2/2 +CQ4/4 +C11,0612/2+ C33,oe32/2 + (g161+ g3e3)Q2 +(
hier*+hses?)Q*  (2)

where a is positive, Cii0e1%/2+ Cssoes/2 is the elastic background energy at Q=0, g; and hj
are the coupling constants. A model was proposed by McMillan for the charge density waves
in transition metal dichalcogenides with charge density as an order parameter [14]. The

transition from the normal to the incommensurate state is second order.

The order parameter that minimizes the free energy [21] at T<Tc is Q = (a/c)*3 (Tc-T)%?



At a CDW phase transition the longitudinal strain components couples with the square power

of the order parameter Q.

The new elastic constants are given by [22]

Cii = Cio- [d*F/dQdei]l xo (3)

where Xo=[d*F/dQ?]"! denotes the order parameter susceptibility.

It results that a decrease of Ci; and Cs3 (velocities) occurs at a second order phase transition

[22]:

Cii=Ciip-2gi%c and Cs3=Csp - 2832 (4)

4.2 Landau theory of a first order phase transition

A cubic term is included by McMillan to describe the first order incommensurate-

commensurate phase transition [14]. The Landau free interaction energy has the form:

F(C,Q)=F0 + a(T—To)Q2/2 -bQ3/3 + CQ4/4 + C11,0612/2+ C33,oe32/2 + (g161 + g3e3)Q2 +

( h1e12 +hze32)Q2 (5)

Minimizing energy F with respect to Q one observes than three temperatures are defined [21]

1) T is the transition equilibrium temperature.

2) Below Ty ~ To+9b%/4ac the state is metastable.

3) Below Tc ~ To+2b%ac the order parameter Q increases discontinuously in the ordered

phase.



4) Above Ty the order parameter is zero, Q=0.

The thermal hysteresis is given by Ty-Tc~ b%ac.

Below Tcthe solution of dF/dQ=0 gives the order parameter

Q = ble + (a/0)*’ (Tc-T)* (6)

A small thermal hysteresis Tu-Tc induces that the cubic coefficient b is small compared to the

coefficient of the quartic term c.

Q(0)’>~ aTc¢/c is deduced from eq. 6. It results that (Ty-Tc)/Tc ~ b%ac taking Q(0)=1

A small parameter Ty-Tc of about 1 K with Tc ~80 K in the case of LuslrsSiio yields a ratio

b/c ~0.1.

The decrease of the elastic stiffness around Tc is now given by

Cii~ Cup- 2gi/c - g (blc)(ac)® (Tc-T)*5  and

Cas ~ Caso- 2g3° /e - g3* (ble)(ac) ™ (Te-T)0 (N

Tc is the limit of metastability of the high temperature phase. On the contrary Ty is the limit of
metastability of the low temperature phase. Critical behaviors appear at Tc and T during

cooling and heating respectively. The transition takes place at the spinodal points (Tc, Tr)

where the nucleation barriers vanish [21].

Below Tc¢

In the ordered phase, the coupling terms h; €,°Q? yields that the temperature dependence of



the velocity of the C;; mode follows the temperature dependence of the order parameter

AV/V ~h; Q* as explained in [22].

Below Tc in the ordered phase the velocity of Cy; (Fig. 5) increases continuously with

decreasing temperature as

dV/V= (dVIV)o(1-T/Tc)*®  (8)

with 23 ~ 0.5. This value is larger than the value 0.3 deduced from the temperature
dependence of the intensities of the satellite reflections [2]. The dashed black line represents

the temperature dependence of the square of the BCS order parameter [23]. Discrepancies

with the BCS behavior exist in the range 0.7<T/Tc<1.

4.3 Relaxation mechanism

In the ordered phase, a relaxation mechanism takes place (Landau Khalatnikov) with a

relaxation time Tik. The ultrasonic attenuation at a measuring frequency wis given by [16]:

Att = 2 Attmax Tk /{ (1 + (WTk)’}  (9)

where Attmax ~ AvOYV? is the attenuation maximum obtained at a temperature Ty when

wtik=1. Aue,max increases with frequency (15 - 47 MHz Fig. 5).

Trk follows the critical temperature dependence Tik = Tik” ( 1- T/Tc)"! during cooling and



Tik = Tk’ ( 1- T/Tr) ! during heating. Notice that Ty decreases when w increases. The sharp
variation of the attenuation just below Tc (Tw) is well described by eq. 12 (Fig. 5). The
temperature dependence of the velocity and attenuation depends on the temperature scanning

rate R. For clarity all the measurements are not shown.

