IOPSClence iopscience.iop.org

Home Search Collections Journals About Contactus My IOPscience

Electron paramagnetic resonance determination of the local field distribution acting on Cr3+

3

and Fe>" in transition metal fluoride glasses (TMFG)

This article has been downloaded from IOPscience. Please scroll down to see the full text article.
1995 J. Phys.: Condens. Matter 7 3853
(http://iopscience.iop.org/0953-8984/7/20/006)

View the table of contents for this issue, or go to the journal homepage for more

Download details:
IP Address: 171.66.16.151
The article was downloaded on 12/05/2010 at 21:18

Please note that terms and conditions apply.



http://iopscience.iop.org/page/terms
http://iopscience.iop.org/0953-8984/7/20
http://iopscience.iop.org/0953-8984
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience

). Phys.: Condens. Matter 7 {1995) 3853-3862. Printed in the UK

Electron paramagnetic resonance determination of the
local field distribution acting on Cr’* and Fe3* in
transition metal fluoride glasses (TMrG)

C Legeint, ] Y Buzaré}, J Emery} and C Jacobonif

t Laborateire des Fluorures, URA CNRS 449, Faculié des Sciences, Université du Maine, 72017
Le Mans Cédex, France
1 Equipe de Physique de I’Etat Condensé, URA CNRS 807, Facuité des Sciences, Universits

du Maine, 72017 Le Mans Cédex, France
Received 13 October 1994, in final form & February 1995

Abstract. Cr™* and Fe®* ions are used as paramagnetic probes of the local order in diamagnetic
transition metal fAuoride glasses (TMFG). EPR observations are made at S, X, K and Q band
frequencies at different temperatures. It follows from the frequency dependence of the spectra
that Cr** and Fe** ions are characterized by a continuous fine-structure parameter distribution
in the range 0.06-0.55 em™! for Cr** and 0.04-0.33 cm™! for Fe**. The simulations of these
spectra are computed with a fine-structure parameter distribution P(h0, &) whose expression is
determined by analogy with the distribution of electric field gradient P{V,;, 1} developed by
Czjzek constdering amorphous solids with random ionic coordination. An excelient agreement
between observed and calculated spectra is obtained whatever the frequency band.

1. Introduction

Most experimental data on degree of short range ordering in disordered solids are
traditionally obtained using diffraction techniques and BXAFS. They yield information on the
number and radial distances of atoms in the first coordination shells but give no information
on their angular distribution. Other experimental techniques able to investigate angular
atomic coordination are highly desirable.

One possibility is provided by electron paramagnetic resonance (EPR) which is well
known to supply valuable information about the local site symmetries, but, in order to make
EPR an efficient tool for structural investigation of disordered materials, two problems have
to be solved. The first one is the formalism used to explain the EPR spectra; the second
one concerns the parametrization of the spectra in order to extract a description of the
short-range ordering.

The present paper deals with an attempt to answer the first question within the frame of
transition metal fluoride glasses (TMFG). In a forthcoming paper, local structure modelling
will be presented that characterizes the local short-range order around the EPR probes.

Previous structural stodies in various fields have shown that the TMFG network is built
up from corner-shared M"Fg and M™Fs octahedra [1, 2]. In these glasses, 3d transition
metal ions, which are well known to adopt octahedral coordination in a fluoride medium,
can be used as true local EPR probes. In a previous paper [3], we have presented the results
of an EPR study of TMFG separately doped with Ti**, Cr*t, Fe*t, Mn?*, Co?* and Cu?*
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ions. In this paper, we focused our EPR study on Cr** and Fe’* ions whose fine-structure
parameters are very sensitive to local structure,

The aim of this paper is to obtain information on local field symmetry through computed
reconstruction of EPR spectra, Computing of EPR spectra is achieved through different stages:
a frequency study firstly allowed us to estimate Cr*t and Fe™* fine-structure parameter
values in TMFG. The distribution of these parameters has been determined from EPR spectra
reconstruction by using the Czjzek distribution function [4]; in the second part of this paper
we will justify this choice and present the computer procedure and finally the calculated
spectra.

