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1. phys.: Condens. Matter 6 (1994) 835-848. Printed in the UK 

Derivation of partial pair distribution functions for 
amorphous FeTb from electron scattering data based on a 
new concept 

M Tewes, J Zweck and H Hoffinann 
University of Regensburg. Institate of Applied Physics, 93040 Regensburg. Germany 

Received 27 August 1993 

Abstract. In this work we present pair distribution functions (PDFS) of amorphous Fel-,Tb, 
(x = 0.145)  with a high spatial resolution better than 0.02 nm obtained from electron 
diffraction experiments me short-range order of FeTb alloys with up to 32 at.% Tb content is 
described quantitatively as an anangement of the known crystalline FeTb phaes with various 
concentrations and structures by superposing PDFS of these strucwes in the range of the first 
and second coordination shell up to 0.6 nm. Partial FeFe, FeTb and TbTb radial distribution 
functions (RDFS) are obtained hom this model; coordination numbers and neighbour distances 
are presented and compzed to other authors’ results. 

1. Introduction 

A well established method of structure investigation of amorphous and polycrystalline 
specimens is the calculation of pair distribution functions (PDFS) from diffraction intensities 
by means of Fourier inversion. The PDF g ( r )  = 4 n r [ ~ ( r ) - ~ o ]  represents a one-dimensional 
projection of the autocorrelation function of the structure under investigation. In analogy 
to crystalline specimens a ‘coordination shell’ can be defined for amorphous specimens 
at distances where maxima occur in the PDF. Typically, for amorphous specimens two 
coordination shells can be found. 

The fundamental problem in the interpretation of PDFs of binary alloys such as Fe,-,Tbx 
is that the measured total PDF g ( r )  consists of three partial PDFs gFcFe(r). gFeTb(r) and 
g T b n ( r )  representing FeFe, FeTb and TbTb coordinations. These partial PDFS contribute 
to the coordination shells in the total PDF weighted according to their atomic concentration 
and their atomic form factor for the radiation used and cannot be separated from one single 
diffraction experiment. To overcome this problem, neighbour distances and coordination 
numbers are often obtained by fitting three Gaussians into the first coordination shell. These 
Gaussian curves are then assumed to be the three partial PDFs in the range of the fist 
coordination shell. This procedure has been carried out for some rare-earth/transition metal 
(WTM) alloys by several authors (e.g. [NI). 

However, the visible fine structure of the first coordination shell representing the atomic 
arrangement may depend strongly on a PDF’s spatial resolution. In order to realize a spatial 
resolution for reliable PDFs, the measurable maiimum scattering length k,, that can be 
measured in an experiment has to be as large as possible as has been suggested by numerous 
authors (e.g.[5-8]. This is an obvious consequence of Abbe’s law of imaging in an one- 
dimensional definition. 

The short-range order of FeTb or related W M  alloys has been interpreted in most cases 
with ‘dense .random packing’ models (see [9] for an overview). In this work a different 
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description is given in terms of a structure model that describes the amorphous structure as 
a simultaneous existence of several crystal-like types of short-range order. From this model, 
which seems to give a more appropriate description especially for the atomic arrangement 
of Fe-rich alloys, partial FeFe, FeTb and TbTb coordinations are calculated and discussed. 

2. Experimental procedure 

2.1. Preparation and measurements 
All the FeTb alloys investigated were prepared as thin films by FS sputtering in Ar 
atmosphere. The sputtering power was 200 W, the AI partial pressure hPa, the 
initial pressure less than lo-' hPa. The films were deposited on water-cooled glass 
substrates. The sputtering rate was 0.4 nm s-I. T ho film thicknesses-IO nm and 50 nm- 
of each composition were sputtered, mainly to investigate incoherent electron scattering 
contributions depending on the film thickness. To prevent oxidation the films were covered 
with an AI under- and overlayer of 5 nm thickness, thus forming a sandwich layer of 
AI/FeTb/Al. The A1 cover was found to be very stable and to reliably prevent the oxidation 
of the films. 

