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Anomalous magnetic properties of heavily Tb-doped glasses
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Tb-doped glasses usually show a paramagnetic character. Recently, glasses have been successfully doped
with Tb31 ions in heavy concentrations of more than 10 at. %. These glasses show magnetic properties
different from the conventional paramagnetic behavior. However the mechanism of their anomalous magnetic
properties has not been clarified yet. In this study, we prepared heavily Tb-doped glasses and investigated their
magnetic and magneto-optical properties. We observed some results that indicate a slower relaxation process of
more than 1.0 sec.
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I. INTRODUCTION

Rare-earth-doped glasses have been researched i
sively regarding their magnetic properties and Faraday
fects by many authors. Among those, Tb-doped glasses
the largest Verdet constant.1,2 In the magnetic and magneto
optical properties, 4f electrons play an important role. In th
case of a Tb31 ion, the ground state of 4f electrons is ex-
pressed by7F6 as aJ multiplet. Even in a glass, the elec
tronic property of7F6 is preserved because 4f electrons are
well shielded by the outer electrons of 5s and 5p. Therefore,
it is considered that in glass, Tb31 ions are well isolated
from each other and that there are no exchange or supe
change interactions even among the nearest ions. Here
doped glasses show paramagnetic behavior and their Far
effect is proportional to magnetization; this phenomenon
called ‘‘paramagnetic Faraday rotation.’’3 However in a low-
temperature range and under high magnetic fields, it
reported that the magnetic and magneto-optical propertie
Tb-doped glasses are different from the paramagn
behavior.4,5 Recently, magnetic and magneto-optical prop
ties for heavily rare-earth-doped glasses at more than
at. % were reported. Yuan and co-workers reported th
magnetic properties as ‘‘superparamagnetic’’ where m
netic clusters are formed.6,7 In our investigation, we observe
a behavior of heavily Tb-doped glasses that is different fr
the paramagnetic property, due to random interacti
among Tb31 ions.

We prepared a heavily Tb-doped glass with a Tb31 ion
concentration of 15.6 at. % and performed measuremen
magnetization and Faraday effect under pulsed magn
fields of up to 15 T in a temperature range between 10–
K. In addition to these, measurements of temperature de
dence of ac susceptibilities under dc magnetic fields w
performed. By these measurements, we found that a ce
relaxation process is dependent on the magnitude of exte
magnetic fields. We aim to understand the physical mec
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nisms of the magnetic properties in heavily Tb-doped gla
where they have never been reported before.

II. EXPERIMENTS

In this study we experimented on several Tb-dop
glasses fabricated by SUMITA Optical Glass Manufacturin
Inc. Japan and mainly conducted a series of experiments
glass that contains 15.6 at. % of Tb31 ions (1.29
31028 Tb31/m3). From this value, the mean distance b
tween Tb31 ions can be estimated as 4.26 Å. The compo
tion of the glass is as follows: 35Tb2O3120B2O3125SiO2
119.5Ga2O310.5Sb2O3.

The samples had a cylindrical shape of 2 mm in diame
and 5 mm in length, and their end surfaces were polished
optical improvement. Pulsed magnetic fields reaching 15
were produced by discharging currents from a 35-mF c
denser bank. The rise up and decay time of the applied m
netic fields are 24 ms and 100 ms, respectively, which
long pulsed fields in comparison to other report
experiments.4,5 The sample magnetization was detected
time derivatives (dM/dt) with a pickup coil. In Faraday ef-
fect measurements, we obtained the light source by usin
halogen lamp with monochromatic color filters ranging b
tween 460–700 nm. Light was transmitted to the sam
through an optical fiber and irradiated with a linear polariz
Light coming out from the opposite surface was guided
an optical fiber to a photomultiplier tube. Two optical pola
ized sheets~HN22 KOYO! were used as the polarizer an
analyzer. In these experiments, the ambient temperature
controlled by a closed-cycle refrigerator system in a ran
between 10–250 K with an accuracy of about60.5 K. Fig-
ure 1 shows an example of the Faraday rotation of this gl

III. RESULTS

The magnetization of the sample was cross chec
by using a superconducting quantum interference dev
©2001 The American Physical Society16-1
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magnetometer and also the temperature dependence o
magnetization was measured. Figure 2 shows the magne
tion curve of the sample under dc magnetic fields at a te
perature of 6.5 K, experimental values represented by s
squares. The magnetization became almost saturated u
magnetic fields higher than 5.5 T. The solid line in Fig.
shows a curve calculated by the Brillouin function for t
corresponding ion concentration of the present sample
this case, the actual sample magnetization was experim
tally found to be 0.69 T (550 emu/cm3), which is about
40% smaller than the value calculated by the single-

FIG. 1. ~a! Wave profile of the pulsed magnetic field.~b! Typi-
cal result of the Faraday rotation measurement of the sample.