2. Experimental procedures

EPR spectra were studied on TMFG derived from two base glasses: PZG (35 PbF;, 24 ZnF;,
34 GaF;, 5 YFa, 2 AlF; (mol%)) [3] and PBI (19 PbF;, 23 BaF,, 47 InF;, 2 AlF;, 4.5
YF;, 4.5 5tF2 (mol%)) [6]. CrF; and FeF; were added at different concentrations. After
preliminary mixing, the melt was placed in coverad platinum crucible and heated at 800 °C,
and then cast into a preheated (200 °C) mould.

The X band (9.5 GHz) and S band (4 GHz) spectra were recorded on a Bruker
spectrometer; measurements at variable temperature (X band) were achieved by using an
Oxford cryostat. The K band spectrometer (19 GHz) was designed and assembled in IBM
Zurich [7]. Q band spectra (35 GHz) were recorded by P Simon in the CRPHT (UP CNRS
4212). i

3. The frequency dependence study of Cr** and Fe®* EPR spectra: the estimation of
fine-structure parameters

3.1. Temperature and concentration dependence

In a previous work [3], we studied the effect of temperature and doping concentration on
EPR spectra of TMFG:Cr™* and Fe®*. In both cases, the marked changes imply the presence
of more than one paramagnetic species in the glasses. The observed spectra were attributed
to a combination of isolated paramagnetic ions and exchange coupled pairs.

This is why, as far as possible, we have recorded Cr** and Fe** EPR spectra at low
temperature for samples with low Cr’* or Fe*t doping concentration. Thus, Cr** and
Fe3* spectra can be attributed to isolated ions. Nevertheless, for S and Q bands, operation
at liquid helium temperature could not be achieved. This is of no consequence because
for both these microwave frequencies Cr™ and Fe™ EPR spectra exhibit a single broad
resonance (see subsection 3.2),

3.2. Results

The dependence of the Cr** EPR spectra on the microwave frequency is shown in figure 1.

{i) At the § band (figure 1(a)), the spectrum is dominated by a low-field resonance with
8ert = 5.0 (getr = hv/BH with H the magnetic field value where the EPR spectra reduce to
zero for the Fe** resonances and the Cr’* goz = 1.97 resonance; for the Cr*t g = 5.0
resonance, the A value is taken to the maximum).

(ii} The X band spectrum exhibits two broad resonances at gegr = 5.0 and g = 1.97
(figure 1(b)). A narrow resonance is observed near zero field at low temperature and
concentration (T < 20 K, ¢ £ 0.50 wt% CrFa).
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(i11) At the K band, the absorption in the g, = 1.97 region has developed into a well
defined broad resonance when the intensity (peak to peak height X (HWHM)? for derivative
spectrum) of the signal at g.x = 5.0 is reduced {figure 1(c)): one resonance near zero field
is observed at low temperature (T < 10 K, ¢ £ 0.50 wi% CrFz).

(iv} At the Q band (figure 1(d)), the ger = 5.0 resonance is nearly suppressed; the
Zeir = 1.97 feature becomes the most prominent.

A similar frequency effect is evident in Fe* EPR spectra as shown in figure 2. When
the microwave frequency increases an enhancement of the intensity of the gy = 2.0
resonance is observed when the intensity of the geg = 4.3 resonance decreases. A narrow
resonance is also observed near zero field in X (T < 20 K, ¢ < 0.50 wi% FeF3) and K
(T < 10K, ¢ < 0.50 wt% FeFs) band spectra.
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Figure 1. Observed and calculated EPr Cr¥+ spectra in TMEG: (2) § band (v = 3.96 GHz), p25
glass (1.21 wt% CrFy), T = 300 K; (b) X band (v = 9.43 GHz), paI glass (0.20 we% CrF3).
T =4 K; (¢) K band (v = 19.2 GHz), pBl glass (0.50 wt% CrFs). T = 4 K; (d) Q band
(v = 33.88 GHz), pB1 glass (0.50 wit% CrF3), T = 300 K.
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Figure 2. Observed and calculated PR Fel* spectra in TMEG. {} S band {v = 3.96 GHz), pa!
glass (0.50 wt% FeF3), T = 300 K, (b) X band (v = 9.49 GHz), vB1 glass (0.20 wt% FeFa),
T = 4 K; (c) K band (v = 19.2 GHz), PzG glass (0.10 wi% FeF3), T = 4 K, (d) Q band
(v = 33.88 GHz), pzG glass {0.25 wt% FeF1). T = 300 K.

