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Acoustic absorption in high-temperature superconductors due to 
pseudo-Jahn-Teller centres 
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Abstract 

The temperature dependence of the acoustic absorption of YBa2Cu307_8 and La2_~Sr~CuO4 up to 100 K is 
calculated using the two-well tunnelling systems theory. The presence of tunnelling systems in high-T~ superconductors 
due to the pseudo-Jan-Teller effect, which specifies the tunnelling systems' parameters, is assumed in the 
calculations. The relaxation times related to the microprocesses of the absorption are determined by the reaction 
rate method. The relaxation processes connected with non-radiative transitions as well as phonon-assisted tunnelling 
are taken into account. The results obtained are in good agreement with the experimental measurements. The 
present work supports the assumption that the tunnelling systems in high-T¢ superconductors exist, originated 
from the pseudo-Jahn-Teller effect. 

1. Introduction 

Acoustic experiments at audio frequencies are well 
suited to the study of different kinds of relaxation 
process at low temperatures [1-3] and phase transitions 
at higher temperatures (above ~ 100 K) [4]. Experi- 
mentally, the low-temperature behaviour of acoustic 
absorption in high-To materials is quite similar to that 
in amorphous solids [1-3]. The tunnelling model is 
found to be most suitable for explaining the dependences 
of the relative variation of sound velocity 6v/v and of 
the internal friction Q-1 on T in amorphous solids. 
Tunnelling systems were supposed to exist in high-To 
superconductors (HTSC), which could explain the initial 
increase and the "plateau" in Q-I(T) dependencies at 
temperatures up to several K [1-3]. In addition, the 
tunnelling model could be an explanation for an ex- 
perimentally observed controversial linear term in the 
low-temperature heat capacity [5], as well as dielectric 
losses [6], but this does not bring the issue to a close. 

2. Model 

Proceeding from the vibronic model based on the 
pseudo-Jahn-Teller effect (PJTE), the temperature de- 
pendence of the internal friction Q- 1 is explained. We 
assume that there exist two types of hole states in 
HTSC: itinerant states, which are characteristic of 
Zhang-Rice singlets [7]; and local polarizable states, 
which secure the pairing of Zhang-Rice singlets [8,9]. 

These local states are described through PJTE. 
The pseudo Jahn-Teller adiabatic potential forms a 

dual branched surface along the promoting-mode co- 
ordinate Q (Fig. 1) [10]: 

Eum = ½(KQ z +- ~/(2GQ + A) z + E~)  (1) 

where E~ is the energy gap between two appropriate 
hole states ~) and ]u) (for example, ~)=]2p~,y.~) of 
the apex oxygen O(A) (Fig. 2) and ]u)= 13d3~_r~) of 
the in-plane copper Cu(P)); K = M ~  z is the spring 
constant of the promoting mode with reduced oscillator 
mass M and bare-phonon frequency ~; G = (2VM/r~)P~ 

/ 
Fig. 1. Double-well potential energyEL(Q) with difference between 
the levels E, barrier height V and asymmetry A, and vibronic 
levels E i = (i +½)hl~. 
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Fig. 2. Polarized apex oxygen atom O(A), promoting both charge 
transfer along the c axis and hole-dipole interactions through 
Az~, E. mode-coupling. Polarization of O(A) in off-site positions 
(large thermal ellipsoids) is due to vibronic potential energy E L. 

is the electron-mode coupling constant; I'M is the Ma- 
delung's potential at the apex site; ro is the O(A)-Cu(P)  
bond length; Pg~= (glr]u) is the transition dipole mo- 
ment; and A is the asymmetry energy due to mixing 
perturbations that are not inherent to the PJTE. 

The small value of A (A <<hf~) allows the use of 
symmetric potential characteristics. The lower branch 
type (single or double well) is determined by the gap 
parameter tx=E,,,/4Ej-r, where EjT=GZ/2K is the 
Jahn-Teller  energy. At /z < 1 the lower branch EL(Q) 
is double-well and l-I renormalizes to YZ~= Olv/] --Z-/z 2. 

The vibronic model predicts phase diagrams of Tc 
vs. in-plane hole concentrationp [8, 9] as well as optical 
infrared spectra [8, 11]. The basic quantities needed 
for the calculation are Eg, and EjT. Egu is determined 
by fitting of infrared spectra [11] and EjT is found 
through Pg,, calculated by fitting of phase diagrams [9]. 

