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The oxygen diffusion in Y B a X u j O ^ , , was studied between 300 K and 1273 K in flowing oxygen 
by monitoring the 1 3 3Ba(EC) Cs nuclear quadrupole interaction by time differential perturbed 
angular correlation. The data are analyzed in a model of two different nearest neighbour oxygen 
configurations and yield hopping rates, the energy barrier and the difference in free enthalpy between 
both states. In addition, we studied the reduced system Y B a 2 C u 3 0 6 + £ . 

1. Introduction 

The oxygen diffusion in the high-Tc superconductor 
YBa 2 Cu 3 0 7 _ d has been studied extensively in the 
past by bulk techniques applied to powder samples. 
On the contrary, local techniques like hyperfine tech-
niques thus far either addressed static aspects of the 
Cu-environment [1] or were carried out on samples 
doped with impurity probes [2], In this paper we re-
port on the first measurements of the 1 3 3Ba(EC)1 3 3Cs 
nuclear quadrupole interaction (NQI) in YBa2Cu307_ (5 

by time differential perturbed angular correlation 
(TDPAC). We deduce hopping rates for the mobile 
oxygen as well as energy barriers representative for 
the elementary jump process. The extraction of such 
information from macroscopic measurements of bulk 
diffusion in powder samples is complicated since these 
also depend on particle size and morphology. 

2. Experimental 

Samples of YBa 2 Cu 3 0 7 _ 3 , prepared by standard 
synthesis at the INPG-ENSPG, St. -Martin d'Heres, 
France, were doped with 133Ba. They exhibited a 
sharp transition to the superconducting state at 94 K 
as detected by their AC-susceptibility. YBa 2 Cu 3 0 6 + £ 

was produced from YBa2Cu307_,$ by keeping the 
sample at 1023 K under a stream of Ar at 1 atm for 
24 hours. After completion of the TDPAC measure-
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ments this sample was reoxidized to Y B a 2 C u 3 0 7 _ d . 
Since 133Ba is not a very favourable TDPAC isotope 
(small anisotropy A22 = 3%, short halflife of the / = 
5/2+ intermediate state of the 365 keV — 81 keV y-y-
cascade) the high efficiency Munich TDPAC setup [3] 
was used. A miniature, water-cooled furnace (22 mm 
outer diameter) allowed to heat the sample up to 
1273 K under a steady flow of oxygen or argon at 
1 atm (see Figure 1). Typically, we collected data for 
two or three days with 0.5-1 • 109 coincidence counts. 
This extreme statistical accuracy and the observation 
of the correlation out to ten times t l / 2 were absolutely 
necessary in order to derive details of the NQI, e.g. 
asymmetry parameters or line broadening. 

3. Results 

3.1. YBa2Cu306+e and YBa2Cu7s01_6 at 300 K 

The room temperature spectra of the 133Ba(EC)133Cs 
NQI in YBa 2 Cu 3 0 6 + £ and YBa 2Cu 30 7_ ( 5 are 
shown in Fig. 2, top and bottom, respectively. All 
spectra exhibit a baseline shift which is probably 
due to selfabsorption in the sample. The spectrum 
for YBa 2 Cu 3 0 6 + £ exhibits axial symmetry (rj = 0), 
whereas the spectrum for Y B a 2 C u 3 0 7 _ ä has Y\ — 
0.41 (5). This is in qualitative agreement with the re-
sults obtained by NQR on 1 3 5 - 1 3 7 ßa [4], From Fig. 2 
it is also clear that the precession frequency in 
YBa 2 Cu 3 0 7 _ a (co = 97 (2) Mrad/s) is larger than for 
YBa 2 Cu 3 0 6 + £ (co = 71(1) Mrad/s). However, this dif-
ference is essentially due to the asymmetry parameter 
difference; for vQ-e2qQ/h with eq= Vzz denoting the 
largest component of the electric field gradient (EFG) 
tensor and Q being the nuclear quadrupole moment 
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Ar - Fig. 1. Schematic drawing of the miniature furnace. 
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Fig. 2. TDPAC spectrum of the 1 3 3Ba(EC) 1 3 3Cs NQI at room temperature in Y B a 2 C u 3 0 6 + £ (top) and in Y B a 2 C u 3 O v _ a 
(bottom). 
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Fig. 3. TDPAC spectra of the 1 3 3Ba(EC) 1 3 3Cs NQI in YBa 2Cu 30 7_,5 as a function of temperature. The sample was kept 
under a stream of oxygen at 1 atm during heating. The solid line is the result of a least squares fitting analysis using the 
function of (1) (slow relaxation model). The dotted line is the result of the simultaneous fit of the two-state model (see appendix). 
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of the I = 5/2+ state (0 = 0.22(5) b) we have 

vQ = 88(5) MHz and v Q = 75(1) MHz 

for YBa2Cu307_ ( 5 and YBa 2 Cu 3 0 6 + £, respectively. 
After reoxidation of YBa 2 Cu 3 0 6 + £ to YBa2Cu307_ a 

we obtained essentially the same parameters as those 
obtained previously before reduction. 

