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Nonlinear Magnetic Susceptibility in a Kramers-Ion Doped Glass
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The imaginary part of the magnetic susceptibility of an insulating glass doped with dysprosium ions
(Kramers ions), measured at high frequency (680 MHz) and low temperature (14 mK), is strongly
dependent on the amplitude of the electromagnetic field. This nonlinear eAect, which is not observed in
a similar glass doped with holmium ions (non-Kramers ions), is attributed to magnetic tunneling states.

PACS nonhero': 75. 10.Jm, 75.40.6b, 75.50.Kj, 75.50.Lk

Tunneling of large spins has been treated theoretically
for a long time. The possibility of tunneling between one
local minimum and another has been considered in spin
glasses [1,2]. In magnetic materials containing rare-
earth ions, it has been shown that tunneling of large spins
with strong anisotropy energy can take place along the
anisotropy axis [3]. The quantum dynamics of such spins
has been described in term of the semiclassical WKB for-
malism [4]. More recently, macroscopic tunneling of
magnetization on a mesoscopic scale has been reported
[5,6]. In every case, there are tunneling states (TS)
which must give rise, in principle, to nonlinear efIects
such as saturation or TS echoes (the analog of spin
echoes). These eA'ects have been observed indeed in the
acoustic properties of glasses [7,81 and they have been as-
signed to the elastic TS which arise from tunneling of
atoms or groups of atoms in glasses [1,9]. To our
knowledge, such eAects have not been observed in the
magnetic properties of magnetic glasses. In this Letter,
we report on the observation of a large decrease of the
imaginary part of the magnetic susceptibility of a
Kramers-ion doped glass with increasing amplitude of the
oscillating magnetic field at high frequency and low tem-
perature. This is evidence of the existence of magnetic
TS. Some properties suggesting the existence of such ex-
citations have been published: an excess of specific heat at
low temperature in an amorphous Dy-Cu alloy [10] and a
magnetic field eAect on the acoustic properties at low
temperatures of a dilute Kramers-ion glass [11]. Howev-
er, no magnetic nonlinear eAect has been reported in

magnetic glasses which have been described rather as re-
laxational glasses with Arrhenius behavior [12]. More
recently, quantum fluctuations have been introduced to
explain short relaxation times in these glasses [13].

We have studied the magnetic susceptibility of two
aluminosilicate glasses doped with Dy

+ and Ho + mag-
netic ions, respectively. The magnetic-ion content was
1.5 at. %. The main diA'erence between these two ions
concerns Kramers degeneracy which exists for the ground
level of Dy

+ (J= —", ), and not for the one of Ho +

(J=8). The most significant factor determining the
magnetic properties of these glasses is the single-ion
anisotropy energy which is strong for these two rare-
earth ions (DJ is about 100 K [14]). Hence, at

low temperature each ion is along its anisotropy axis
which is random from one ion to another. Although
simplified, the random axial anisotropy model [15]
explains qualitatively the magnetic properties of amor-
phous alloys containing rare-earth ions [14]. The exact
chemical compositions of our two samples were

(Dy2O3) 0029(La2O3) 0.165(StO2)0.579(AI2O3) 0.227

and

(H 0203 )0.029 (La 203 )0. I 65 (S102)0.579 (A1203)0.227 .

We have also studied a lanthanum glass without mag-
netic ion. Its chemical composition was (La203)Q i94-
(Si02)0579(A1203)0227. Hence, our three samples had
the same rare-earth ion content (10.1%).

To measure the magnetic susceptibility at high fre-
quency, we have used a split-ring resonator [16], also
called a loop-gap resonator [17]. Because to a first ap-
proximation the electric field exists in the gap and not in
the loop, this resonator is particularly attractive for mag-
netic susceptibility measurements. The sample was put in
the loop and the irradiating field was perpendicular to the
steady magnetic field. This one was obtained from a su-
perconducting magnet. The resonator was fabricated
from oxygen-free high-conductivity (OFHC) copper and
was pressed against the wall of the mixing chamber of a
He- He dilution refrigerator. Thus, it could be cooled

down to 10 mK. At 4 K, the resonance frequency of the
resonator without sample was around 680 MHz and its
quality factor was 3100; they do not change down to 10
mK. To measure the magnetic susceptibility g, the reso-
nance line of the resonator with the sample was deter-
mined using electromagnetic pulses of very low repetition
rate (to avoid heating of the sample). The line shape was
Lorentzian (Fig. 1). The line broadening was proportion-
al to the imaginary part of the susceptibility (g") and the
resonance frequency shift was proportional to the real
part of this one (g').

