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Abstrae~ The law-temperature a7Fe Miissbauer spectra ot superconducting samples of 
Fe-substituted YBazCuxO;-l mnlaining less than -5 at.% Fe are characlerized by a 
broad magneiically split profile. Although there is consensus in the lileralure as to lhe 
shape ot this spectrum. there is no m n s e n w  of inrerpretatian, Comparison of the fils 
obtained for WO samplcs with 1% Fe substitution using (i) a hyperfine-field distribution 
model and (ii) a dynamic relaxation model demonslmtes Ilia1 [he distribution model is 
marginally betier, bul that the relaxation model cannot k reliably discounted on the 
basis of the low-tempenlure M6ssbauer data alone. 

1. Introduction 

Although it is well established that at IOW temperatures superconducting samples of 
Fe-substituted YE5a2Cu,0,-, exhibit some form of magnetic order, there is continu- 
ing debate as to the exact nature of the ordered state. Below temperatures ranging 
from -15 K in 5% Fe-doped mco to -3 K in 1% doped mco, a broad, magneti- 
a l l y  split 57Fk Mossbauer spectrum is observed. The spectrum is largely featureless, 
and lends itself to many possible interpretations. Examples of the most commonly 
proposed models are (i) an ordered magnetic system with a distribution of hyperfine 
fields, (ii) a collection of slowly relaxing paramagnetic Fe ions, (iii) an ordered system 
close to a critical temperature, undergoing slow fluctuations in magnetization, and (iv) 
a spin glass in which static Fe moments are frozen into random orientations with re- 
spect to each other. In terms of the procedure for fitting the Mossbauer spectrum 
itself, models (i) and (iv) call for a distribution of static hyperfine fields, while models 
(i) and (ui) require a stochastic relaxation approach. 

Many experiments have been performed by many groups in attempts at distin- 
guishing which of the static or relaxing models is correct. I t  has been found that as 
the level of Fe doping increases, magnetic hyperfine spectra appear at progressively 
higher temperatures 11-31, This can be interpreted as evidence for the static state, 
since in a model based on slow paramagnetic relaxation the maximum effect would 
occur for the largest isolation of the magnetic ions [3]. Further evidence for the 
static state is the observation that no significant changes occur on cooling to very low 
temperatures, such as 100 mK [4], ruling out the possibility that critical fluctuations 
are present. Neutron diffraction results have been recorded for samples containing 
between 5 and 15 at.% Fe that imply that there is an absence of long-range order 
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in the moment directions 151. It therefore seems that the magnetic state of the Fe 
ions in YBa,(CuI-,Fe,),0,-6 may be that of a spin glass. Given this possibility, it 
is of interest to return to the low-temperature M6ssbauer spectra and determine the 
extent to which the data provide a definitive test of the models. 

Consequently, the objective of this work is to determine whether or not it is 
possible to distinguish between a static distribution model and a dynamic relaxation 
model on the basis of the low-temperature Mossbauer spectra alone. In the course of 
pursuing this objective, new modelling procedures have been developed, particularly 
Cor the static distribution model. These will be discussed in some detail in order that 
the methodology might be explicitly stated. 

Q A Pankhurst et al 

2. Experimental details 

?ko samples were prepared from a stoichiometric mix of Y?03, BaCO,, CuO and 
57Fe,03 which was repeatedly ground and heated to 950 OC in air. Sample 1 vias 
slowly cooled (over -24 h) from 950 "C to room remperture in air, while sample 2 was 
thermally quenched (in -5 min) in an Ar atmosphere. X-ray patterns established that 
the samples were single phased. Oxygen contents were assessed using an oxidation 
titration method [6], and found to be 6.82 per formula unit for the slow cooled sample, 
and 6.54 Cor the quenched sample. Resistivity and AC susceptibility measurements 
showed a sharp transition to the superconducting state at T, -SO K for sample 1, and 
a broad transition leading to superconductivity at -40 K for sample 2 These results 
have been described in more detail elsewhere 131. 

"Fe Miissbauer spectra were recorded at 1.3 K with the samples immersed in a 
pumped liquid helium cryostat, and at 77 K with the samples in a liquid nitrogen bath. 
A high-activity -pray source, 57CoRh with -100 mCi initial activation, was modulated 
using a triangular velocity waveform, and the transmitted 7-ray counts were collected 
into a 576-channel spectrometer. The spectra were subsequently foldcd to eliminate 
baseline curvature. Calibration was with respect to a-Fe at room temperature. The 
1.3 K spectra of both samples are shown in figures 1 and 3. 

3. Static distribution model 

The solid curves in figure 1 correspond to the fits obtained using a static distribution 
model. The fitted probability distributions of hyperfine fields, P (B,,), are shown in 
figure 2 The fitting algorithm that was used incorporated both linear and non-linear 
least-squares procedures, and was loosely based on the methods of Le Caer and 
Dubois [7] and Hesse and Riibartsch [SI. 

