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des Sciences de Meknès, Zitoune, Meknès, Morocco

A. Chahine, and M. Et-tabirou

Laboratoire de Physico-Chimie du Solide, Faculté des Sciences de
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Abstract: (50 2 x/2)Na2O–xCuO–(50 2 x/2)P2O5 glasses (x ¼ 1, 5, 15, or

30 mol%) have been prepared and characterized by electron paramagnetic resonance

(EPR) and magnetic susceptibility measurements. The shape of the Cu2þ EPR

spectrum depends on the Cu content, and the corresponding computer simulations

suggest that the Cu2þ ions occupy two different sites in these glasses: one of them is

preponderant at low Cu content and the other is preponderant at high content, in

which the Cu2þ–Cu2þ interactions are more important. From EPR parameters, it

was found that for the site at low content, the covalency of copper ion bonding with

the surrounding ligands is appreciable. The magnetic susceptibility data appear to

follow the Curie–Weiss law (x ¼ C/(T2 up)) with negative paramagnetic

Curie temperature up indicating antiferromagnetic interactions between Cu2þ ions

Received 6 October 2006, Accepted 17 April 2007

The authors were invited to contribute this paper to a special issue of the journal

entitled “Research on Spectroscopy in Morocco.” This special issue was organized by

Miguel de la Guardia, Proffessor of Analytical Chemistry at Valencia University, Spain.

Address correspondence to M. Haddad, Laboratoire de Spectrométrie, des
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that are more significant in the samples with high Cu content, in agreement with EPR

results.

Keywords: Phosphate glasses, copper ions, electron paramagnetic resonance (EPR),

superconducting quantum interface device (SQUID), magnetic susceptibility, covalency

INTRODUCTION

Phosphate glasses exhibit some special properties making them very interest-

ing for many applications. However, their use is limited by their relatively

poor chemical durability, and in the past few years, several studies have

tried to increase this durability by different methods. It has been found that

the addition of various oxides, such as SnO, PbO, ZnO, Al2O3, Fe2O3, and

so forth, to phosphate glasses improves their durability.[1 – 5] Recently, the

phosphate glasses containing copper oxide have received much attention,

and their properties have been studied by different techniques.[6 – 11]

In this context, phosphate glasses containing CuO with chemical compo-

sition (50 2 x/2)Na2O–xCuO–(50 2 x/2)P2O5 (x ¼ 1, 5, 15, or 30 mol%)

have been prepared. Before testing their chemical durability, these glasses

have been characterized by X-fluorescence coupled with a scanning electron

microscope, which allowed us to determine the different mass concentrations

of samples, then by electron paramagnetic resonance (EPR) and by supercon-

ducting quantum interface device (SQUID) magnetometer. These last two

techniques provided information on the structure and the Cu2þ–Cu2þ inter-

actions. In this paper, we present and interpret the different results. Another

paper containing the results of chemical durability of these glasses will be

submitted very soon.

MATERIALS AND METHODS

Batches that produced 8 g of glass were prepared by mixing reagent-grade

Na2CO3, (NH4)H2PO4, and CuO. The platinum crucibles are very sensitive

to the attack of the phosphoric acid (H3PO4) produced at the time of the

operation of pretreatment of glasses. To preserve these crucibles, the pretreat-

ment was carried out at the temperature of 200–2508C in Teflon beakers until

disappearance of any gaseous emission. The mixtures thus obtained were

calcined in Pt crucibles at 5008C for 2 h to remove water, ammonia, and

carbonate. The calcined powders were then melted at 9008C for 15 min. Each

liquid was stirred twice with a platinum rod during melting to aid in homogen-

izing the liquid. After stirring, the liquid was poured onto steel molds to form

1 � 0.3 � 0.2 cm3 rectangular bars, which were annealed for 1 hr at a tempera-

ture of 108C above Tg and slowly cooled to room temperature. Samples were

stored in a desiccator to prevent possible attack by moisture until use.
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Density measurements were carried out at room temperature, using the

Archimedes method with diethyl orthophthalate as the immersion fluid. The

relative error in these measurements was about +0.03 g cm23. Table 1

reports glass compositions, glass transition temperature, density, and molar

volume for all samples.