The film compositions were determined by Auger electron spectroscopy (AES) and 
by energy dispersive x-ray (EDX) spectroscopy. Using a parallel electron energy-loss 
spectrometer (PEELS), it was also possible to check qualitatively that no oxidation had 
occured in the films under investigation. In all films 1-2 at.% AI was found from the 
sputtering process. 

The structure of the films was investigated with electron diffraction measurements in 
a conventional transmission electron microscope ('EM Philips CM 30) in diffraction mode 
with 300 keV electrons. The camera length L was used to calculate the scattering angle 

I D  2 0  =tan- 
L 

with D the distance from central (unscattered) spot to the scattered electron intensity. 0 
was used to calculate the scattering length k ,  which is defined as 

(2) 
4n sin 0 k = -  

h 
with h = 1.97 pm (de Broglie wavelength of 300 keV electrons). 

The diffraction patterns were recorded with a CCD slow-scan camera connected to the 
electron microscope. In this case. no normalization procedure had to be performed besides 
the standard dark-current subtraction and gain-variation normalization due to the very good 
linear response of the CCD signal to electron intensities. A very good signal-to-noise ratio up 
to high scattering lengths - where the scattered intensities are very weak - was reached by 
using longer integration times in this area. This is shown in figure 1 for two independently 
measured scattering intensities of a crystalline Fe95Tbs specimen with BCC Fe structure. 
Each intensity represents a superposition of four measurements, which is the standard 
procedure used for all measurements in this work. Besides a scaling to the integration 
time used no additional data processing such as smoothing was performed. 

As a second independent method micrographs were taken from the diffraction patterns, 
their local optical density was obtained from densitometer traces and converted into electron 
intensities with a normalization procedure as described in [lo]. Here also series with 
increasing integration times were measured. No differences were found between the results 
of both methods. 
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Figure 1. Scattering intensities &(k) from two independent measurements for a crystalline 
F ~ s T b s  film. The intensity is shown on a logaxithmic scale, for ease of comparison the upper 
curve has been shifted. The intervals where different integration times are used are indicated at 
the k-axes. 

2.2. PDF calculation and interpretation 

The well known algorithm to calculate PDFs g ( r )  from the measured scattering intensity 
Zmp(k) has been described in detail, for example in [Ill.  We use the same procedure as in 
[IO], where a Lorch function M(k) [U] is used to avoid ripples in the PDF caused by the 
upper integration limit k,, in (3): 

k m  
g ( r )  := 4 n r [ e ( r )  - eo] = 2 1 ki(k) sin(kr)M(k) dk (3) 

n o  

with i(k) the so-called reduced interference function defined as 

where If  (k)I2 is the atomic form factor of the specimen and N is a scaling factor, so that 
i(k) represents only the structure-sensitive part of Zexp(k). For alloys, If (k)I2 is the sum of 
the atomic form factors of the elements weighted to their atomic concenmtions. The Lorch 
function is defined as 

sin(nk/k,,)/(nk/k,,) for 0 < k < kmax 
I o  otherwise. 

M(k) = 

Coordination numbers 2 in an interval rl+z in real space are calculated as the integral 

Z = l,r2 G ( r )  dr  

with G ( r )  the so-called radial distribution function (RDF) defined as 

(5) 

G ( r )  = rg ( r )  + 4nr2eo (7) 

For a detailed and reliable PDF and RDF interpretation the error limits of the procedure 
described must be checked very carefully. In this work attention has been paid especially to 
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( I )  the PDFS' spatial resolution, (2) the accuracy of the PDFS' amplitudes and (3) a possible 
contribution of the AI coverage of the investigated films. 

(1) As mentioned in the introduction, it is well known that the spatial resolution A of 
a PDF is limited by the maximum measured scattering length k,, by 

(8) 