The fitting procedure is designed to separate the minimization of the linearly 
wrying parameters from the more complicated routines needed for the non-linear 
parameters. The quantity to be minimized is the chi-squared merit function 

x2 = ( A *  B(l  -A',?/.".;) - Dicij  - yi 
k 1 .  N j =1 .  M 

where N is the number of channels in the spectrum, yi is the number of counts in 
the ith channel (Le. the data), Xi is the source velocity in the ith channel, and X ,  is 
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YBaz(Cuo,s.b.ai )306.8~. The solid CUN~S are the resull of a least-squaw 61 of the 
dau using a distribution of hypefine-field model. 

the maximum source velocity. A and B are the baseline 'curvature coefficients of the 
unfolded spectrum, and the & sign accounts for the different signs of cuwature OR 
each half of the spectrum. The term Rjci j  represents the calculated spectrum 

in channel i, where Di is the area of the j t h  subcomponent spemum cij and M is 
the number of subcomponent spectra. 

The computed subspectra cj j  depend non-linearly on the implicitly defined hy- 
perfine parameters, but the parameters A, B and D j  are linear since the equations 

~ x ~ / ~ A = o  a X ? / a B = o  a s 2 / a D j = o  w h e r e j = 1 ,  ..., M @) 

provide a SQ of M + 2 linear algebraic equations in A4 + 2 unknowns It is therefore 
a simple matter, given a set of computed c j j  to construct the matrix inversion problem 
of order M + 2, and to determine directly the optimum values of A, B and D j .  

In the case where the subcomponent spectra differ only by an incremental step 
in the value of the hyperfine field, the area parameters Dj  correspond directly to 
the probability distribution P( Bhf). Since it is physically unrealistic that there be 
negative probabilities in the distribution, it is desirable to include smoothing and 
boundary conditions. This may be achieved by adding extra terms to the merit 

j = 1 ,  h¶ 
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function, so 
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becomes the function to be linearly minimized. Here a is a smoothing coefficient 
and p is a boundary coelhcient which favours Dk = 0 at any number of specified 
values of IC. 

Applying the above methodology to the problem of the Mossbauer spectra of 
YBa2(Cu,,,,Fe,,,,)a0,-6 is mmplicated by the number of distinct Fe sites that occur 
in the material. In oxygen-poor Fe-doped YBCO samples there are three distinct Fe 
sites, and in oxygen-rich samples there are four sites. These sites are characterized by 
their isomer shift 6, quadrupole splitting A, electric field gradient (Em) asymmetry 
9, and the angle 0 between the principal axis of the EFG and the crystallographic c 
axis [3,9]. Values of 6 and A, obtained from the fit to the 1.3 K spectra, as well as 
the known mlues of 1)  and 0,  are givcn in tablc 1. 

Table 1. Isomer shift 6 (in mm s-’), quadrupole splitting A (in mm s-l) ,  mean hyperline 
field (Bw) On T). asymmetry 11 and an&le 8 (in deg) ktween the W O  principal axis and 
the aystallographic c axis for the distinct Fe sites present in YBaz(Cup ~ s f e O . o ~ ) 3 0 ~ - ~ .  
The parameters 6. A and (Bw) were determined from a least-squares 61 of lhe 1.3 K 
spectra wing a P( E M )  distribution model, while r) and .9 were constrained to the values 
indicated. 

Quenched sample Slow-coaled sample 

Site 6 A (Eh[) ‘I 0 6 A (Bb) ’I 8 

A 0.13 -202 22.0 0 0 0.12 -2.03 233 0 0 
B 0.03 1.04 13.4 1 90 0.M 0.99 17.4 I 90 
C 0.43 0.72 43.1 0 0 0.38 0.55 ~ 42.7 0 0 
D -0.02 -0.54 9.0 0 0 

The multiple sites were incorporated into the Cj=,, &, D j c i j  term of equation 
(1) by subdividing the summation range: for example, in fitting the spectrum of 
the oxygen-poor (quenched) sample, M was set at 100, with the subspectra cij 
corresponding to site A being called for j = 1 l . I .  ,40, subspectra for site B called 
for j = 41,. . . ,80, and subspectra for site C called for j = 81,. . . ,100. Boundary 
conditions were imposed to ensure that the calculated values of D, were close to zero 
for k = 1,40,41,80,81 and 100. The lack of a constraint on the overall relative areas 
of the A,  B and C components was overcome by simultaneously fitting the 1.3 K 
spectrum with a 77 K paramagnetic spectrum in which the three sites were easily 
distinguishable as three doublets. Proper consideration was given to the temperature 

