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Abstract

The phenomenon of spin freezing at low temperatures in iron-containing oxide glasses resulting from antiferromagnetic interac-

tions has been previously reported for several oxide glass systems. The temperature dependence of the DC magnetic susceptibility

has been measured with a SQUID magnetometer for a series of four iron oxide–phosphorus pentoxide glasses, containing between

30 and 44mol% Fe2O3, and prepared so as to have an Fe
3+ fraction of �0.8. Well defined cusps are observed in the susceptibilities at

temperatures between 5K and 8K for the four samples, cooled in zero field and measured at 0.025T. As for classical metallic spin

glass alloys, the susceptibilities measured after cooling from high temperature in this field are almost constant below the cusp tem-

peratures, corresponding to spins freezing into a complicated configuration. Similar measurements at 0.5T also demonstrate the

freezing transition but the cusps in the susceptibility after zero-field cooling are broadened. The distribution and environments

of iron ions within the samples are discussed in the light of the temperature-dependent magnetic structure factors and spin corre-

lation functions, observed in neutron diffraction experiments on the same samples, along with the nuclear real space total correlation

functions.

� 2004 Elsevier B.V. All rights reserved.
1. Introduction

Conventional spin glasses are magnetic materials in

which there is some degree of long-range chemical

and/or bond disorder, causing frustration at low temper-

atures of the antiferromagnetic spin interactions of near-

est neighbors. An indication of the magnetic character

of a material can be obtained from measurements of

the linear magnetic susceptibility, v, as a function of
temperature, T, according to the Curie–Weiss equation
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v ¼ M
H

¼ C
T � hp

; ð1Þ

where M is the magnetization, at a given field, H, C is

the Curie constant, and hp is the paramagnetic tempera-
ture. A negative value of hp indicates antiferromagnetic
interactions, while a positive value implies ferromag-

netic. Hence a negative paramagnetic temperature

should be displayed for a spin glass-like system.
Spin glass behavior is further characterized by a cusp

in the linear magnetic susceptibility measured against

temperature (e.g. see Fig. 1), first found for gold–iron al-

loys by Canella and Mydosh in 1972 [2]. Cooling the

sample below the cusp temperature in an applied mag-

netic field will freeze the spins into their frustrated state
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Fig. 1. Linear magnetic susceptibilities for the field (- - -) and zero-field

(—) cooled 30Fe70P (magenta), 35Fe65P (blue), 40Fe60P (green) and

44Fe56P (red) iron phosphate glasses measured at a field of 0.025T.

The arrows indicate the spin freezing transition temperatures, Tf. (For

interpretation of the references in colour in this figure legend, the

reader is referred to the web version of this article).
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and leave an almost temperature-independent magneti-
zation. With zero-field cooling, the spins can relax and

the susceptibility reduces with temperature. Thus it is

apparent that some transition occurs at the cusp temper-

ature (hereafter referred to as Tf, the spin freezing tem-

perature). This transition has been widely studied [3–7],

although its nature is still not clear.

Studies of early spin glass systems looked at dilute

crystalline alloys of transition metals in noble metal
hosts, but the term has now come to encompass a much

wider range of materials, including more magnetically

concentrated insulators, and amorphous systems. Vari-

ous iron-containing oxide glasses display the phenome-

non of spin freezing at low temperatures, for instance

sodium germanates and sodium silicates [8], aluminosil-

icates [5,9,10], and phosphates [11,12].

Iron phosphate glasses are of increasing interest not
only magnetically, but electrically, structurally and

chemically as well [13–23]. They are known to exhibit

semiconducting properties, since iron exists in the glass

in the two valence states, Fe2+ and Fe3+ [15,24]. In addi-

tion, they have high chemical durability as compared to

other phosphate glasses, making them a prime candidate

for vitrifying nuclear wastes, particularly those contain-

ing plutonium, [13,14,21–23,25] and also for such appli-
cations as biomedical components and glass-to-metal

seals [20]. Normally, phosphate glasses are vulnerable
to hydration via the P–Ø–P linkage, where Ø represents

a bridging oxygen atom, but it is thought that the for-

mation of the more resistant Fe–Ø–P linkage in iron

phosphate glasses is responsible for the greater resilience

of these materials [16,20].