A is the limiting factor for the separation of neighbour distances. Therefore, even for 
amorphous specimens it is necessary to extend the scattering vector up to high values 
between 300 and 400 nm-' to improve the resolution in real space up to 0.02 nm (see [SI 
for a detailed discussion). Especially for Fe-rich FeTb alloys with Tb content between 10 
and 20 at.% Tb where the transformation from crystalline to amorphous state is observed, 
a resolution of 0.02 nm is necessary to separate neighbour distances that exist in Bcc Fe 
and to investigate the FeTb coordination, which has been assumed to be quite complicated 
for example for FesoTbm [13]. Therefore, we have measured scattering intensities up to 
a k,, of about 350 nm-'. In figure 2(a) the functions k i ( k ) M ( k )  calculated from the 
intensities in figure 1 are shown together with the difference. As can be seen, for the 
polycrystalline specimen used as a test structure significant peaks can be seen at least up 
to 250 nm-'. To prove that real information in i ( k )  can be measured up to the maximum 
measured scattering length, the standard deviations of the three curves were caIculaled. For 
the difference of the two measurements, which represents the pure noise without structure 
information, the standard deviation is given by twice the averaged height of the noise 
signal. For the k i ( k ) M ( k )  curves, which oscillate around zero, the standard deviation is 
given by the averaged signal height. The calculation was performed independently for three 
intervals: The standard deviation of the k i ( k ) M ( k )  curves was found to be 3.56 nm-' 
between 0 and 100 nm-', 0.70 nm-' between 100 and 200 nm-I and 0.37 nm-' between 
200 and 350 nm-I. The standard deviations of the difference are 0.094 nm-l, 0.090 nm-' 
and 0.079 nm-'. respectively. This means that there is real information in the scattered 
intensity over the whole range measured, with a averaged signal-to-noise ratio of roughly 
801 in the first interval, 15:l in the second and still 1 0 1  in the third. 

(2) The measured intensity Iap(k) in electron diffraction experiments has contributions 
not only from the coherent scattering from the specimen. Other contributions are caused 
by inelastic scattering processes in the specimen and by multiple-scattering effects [14]. 
This causes a change of the peak-to-background ratio, where the coherent Bragg-scattered 
intensity decreases and the incoherent background increases. Moreover, the multiple- 
scattering effects influence the shape of the background, which causes long-range disturbance 
in i(k) and therefore ripples at small distances (6 0.15 nm) in g(r). To study these 
contributions we used different film thicknesses of the same specimen as suggested in 1141. 
To correct these effects quantitatively we used a polycrystalline, textureless 50 nm thick 
Fe95Tbs specimen with BCC Fe structure as a reference, where the background curve can 
be measured directly as suggested in [Ill.  This method has been chosen because so far 
no first-principles correction method has been introduced especially for the correction of 
multiple scattering effects in IeXp(k) .  

An additional correction, which is necessary because of the limitations of the apparatus, 
is the removal of a damping term the PDF is unavoidably multiplied due to a convolution of 
Imp(k)  with the finite electron-source size, the imaging conditions in the electron microscope 
and the finite resolution of the camera system used for registration. 

These correction procedures limit the accuracy of PDF amplitudes (and therefore 
coordination numbers) to a systematic error of 10-20 %, while the statistical error is much 

2Z 
kmvr 

A = - .  
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Flgure 2. (a) Calculated functions k i ( k ) M ( k )  according to equations (4) and (5) from the 
measured intensities in figure I (top and middle) and the difference between the two (bottom). 
Note that the scale of the y-axis is changed for the top and middle curves at 170 nm-'. and 
for the bottom curve as a whole, by a factor of ten. (b) PDFS calculated from the curves in (a) 
according to equation (3) (top and middle) and the difference (bottom). 'Ex same d e  is used 
for all three curves. 

smaller: in figure 2(b) the PDFs calculated from the intensity curves of figure Z(a) are shown 
together with their difference. The absolute difference, which is roughly twice the statistical 
error, is smaller than f 15 nm-' in the range of the first coordination shell and smaller than 
f 30 nm-2 in the range of the second coordination shell. The increase of the difference is 
caused by the removal of the damping term. This means that the statistical error caused by 
uncertainties of the measured intensities is smaller than 2%. This error is shown in figure 3 
as error bars for the first, second and third coordination shells for the PDFS of all specimens 
presented there. 

The positions of the maxima in g ( r )  are nearly independent of these effects[l4]. Besides 
peak broadening, the error in r in real space is about the same as the error in k in reciprocal 
space which is very small (< 0.1%). 