FIG. 2. Magnetization of the sample as a function of the app
dc field at T56.5 K. Experimental result is shown by soli
squares; solid line is calculated by the Brillouin function a
dashed-squared line indicates the least-squares fit.
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model. Here, we adopted the following parameters: Land
g factor, g51.47; total angular momentum,J56; and the
number of Tb31 ions per unit volume, N51.29
31028 (Tb31/m3). On the other hand, the dashed-squa
line in the figure shows a fitting result that includes a cryst
field effect. We will discuss its details in a later sectio
Figure 3~a! shows an experimental result and a result cal
lated by the Brillouin function as a function of temperatu
ranging between 4.5–300 K in an applied magnetic field
3.0 T, and Fig. 3~b! shows its deviation from the calculate
value. It shows that the experimental result is well fitted
the Brillouin function in a temperature range higher than
K, however for temperatures lower than 40 K, it abrup
deviates from the calculated value as temperature decre
The results of Figs. 2 and 3, which are different from tho
of the Tb-doped glasses at usual concentration, mean tha
present glasses do not obey a simple paramagnetic beha

On the other hand, the dc magnetic susceptibility of t
sample in a low magnetic field of 1.031023 T obeyed the
Curie-Weiss law with a Weiss point ofu520.7 K, as
shown in Fig. 4. We also measured the temperature de
dence of the ac susceptibilities in a frequency range betw
10–1 kHz in an applied field with an amplitude of 3
31024 T. The results of ac susceptibilities showed the sa
temperature dependence of the dc susceptibility and no
quency dependence. Furthermore, neither dc nor ac sus
tibilities showed the difference between the zero-field-coo
and the field-cooled treatments.

Figure 5 shows experimental results of magnetization v
sus pulsed magnetic field at three different temperatures
K, 45 K, and 110 K. In this figure, all of them have a near
linear dependence on the applied magnetic fields. Here
should notice the fact that the magnetization at 14 K

d

FIG. 3. Magnetization of the sample as a function of tempe
ture at a dc magnetic field of 3.0 T.~a! d and n denote the ex-
perimental result and the value calculated by the Brillouin functi
respectively.~b! Sample’s deviation from the calculated value.
6-2
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smaller than that at 45 K. On that point Fig. 6 shows
temperature dependence of the magnetization under pu
magnetic fields. The magnetization increases with decrea
temperature in a temperature range higher than 45 K, i.e
paramagnetic behavior. On the contrary, below 45 K, it
creases with decreasing temperature. Adapting the Cu
Weiss law in the higher-temperature range above 45 K,
Weiss point was estimated at221 K under an applied field
of 3.3 T. Figure 7 shows experimental results of the recip
cal Verdet constant dependence on light wavelength
pulsed fields. As shown in this figure, the reciprocal Ver

FIG. 4. Magnetic susceptibility of the sample under a low-
magnetic field of 1.031023 T. The solid line in this figure shows a
result of the least-squares fit.

FIG. 5. Magnetization curves of the sample under pulsed m
netic fields at various temperatures. Upward ‘‘→ ’’ and downward
‘‘ ← ’’ indicate an increase and a decrease of pulsed magnetic fi
respectively.
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constant is proportional to (l22l0
2)/C.3 Here,l0 andC de-

note a resonant wavelength and a proportional constant a
ambient temperature, respectively. From these results,
found no wavelength-dependent anomaly. Figure 8 sho
the temperature dependence of the Verdet constant
wavelength of 460 nm under an applied magnetic field of
T. It should be noticed that the Verdet constant shows a p
at around 40 K and has a temperature dependence simil
that of the magnetization detected with the pickup coil. W
calculated the Weiss point from the result of the Verdet c
stant and it was found to be224 K. Here we would like to
point out that the temperature dependence of the Verdet
stant and that of the magnetization do not obey a param
netic character.

We presume that the appearance of these anomalous
nomena observed under pulsed magnetic fields need
high magnetic fields and their time variation. Therefore,
confirm this presumption, ac susceptibility measureme
were performed under external dc magnetic fields

g-

s,

FIG. 6. Temperature dependence of the magnetization un
pulsed magnetic fields of 3.3 T and 10.0 T.