3.3. Discussion

Figure 3 is the absorption spectrum corresponding to the EPR spectrum presented in
figure 1(b). It gives evidence for a decrease of the absorption signal near H = 0. This
phenomenon, which is not fully understood, takes place at low temperature and low probe
concentration only. k indicates that absorption occurs for low magnetic field values.

The Cr*t spectra can be described by the spin Hamiltonian

H =gBH -5+ (0] + b309) (N

where the first term is the electronic Zeeman interaction and the second one is the fing-
structure term. The O expressions are given in table 1 and the other symbols have
their usual meaning. The zero-field splitting between the Kramers doublets is given by
A = 2b%(1 + 22/3) with A = b2/B9 the asymmetry parameter (0 < A < 1).
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Table 1. U, O and K expressions (r,, 6,. and ¢, are polar coordinates).

on Ui Km

09 =382~ 5(5+ 1) Up = Vee/2 = 3 3 ga(3cos® 8, ~ D3 k9 = 1(3cos?@ -~ 1)

Of = 1(85:8: + 8:5) Uz =Viz/2= 3%, go5m 6, cos8, cosgy 1> K} =3sin28cos g

05" = 8.8, + 5:8;) Uz =Vy/2 =135, gnsin6prcosd, sing, r;> E;''=35in28sing

03 =st-s? Us = Vi /3 = L T, ¢y sin? 6, sin2p, 77 K2 = 3 sin? 6 cos 2
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Figure 3. The 6rrR X band (v = 9.43 GHz) integrated spectrum of PBI glass:Cr* (0.20 wit%
CtFa); T =4 K.

EPR Cr** spectra were reported in many glasses (phosphates [8, 9). fluorophosphates
[9], borosulphates [10], fluoroberyllates [9], fluoroajuminates [11], fluorozirconates [12] and
so on). The g = 5.0 resonance is generally attributed to isolated Cr** ions in strongly
distorted sites, characterized by A > kv values. One resonance at g.g &~ 2.0 is generally
observed and attributed to CE* jons pairs [8, 9-11]. The g.¢ = 1.97 resonance, attributed
to isolated Cr3* ions, is related to weakly distorted sites, characterized by A < hv.

The S and Q band studies allow us to find the extreme values for A in TMFG: the
weak intensity of the ger = 1.97 and the ge.x = 5.0 resonance at the S and Q bands
respectively shows that Cr** ions are characterized by A values between hvg and hug
(0.06 < &) (cm™') < 0.55). The observation of signal at both gegg = 5.0 and gegr = 1.97
in X and K bands implies the presence of sites for which A > hvg, A < hvx and
huy < A < hvg. The absorption near zero field in these two frequency ranges shows
the existence of Cr** ions for which and A = hug and A = hvx (B =~ 0.15 cm™
and b9 &~ 0.3 cm™'). It follows from these results that Cr** ions are characterized by a
continuous fine-structure parameter (b9) distribution in the range 0.06-0.55 cm™'.