(3) Although inelastic- and multiple scattering contributions in &(k)  are much larger 
for the 50 nm thick FeTb films than for the 10 nm films, only the former are used to calculate 
PDFS because no correction for an AI contribution has to be made: due to a smaller number 
density and smaller atomic form factor the theoretically scattered intensity ratio Al:FeTb 
is only 1:20 for the film thickness ratio of 15 .  In an experiment the contribution is even 
smaller, because weaker Bragg peaks of the AI coverage at larger k-values are not registered 
due to the finite signal-to-noise ratio of roughly 15:l above 100 nm-I. Therefore, only a 
very weak and smeared-out AI contribution in the FeTb PDFs has to be expected. This 
can be seen directly in figure 3: the long range order of AI crystallites would be seen as 
significant peaks in PDFs of amorphous F e n  specimens such as FeszTb,s at larger distances, 
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but in fact only small ripples can be seen beyond 0.7 nm. 

2.3. Results 

Well known basic structural features of amorphous FeTb alloys can be seen in the PDFs 
presented in figure 3: an FeFe next-neighbour distance of (0.255* 0.005) nm can be found 
over the whole concentration range, A decrease of the shotGrange order down to two 
coordination shells can be observed with increasing Tb content from 10 to 20 at.% Tb and 
an FeTb neighbour distance in the PDFS appears at about 0.307 nm. Beside these well known 
features of the first coordination shell, significant differences of the fine structure can now 
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be observed with increasing Tb content of the alloys due to the high spatial resolution of 
the PDFS, as follows. 

(1) Tb content 10-18 at.% (first panel of figure 3): the polycrystalline long range order 
as in BCC Fe is destroyed. In the first coordination shell the second BCC FeFe neighbour 
distance at 0.29 nm can no longer be separated. This is due to a broader range of FeFe 
next-neighbour distances in the less ordered specimens. Also an FeTb coordination with 
increasing Tb content can be seen. The atomic distances observed become less localized 
with increasing Tb content, indicating the transition from a crystalline to an amorphous 
state. A TbTb coordination cannot be observed because of the small weighting factor in 
this composition range (less than 5%). 

(2) Tb content 20-26 at.% (second panel of figure 3): in this range a substructure in the 
first coordination shell becomes more pronounced, showing four submaxima for Fe77Tb23 or 
three submaxima and an additional shoulder for FegoTbzo and Fe74Tb26. This fine structure 
is significant for the three specimens in this composition range. It is significantly larger 
than a possible statistical or termination error as indicated by the error bars. Therefore, the 
structure cannot easily be interpreted with the idea of one fundamental distance each for 
FeFe, FeTb and TbTb coordination, respectively. The reason why this fine structure has 
not been found in the few other works on Fe-rich FeTb alloys [2,3] can be found from 
the fact that in our experiments a higher spatial resolution is achieved and that electron 
diffraction is more sensitive to the partial FeFe coordination than x-ray diffraction. This is 
due to a higher ratio of the atomic form amplitudes fe : fn for electron compared to x-ray 
scattering [15]. 

(3) Tb content 32-50 at.% (third panel of figure 3): three subpeaks appear in the first 
coordination shell of the PDF, interpreted as FeFe, FeTb and TbTb distances. This result 
has been reported by other groups for F~7Tb33 and more Tb-rich alloys [1,3,16,17]. An 
interpretation as a random packing of hard spheres, where the atomic distances are given 
according to the Goldschmidt diameters of the atoms, seems to be possible in this case as 
has been often discussed [9]. However, this model cannot explain the structures shown in 
the first two panels of figure 3. 

3. A structure model for amorphous FeTb alloys 

3. I .  Model calculations 

To describe the fine structure discussed above quantitatively we fit a linear combination of 
the six crystalline structures of the FeTb phase diagram (BCC Fe, the rhombohedral phase 
of Fe17Tbz, Fe,Tb, FwTb6, FezTb and HCP Tb) [IS] to the first coordination shell in 
the PDFS.’ The physical meaning of this fit is to describe the short-range order of binary 
non-crystalline atomic systems as a simultaneous existence of associations corresponding to 
crystalline structures with various concentrations and structures. The general idea has been 
developed from thermodynamical considerations by Aptekar [19]. 