Fe2O3–P2O5 glasses with high Fe2O3 content are par-
ticularly interesting, in that they exhibit short-range

antiferromagnetic (speromagnetic) ordering at low tem-

peratures [26,27], which decays with increasing tempera-

ture. This was revealed by an early neutron magnetic

scattering study of a glass of composition 0.79Fe2O3 Æ
P2O5 (44mol% Fe2O3), which involved measuring the

diffraction pattern above (77K) and below (4K) the

magnetic short-range ordering transition [27]. The data
were Fourier transformed to yield the real space mag-

netic correlation function, DM(r), the first real peak of

which is negative, thus indicating the antiferromagnetic

nature of the short-range magnetic ordering (i.e. spero-

magnetism). The peaks in DM(r) also give the Fe–Fe dis-

tances in the glass, which are found to be very similar to

those in a-quartz FePO4.
Crystalline FePO4 (Fe2O3 Æ P2O5) is a structural ana-

logue of SiO2 and exhibits both a- and b-quartz poly-
morphs, with alternate corner sharing FeØ4 and PØ4
tetrahedral structural units [28]. (Note that the require-

ment for alternating tetrahedra means the the various

III–V and II–VI analoges of SiO2 are limited to those

polymorphs which contain only even-membered rings.)

Although Fe2O3–P2O5 glasses are formed with excess

P2O5, they are not formed at the 1:1 stoichiometry and
this has been used as an argument that odd-membered

rings must be present in vitreous silica and related tetra-

hedral random network glasses [28]. (Note also that

there is controversy in the literature concerning the

glass-forming region for the Fe2O3–P2O5 system, due

to the fact that the glasses contain a variable amount

of Fe2+, depending on the preparation conditions [29].)

A possible structural model for Fe2O3–P2O5 glasses
with excess P2O5, based on the a- and b-quartz poly-
morphs of FePO4, involves three structural units–alter-

nating FeØ4 and PØ4 tetrahedra sharing all four

corners and O@PØ3 units (i.e. PO4 tetrahedra with
one terminal double-bonded oxygen and three corner

sharing single-bonded oxygen atoms), which can be

incorporated into odd membered rings [27], and hence

allow frustrated interaction around the rings. However,
this might lead to the micro-separation of an a-FePO4-
containing phase. An alternative structural model, for

glasses containing significant concentrations of Fe2+,

has been proposed by Marasinghe et al. [29], based on

the crystal structure of Fe3(P2O7)2 in which the iron is

present as (Fe3O12)
16� clusters comprising one Fe2+

and two Fe3+ ions, all in six-fold co-ordination.

The present paper reports magnetic susceptibility
data for four glasses in the iron phosphate system, of

nominal composition xFe2O3 Æ (1 � x)P2O5 (x = 0.30,
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0.35,0.40,0.44). However, as indicated above, they are

in fact oxygen deficient due to the reduction of some

of the iron to Fe2+, despite being prepared in such a

way as to maximize the Fe3+ content {to a value of

�0.8 for the ratio Fe3+/(Fe2+ + Fe3+) [16,29]}. The nota-
tion used here for the respective glasses will be 30Fe70P,
35Fe65P, 40Fe60P and 44Fe56P. The data collected

yield information on the environments of iron ions with-

in the samples, and on the resulting magnetic nature of

the glasses. Both nuclear and magnetic neutron diffrac-

tion techniques have also been employed to investigate

these samples [30], but the results will be reported else-

where due to space limitations.
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Fig. 2. Fit of the Curie–Weiss law above 110K (—) to the

experimental magnetic susceptibility data (�) for the 40Fe60P iron
phosphate glass. The gradient gives the Curie constant, C, and the

intercept gives the paramagnetic temperature, hp.
2. Experimental details

Four glasses of composition xFe2O3 Æ (1 � x)P2O5
{x = 0.30,0.35,0.40,0.44} were prepared at the Univer-

sity of Missouri–Rolla, USA, by melting in an atmos-

phere of air at 1150 �C for 1–2h in alumina crucibles.
Full details of the sample preparation and characteriza-
tion have been published elsewhere [16,29]. The prepara-

tion conditions were set so as to obtain an Fe3+ fraction

of �0.8 in the glasses. (Exact values of the iron ion ra-
tios will be determined using Mössbauer techniques

and reported at a future time.) After heating, the sam-

ples were quenched by pouring onto stainless steel

plates, annealed for �3h at 450 �C, and powdered for
experiment. The powders were checked for crystalline
phases using X-ray diffraction. The bulk sample densi-

ties were measured with a Quantachrome Micropyc-

nometer at the Rutherford Appleton Laboratory

(Chilton, UK) and are given in Table 1.