FIG. 7. Wavelength dependence of the reciprocal Verdet c
stant at two different temperatures, 10 K and 50 K.
6-3
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m0Hdc50.0, 0.25, and 1.0 T. The results are shown in Fig
Under m0Hdc50.25 T, in-phasex ’ slightly deviates from
that without the external dc magnetic fields below 30 K a
out-phasex ’’ shows a peak at 6.0 K. Under a higher field
m0Hdc51.0 T, x ’ shows a noticeable peak at 13 K and t
peak ofx ’’ increases and shifts to the higher temperature
8.5 K. Figure 10 shows the in-phasex ’ and out-phasex ’’
under the dc magnetic field ofm0Hdc51.0 T at various fre-
quencies of the ac magnetic field:f 51.0, 10.0, and 120 Hz
The peak value ofx ’ increases and its position shifts from
14–13 K while decreasing the frequency from 120–1.0 H

FIG. 8. Temperature dependence of the Verdet constant und
pulsed magnetic field of 3.0 T.

FIG. 9. Ac susceptibilities under various external dc magne
fields. The applied ac magnetic field has an amplitude of
31024 T and a frequency of 120 Hz.Tr denotes the temperatur
below which the increase ofx ’’ is observed~see text!.
10441
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The out-phasex ’’ begins to increase at about 30 K an
shows a peak at 8.5 K, its intensity increasing with decre
ing frequency.

IV. DISCUSSION

Slightly Tb-doped glasses show paramagnetic beha
due to isolated and noninteracting Tb31 ions as an aggrega
tion of free ions.8 Even on our heavily Tb-doped glass, ma
netic susceptibilities obey the Curie-Weiss law in low-dc a
-ac magnetic fields. However under the high pulsed magn
fields used in this study, both the magnetization and the V
det constant showed an anomalous peak in their tempera
dependence. Yuan and co-workers have found that t
heavily Tb-doped glasses had a large absolute value of N´el
temperature and reported the existence of a superpara
netic structure in which oxygen and terbium ions for
clusters.6,7 At first, we have also tried to explain the anom
lous phenomenon of a decrease in the magnetization
decreasing temperature below 45 K as a thermal fluctua
aftereffect caused by a superparamagnetic structure. In
eral for superparamagnetic materials, the blocking temp
ture or the difference between the experimental results of
and ZFC treatments are observed in the temperature de
dence of the magnetic susceptibility.9 However, neither the
blocking temperature nor the difference between ZFC a
FC measurements were observed for the sample in
present experiment. Nor was observed a frequency dis
sion from the results of ac susceptibility measurements in
absence of external dc magnetic fields superposed on
magnetic fields. Therefore we do not agree with the idea
the anomalous behavior under pulsed magnetic fields
caused by the aftereffect based on a cluster superpara
netic model. We propose other mechanisms to explain
anomalous results obtained in this study. To discuss t

r a

c
0

FIG. 10. Ac susceptibilities at various frequencies of an ac m
netic field. The intensity of the dc magnetic field was set at 1.0
6-4
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possibility, we review the ground state of Tb31 ions and, in
doing so, we notice that they have a large orbital angu
momentum (L53), which in turn leads us to concentrate o
the influence of crystal fields.

Here, in our approach to the problem, we adopt a nona
crystal field HamiltonianHCF expressed by Eq.~1!, as pro-
posed by Fert and Campbell10 and Borchi and De Gennaro11

when treating crystal fields in rare-earth Fe alloys.

HCF5aJxi

2 1bJyi

2 1gJzi

2 . ~1!

a, b, andg are functions of bothh andC as follows:

a5
32h

6
C, b5

h

3
C, g52

31h

6
C. ~2!

~21<h<1!. ~3!

In these expressions,Jxi
, Jyi

, andJzi
are the angular momen

tum components of thei th Tb31 ion with respect to the loca
principal axes,h is the asymmetric parameter, andC is the
parameter representing the crystal-field strength. In the c
of h51, by introducingJi

25Jxi

2 1Jyi

2 1Jzi

2 , Eq. ~1! can be

rewritten as HCF52CJzi

2 1 1
3 CJi

2 , which is equal to a

uniaxial crystal field under which its ground state becom
the doubletuJzi

566&. In the opposite case ofh521, the

equation can be rewritten asHCF5CJxi

2 2 1
3 CJi

2 under which

its ground state becomes the singletuJxi
50&. When applying

an external magnetic fieldHex to the z axis of the fixed
coordinate frame, the Zeeman term is expressed by

HZeeman52gmBHex~cosu iJzi
1sinu i cosf iJxi

1sinu isinf iJyi
!, ~4!

whereu i andf i are, respectively, the angles measured fr
the z axis andx axis of the fixed coodinate frame. In th
case, the total Hamiltonian becomesHtot5HCF1HZeeman
and then an expectation value of^Jz& i at thei th site can be
obtained by the following equation:

^Jz& i5
Tr~Jzr!