It should be mentioned that this model is completely different to a so-called 
‘quasicrystalline’ (Qc) model, which assumes the short-range order of the amorphous state 
to be identical to that of one crystalline structure of similiar stoichiometry. Therefore, we 
want to call our model a ‘multicrystalline’ (MC) model, which is more similiar to the model 
of ‘random packing of molecular units’ (RPMU) introduced by Gaskell [20] to describe the 
short-range order of metalhetalloid alloys. 

Tbe QC model bas been discussed in recent years for RE/TM alloys without success 
[ I ,  15,161, In particular, for amorphous FezTb and FeZGd it has been found that the short- 
range order of the crystalline Laves phase (MgCuz structure type) differs both in neighbour 

. .  
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distances and coordination numbers from the short-range order of the amorphous phase with 
the same composition. 

3 ok-:" !T;wyjs 
- 
5 D Figure 4. Calculated P D F ~  of crystalline Pe, Tb and 

FeTb swctum with a resolution A of 0.02 nm as 
used for the MC model. 
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The calculated PDFs of all the crystalline structures used are shown in figure 4; next- 
neighbour distances and Coordination numbers of the crystalline structures are summarized 
in table 1. A linear combination of these calculated PDFs of the crystalline structures were 
fitted to the first coordination shell of the experimentally obtained PDFs. The full widths 
at half maximum of the crystalline PDFs were varied in a range of 0.015 nm (experimental 
resolution) to 0.04 nm. The best results were obtained with widths of about 0.025 nm. This 
is a larger width than expected for crystalline structures and is interpreted as a disturbed 
crystalline order in the range of the first coordination shell of the amorphous specimens. 

Table 1. Neighbour distances and coordination numben of crystalline Fe, FeTb and Tb slructures 
averaged according to a PDF resolution A of 0.02 nm as in figure 4. 

Crystalline FeFe Fen TbTb 
smcture 

Coordination Distance (nm) Coordination Dismce (nm) Coordination Distance (om) 
- - - - Fe 14 0.249 

0.285 
FeI7TbI 10.4 0.252 2.1 0.290 1 .o 0.415 

0.3OQ 0.321 
Fe2,TbG 9.1 0.254 3.3 0.301 3.9 0.344 
FelTb 7.4 0.252 4.7 0.302 3.4 0.328 
FeZTb 6 0.259 6 0.304 6.6 0.318 
Tb - - - - 12 0.356 

Having found the distribution of the crystalline structures in the amorphous alloys, partial 
RDFS were calculated for the amorphous FeTb alloys by adding the correctly weighted 
calculated partial RDFS of the crystalline structures. Finally, from these RDFS partial 
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coordination numbers, Zij, according to equation (6), and neighbour distances, rij, are 
obtained. 

Table 2. Canhibutions CX of crystalline FcTb stmcNres in PDFS of amorphous F e n  alloys in 
Bo, normalized IO IWB. 

Table 3. Fit parameters: Fe conlent we and mean deviations V I  and a2 in Ihe first) and second 
coordination shells respectively. 

Amumhous e ~ r  

FesrTb~s 85 3.0 7.3 
Fe81Tb17 86 3.1 9.0 
Feg2Tbls 86 ' 1.9 6.8 
FesuTbzo 81 1.5 6.1 
Fq7Tbu 77 3.6 6.6 
Fq1Tbz6 76 2.5 7.4 
FYsTbiz 70 2.8 5.9 
FesuTbrn 28 5.3 61.4 

In table 2 a summary of the results for the FeTb alloys is given. In table 3 several 
parameters are listed. which are defined to check the reliability of the results as follows. 

(1) The mean deviation (TI is defined as the average deviation between measured and 
fitted PDFs within the fit interval normalized to the PDF's amplitude, It would be zero for 
an ideal fit. 

(2) From the results in table 2 the Fe content C F ~  of the amorphous FeTb alloys can be 
calculated. This average composition of the different local stoichiometries has to be equal 
to the macroscopically measurable composition. This is an important test for the physical 
significance of our model. An absolute error of about 5 at.% is assumed. 