The resultant fits were of high quality for both the quenched and slow-cooled 
samples (see figure 1). The mean hyperfine field at each site is given in table 1, and 
the full P(B,,) curves are shown in figure 2 It is apparent that at some of the Fe 
sites the P( Bhf) curves are bimodal. It is not clear whether this is a significant effect, 
or an artefact of the fitting caused by an overlap of the outer lines of component 
sextets with small fields B, and the second and fifth lines of component sextets with 
large fields 8,. The latter k a problem that is often encountered in P( Bhf) fits. It 

- dependence of the isomer shift parameter. - i 
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P l y =  2 Fitted P( Bu) histograms for (lop) the quenched and (bottom) the slowcwled 
Y B a z ( C ~ a . s s F q , ~ ~ ) ~ O ~ - ~  samples. mmeponding to the curves shown in figure 1. 
"et Fe siles were used tor the quenched sample. and lour for the SlowCOOled sample. 
m e  different sites are denoted bj: dolled area. site A; crms-hatched area, site S; 
unshaded area. site C; shaded area. site D. ?he summed areas under the histograms 
are normalized to 1. 

should be noted that in the analysis each component subspectrum was calculated by 
a full non-perturbative consideration of both the electric quadrupole and magnetic 
hypefine interactions, so the problems associated with the first-order approximation 
methods commonly used elsewhere are not present. 

4. Relaxation model 

The solid curves in figure 3 correspond to the fits obtained using a relaxation model 
based on the stochastic relaxation theory of Blume and Tjon [lo]. In this case the 
linear minimization procedure described in the preceding section was applied only to 
the baseline curvature parameters and a single total spectral area parameter. 

Within the relaxation model the broadening of the Mossbauer spectral lines 
is attributed to the effect of the individual Fe moments physically reorienting on 
a timescale comparable to the measurement scale of the Mossbauer transition, - lO-'s. The magnitude of the moment that is flipping is signified by the value of 
the saturation hyperfine field Bs, at the Fe nucleus, and the rate at  which the spin 
flips determines the degree of line broadening in the Mossbauer spectrum. 

On fitting the 1.3 K YBa,(Cu,,,,Fe,,,,)30,-6 spectra it was found that more 
than one relaxation rate per Fe site was required, so three different rates (equally 
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5. Results and conclusions 

Viual inspection of the least-squares fits of the 1.3 K spectra of 1% Fe-doped 
YBa,C%O,-, obtained using P( Bhl) distribution and relaxation models, figures 1 
and 3, reveals that both models give satisfactory results. This is conlirmed by the 
respective values of the x2 merit function obtained for the fits (see table 3), which 
are not very different. However, close inspection of the data leads to the conclusion 
that the P(B,,) distribution model is the better of the two in correctly following the 
features evident in the spectra. This is especially evident in the outermost lines of the 
spectra, and in the area of absorption near f2 mm s-I. It is therefore apparent that 
although it would be diliicult m distinguish between the validity of the P( Bhl) and 
relaxation models on the basis of the low-temperature spectra alone, in the light of 
supporting evidence from other sources it is likely that the static distribution model 
is the more appropriate of the two. 

Table 3. ?he x2 figurer ol  meril obtained from lhe oonipuler fils of the 1.3 K Miissbauer 
spectra of YL?az(Cuo 99% 01 using s!alic dislribulion and dynamic relaxalion 
models. 

Model Quenched sample Slowumled sample 

P ( B u )  dkliibulion - 118 1.23 
Relaxalion - 1:44 1.52 

Further to this conclusion, it is interesting to enquire further about the nature of 
the magnetic state: is it an ordered system with a hyperfine-field distribution, or a spin 
glass? Neutron diffraction data imply that it is a spin glass. The P( B,,,) distribution 
model used in this work was in fact based on the assumption of an ordered magnetic 
system in which every hyperfine field at  a given Fe site had the same orientation in 
the crystalline lattice. If the system were a spin glass, each Fe site would be occupied 
by a collection of randomly directed hyperfine-field vectors, with a distribution of 
magnitudes Bhf superimposed. The result would be a random sampling of the crys- 
talline electric field gradient at each site. ?b model the Mossbauer spectrum resulting 
from such a system it would be necessary to compute each individual subspectrum 
in a P( Bhf) distribution as a superposition of ‘sub-subspectra’ corresponding to rep- 
resentative orientations of B, \’ectors in the crystalline coordinate system. This is 
orders of magnitude more complcx than the analysis used in the present work, and 
would exceed our current computing resources. We conclude that at present we 
are unable to determine the exact nature of the low-temperature magnetic state in 
YBa2(Cu,,,,Fe,,,,),0,~, on the basis of the low-temperature Mossbauer spectra 
alone. 
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