In terms of Q-* the relaxation absorption can be 
expressed by the non-equilibrium oscillating part 6c of 
the elastic constant [12]: 

Q _ l = i m ( ~ o )  finD 2 sech2(/3 E) 0Jr 
= 4/:102 1 + (-02"7" 2 (2) 

where n is the concentration of tunnelling systems; 
/3=½kT; eo=pV 2, p being the mass density; r is the 
corresponding relaxation time; D=2TA/E is the de- 
formation potential; 7=Ok~OF, F being the field of 
thermal phonons; E = ~ A 2 is the energy separation 
between the two levels; and Ao is the tunnelling splitting 
of the symmetric tunnelling system (A--0). Ao is com- 
puted in the framework of the vibronic model [8, 9, 
13]: 

Ao = A 1 + ~A 

2E,T/z(1 --/,) 2Ej-rlX(I- 1 + Ix- 1) 
A , -  sinh(~ 2) , aA= sinh(~2) 

if I =  - ~  Cv/-~(~) e x p ( -  ~:2)(1-S exp(2sC~o)) d~ 

where C(~) = 1 + ~2hi2d2Ejxtz2, S = e x p ( -  ~2) and 
~ = ( 2 E , T / m r ) (  a - ~2). 

The rates of several processes that contribute to Q-1 
have to be taken into account [10, 14-17]: The rates 
rg  1 of the one-phonon or direct processes, r ~  of two- 
phonon or first-order Raman processes, and "reaction 
rate" q ' N I T  = T O 1 + T s ~ b  1 -- 1 + r  .. . .  of non-radiative transi- 
tions are [10, 15, 16] 

Ag Z 7 7"gl=AE A 2 coth(/3E), z~ ? = R  ~-5 

E, e x p ( - E r )  
~ ' ° 1 =  27rh - ~  

-1 2/3 sinh(/3hl~)~ub/ . . . .  q ' sub /over  - -  

× exp( - 2/31/)(1 - exp(A/kT)) 

V=EjT+ E ~  _ E_~ 
16Ej-r 2 

exp(2/3(V- Ei)) 

i= 1 1 + exp(Pi) 

24"-~ +o, 
Pi -  hi2 f ~/EL(Q)-Ei dQ 

- -  O t  

0rr + aX?= ( - 1) i 
t g v e ~ -  sin(O )  ,el i -  

where E r = 4E j r  is the reorganization energy; A = 3,2/ 
27rh"pvS; O= (/3hf~/rr)(4Ejx/Eg~ - 1); E; = (i + ½)hfZ); m is 
the number of sub-barrier levels; and _+Q, are the 
turning points used in the quasi-classical approximation 
[10]. ro~e~-a and rL~ apply for the overbarrier and sub- 
barrier non-radiative transitions respectively. According 
to the reaction-rate method [15], ro  ~ represents the 
tunnelling processes at T = 0  and has to be compared 
with r2 I (T= 0). The additional sub-barrier transition 
takes into account the rate of the tunnelling processes 
related to the sub-barrier vibronic levels with quantum 
numbers i =~ 0. In our calculation r~v~ is caused by the 
thermal activation, and the excited states of the tun- 
nelling system are included in the calculation scheme 
for non-radiative transitions. Thus the overall relaxation 
constant r -1 in eqn. (2) is a sum of the relaxation 
constants mentioned above: 

r - , = r D l + r ~ +  -1 -1 ' / ' sub -[- "/'over" 
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3.  R e s u l t s  a n d  d i s c u s s i o n  

The tunnelling model is based on two important 
assumptions [17]: (i) the existence of tunnelling systems 
and (ii) the distribution of A and A o. Hunklinger [18] 
has successfully described the Q-I(T) dependence in 
vitreous silica using a Gaussian distribution of the 
tunnelling parameter A = ln(hl~/Ao). Applying the tun- 
nelling model formalism, we have shown [16, 19] that 
the peculiarities in the acoustic absorption in 
YBa2Cu307_ a (YBCO) and La2_xSrxCuO4 (LaSCO) for 
temperatures up to 100 K could be explained in principle 
as absorption in an ensemble of tunnelling systems. 
Our conclusion was that the experimentally observed 
peak is narrower and higher than the computed one 
using a Hunklinger-style Gaussian distribution of A. 
The fit improves on using a rectangular distribution. 

Unlike the tunnelling model, in which tunnelling 
systems are not specified, the vibronic model specifies 
two-level entities: small pseudo-Jahn-Teller polarons. 
In this paper we have done calculations with a & 
function distribution of A. The Q-~(T) dependencies 
are shown in Fig. 3. Except for A and ~/=OA/aF, all 
the data are either taken from experiment, or are 
consistent with phase diagrams and infrared spectra. 

The appropriate modes of O(A) are bending, E,, 
and stretching, A~, [20]. Taking into account the semi- 
axes ratio of the experimental thermal ellipsoids [21] 

2 3 (x, y-size~z-size is approx. 3 for YBCO and approx. 
for LaSCO, which may be inferred from the graphs), 
we use the linear combination of these modes: 
f~=2E~+ 3A2u=510 cm -~, 1~=630 cm -1 for YBCO 
and f~, = ~E, + 2A~, = 538 cm- 1, I2 = 575 cm- 1 for 
LaSCO. 
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F i g .  3 .  I n t e r n a l  f r i c t i o n  f i t s  f o r  Y B C O  ( 1 . 0 5  M H z )  a n d  L a S C O  

( 7 0 0  H z ) .  E x p e r i m e n t a l  p o i n t s  a r e  t a k e n  f r o m  [1]  ( O ) ,  [2 ]  ( 0 )  
a n d  [3]  ( A ) .  