For CuO additions less than 5 mol%, the glass transition temperature

remains constant, showing that CuO has no effect in the glass transition

temperature. This absence of effect is attributed to the small bonding energy

of copper oxygen bonds (Cuþ2 acts as a network modifier).

For CuO additions .5 mol%, the glass transition temperature increases.

Despite the depolymerization of phosphate chains by CuO, the higher

glass transition temperature reflects an increase of the cross-link strength

of the glass network as Cuþ2 ions are introduced (Cuþ2 acts as a network

former).

The mass concentrations of different elements constituting the obtained

glasses (Table 2) were determined by using X-fluorescence coupled with a

scanning electron microscope.

EPR spectra were recorded at room temperature on a Bruker spectrometer

operating at X-band frequencies. Magnetic susceptibility measurements were

performed using a commercial SQUID magnetometer (MPMS-5 Quantum

Design) in a magnetic field of 5000 G over a temperature range 2–300 K.

Table 2. Mass concentrations in (50 2 x/2)Na2O–xCuO–

(50 2 x/2)P2O5 glasses determined by X-fluorescence coupled

with SEM

x (mol%)

1 5 15 30

Na (at.%) 20.2 (2) 19.3 (2) 19.2 (2) 19.6 (2)

P (at.%) 19.7 (2) 19.6 (2) 18.5 (2) 16.0 (2)

Cu (at.%) 0.3 (2) 1.1 (2) 3.3 (2) 7.3 (2)

O (at.%) 59.8 (5) 59.9 (5) 59.0 (5) 56.8 (5)

Table 1. Glass composition, glass transition temperature Tg, density r, and molar

volume Vm of (50 2 x/2)Na2O–xCuO–(50 2 x/2)P2O5 glasses

x (mol%) Composition r (g/cm3) Vm (cm3/mol) Tg (8C)

1 49,5,Na2O–1CuO–49,5P2O5 2.51 40.5 279

5 47,5Na2O–5CuO–47,5P2O5 2.57 39.21 279

15 42,5Na2O–15CuO–42,5P2O5 2.74 35.97 296

30 35Na2O–30CuO–35P2O5 3.07 31.06 334
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RESULTS AND DISCUSSION

EPR Spectra

Figure 1 shows the X-band spectra recorded at room temperature in

(50 2 x/2)Na2O–xCuO–(50 2 x/2)P2O5 glasses with x ¼ 1, 5, 15, or

30 mol%. At low concentration of copper, we observe clearly the typical

spectrum of Cu2þ (Fig. 1a; x ¼1 mol%) with partially resolved hyperfine

structure (HFS),[12,13] and as the Cu content increases, the lines of the

hyperfine structure vanish, and at high concentration only an intense and

isotropic line is observed (Fig. 1a; x ¼ 30 mol%). These spectra are

described by the spin Hamiltonian[10]

Ĥ ¼ bSgH þ SAI;

which contains the electronic Zeeman term (b is the Bohr magneton, is

the electron spin, g is the g-tensor, and H is the applied magnetic

field), perturbed by the hyperfine coupling term between the unpaired

electron and the nuclear spin of copper I (A being the hyperfine structure

tensor).

The computer simulation of the experimental spectra (Fig. 1a; dashed

lines) was made possible only while superimposing two signals that will

be called signal 1 and signal 2 (Fig. 1b). The contribution of each one of

these signals to the total simulated spectrum depends on the Cu content,

and according to their parameters given in Table 3, both of them can be

associated with Cu2þ ions that seem to occupy two different sites in theses

glasses.

Signal 1 (Fig. 1b; dashed line) is characterized by an important peak-to-

peak linewidth increasing with Cu content (Table 3), which indicates that in

the corresponding site the Cu2þ ions are close to each other and thus the

Cu2þ–Cu2þ dipolar interactions can exist, and even the exchange interactions

as the lineshape at x ¼ 30 mol% is a Lorentzian. The appearance of the

HFS on signal 2 (solid line) at x ¼ 1 mol% implies that the interactions

between the Cu2þ ions located in the corresponding site are weak or non-

existing, because at low Cu content the Cu2þ ions in this site are far from

each other. At high concentration (x ¼ 30 mol%), signal 2 disappears

almost completely.