Measurements of the dc susceptibility as a function of

temperature were taken for each composition in a field

of 0.025T (250G) and additionally for the 30Fe70P

and 44Fe56P compositions in a high field of 0.5T
(5000G) using a SQUID magnetometer at the Univer-

sity of Warwick. The temperature range employed was

2–150K. The data were collected after cooling to 2K

both in a magnetic field and in zero field to observe

the magnetization behavior. The dependence of the sam-

ple magnetization upon applied field was also investi-
Table 1

Sample densities and magnetic susceptibility parameters for iron phosphate

Field (T) Sample Density (gcm�3) Tf (K) vpeak (10
�25emuOe

0.025 30Fe70P 2.967 ± 0.003 4.79 ± 0.10 2.52 ± 0.05

0.025 35Fe65P 2.945 ± 0.003 4.59 ± 0.10 2.31 ± 0.05

0.025 40Fe60P 3.039 ± 0.003 6.59 ± 0.20 1.47 ± 0.05

0.025 44Fe56P 3.086 ± 0.003 7.69 ± 0.30 1.29 ± 0.05

0.5 30Fe70P 2.967 ± 0.003 3.09 ± 0.10 2.35 ± 0.05

0.5 44Fe56P 3.086 ± 0.003 5.69 ± 0.80 1.14 ± 0.05

The peak susceptibilities, vpeak, Curie constant, C, and effective magneton n
gated by performing sweeps over a field of zero to 5T

at constant temperature, for a range of temperatures

(5,20,50,100,200 and 300K). The susceptibilities were

calculated as susceptibilities per iron atom by dividing

by the number of iron atoms in the mass of sample used

for the measurements.
3. Results

Graphs of the low field (0.025T) DC magnetic sus-

ceptibilities per iron atom are presented for each sample

in Fig. 1, including both the field cooled and the zero-

field cooled behavior. The positions of the spin freezing
transition temperatures, Tf, are indicated by the arrows.

Measurements taken at 0.5T give similar results, but the

cusps in the susceptibilities after zero-field cooling are

broadened due to saturation of the spins. The values

of Tf, together with the peak susceptibilities, vpeak, the
Curie constants, C, and the paramagnetic temperatures,

hp, are given in Table 1. These latter two were deduced
from the gradient and intercept, respectively, of a linear
fit to the high temperature region of the susceptibility

data, according to Eq. (1), by plotting v�1 against T.
Also included in the table are the temperatures of the
glasses

�1) Tonset (K) C (10�25emuKOe�1) hp (K) p

65 ± 5 8.25 ± 0.03 –39.2 ± 1.0 6.3 ± 0.2

55 ± 5 6.97 ± 0.02 –36.6 ± 0.5 5.8 ± 0.4

115 ± 5 9.03 ± 0.08 –77.8 ± 1.9 6.6 ± 0.3

135 ± 10 13.4 ± 0.4 –149 ± 9 8.0 ± 0.6

85 ± 5 8.20 ± 0.09 –38 ± 2 6.8 ± 0.3

115 ± 10 8.13 ± 0.11 –85 ± 2 6.3 ± 0.3

umber, p, are given per iron atom.
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onset of Curie–Weiss behavior; i.e. above these temper-

atures the glasses behave according to Eq. (1), and

below the experimental data deviate from the fit and

spin glass-like interactions dominate in the system. An

example of such a fit is shown in Fig. 2 for the

40Fe60P data. Effective magneton numbers, p, (Table
1) were derived, for each sample and for the two field

strengths used in the susceptibility measurements, from

the Curie constant [1],

C ¼ p2l2B=3kB; ð2Þ
lB being the Bohr magneton and kB the Boltzmann

constant.
4. Discussion

The four samples display behavior typical of spin

glass systems, namely the cusps in the low temperature

susceptibility data and the negative values of the para-

magnetic temperatures which indicate antiferromagnetic

interactions between the spins. A well-defined cusp in

the temperature dependence of the linear magnetic sus-

ceptibility, vm, is displayed for all compositions when
measured in a field of 0.025T (250G). (cf. Figs. 1 and

2). Similar results were found for the two samples meas-

ured at the higher field of 0.5T (5000G), but the cusps

are broadened. It is clear that in this case the field was

too high to allow a proper investigation of the cusp tem-

perature, since saturation was approached and the inter-

esting features were broadened.

