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Ultrasonic investigation of off-center rattling
in Pr0.55Nd0.45Os4Sb12

Physical schema of exotic phenomena
regarding strong electron-phonon interaction.

Introduction

Filled skutterudite PrOs4Sb12 is of particular 
interest because this compound exhibits 
unconvent ional  superconduct iv i ty  and 
magnetic field-induced quadrupolar-order. 
N d O s 4 S b 1 2  e x h i b i t s  m e a n - f i e l d - t y p e  
ferromagnetism. Both systems possess large 
Sommerfeld coefficient (shown on the right). 
These two compounds also show ultrasonic 
dispersion(s): single dispersion ~35 K for 
LaOs4Sb12 and PrOs4Sb12; double dispersions 
~15 K and ~40 K for  Nd,  and also low 
temperature  softening in Γ23-related elastic 
constants in PrOs4Sb12  and LaOs4Sb12 due to 
a thermally activated off-center motion of the 
rare-earth ion in an oversized atomic cage, 
known as ‘Rattling’ and ‘Tunneling’ .
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Ultrasonic dispersion due to rattling in 
PrOs4Sb12 (Left) and NdOs4Sb12  (Right) . [1, 2]

Elastic softening due to 
tunneling. [3]

End compounds:
PrOs4Sb12 (HFSC):  γ ~ 750 mJ mol-1 K-2 (originated from HF behavior)
NdOs4Sb12 (FM):     γ ~ 520 mJ mol-1 K-2 (possibly due to low-lying excitation)

Motivation

Present research is motivated to 
verify a systematic change of rattling 
feature in the pseudo ternary systems 
Pr1-xNdxOs4Sb12 and succesive 
transitions at low temperature, which 
is  probably due to  SC and FM 
coexisting at x = 0.45;
 
TSC ~ 0.76 K
TFM ~ 0.25 K.

Superconducting transition temp.Tc and ferromagnetic transition temp. 
TFM vs Nd concentration x in the Pr1-xNdxOs4Sb12 system. [4]

→A comparison of low-temp 
physical properties. [5]
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↑ Fig.1  Relative change in the elastic 
c o n s t a n t  C 1 1  a s  a  f u n c t i o n  o f  
t empera tu re .  The  inse t  shows  
de ta i l ed  behav ior  be low 10  K 
displayed by logT scale.

← Fig.2  (a) Frequency dependence of elastic 
constant C11 as a function of temperature. Upper 
and lower arrows display temperature that satisfy 
resonant condition ωτ ~ 1. (b) Calculated elastic 
constant C11. Dotted lines indicate high- and low- 
frequency limit C11(∞) and C11(0), respectively. 
The inset is detailed behavior between 8 K to 20 K.

→ Fig.3  Arrhenius plots of the rattling parameters 
(τ0, E). Solid lines are theoretical fit assuming 
relaxation t ime τ  = τ0 exp(E /kBT)  for f i l led 
skutterudite antimonides ROs4Sb12 (R = La, Pr, Nd, 
and Pr0.55Nd0.45). Lower table shows comparison of 
rattling parameters of the filled skutterudites.

 

 
E1 

(K) 
0,1 

(ps) 
E2 
(K) 

0,2 
(ps) 

LaOs4Sb12 127 50 - - 
PrOs4Sb12 225 31 - - 

Pr0.55Nd0.45Os4Sb12 240 29 74 36 
NdOs4Sb12 337 7.5 67 51 

Pr(Os0.5Ru0.5)4Sb12 255 5.3 - - 
LaFe4Sb12 300 31 - - 

 

Results

 

C11( ) = C11( ) Ci

1+ 2
i
2

i=1,2
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Crystal structure of the filled 
skutterudite ROs4Sb12 (R = Pr, Nd).
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(1)  Elastic constant C11 exhibits double ultrasonic dispersions at ~ 15 K and ~ 40 K, which are similar to the  
features found in NdOs4Sb12.
(2)  Estimated rattling parameters possesses intermediate value between PrOs4Sb12 (E = 115 K) and NdOs4Sb12 
(E1 = 337 K). 
(3)  The levels off feature appears in C11 at around 200 mK imply that the Nd3+ ion’ s degenerate CEF ground 
state will split due to the FM order even in the Pr3+ ion contributes to superconducting below TSC ~ 0.76 K.

Comparison of the Ultrasonic Dispersions

 ← Comparison of the relative change 
of elastic constants C11 and C44 in 
ROs4Sb12 (R = La, Ce, Pr, Pr0.45Nd0.45, 
Nd) as a function of temperature.

 The double UD in the C11 of NdOs4Sb12 (4f 3) may be 
caused by variations in the anharmonicity of the potential 
due to differences in the electron–phonon interaction from 
those of PrOs4Sb12 (4f 2) and LaOs4Sb12 (4f 0), where 
only single UD has been observed thus far, and that of 
CeOs4Sb12 (4f 0), where no rattling was observed at a zero 
m a g n e t i c  f i e l d .  T h e s e  d i f f e r e n c e s  i n  r a t t l i n g  
characteristics and the number of 4f electrons imply that 
the interaction between 4f and conduction electrons also 
plays an important role in this issue.

Pr1-xNdxOs4Sb12

Nd substitution barely change the lattice 
parameter. Interestingly, the lattice 
constant of ROs4Sb12 (R =  rate earth) 
series seems like not following the 
lanthanide contraction even with a 
change  of  the  gues t  R - ion ,  which  
indicates the rigidity of the (OsSb3)4 
atomic cages, compared with phosphide 
and arsenide filled skutterudites.
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H-x diagram for Pr1-xNdxOs4Sb12
a t  T  ~  0K ex t rac ted  f rom ρ (T)  
measurements. The HFOP persists in 
Pr1-xNdxOs4Sb12 up to x ~ 0.5, and 
peculiarly the kink in the lower phase 
boundary of the HFOP seems to 
correlate to the curvature breaking in 
the SC phase.

Experimental Details

diode switch

stable cw
RF source

pulse
generator

phase
detector

Oscilloscope

reference
V  = sin(2πft)

pulse echo signal
V  = sin(2πft+φ )

Δ = 100 - 500 nsec
(1 kHz)

f = 10 - 1000 MHz

phase out
V  ∝ sin(φ )

feedback 
φ → constant

coaxial tubes
Z = 50 Ω

φ = 2π(2n-1)ft

n =  1      2      3      4

t = 2L/v

Feedback
Loop

gated
integrator

Heterodyne
Up/Down

Conversion
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(Single X-tal) L

LiNbO3
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input pulse
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Elastic constant was 
measured by ultrasonic 
pulse-method with a  
phase comparator and 
h e t e r o d y n e  
wave-detection circuit.

Γ23 off-center mode
The six numbered open spheres illustrated in the 
cage represent the positions of off-center potential 
minima along [100]. The Γ23 off-center mode is 
described by two charge distributions (a) ρΓ23v and 
(b) ρΓ23u.
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