Tr~r!
, ~5!

wherer is a density operator defined asr[e2Htot /kBT. On
the assumption thatu i and f i are randomly and equally
probably distributed, by taking the spatial average overu i
andf i , the magnetization of the sample can be obtaine11

We made this calculation taking into account all crystal-fie
splitting levels. In this manner, we obtainedC/kB55.0 K
and h50.0 from the fitting process. The energy level f
Tb31 as a function ofh is shown in Fig. 11. There, the
crystal-field splitting of its ground doublet isDeCF /kB
55.031023 K, which can be negligible because it is muc
smaller than the thermal energy at our experimental temp
ture (T56.5 K). The first excited state is located
DECF /kB539 K above the ground doublet. Therefore w
can consider the ground state of the Tb31 ion as a degener
ated doublet in this glass.
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On the basis of this consideration, we discuss the dyna
properties of this glass. From the results of ac susceptib
measurements under external dc magnetic fields as show
Fig. 9, especially those of thex,’’ it is obvious that the
relaxation process depends on the magnitude of the exte
dc magnetic field. We consider that this phenomenon
that observed under the pulsed magnetic fields have the s
origin, namely, the relaxation process, though in t
temperature-dependence characteristics ofx ’ ( m0Hdc
51.0 T) and the magnetization under pulsed magne
fields, their peaks’ positions are different~see Figs. 8 and
10!. From the results of the frequency dependence ofx ’ and
x ’’ under m0Hdc51.0 T in Fig. 10, it is observed that the
peaks’ intensities do increase with decreasing frequencf
from 120–1.0 Hz, thusf c can be lower than 1.0 Hz (f c is
defined as the frequency causing the maximum of the pe
intensity ofx ’’ !. Therefore the characteristic relaxation tim
t51/vc5 1

2 p f c is expected to be over 1.0 sec atT58.5 K.
Integrating the present results, some anomalous magn
properties of this glass indicate the appearance of a s
relaxation process in a low-temperature range and in
presence of external magnetic fields. From the result of
dc field dependence of thex ’’ in Fig. 9, we define the char-
acteristic temperatureTr below which the increase ofx ’’ is
observed. That is to say, the relaxation process takes p
when the temperature is decreased below the valueTr . Here
the empirical values are estimated asTr512 K in the case
of m0Hdc50.25 T andTr530 K at m0Hdc51.0 T.

Regarding the reason why the slow relaxation process
pears only in the presence of external magnetic fields:
though we are not able to explain its detail at present,
infer that coupling between a disordered crystal structure
magnetic moments of the Tb31 ion plays a part. The shor
average distance between a Tb31 ion of 4.26 Å due to its
heavy concentration and external dc magnetic fields p
duces the magnetic relaxation observed in this study.

FIG. 11. Energy-level scheme for a Tb31 ion subject to a non-
axial crystal field as a function ofh. DeCF andDECF are, respec-
tively, the energy splitting of the ground doublet and the ene
difference between the ground doublet and the first excited sta
6-5
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V. CONCLUSIONS

For the conclusions of this study we would like to poi
out two things. First, from the result of the dc magnetizat
measurement, we found that in this Tb-doped glass,
ground state of the Tb31 ion in a low-temperature rang
should be considered as a doublet that is caused by
uniaxial crystal field whose axes are distributed random
i.e., the Tb31 ion couples with a disordered crystal structu
Second, under pulsed magnetic fields, the magnetic pro
ties of our glass sample were evidently different from tho
of paramagnetic or superparamagnetic materials. Both
magnetization and the Verdet constant did not show p
magnetic behavior and showed an anomalous peak at a
45 K. Furthermore the ac susceptibilities were measured
der external dc magnetic fields, and it was found that th
behavior depends on the field’s intensity. Under a dc m
netic field of 1.0 T the in-phasex ’ shows a noticeable pea
w

er

e,
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at 14 K, while the out-phasex ’’ begins to increase below 30
K and shows a peak at 8.5 K. These results indicate th
certain relaxation process occurs, induced by applying ex
nal dc magnetic fields to the glass that has a coupling
tween a disordered lattice system and the magnetic mom
of Tb31 ions at a short average interionic distance.
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