Figure 1 shows the resonance lines of the resonator
with the dysprosium glass, for diA'erent electromagnetic
powers. The filling factor was 0.1. All the peak heights
have been taken to be arbitrarily the same. At 4 K, the
linewidth is independent of power and its value is the
same as for the lanthanum glass (nonmagnetic). It ap-
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FIG. 1. Resonance lines of the resonator with the dysprosium
glass for diferent electromagnetic powers. All the peak heights
have been taken arbitrary equal to one. The solid lines are
Lorentzian curves.

FIG. 2. Imaginary part of the magnetic susceptibility versus
electromagnetic power at 14 mK for the dysprosium glass. 0 dB
corresponds to an amplitude of the alternating magnetic field of
about 2x10 T. The solid line is the theoretical curve ob-
tained from Eq. (2).

pears in Fig. 1 that there is a strong decrease of the
linewidth with increasing power, at low temperature. At
high power (0 dB corresponds to an amplitude of the al-
ternating field of about 2&&10 T in the sample) and low
temperature (14 mK), the linewidth has recovered its
high-temperature value (at 4 K). We have verified that
this nonlinear eA'ect existed neither in the lanthanum
glass (this is a proof there is no nonlinear effect arising
from the dielectric susceptibility, since the electric field,
although small, is not strictly zero in the sample) nor in

the holmium glass. Hence, the existence of magnetic TS
of very low energy splittings seems to be connected with
Kramers degeneracy. Figure 2 shows the variation of g"
as a function of the electromagnetic power, in zero mag-
netic field. We have also performed a two-pulse
saturation-recovery experiment. The first, with large am-
plitude, saturated the TS; the second, much weaker and
after a short delay, probed their recovery to the thermal
equilibrium. We observed no eAect on the second pulse
by the first one. Taking into account the sensitivity of the
resonator, that means the relaxation times of the TS were
shorter than 1 ps at 14 mK. Figure 3 shows the variation
of g" as a function of magnetic field, at low electromag-
netic power ( —60 dB). Last, we have measured g" as a
function of temperature. It decreases down to zero at 4
K without exhibiting any peak.

The observed eff'ects strongly support the existence of
magnetic TS. Without specifying in this section the exact
nature of these excitations, we can use the two-level-
system model [1,9]. This phenomenological model as-
sumes the existence of two-level systems with a constant
density of states as a function of the splitting. They are
described as one-half spins in a magnetic field. In our
samples, these two-level systems are indeed magnetic mo-
ments, which is not the case in glasses. An alternating
magnetic field induces transitions between the two levels
of the TS having the suitable splitting (6= hco, where A

is the splitting and cu is the angular frequency of the al-
ternating field). With increasing power, the population
diAerence between the two levels decreases. The dynami-

cal behavior of these TS is described by the Bloch equa-
tions [18]. The imaginary part of the alternating suscep-
tibility for a given splitting is

K 1
z =

Bint Jl + &2B 2Ti T&
(2)

where K is a constant we shall consider in the next para-
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FIG. 3. Imaginary part of the magnetic susceptibility versus
magnetic field at 14 mK and low electromagnetic power ( —65
dB) for the dysprosium glass. The solid line is a hyperbolic
curve as a function of magnetic field.

ppfT2
1+ [T2(rtt —rap)] + y Bi TiTp

where y is the gyromagnetic ratio of the TS, Mp is the
equilibrium value of the magnetization, T] and T2 are
the longitudinal and transverse relaxation times well
known in spin systems, B~ and co are the amplitude and
the angular frequency of the alternating magnetic field,
Acop=h, is the splitting of the TS. Then, we have to in-
tegrate over Amp. Because of the dipolar interactions be-
tween ions, there is a distribution of internal fields. As-
suming a mean field B;„t in the sample, this one can be
evaluated and is found to be about 0.25 T [11]. Integrat-
ing Eq. (1) from zero to ttt yB;„t with a constant density of
states of the form of Eq. (4), we obtain
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graph. This expression is similar to the one obtained for
the acoustic saturation in glasses [7,8]. The solid line in