Another feature which is clearly visible in Fig. 2 is 
the high frequency component with co%1.65 Mrad/s 
superimposed onto the slow quadrupole precession 
pattern. This component is present in both samples. It 
is rather strongly damped and disappears between 
10 ns and 20 ns. 

3.2. Temperature Dependence of the NQI 
in YBa2Cui01 _8 

The TDPAC spectra for the 1 3 3Ba(EC)1 3 3Cs NQI 
in YBa 2 Cu 3 0 7 _ a under 1 atm oxygen flow are shown 
in Fig. 3 for the temperature range from 300 K up to 
1273 K. The solid and the dotted lines are two differ-
ent fitting curves as will be described below. It is clear 
from this figure that the NQI decreases with increas-
ing temperature. At higher temperatures it becomes 
increasingly more difficult to determine the asymme-
try. parameter. In order to avoid the rather strong 
correlation between the fitted precession frequency co 
and the asymmetry parameter rj at high temperatures 
we decided to keep r/ fixed at 7/= 0.41 over the entire 
temperature range. A first approach to analyze the 
data was to fit the following perturbation function to 
the spectra: 

G2{t) = e~Xct • G F T I C ( R ) (1) 

Here, 

Gf t l c ( r ) = 0.229 + 0.339 • cos (cor) 

+ 0.284 • cos(1.65a>0 + 0-148 . Cos(2.65cof) 

and /.c is the relaxation parameter introduced in the 
approximation of the Blume's Stochastic model by 
Baudry and Boyer [5], In fact, for technical reasons we 
fitted the sum of /.c and AN = 1/Tn, the lifetime of the 
/ = 5 /2 + state. In addition we included a high fre-
quency component with co= 1.65 Grad/s, <5 = 0.15 of 
the form (we call it magnetic for reasons discussed 
below) 
^ m a g n e t i c ^ 

= 0.2 + 0.4 e ~a cos (co t) + 0Ae~2öüU cos (2 cor). (2) 
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Fig. 4. Fitted precession frequency co (top) and sum of relax-
ation and nuclear decay constant / C + AN versus temperature 
(bottom) for the analysis proposed by Baudry and Boyer [5]. 
The dashed-dotted line is AN with the dotted lines indicating 
the error limits of ÄN. 

The frequency, the damping Ö (or linebroadening) and 
the fraction of the magnetic contribution were all found 
to be constant over the entire temperature range. 

The results of the individual least squares fitting 
analysis of all 12 spectra is shown in Fig. 4. The pre-
cession frequency co changes considerably from close to 
100 Mrad/s to about 60 Mrad/s at temperatures above 
900 K (see Fig. 4, top). This decrease of co is accom-
panied by an increase of x c (see Fig. 4, bottom) from 
about zero at 300 K to values around 0.015 n s - 1 in 
the temperature range around 800 K to 900 K and a 
subsequent decrease again to zero at the highest tem-
peratures. The zero Ac is characteristic for a static 
NQI at 300 K; the increase of Xc is typical for a fluctu-
ating EFG - superimposed to a static contribution -
at intermediate temperatures; the final decrease of A

C 

to zero is a sign for complete motional narrowing at 
the highest temperatures. In principle it should be 



W. Tröger and T. Butz • Oxygen Diffusion in YBa 2 Cu 3 0 7 _ , , 17 

/ 

/ mirror charges f 
(4) V;, c 

v „ orientation in state I v,, orientation in state II 
Fig. 5. Position of oxygen in the state I (left) on 0(4)-sites and in the state II (right) on the neighbouring 0(4)- and 0(5)-sites. 

possible to derive hopping rates from a In AC VS. \/T 
plot as discussed in [5], However, the accuracy of the 
present data is not sufficient to render such an ap-
proach meaningful. Therefore we adopted a different 
procedure. Rather than to fit each spectrum individu-
ally we performed a least squares fitting analysis of all 
12 spectra simultaneously with five non-trivial param-
eters. The model used is rather simple: we assumed a 
two state model with state I at 300 K having co,, sep-
arated by a barrier of AE from the second state II with 
co„ which has a free enthalpy difference AG compared 
to state I. The hopping rates re 

yI = y 0 . e - w and yn = y0e-(AE~AG)lk»T. (3) 