(3) If there are crystallime-type bondings in the amorphous specimens as predicted by the 
MC model, the fit performed on the first coordination shell should describe some significant 
details of the second coordination shell as well. An additional disturbance as normally 
assumed for amorphous structures can be taken into account by smoothing the second 
coordination shell in the fitted PDFs. Results for some FeTb alloys can be seen in figure 5. 
As can be seen, the only structure where the fit does not describe the limits and amplitude 
of the second coordination shell accurately is FesoTbso. Also the calculated Fe content for 
this fit is wrong. Possible reasons for this result will be discussed in detail below. The 
mean deviation for the second coordination shell 02 between measured and fitted PDFs is 
also given in table 3. 

Summarizing, it can be stated that for the Fe-rich FeTb alloys there is a strong evidence 
for the MC model: the mean deviation between measured and fitted PDFs within the fitting 
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Figure 5. PDFs of amorphous FeTb alloys (-4 with fined PDFs (-. - .) 
limits (first coordination shell) is about 2.7%, for the second coordination shell i t  is about 
7.5% and the macroscopic Fe content is reproduced within error limits of 4 at.%. 

It should be mentioned here that for Gaussians fitted to the first coordination shell to 
describe the short-range order, the check for validity of this procedure that can be made is 
the quality of the fit within the fitting limits only. The criteria used to check our model 
are much stronger. A physically meaningful interpretation of the fit results seems to be 
possible. 

3.2, Distribution of the crystalline FeTb structures in amorphous FeTb 

Our MC model gives a complicated correlation between the Tb content and the distributions 
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of crystalline FeTb structures in the amorphous alloys: in no alloy is the crystalline phase 
that contributes most to the fit that with the composition closest to that of the amorphous 
alloy, as a QC modcl would suggest. It seems that there is a small ‘segregation’ of about 
5-10% Tb that can be found in every FeTb alloy, while the alloys’ short-range order is 
dominated by a more Fe-rich crystalline structure (BCC Fe up to 17 at.% Tb in the amorphous 
alloy, Fel7Tb2 for FegzTblg, FeZyTb6 for FeSo- up to FegTb3~). 

For the FesoTbso alloy this description is not valid. HCP-Tb-like ordered regions seem 
to dominate this alloy. A complete description of this structure in terms of the MC model 
does not seem to be possible. It should be mentioned that the model seems to give good 
results exactly in the composition range of the amorphous FeTb alloys where crystalline 
FeTb structures exist. 

3.3. Coordination numbers and neighbour distances of amorphous FeTb 

The partial RDFs calculated from the values of table 2 for the amorphous alloys are shown 
in figure 6. the results are summarized in table 4. The weighting factors for the partial TbTb 
RDFs are too small for the alloys up to Feg3Tbl7 to calculate reliable TbTb coordination 
numbers. An error of f 10% is reliable for the coordination numbers. For the neighbour 
distances an error of + I %  can be assumed. 

Figure 6. Partial RDFS of the amorphous FeTb alloys calculated from fit mulls. (-, FeFe; 
- - --, FeTb, and - . -, TbTb). 

Additionally, in table 4 coordination numbers and neighbour distances of FQ8Tb32 and 
FesoTbs are given that have been obtained by fitting three Gaussians within the limits of 
the first coordination shell. For FesoTbso this method seems plausible, as discussed above, 
for Fe6gTb32 it is interesting to compare the two results. 

Table 5 gives results presented in other publications for alloys FesoTbm and Fe67Tb33 or 
similar. As can be seen, coordination numbers differ for different authors, while neighbour 
distances are mainly the same. As discussed, coordination numbers are very sensitive to 
normalization errors, methods of fitting and also to the RDFS’ spatial resolution A [3]. This is 
as likely a reason for the differences as a real structural difference due to different specimen 
preparation. 
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Table 4. Neighbour distances and coordination numbers of FeTb alloys from fit results in table 2 
(' from fitting three Gaussians) and the surplus of Tb atoms around Fe compared to statistic 
distribution in the next-neighbour shell. 