The spin Hamiltonian of (1) previously used for Cr** is generally sufficient (with § = %)
to describe the Fe™* EPR spectrum in glasses. It is well known that the g.¢ = 4.3 feature
due to Fe’* in glasses arises from an isotropic transition within one of the three Kramers
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doublets resulting from the special situation A = 1 and bg > hv [13]. This resonance
has been observed in many fluoride {11, 12, 14-17] and oxide glasses [18-22]. Usually, a
resonance whose intensity depends on both the glass type and the Fe** concentration is also
observed at gy = 2.0 [12, 14-20, 22]. Therefore, some authors aftribute it to spin-spin
interactions [14, 18, 22] while some others relate it to Fe*t jons characterized by A < hv
[12, 16, 17]. In T™FG, Fe** ions contribute to both geg = 2.0 and gy = 4.3 resonances.
A similar spectrum was observed in fluorozirconate glass by Griscom and Ginther [17];
they noticed that Fe™ has non-zero EPR absorptions for zero applied magnetic field. They
deduced that the simultaneous presence of signal intensity at both zero field and geiy = 2.0
in their glass implied respectively the presence of some sites for which b = 0.3hv and
some sites for which b3 < 0.3hv. In TMFG, the spectrum dependence upon Lhe microwave
frequency shows the s:multaneous presence of sites for which b° > 0.38v (geir = 4.3
resonance), b3 = 0.3hv and b3 < 0.3 at both X and K bands. The Q and S band spectra
indicate that Avs < A < hvg. The continuous Fe** fine-structure parameter distribution
thus ranges between 0.04 and 0.33 cm™' with a maximum around 0.1 cm™!,

4. Cr’* and Fe®* EPR spectra reconsiruction

4.1. The Czjzek distribution

Among the various approaches for the P(#3, A) distribution function, we used the one
developed by Czjzek [4], considering amorphous solids with random ionic coordination
yielding an analytic expression of the distribution of electric field gradient (EFG) P(V,;, n).
This distribution has already been used for the reconstruction of the EPR Cr** spectrum in
amorphous AlF; [23]. The spectrum simulation of TMFG:Fe** has been briefly presented in
a previous paper {24].

4.1.]. The EFG and EPR fine-structure tensor. ‘The use of this distribution is founded on
the analogy between the EFG and the fine-structure interaction in EPR tensor component
expressions.

The EFG tensor caused by an assembly of discrete charges g, at a nucleus is symmetric
and traceless. It is thus determined by five independent quantities U, coliected in table 1. By
a suitable choice of the coordinate system, the tensor V only depends on two parameters Vi
and the asymmetry parameter = (Vex — V)y)/ V;; (with the above convention: 0 < n < 1).

The Cr*t (3d°, 3) and Fe™* (345, S = 3) spin Hamiltonian fine-structure term is

25~1 m

Hy=Y Y. Bror 2)

r=(0 n=—m
By neglecting higher-order terms for Fe¥*, it becomes
Hy = 1309 + 6307 + 32057 + 6L 0] + b7 03). 3)
The OF expressions are given in table 1.

According to the superposition model introduced by Newman [25], the b7 parameters
depend on the local surroundings of the paramagnetic ion through the law

=Y (RO G, 0) @)

where { runs over the ncarest neighbours at coordinates R;, 6; and ;. b,(R;) is a radial
function. The K" (8, ¢:) terms are angular functions similar to the angular terms of Uy,
parameters. For n = 2, the K(6;, ¢;) functions are listed table 1.
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The fine-structure tensor can be expressed as a 3 x 3 symmetric traceless matrix. Then,
in its eigen-axes, it depends on two parameters: b9 and A = bZ/b).

4.1.2. Czjzek’s distribution. In amorphous solids, the distribution of the charges g, leads
to an energy level distribution described by a function P(V,;, ). This function can be
expressed in terms of the P,(LJ,) distribution. In the model developed by Czjzek and
coworkers [4],

(1) the BFG is calculated without taking into account the covalence,

(i} the ions are treated as hard spheres,

(ii1} the system is considered as isotropic on average,

(iv) the surroundings of the ion containing the probe nucleus are built up from spherical
coordination shells. The structural randomness is defined by a random distribution of ionic
angular positions in any shell and by an absence of any correlation between the distributions
of tonic charges in different shells.