In this way, the progressive decrease of the average 
precession frequency as well as the increase in line-
width at intermediate temperatures, and the motional 
averaging at high temperatures can all be modelled 
simultaneously for a suitable set of parameters y0, AE, 
AG, co,, and co„. In our model, we assumed that the 
EFG fluctuates in magnitude only without a notice-
able reorientation. This follows from the observation 
that our baseline - although always too low because 
of selfabsorption in the sample - was essentially con-
stant. The resulting perturbation function is derived in 
the appendix. 

From the simultaneous fit we obtained 

y0 = 560(90) n s " \ 

AE= 555(18) meV, 

AG= 145(6) Mrad/s, 

co, = 97.5(7) Mrad/s, 

co„ = —79(9) Mrad/s . 

The quality of the two-state model fit was about the 
same as for the Baudry-Boyer model (1), but required 
5 parameters only compared to 24 in the latter case. 

4. Discussion 

4.1. Temperature Dependence of the NQI 
in YBa2Cu307-S 

The observed temperature variation of the NQI 
parameters co and x c is characteristic for systems with 
fluctuating EFG's, e.g. due to diffusing oxygen. In 
particular, the strong decrease of co with temperature 
is unlikely to be the result of lattice expansion alone. 
Moreover, the characteristic increase of at low tem-
peratures followed by a decrease at high temperatures 
points directly to fluctuating EFG's due to the oxygen 
diffusion and would be unexplainable in a static pic-
ture. 

In order to extract more information from the two-
state model analysis we have to associate specific near 
neighbour configurations of the 1 3 3Ba(EC)1 3 3Cs 
probe with these states. We identify state I with the 
oxygen on 0(4) positions ("trans-position"), as shown 
in Fig. 5 (left), and state II with oxygen residing on 
neighbouring 0(4)- and 0(5)-sites, as shown in Fig. 5 
(right). The EFG arising from these two oxygen atoms 
(we include in Fig. 5 the mirror charges of these atoms 
to facilitate the derivation of the EFG orientation) has 
to be added tensorially to the EFG arising from all 
the other charges. A crude approximation for the 



latter would be the EFG in Y B a 2 C u 3 0 6 + £ with Vzz 

along the crystal c-axis. This identification of states 
with specific oxygen configurations is suggested by 
the work of Jorgenson et al. [6] who proposed that 
the orthorhombic-to-tetragonal phase transition in 
Y B a 2 C u 3 0 7 _ 5 is of the order-disorder type. The 
mobile oxygen atoms are the 0(4) and 0(5) atoms. 

We are now in a position to identify the parameters 
derived from the two-state analysis with a specific 
hopping process: the 0(4) oxygen atom in the trans-
configuration attempts to jump onto the energetically 
less favourable position 0(5) about 600 times per 
nanosecond (this is close to typical lattice vibration 
frequencies); although the difference in free enthalpy is 
comparatively low, the barrier is very high such that 
these jumps are not very probable and the population 
of state II remains low even at high temperatures. At 
present, we do not know why we see no discontinuous 
features at the orthorhombic-to-tetragonal phase 
transition near 973 K. Possibly, the fact that the spec-
troscopy is actually performed on 133Cs, obtained by 
electron capture from 133Ba, is responsible for this 
phenomenon. A similar argument was given by Singh 
et al. [2] for their studies using i n I n as a probe. Con-
trary to their experiment, however, we see an un-
broadened, static signal at low temperatures, which 
progressively broadens at intermediate temperatures, 
and enters the motional narrowing regime at very 
high temperatures. We have no explanation for the 
fact that the l u I n spectra of Singh et al. [2] showed 
massive linebroadening at the lowest temperature and 
exhibited motional narrowing right away from 250 K 
upwards. Therefore, we can not identify their activa-
tion energy of 33(4) meV for oxygen jumps with any 
of our derived quantities. Probably, as outlined by 
Singh et al. [2], the near neighbour oxygen 0(4) to 
Cu(l) is not mobile for In on a Cu(l) site. 