The parameters that allowed the simulation of signal 2 are listed in

Table 3. These values are typical of Cu2þ ions in a distorted octahedron.[14,15]

The g-factor components are such as gk¼gz
)l g? (¼gx/2 þ gy/2)l ge (¼2.0023

of the free electron), indicating that the distortion is an elongation rather than a

compression of the octahedron and that the unpaired spin is localized in the

orbital dx2�y2 (state 2B1g). Using the relationships quoted in Refs. 16 and

17, we have calculated the molecular orbital coefficients a2, b1
2, and b2
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Figure 1. X- band EPR spectra in (50 2 x/2)Na2O–xCuO–(50 2 x/2)P2O5 glasses:

(a) experimental and simulated spectra; (b) signals composing the simulated spectrum.
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Table 3. EPR parameters of signals 1 and 2 deduced from simulations of spectra

x (mol%) Signal % gx gy gz Ax (G) Ay (G) Az (G) DH (G)

1 Signal 1 10 2.174 + 0.001 50.74 + 0.30 120 + 2

Signal 2 90 2.074 + 0.001 2.084 + 0.0008 2.438 + 0.002 4.84 + 0.70 25.29 + 0.50 102.42 + 1.60 23 + 0.2

5 Signal 1 50 2.190 + 0.001 40.89 + 1.10 138 + 2

Signal 2 50 2.0780 + 0.0009 2.0920 + 0.0008 2.435 + 0.003 9.7 + 0.3 29.29 + 0.70 113.66 + 1.40 25.0 + 0.2

15 Signal 1 91 2.192 + 0.001 30.69 + 0.60 190 + 2

Signal 2 9 2.078 + 0.009 2.090 + 0.002 2.435 + 0.003 4.85 + 0.70 19.51 + 0.50 113.66 + 1.40 24.0 + 0.1

30 Signal 1 100 2.185 + 0.001 61.19 + 0.40 655 + 7

Signal 2 0
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values, in terms of gk, g?, Ak and A?.

a2 ¼ jAjjj=Pþ ðgjj � geÞ þ ð3=7Þðg? � geÞ þ 0:04;

b2
1 ¼ ðgjj=ge � 1Þ DExy=3312 a2;

b2 ¼ ðg?=ge � 1Þ DExz;yz=828 a2;

where P ¼ 360 1024 cm21 is the dipolar term.[17]

These coefficients represent respectively the electron densities on dx2�y2 ,

dxy, and dxz,yz orbitals involved in Cu–O bondings; they describe respectively

the covalency of in-plane s and p bondings and out-of-plane p bondings. The

calculations of these coefficients require the use of DExy and DExz,yz energy

values, which correspond with B1gjdx2�y2l ! B2g jdxyl and B1g jdx2�y2l ! Eg-

dxz,yzl electronic transitions, respectively; the values 11,919 cm21 and

10,540 cm21, deduced from the optical spectrum of the studied copper

phosphate glasses. These values are very close to those usually found for

copper in phosphate glasses.[18] Indeed, the components of the g-factor are

expressed by:[19]

g? ¼ ge � 2l?=DExz;yz and gjj ¼ ge � 8ljj=DExy:

The constants of spin-orbit coupling l are altered by the factors of

reduction Kk and K?, according to the relation lk,? ¼ K2
k ? l0, where l0 is

the value of l in the case of the free copper ion.

Results of calculations are listed in Table 4. a2 change little in terms of

the composition indicating that the local environment of Cu2þ ions is not

largely affected. Furthermore, a2 is close to 1 suggesting that the unpaired

electron is almost located in the dx2�y2 atomic orbital.