We use p=2.9 g cm -3 [2], v = 6400 m s -1 [22], M = 8  
atomic mass units, R = 5 X 1 0  -4 S -1, Eg.=l .5  eV [11] 
and Pro=0.45 e/~ [9], EjT=0.64 eV for YBCO 
(R= 1.5x 10 -5 s -1, Em =0.9 eV [11], Pm =0.34 e/~ [9], 
EjT=0.69 eV for LaSCO). The value of R, which 
determines the first-order Raman processes, is not 
essential for the calculation, because of the small con- 
tribution of these processes. 

We set n = P o ( A )  d~p P,ag, where PO(A) is the concen- 
tration of the O(A) atoms (17.32 nm -3 for YBCO and 
10.58 nm -3 for LaSCO [9]), ~ was interpreted as 
fraction of biholes over doped Cu(P)-site pairs (9% 
for YBCO and 22% for LaSCO) [9] and Pta, is the 
critical concentration at which superconductivity arises 
from the insulating phase (0.08 eV for YBCO and 0.06 
eV for LaSCO). 

The fitting values are quite reasonable: A -- 1.8 × 10 -5 
eV, D=23,A/E=0.36 eV for YBCO and A = 5 x l 0  -4 
eV, D = 1.4 eV for LaSCO. We consider in more detail 
the fit for YBCO (the fit for LaSCO is tentative). We 
obtained A o = 1.125 × 10 -6 eV (E = 1.804 X 10 -5 eV) and 
V=0.1097 eV, hence there is one vibronic level below 
the barrier for YBCO (four levels for LaSCO). As to 
the tunnelling rate, the values of %1=3.58 s -1 and 
r~-l(T=0)=3.23 s -1 are quite close. We may estimate 
the Arrhenius frequency toa from the Arrhenius law 
r~-l=toa exp(-2/3Ea) as well, which gives toa=527 
cm- 1 = f~ at Ea = V -  hf~/2 = 0.0707 eV. 

According to the tunnelling model, acoustic absorp- 
tion is relevant to the interaction between the acoustic 
wave and the thermal phonons' ensemble by the medium 
of asymmetry modulation. This interaction is fulfilled 
by the deformation potential. This thesis is corroborated 
by our fits, which indicate the existence of asymmetry. 
We obtain quite reasonable deformation potentials for 
that sort of oxides. 

In accordance with our previous work, the plateau 
is caused by the distribution of parameters of tunnelling 
systems (as in glasses), for which successfully to-r---1 
[16] is fulfilled. In this case Q-1 in the plateau regime 
is independent of to. The narrowing of the distribution 
of A into the g-function leads to the formation of the 
plateau in the region 102>~ tot>/1, while the maximum 
corresponds to to~-= 1. This causes the dependence 
Q-1 atto-1 in the plateau regime, unlike the experi- 
mental and theoretical situation in glasses. Unfortu- 
nately we do not have experimental results for the 
dependence of Q-  1 (to) in the plateau regime for these 
materials under these conditions. 

It is seen from Fig. 3 that the experimentally observed 
acoustic absorption in HTSC could be successfully 
explained by the present model, which assumes the 
existence of tunnelling systems (pseudo-Jahn-Teller 
polarons) in these materials, with parameters that are 
fixed (or distributed in a narrow range) parameters. 
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The relaxation processes that account for the phonon- 
assisted tunnelling (direct processes) are responsible 
for the plateau appearance, while the non-radiative 
transitions (and first-order Raman processes) form the 
peak at higher temperatures. It is remarkable that there 
is also a feature at approx. 35 K in the experimental 
dielectric losses for YBCO. A peak at approx. 100 K 
in the ultrasonic attenuation for LaSCO is observed 
[23, 24] at frequencies 10 MHz and 24 MHz respectively. 

4. Conclusions 

The temperature dependence of  the acoustic ab- 
sorption of YBCO and LaSCO up to 100 K has been 
calculated using the two-well tunnelling systems theory. 
The relaxation times used in the calculations were 
determined by the reaction rate method. This method 
was applied to the tunnelling system due to PJTE, 
present in HTSC, which specifies tunnelling system 
parameters. 

The results obtained by our calculations of acoustic 
absorption in YBCO and LaSCO show that the fitting 
curves are very close to the experimentally observed 
ones. Moreover, the results offer the possibility of 
estimating the asymmetry A and the deformation po- 
tential D for YBCO and LaSCO as well. All this 
encourages the conclusion that tunnelling systems HTSC 
exist, originating from PJTE. 
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