The values of Tix” obtained at different temperature scanning rates are shown in Fig. 7. It
results that the parameter Tix” depends on the temperature scanning rate R (K/min). We

verify the scalling law [24] :

TLK0~TLKO(0)+ARn (10)

where A is a constant coefficient. Taking n=1 a least square fit of the T.x° data gives the value
T1k%0) =3.1x10'2 s (black dashed curve) Fig. 7.The experimental Tk data can also be
described with n approaching 2/3 the universal value of the theoretical models [24] and a least
square fit gives T.x°(0) =3.5x10'? s (blue curve in Fig 7) . The experimental accuracy does

not permit to conclude between the two values, 1 or 2/3, of the exponent n.

Hysteresis is related to nucleation lags in a first order phase transition and consequently
hysteresis depends on the rate of the temperature sweep [24]. Such an effect explains that the
apparent relaxation time Tix° involved in the ultrasonic attenuation is related to the
temperature scanning rate R (eq. 10). The parameter Tix°(0) defined at R ~ 0 is the intrinsic

relaxation time of fluctuations at the transition.

4.4 Comparison with 1D and 2D CDW systems

We compare in Fig. 8 the decrease of the velocity of the longitudinal mode C; of LuslIrsSiio at
the structural phase transition Ts ~ 80 K with the decrease of the velocity of the longitudinal
modes at the CDW or Spin Density Wave (SDW) phase transitions in several materials: the
quasi one dimensional conductor Ko3MoOs3 [23] and the 2D rare earth tritelluride compounds
RTes; (R=Tb, Er and Ho) [18], metal transition dichacogenide compounds 2H-NbSe, [26] and
TiSe; (characterized by a structural transition Ts=200 K) [27], (SDW materials) Spin Peierls
compound CuGeOs [28] and Cr [29].

The decrease of the velocity of the longitudinal Ci; mode at the CDW phase transition in

LuslIrsSiio is very similar to the decrease of the velocity of the longitudinal Cs; mode observed



with the 2D rare earth tritelluride compounds (TbTes, ErTes and HoTes) and to the decrease of

the Young modulus with the quasi-one-dimensional conductor Ko3MoOs3 (Fig. 8 and Table 1).

The Landau coefficients a and ¢ were calculated by Allender et al. [25] in one dimensional

chain model using a weak coupling mean field description and they are found to be:

a=N(Ep)/Tcow and c= 0.1N(Ep)/ks*Tcow? (11)

These values are nearly identical with the BCS case where N(Ep) is the density of state per
unit energy interval at the Fermi level. It is interesting to note that the Landau coefficients a

and ¢ depend on Tcpw:
a ~ I/TCDW and C~ 1/ TCDWZ (12)

It results that the decrease of the elastic constant AC; at the transition increases as the

square of the temperature Tcpw of the phase transition as

ACy ~ 2gi%/c ~ 2 gi*> kg? Tepw? / N(Er) (13)

where g; is the coupling constant (eq.4).

A remarkable feature is that AV/V ( AV/V= AC1/2Cy1) exhibita Tcpw? dependence in the

Landau approach.

The steplike decreases AV/V of the velocity of the longitudinal C;; or C33 mode measured at
the CDW (SDW) phase transition show effectively a Tcpw? (red dotted line ) observed for all

the materials reported ( Fig. 8) :

AV/V=6.2x10"Tcpw? (14)

The experimental decrease AV/V obtained with LusIrsSijo is in agreement with eq. 14. This
result yields that the longitudinal elastic anomaly observed at the structural phase transition in
LuslrsSiiois similar to that observed at the charge density wave transitions in 1D and 2D

systems.



There are some discrepencies between the absolute measured values of the elastic longitudinal
constants in RTe3 (~50 GPa), Ko3:MoOs (~250 GPa) and LusIrsSiio (~230 Gpa) table 1 in

consequence to reduce this effect we report the relative values of the velocity in Fig. 8.

4 Conclusions
From evaluating sound velocity and attenuation measurements we arrive at the following

conclusions.

The structural phase transition Ts in LusIrsSiio is weakly first order with a decrease of the
longitudinal Cy; and Cs; elastic constants, showing an apparent second order behavior. The
decrease of the longitudinal elastic constants Cy; and Cs3, discontinuity in the thermal
expansion coefficient and mean field specific heat contribution are in agreement with the
Ehrenfest mean field theory relationship. In contrast the C44 and C¢s modes exhibit a step
discontinuity upward on cooling which is a first order transition behavior.

The Ci1 and Ces modes are sensitive to changes in the a, b crystallographic plane. The
longitudinal Cy; and shear C¢s modes having both the propagation and displacement in the a, b
plane are strongly coupled to the ordering system. The microscopic model of the CDW phase
transition LusIrsSiiois not yet well known. Similarities are found between the longitudinal
elastic anomalies at the structural phase transition Ts in LusIrsSiip with the longitudinal
elastic anomalies observed at the charge density wave transitions in the 2D rare earth
tritelluride compounds TbTes, ErTes, HoTes, in the quasi one dimensional conductor K¢3MoOs
and in the 2D metal transition dichalcogenide 2H-NbSe;. The microscopic model of the CDW

phase transition in LusIrsSiio is not yet well known. The present results suggest that

the nature of the structural phase transition Ts in LusIrsSiio is associated to a classical Landau

phase transition.
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Table 1 Anomalies of Specific heat, thermal expansion and elastic constants at the Ts phase

transition in LusIrsSijo and at Tcpw in TbTes, ErTes and HoTes. Molar volume V.