The values of K2
k and K2

?, calculated from these two relations, are listed

in Table 4. They indicate that the Cu–O bond in the (x–y) plane is more

Table 4. Factors of reduction of covalence and coefficients of the orbital molecular of

the Cu2þ ions occupying site 2

x (mol%) 1 5 15

g? 2.0790 + 0.0009 2.0850 + 0.0058 2.0840 + 0.0055

gk 2.438 + 0.002 2.435 + 0.003 2.435 + 0.003

K? 0.698 + 0.01 0.725 + 0.0083 0.720 + 0.0379

Kk 0.884 + 0.0076 0.882 + 0.0083 0.882 + 0.0083

K?
2 0.488 + 0.0098 0.526 + 8900.0 0.519 + 4980.0

Kk
2 0.783 + 21.0 0.778 + 310.0 0.778 + 310.0

a2 0.791 + 7600.0 0.818 + 1700.0 0.817 + 190.0

b2
1 0.619 + 10.0 0636 + 510.0 0.635 + 710.0

b2 0.385 + 10.0 0.43 + 110.0 0.424 + 630.0
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covalent than the one along the axis of symmetry (K? , Kk). The mean

values of the coefficients a2, b1
2, and b2 are respectively of values of 0.80,

0.63, and 0.42. The bonds p in the (x–z) and the (y–z) plane have a

character therefore more covalent than the bonds s and the bonds p in the

(x–y) plane of the Cu2þ ion with its ligands. The Cu2þ ions are coordinated

therefore essentially by four oxygens in a tetrahedral configuration (Td) but

situated in an octahedron of tetragonal elongation (D4h). This model of center

is favored by the polymerization of phosphate glasses that induces weak

Cu–O bonds along the z axis and a distortion of the four other Cu–O

bonds belonging to the plan of the (D4h) structure toward the tetrahedral

configuration (Td).

Temperature Dependence of the Magnetic Susceptibility

The temperature dependence of the inverse of magnetic susceptibility x from

the glasses above, whose paramagnetism is due to the Cu2þ ions, is shown in

Fig. 2. The susceptibility data appear to follow a Curie–Weiss law:

x(T ) ¼ C/(T2 up), where the Curie constant C and the paramagnetic Curie

Figure 2. Temperature dependence of the inverse of susceptibility in (50 2 x/2)Na2O–

xCuO–(50 2 x/2)P2O5 glasses. The solid lines are fits of the Curie–Weiss law.
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temperature up depend on the Cu content x as is shown in Fig. 3. We recall that

the Curie constant is related to the effective moment peff,

C ¼
N peff 2

3k B

;

where kB is the Boltzmann constant, and N is the concentration of the magnetic

moments contributing to the susceptibility.

A Curie–Weiss behavior with negative temperature up indicates the

presence of antiferromagnetic exchange interactions between the Cu2þ

moments, and up is a rough measure of the strength of these interactions.[20]

Thus, a low value of up (21 K) in the samples with small concentrations of

copper (x ¼ 1 mol%) means that the Cu2þ magnetic moments are weakly

coupled, or even isolated from the others. At high concentration, the value of

up is significant (213.66 K at x ¼ 30 mol%), indicating stronger Cu2þ–Cu2þ

interactions. These results agree with the conclusions from the EPR study above.

CONCLUSIONS

Phosphate glasses containing CuO have been studied by EPR and magnetic sus-

ceptibility measurements. EPR results revealed that the Cu2þ ions are situated in

two different sites, and important Cu2þ–Cu2þ interactions exist in the samples

with high Cu content. The ground state of the ion in asite corresponding with

low content has a predominant dx2�y2 character and exhibits a large covalent

degree of copper ion bonding with surrounding ligands. g and A anisotropies

are concluded to be mainly the result of an admixture of dx2�y2 and dz
2 orbitals.

The magnetic susceptibility follows a Curie–Weiss behavior with

negative paramagnetic Curie temperature indicating antiferromagnetic inter-

actions between Cu2þ ions. These results will be very useful for the studies

Figure 3. Curie constant C and Curie–Weiss up as a function of Cu concentration.
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of durability that we intend to undertake on these materials; the EPR will be

used as a probe of possible structural changes.
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