Amorphous FeFe FeTb Surplus TbTb 
alloy of FeTb 

Coordination Distance Coordination Distance Coordination Coordination Distance 
(nm) (nm) (nm) 

FewTbiu 11.9 0.252 1.8 0.313 t 0.4 - - 
FesrTbls 11.0 0.256 3.3 0.311 +1.2 - - 
Fea,Tbl7 10.6 0.260 3.1 0.309 +0.8 3.3 0.360 
FenTbls 9.7 0.254 2.6 0.310 f0.7 3.0 0.360 
FesoTbn 8.1 0.250 2.9 0.288 + 0.7 3.3 0.353 

Fel7Tb3 7.5 0.258 3.6 0.315 + 1.0 4.1 0.359 
FelaTba 6.8 0.256 3.8 0.304 + 1.0 4.0 0.349 
FeasTb32 6.0 0.254 4.4 0.308 + 1 . 1  4.9 0.357 

5.0 0.254 5.0 0.305 t 1.8 5.0 0.348' 
Fe5oTbso 4.8 0.260 3.8 0.306 -0.5 8.4 0.353' 

0.317 

Table 5. Neighbour distances aod coordination numbers of FeTb alloys from various authors 

Amorphous FeFe FeTb TbTb 
alloy 

coordination Distance coordination Distance coordination Distance 
(nm) (nm) (nm) Reference 

FeuTbs 6.8 0.252 2 9  0.302 3.4 0.341 141 
~~ 

FesoIb.0 7.1 0.250 3.4 0.303 3.6 0.347 [3] 
FelYIbl 7.0 0,259 - 0.306 6.9 0.349 [2] 
Fell% 5.4 0.249 4.5 0103 3.1 0.341 [3] 
Fe67Tb3, 6.3 0.254 3.3 0.304 6.0 0.347 [ I ]  
Fe67Tb33 6.4 0.255 5.1 0.320 6.3 0.340 [I61 
FeoTb37 4.2 0.249 4.9 0.300 5.4 0.343 131 

The positions of the main maxima of the partial FeFe and FeTb RDFS (table 4) are in 
good agreement with the next neighbour distances found by other authors. They are close 
to the sum of the Goldschmidt radii of Fe and Tb. 

In figure 6, the partial FeFe RDFs show over the whole composition range a more 
or less pronounced shoulder at about 0.29 nm, which gives the first coordination shell a 
shape simiiiar to that of BCC Fe. This result is found also for partial FeFe RDFs where the 
proponion of the BCC Fe RDF is only 10-20%, as for Fe74Tb~ or Fe68Tb32. This means that 
a BCC Fe-like shape of the first FeFe coordination can also be found from a superposition 
of the partial FeFe RDFs of the crystalline FeTb structures. 

The partial FeTb RDFs are also of non-Gaussian shape in the range of the first 
coordination shell. Here a shoulder at smaller distances than the main maximum can be 
seen; for the partial FeTb RDF of FeBoTba a real submaximum at 0.29 nm shows up. 

The partial TbTb RDFS are dominated by the HCP Tb part, but show also contributions 
of the TbTb coordinations of the crystalline FeTb structures at smaller neighbour distances. 
The maximum for the TbTb neighbour distance is about 0.355 nm, slightly larger than the 
more often reported 0.34-0.35 nm. 

Summarizing, the atomic arrangement around an Fe atom consists of Fe atoms at mainly 
two distances at about 0.255 nm and about 0.29 nm, which can be interpreted as a disturbed 
Bcc-like arrangement, and Tb a t o m  mainly at a distance of about 0.307 nm. The number 
Z F ~ ~ +  Z F ~ T ~  of atoms in the first coordination shell of an Fe atom decreases with increasing 
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Tb content from 13.7 for FesoTblo to 10.4 for Fe68Tb32 and to 8.6 for FeBTbso. 
For FeTb alloys a compound formation tendency has been postulated by some authors 

(e.g.[3,4]). This can be decided from the ratio of the partial coordination numbers of 
the next neighbours, which may be different to the macroscopic ratio of the contributing 
elements. In the case of compound formation in the first coordination shell of Fe more Tb 
atoms can be found than one would expect from the atomic fraction of Tb in the alloy as 
a whole. Actually, we also find a surplus of Tb atoms between 0.7 and 1.1 for all alloys 
investigated up to Fe68Tb32 (see table 4). 