Under these conditions, P, (U/,,) are Gaussian functions with equal width. Coensidering
the U,, as independent random variables (lack of all geometrical constraints) the distribution
function is given by

PV ) = [1/@m) 26| Vin(1 — i /9 exp[-VE( + n*/3)/20%]. (5)

Flucride compounds have a pronounced icnic character through the large fluorine
electronegativity. Therefore they satisfy the first and the second assumptions used in this
model, the third hypothesis is validated by the isotropic character of glasses.

An alteration of the Czjzek distribution function [26] was proposed to take into account
geomeirical constraints. Indeed, the previous distribution squares with a total disorder
{no correlation between atomic positions and consequently hetween U, parameters). For
instance, it may be easily understood that some local order implies a linear correlation
between several of the U, parameters [27]. Then, the number of degrees of freedom is
reduced, leading to the distribution function

P(Ve, ) = [1/21) 20 VA n(1 — n*/9) exp [-VE(1 + 7°/3)/207] (6)

with d < 5,

Taking into account the similarity of the fine-structure Hamiltonian and the nuclear
quadrupole interaction Hamiltonian, the determination of a P(59, ) distribution describing
structural disorder around the paramagnetic probes meets Czjzek’s model. Then, the
P (b2, 1) distributions can be written as

PbY, &) = [1/(2m) Pa?] B TA() — A2/9) exp [—(BD*(1 + A2 /3)/207]. (7)

4.1.3. The distribution function trend and properties: o and d influence. The function
P(#3, 1) yields zero probability for both 83 = 0 and A = O (figure 4). These results
prohibit the existence of high-symmetry octahedra, which is in agreement with the notion
of disorder generally considered in these glasses.

¢ and d are two adjustable parameters: o characterizes the interaction force and 4 is the
number of independent random variables. An increase of d induces a shift of the P®Y, 2
maximum to higher bg values. An increase of o induces a shift of the P59, A) maximum
to higher 3 values and a broadening of the distribution.
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Figure 4, P(bJ, A) for & == 0.2} cm™' and o = 3.

4.2. The computer procedure
The procedure used for the line shape calculation is as follows.

Step 1. The 6 x 6 (Fe™) or 4 x 4 (Cr**) matrix gencrated from the Hamiltonian (1)
is exactly solved for fixed values of b9, b3, 6 (the polar angle between H and the z
direction of the principal axis system) and ¢ (the azimuthal angle} and for a choice of
external magnetic field values. This gives a set of energy eigenvalues as a function of H.

Step Il The resonant field for each transition is computed by comparing the separation
between each pair of energy eigenvalues with the energy of the microwave quantum and
by iterating step I until those energy level separations are found that match the microwave
quantum.

Step I11. Each resonance so found is assigned a derivative linear combination of Gaussian
and Lorenizian lines whose amplitude is taken to be proportional to the transition probability:
|{i|S « Bosclj)|* where i and j are the two levels from which the transition occurs. S is
the spin vector and By, the osciilating field. The coefficients of the linear combination are
adjustable parameters. 'We calculate the transition width L = Lo+ AL: Ly is the unique
isotropic line width and AL = k(8 H /38) A8 where k is an adjustable parameter (the same
value for all calculated spectra), which takes into account the line width anisotropy.

Step IV. The calculated spectra for each B orientation are weighted by the factor
dP(B, ¢) = dQ(8, ¢)/4m with dQ(F, ¢) = sind d# dyp in accordance with the unit sphere
angle dependence on 8.

Step V. A powder-like spectrum is computed by summing the calculated spectra over
the orientation angles ¢ and ¢ . The glass spectrum is then obtained by summation of
these powder-like spectra over the P(b2, i) distribution. The integrations are performed by
means of the Gauss-Legendre method.