There are some points of criticism for the simple 
two-state model analysis. First, the existence of config-
uration II implies that the neighbouring unit cell has 
a configuration with three oxygen atoms on 0(4), 
0(5), and 0 (4) sites. Since this process is thermally 
activated and can also take place before the nuclear 
transformation from 1 3 3Ba to 133Cs, we should in 
principle include this third configuration in our analy-
sis. After the transmutation, we might - of course -
have a completely different scenario of possible oxy-
gen configurations. Secondly, we certainly lose a cer-
tain amount of oxygen, even under 1 atm of flowing 
oxygen, at temperatures over 900 K [6]. Thus, the im-
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plicit assumption of constant stoichiometry in the 
two-state model is not correct. 

4.2. Origin of the High Frequency Component 

The high frequency component which is visible in 
all spectra is believed to be much too high to be of 
quadrupolar origin. We have observed this compo-
nent with two different spectrometers (fast-slow and 
slow-fast principle). Moreover, the same component 
was observed by P. Vulliet at Grenoble [7] with yet 
another spectrometer. Therefore, we exclude trivial 
problems with the electronics as a possible explana-
tion. We rather think that it originates from the elec-
tron capture process in the 133Ba-decay: the Cs atom 
could remain in a state with a p-hole left over after the 
rearrangement of the electronic shell. This p-hole 
could lead to a magnetic field of the order of 300 kG 
[8] which is close to what we observe. However, we 
certainly do not see the perturbation pattern of the 
free atom hyperfine interaction. Wether our approach 
(2) is correct or not is difficult to decide regarding the 
rather strong damping of the oscillation. In any case, 
we believe that a hole in the Cs shell is responsible for 
the high frequency component. Admittedly, the life-
time of this hole configuration is rather long for a 
conducting material. The Ba-environment must be 
considered "insulating" with the B a - O polyhedra be-
ing the skeleton only and being completely separated 
spatially from the conducting electron pathways and 
unaffected by the onset of superconductivity. In fact, 
no anomalies were observed in the 1 3 3Ba(EC)1 3 3Cs 
NQI in EuBa 2 Cu 3 0 7 _ a [9], This parallels the fact that 
Y can be substituted by almost any rare earth without 
affecting Tc. 
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Appendix 

The two-state diagonal motional narrowing for-
mulae in the frequency domain are given in any stan-
dard textbook, e.g. [10], Here, we derive the perturba-
tion function in the time domain. 



W. Tröger and T. Butz • Oxygen Diffusion in YBa 2 Cu 3 0 7 _ < 5 

We require the matrix elements of the operator 

' — 3i(m2 — m'2) coq— y, 

Q(t) = e 

Using the operator identity 

y> 
— 3/(m —m ) WQ —7n 

e = ea°[E cosh a H sinh a 
a 

with a. 

A = Ea0+aa, a = \ay 

\az 

and the Pauli Spin matrices 

r <T = I (7,. , ff = 

<*= ]/ax+ai+al 

y 
<yj 

0 1 
1 0 = 

0 - i 
i 0 

we arrive at 

a0= izd)-y, ctx = y, ay = iAy, 

with 

1 0 
0 -1 r 

az = izAco — Ay 

y = 
7i + 7n , Ay - 7i - 7II , z — —3(m2— m'2), co = 

cok+ COn 
ZlüJ = 

WQ-COQ 

19 

( 4 ) 

( 5 ) 

(6) 

This yields finally 

Q(t) = e-'t+iz(bt 

/ izAco — Ay 
cosh (a t) -\ sinh (a t) 

a 

— sinh (a r) 
a 

— sinh (a t) 
a 
izAa> — Ay 

cosh (a t) sinh (a t) 
( 7 ) 

Assuming detailed balance Px • y, = Pn • y„ with Pl and Pu denoting the population of state I and II (with 
Pl + Pu = 1), we arrive at 

iz(A(o)(Ay)\ sinh (a?) 
Z ^ < I | | I I> = e 
1,11 

—yt + izcot cosh(ar) + I y — (8) 

This expression replaces the usual static expression elzat. 
The limiting cases are: 

Ay 
a) y 0, — ^ 0 : 

y 

b) y2$>z2Aa>2, y> zAcoAy: e' 

j (e'zco,t + e
izco,,t) "static superposition", 

'complete motional narrowing". 

In the case of axial symmetry the perturbation function Gkk(t) is now the sum over all m, m' values of (8) 
f I I /c N 2 

multiplied with the usual intensities I 
\m' —m p; 

Note, that the hardcore remains unaffected because for z = 0 (8) reduces to unity. The expression for Gkk(t) 
is real because replacing z by — z in (8) yields the complex conjugate. For non-axial symmetry (but constant 
asymmetry parameter r]) we have to sum over Aa>j(rj) and ä>j(r]) and over the proper intensities for the given rj. 
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