LusIrsSiio Tcpw~80 K | Specific heat jump Elastic constant decreases
Thermal ACp=160J/molK [1] AC1/Cui=0.01
expansion
. . AC33/C33=0.006
coefficient
Aq=-2x10°6 mean fieldcontribution | Cy;~Csz ~230GPa[6]
K" [3] ACPMF=6]/molK [5]
AC% " _ 2 AG,
Viu=2x10* m> TepwV, 2g 12
ThTe; Tcpw=330 K | Specific heat jump Elastic constant decrease
ACP=3 J/molK [19] AC33/C33=0.02[19]
Viu=7x10"° m*
EI‘Te3 TCDW=260 K AC33/C33=0-03
HoTe; Tceow=280 K AC33/C33=0.05
C33~50 GPa
Ko3Mo00O; Tcow=180 K | Specific heat jump Young modulus[20]
Viu=3.6x10"° m* ACp=3 J/molK [20] AY/Y=0.02
Y~250 GPa




Figure captions

Fig.1 color on line

Lu5Ir4Si10 (P4/mbm tetragonal space group) is constituted of 1D chains of first neighbour

lutetium atoms along the € axis with a strong inter-chain coupling.

Fig. 2 color on line

Laue diffraction pattern of Lu5Ir4Si10 single crystal obtained with the incident X-ray beam

aligned along the € axis. Inset the single crystal cut along the crystallographic axes.

Fig. 3 color on line

(a)

(b)

Temperature dependence of the relative velocity of the longitudinal Ci; (blue symbols)
and Cs3 (black symbols) modes. Extrapolations AViyack/Viack Of the linear temperature
dependence of the background velocity above Tc and shifted to the minimum value at Tc

( dashed black line), cooling measurements.

Temperature dependence of the relative velocity of the shear Cus (black symbols) and Ces

( blue symbols) modes, cooling measurements.

Fig 4 color on line
Temperature dependence OV/V=AV/V-AVek/Viack Of the longitudinal Ci; mode, where
AVpac/ Viack 18 the extrapolated high temperature background velocity shifted to the

minimum value at Tc (dashed black line in Fig. 3a).

oV ) T 0.5
Red dashed curve is calculated with 7 =0.014| 1= % . Black dashed curve is

ov _ o |
calculated with 7 =0.00659| —— , temperature dependence of the square of

BCS

the BCS order parameter Q(T)/Q(0)pcs’.



Fig. 5 color on line

(a) Temperature dependence of the relative velocity and attenuation of the longitudinal mode
Cs3 measured at 15 MHz, heating at rate 0.15 K/min, cooling at rate 0.25K/min,
attenuation (red curves fit) calculated using eq. 12 with T.x°=1.3x10"!! s (heating) and
T1k’=2.6x10!! s (cooling).

(b) Temperature dependence of the relative velocity and attenuation of the longitudinal mode
Cs3 measured at 45 MHz, heating at rate 0.25 K/min, cooling at rate 0.3K/min, attenuation
calculated (red curves fit) using eq. 12 with T.x’=2x10!! s (heating) and T k’=2x10"" s

(cooling).

Fig 6 color on line

(a) Temperature dependence of the relative velocity and attenuation of the shear Css mode.

(b) Temperature dependence of the relative velocity and attenuation of the shear C44 mode.

Fig.7 color on line
Relaxation time Tk’ estimated at different heating and cooling rate R (K/min). The black

and blue dashed lines are calculated with eq. 12 using n=1and n=2/3 respectively.

Fig.8 color on line
Relative velocity decrease of the velocity (AV/V) the longitudinal C;; and Cs3 modes at the

CDW phase transition as a function of the temperature of the phase transition Tcpw.

Quasi-one conductor KoMoOs (green circle) Tcpw=180 K [20]; Transition metal
dichalcogenides 2H-NbSe: (blue square) Tcow=30 K [26] and TiSe: (blue up triangle) Ts =200
K [27]; Rare earth tritellurides ErTes (black down triangle) Tcpw=260 K [19], TbTes (pink
down triangle) Tcpw=330 K [19], HoTes (blue down triangle) [19]. Intermetallic compounds
LusIrsSiio (red square) Ts=80 K; Spin Peierls systems CuGeOs (blue diamond) Tspw=14 K
[28]; chromium Cr (light blue diamond) Tspw=310 K [29]. The calculated red dashed line
6.2x107 Tcpw?.
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