4.3. Resulits: o and d value determination

Appreciable alterations in calculated spectrum trends (change in main resonance intensity
ratio) are induced by o and & variations. The other adjustable parameters (number of poles
used for Gauss—Legendre integration, isotropic line width, etc) are not so pertinent as o and
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d. They essentially alfow us to reduce the background noise and to improve the resonance
trend.

By the trial and error method with integer 4 values, a simultaneous agreement for CP+
and Fe* ions at any frequency is obtained with a single set (o, &):

o = 2100(£200) x 10~* cm™! d=3 for Cr™* (figure 4)
o = 810(£80) x 10~* cm™! d=3 for Fe’t,

Calculated spectra are shown in figures 1 (Cr*t) and 2 (Fe®*). The Landé tensor values
{considered as isotropic on average), the number of poles (n} used for Gauss-Legendre
integration and the isotropic line width are listed below:

Cr*t: g =197, n(bd) =45, n(b3) =45, n(@) =31,n(p) =31, Ly=60G
Fe**: g =2.002, n(bd) =33, n(b2) =33, n@ =19, n(p)=19, Ly =80 G.

A good agreement between observed and calculated spectra is obtained whatever the
frequency band.

4.4, Discussion

Although numerous studies have been devoted to Cr'* and Fe'¥ spectra in amorphous
compounds, only two of them have dealt with their reconstructions. The spectrum
reconstruction of amorphous AlF;:Cr** has been realized using the Czjzek distribution
[23]). On the other hand, Fe** spectra in phosphate and borate glasses have recently been
simulated [22] using a fine-structure Gaussian distribution leading to high probability values
for A = 0 (highly symmetric sites); however, the existence of such sites is quite unlikely
in disordered compounds. Simulation of Fe* spectra in oxide glasses is less favourable
than in TMFG as the Fe’™ ion coordination is not clearly established yet. Moreover, the
use of only one distribution might not be appropriate to simulate the various (tetrahedral,
octahedral) coordinations that might coexist in oxide glasses.
The following distribution [26]

P(A) = (A7 jo?)exp(— A2 f207) (8)

was used for Méssbauer spectra simulation of disordered compounds [28, 29] as this
technique allows us to obtain the quadrupolar splitting values A = V,,/1 + n2/3. This
function leads to equal probability values whatever the n values. Nevertheless, a random
octahedral structure has been successfully generated by computer [28]. The quadrupolar
splitting distribution was in good agreement with the Mdssbauer results on amorphous
FeF;. The associated P(n) distribution yielded zero probability for # = 0 in accordance
with Czjzek distribution, The d parameter values deduced from the quadrupole splitting
distribution were found to be between two and three:

amorphous FeF; d=29 [28]
amorphous KFeF, d=2-3 [29]
PMF glass (PbF;-MnF;-FeFs) d=2 29

The d value deduced from Cr** and Fe®*+ EPR spectra simulation in TMFG is d = 3. This
result shows short-range ordering effect involving correlation between &7 parameters [27].
In TMFG, disorder is not fully random as the basic structural unit is known (the octahedron):
the local order of these octahedra in TMFG might be described by three independent variables:
M-F distance, angle between perpendicular bonds (*290°) and angle between opposite bonds
{(=180°).
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5. Conclusion

We have shown that a single distribution of crystal field parameters, P(9, A}, initially
applied by Czjzek to the calculation of electric ficld gradient in amorphous materials, allows
us to take into account the essential features of Cr** and Fe™ EPR spectra in TMFG and to
reconstruct these spectra accurately. The function P(b2, 1) yields zero probability for both
#9 = 0 and A = 0. These results prohibit the existence of high-symmetry octahedra, which
is in agreement with the notion of disorder gererally considered in these glasses.

The superposition model allows us to estimate fine-structure parameters knowing the
local structure. Unfortunately, the opposite operation is impossible. Therefore, structural
models (atomic coordinate distribution) are essential for extracting a quantitative description
of shori-range ordering (distance and angle value distributions). In a forthcoming paper, two
local structure models will be presented with the aim of characterizing octahedral distortions
in T™MFG.
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