The effective magneton number, p, derived for each
sample from the application of the simple Curie–Weiss

model of paramagnetic behavior [1] at higher tempera-

tures (Table 1), may be compared to the published val-

ues for iron group salts [1]. The average experimental

value for Fe3+ ions of 5.9 is closer to the measured val-

ues than the average value of 5.4 for Fe2+ ions. This

indicates that, as expected from the chosen preparation

conditions, the concentration of Fe3+ ions is much great-
er than that of Fe2+ ions.

Low-field measurements taken after cooling the sam-

ple to 2K in zero field gave cusp (spin-freezing) temper-

atures, Tf, between 4K and 8K, as listed in Table 1

together with the peak susceptibility for each composi-

tion. The positions of Tf are indicated in Fig. 1 by ar-

rows. The parameters in Table 1 are all of the same

order of magnitude compared with other amorphous
spin glass-like systems [5,8–12]. The difference in the

field-cooled and zero-field cooled susceptibilities (Fig.

1) shows that, as for the classical metallic spin glass al-

loys, the susceptibilities measured after cooling from

high temperature with the field applied are almost con-

stant below Tf, corresponding to spins freezing into a

complicated configuration. Zero-field cooling allows a

relaxation of the spins below the critical temperature.
An interesting feature of the susceptibilities at high-

er temperature, for the different samples, is the cross-

over in their values, beginning at T � 55K. As the
temperature is increased from this point, the suscepti-

bility for the 44mol% sample crosses the others in turn

to become the highest in value by the time it reaches
150K. The 40mol% line also swaps position with the

35mol% so that they then decrease in the order 44,

30, 40, 35mol% Fe2O3 at 150K. However, were the

data taken to higher temperatures, the lines would

continue crossing each other as the temperature rises

further and the magnitudes of v would then be in
order of decreasing iron content. Since v is, of course,
a quantity dependent on the magnetization of a mate-
rial, i.e. its ability to become magnetized, it is logical

that at temperatures where the thermal agitation is

too great to allow the speromagnetic ordering, the

material with the largest concentration of a magnetic

species would have the greatest susceptibility. The

higher concentration of magnetic species means there

are a greater number of the iron clusters and/or that

they are greater in size. Either way, the distance be-
tween them is reduced and at low temperatures the

spin correlations are more easily transmitted, so ena-

bling the system to exist in a higher degree of order.

The neutron magnetic scattering revealed the spero-

magnetic characteristics of the glasses, and hence it

is to be expected that an ordering of the spins results

in their cancellation due to the antiparallel arrange-

ment. The suggestion is therefore that, with increasing
iron content, the speromagnetic spin interactions be-

come more antiferromagnetic in nature (increasing

hp, cf. Table 1) and accordingly result in a lower level
of magnetization and susceptibility of the material.

These results support the conclusions of the neutron

scattering experiments [30].

The susceptibility taken as a function of temperature

can be re-plotted as T against 1/vm. It is possible to fit a
straight line to the high temperature region of the graph

where the sample behaves paramagnetically. If the mate-

rial were truly paramagnetic at all temperatures, the

straight line would pass through the origin and have a

gradient of C, the Curie constant, according to the Curie

law. In practice, however, the line has a negative ordi-

nate intercept equal to the paramagnetic temperature,

hp cf. Eq. (1). One of the graphs plotted in this way is
shown in Fig. 2, and the values obtained for hp and C
are listed in Table 1, as well as the temperature at which

the curve deviates from the fitted straight line and there-

fore no longer behaves paramagnetically.