This is a smaller amount than found by other authors, because we find systematically 
larger FeFe coordination numbers and smaller FeTb coordination numbers. The reason 
for this is the BCC-like shape of the partial FeFe RDFs as discussed above. This can be 
seen by comparing the coordination numbers for FmTb32 from the Gaussian fit with the 
formerly presented results. Nevertheless, the Tb surplus is significant for all the alloys up to 
F~8Tb32. indicating compound formation in the alloys where the Fe atoms are preferentially 
surrounded by Tb atoms and vice versa, although we find a BCC Fe-like surrounding in 
the FeFe RDFs. Actually, as has been shown, such a BCC-like surrounding can also be 
constructed by superposing the FeFe surroundings of the crystalline FeTb structures. So, 
there is no contradiction between these two results, and in particular no segregation tendency 
for the Fe atoms in the Fe-rich alloys can be concluded. 

A different result can be found for FesoTbso: here we find 0.5 Tb atoms less in 
the Fe surroundings compared to what a statistical distribution would predict, meaning 
a segregation tendency for this alloy. 

4. Summary and interpretation 

It has been shown that thin films of FeTb alloys prepared by RF sputtering are amorphous 
for a Tb content of 10 at.% or more. They contain approximately 2 at.% Ar due to the 
sputtering process. The films are metastable at room temperature, oxidation can be prevented 
by coating the films with a sputtered A1 layer of about 5 nm thickness. Electron diffraction 
in a conventional electron microscope with 300 keV electrons is a suitable method to 
investigate the atomic arrangement of these films. It is possible to obtain large scattering 
lengths, meaning a high resolution in the PDFs calculated from the diffraction intensities. 
Measuring the PDF of a known crystalline structure, here BCC Fe. it is possible to correct 
the scattering intensities for inelastic- and multiple-scattering contributions for the specific 
experimental conditions used. 

It has been shown that the short-range order of the measured PDFS of Fe-rich alloys can 
be described quantitatively as an arrangement of crystalline-like Fe% seuctures with various 
concentrations and structures by superposing PDFs of these struchws and of crystalline BCC 
Fe and HCP Tb. The short-range order of amorphous FesoTbso cannot be described correctly 
with this multicrystalline model. To obtain FeFe, FeTb and TbTb neighbour distances and 
coordination numbers for this special alloy, three Gaussians have been fitted. 

The partial RDFs calculated for the Fe-rich alloys show more complicated structures for 
the FeFe and FeTb coordination than a description with Gaussian-shaped curves, which 
is normally used. The FeFe RDFS show an asymmetric shape with two FeFe distances at 
about 0.255 and 0.29 nm for all Ferich alloys. The FeTb-PDFs show a main maximum 
between 0.30 and 0.31 nm. These next-neighbour distances are in general agreement with 
results from other authors, but due to the described bcc-like FeFe coordination a stronger 
overlap between the partial FeFe and FeTb RDFs occurs, leading to systematically larger 
FeFe coordination numbers and smaller FeTb coordination numbers, respectively, which 
seem to be more accurate. 
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Nevertheless, the often postulated compound formation for the Fe-rich alloys could also 
be confirmed from our data. We find a surplus of Tb atoms in the coordination shell of 
Fe, compared to a statistical distribution. For FesoTba we find 0.5 Tb atoms less than a 
statistical distribution predicts, meaning a segregation tendency in this alloy. 

From this we conclude that compound formation occurs in a composition range where 
the short-range order of the alloys can be described with our Mc model as locally optimized 
crystalline-like FeTb structures. This tendency is nor disturbed by a Bcc-like FeFe 
coordination, because in crystalline FeTb structures FeFe distances similiar to the FeFe 
distances in BCC Fe exist, so that they match the Fe-BCC structure. On the contrary, no 
crystalline FeTb structure exists with a TbTb distance similiar to that in the HCP Tb structure 
that dominates the FesoTbSo amorphous alloy. Therefore no locally stoichiometric optimized 
structure containing Fe atoms can be formed in this alloy, the Fe atoms seem to be distributed 
more randomly between HCP Tb-like ordered regions. This structure may well be described 
in terms of a dense random packing (DRP) model. 
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