An alternative path to finding values for these

parameters is to consider the measurements taken at

constant temperatures while the magnitude of the ap-

plied field was varied. A simple plot of MT against
H results in a series of (almost) straight lines emanat-

ing from the origin with different positive gradients.
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By subtracting a constant from the measurement tem-

perature, the lines can be scaled on top of one another.

The graphs are then essentially plots of the Curie–

Weiss law once more (M(T � hp) plotted against H),
and the temperature constant is the paramagnetic tem-

perature, hp. The gradient of the scaled lines is simply
the Curie constant, C. Curie–Weiss plots were gener-

ated in this way for each sample.

Agreement between hp and C, obtained by these

methods, is not within the errors but is at least reasona-

ble for the two lowest iron compositions. The reason is

almost definitely that the errors given in the table for the

straight line fitting do not accurately reflect the real

uncertainty, since a small degree of curvature remains
for the high-iron susceptibility data even at the largest

temperature considered.

For many of the magnetic parameters in Table 1,

the values for the 35Fe65P sample are slightly lower

than those of the 30Fe70P sample, but rise again for

the two highest iron content glasses. An example of

this trend is shown for the density in Fig. 3. These re-

sults are puzzling, especially as the phenomenon is not
seen in the peak susceptibility values, vpeak. There is an
uneven spacing of the susceptibilities of Fig. 1 with a

gap between 35mol% and 40mol% that cannot be

attributed to iron content, but they at least remain in

order of iron concentration. The reason for this gap

is also not yet understood, and it is possible that it is

related to the anomaly in the parameters. A potential

explanation for the anomaly may lie with the Fe3+/
(Fe2++Fe3+) ratio. Magnetically, Fe3+ ions may have

a greater influence than Fe2+ ions since the spherically

symmetric electron distribution allows for an easier

alignment of Fe3+. Therefore if some of the samples

contain concentrations of Fe3+ that were not expected

from the preparation conditions, it should be apparent

in the magnetic parameters. Hence a reduced Fe3+ con-

tent in the 35Fe65P glass relative to the other samples
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Fig. 3. Densities of the four iron phosphate glasses, showing the dip in

value for the 35Fe65P sample relative to the others, typical of the

parameters in Table 1. The error bars are within the point symbols.
would also lessen the magnetic characteristics, and, in

addition, cause a decrease in the sample density, since

the co-ordination of Fe2+ ions is higher than for

Fe3+. However, only a reasonably large difference in

the Fe2+ content of the samples could explain the den-

sity disparity seen with these samples if this is indeed
its cause. Alternatively, it may be that the 35Fe65P

composition is close to some structure which results

in a less compact atomic arrangement within the glass.

The gap seen in the susceptibility data of Fig. 1 be-

tween the 35Fe65P and 40Fe60P samples is probably

related to this parameter anomaly also. It is hoped

that, together with neutron data for the systems,

Mössbauer analysis of the iron ion ratios will help to
clarify this matter.
5. Conclusions

The magnetic nature of four iron phosphate glasses

was investigated using a SQUID magnetometer to

measure the DC susceptibilities for a low field
(0.025T) and 0.5T. Below the region between 65 and

135K, the glasses all exhibit spin glass-like antiferro-

magnetic interactions, demonstrated by the characteris-

tic cusps in the susceptibilities and the negative values

of the paramagnetic temperatures, hp. The cusp tem-
peratures, Tf, have been identified as spin freezing tem-

peratures, with values between 5K and 8K. When the

samples were cooled in an applied field, the susceptibil-
ity remained nearly constant below Tf, but decreased

with temperature for zero-field cooled measurements.

Values of the Curie constant (C), paramagnetic temper-

atures (hp) and effective magneton number (p) were
found for each sample. However, the use of Eq. (1)

could only yield indicative values, since the data were

not taken to high enough temperatures for the suscep-

tibility to become linear. Hence the attempt of fitting a
straight line to curved data introduced systematic er-

rors. All of the hp values were negative and, in general,
the antiferromagnetic interaction strengthened with

increasing iron content. The derived effective magneton

numbers indicated that Fe3+ is the dominant iron spe-

cies, as expected. The Fe3+ to Fe2+ ratio will be meas-

ured by Mössbauer spectroscopy and will be used to

further interpret the present data, together with those
obtained by neutron scattering.
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