Fig. 2 is the theoretical curve obtained from the above
equation and giving the best fit with the experimental
points. From this fit, we find a critical power (for which

y B~ T~ T2=1) equal to —21 dB and corresponding to
8[=1.gx10 T. Hence, y TiT2=3x10 . The value
of y is unknown, but taking the value for the free electron
we get TiT2=10 ' s, which is quite a small value at
low temperature (in fused silica at 18 mK and 692 MHz,
the relaxation times of the elastic TS are Ti =2x10 s

and T2 =10 s [19]). To fit the variation of g" versus
magnetic field at low electromagnetic power (Fig. 3), Eq.
(1) must be integrated over the splitting. Neglecting the
saturation term y Bi Ti T2 which is much smaller than 1,
taking a density of states according to Eq. (4), and as-

suming a relaxation time proportional to the magnetic
field, one can obtain a theoretical curve with a maximum
around the value of the internal field and a hyperbolic
variation in high field, in agreement with the experimen-
tal results. However, from the fit we obtain a value of T2
in zero field equal to 10 ' s which is indeed too short
and is not consistent with the product Ti T2 found above.

The nonobservation of the eAect here reported in the
holmium glass requires some precisions. Often, the
ground state of the Ho + is taken as a doublet [13]. It is

in fact a quasidoUblet since the 3ahn-Teller eAect can lift
the degeneracy of a non-Kramers ion. Since the non-

linear susceptibility results from a resonant absorption of
the electromagnetic field by the magnetic TS, as soon as
the splitting of the two lowest states is larger than Am the
eAect disappears. In our experimental conditions this
lower value is quite small (@to =0.03 K).

%e can attempt to describe the magnetic TS we have
observed as ground doublets of the rare-earth ions whose
local axis of anisotropy is almost perpendicular to the lo-
cal magnetic field [3]. In a quantum-mechanical treat-
ment a splitting h, of the doublets appears due to the local
magnetic field perpendicular to the anisotropy axis [2,31.
For arbitrary mutual orientation of these two directions
there is, in addition, a Zeeman splitting. Hence, the total
splitting of the ground doublet is [3]

6=Je +(2gjpBJBcos9)

where gJ is the Lande factor, pg is the Bohr magneton,
and 0 is the angle between the anisotropy axis and the lo-

cal magnetic field. Because the anisotropy energy is

much larger than the magnetic one (gptt JB((DJ ) and J
is very large, a is very small [31. Hence, the main contri-
bution to the splitting is the Zeeman term in Eq. (3).
However, the contribution e remains important: it means
that, even at the lowest temperature, the magnetic mo-
ments are not frozen. Since the relative orientation be-
tween the magnetic field and the anisotropy axis is ran-
dom, Eq. (3) leads to a density of states of the form
[3,10]

n(h) =
2gjpg JB

where c is the magnetic-ion concentration. A density of
states according to Eq. (4) allows us to determine the
constant K in Eq. (2) which is found to be trpticMO/2J,
where po is the permeability of vacuum. Then, from the
fit in Fig. 2 we obtain M0=0.3pa. This single-ion anisot-
ropy model can explain, partly, the behavior of the
dysprosium glass. However, processes which give so short
relaxation times for single ions are unusual in insulating
glasses, and this is an important objection against the ap-
plication of this model in the present case. Other models
which imply more collective excitations must be con-
sidered. Actually, our samples have some behaviors of in-
sulating spin glasses: The susceptibility as a function of
temperature at low frequency (around 10 Hz) for our
dysprosium glass exhibits a peak around 200 mK [20].
Moreover, very large time constants (several hours) ap-
pear in the samples at low temperature. Like the activat-
ed motions of small clusters considered in magnetic insu-
lating glasses [12,21], tunneling motions of similar clus-
ters could exist in our glasses, as shown theoretically for
spins with frustrated dipolar interactions [22].

In summary, the observation of the saturation of the
magnetic susceptibility as a function of electromagnetic
power is a direct evidence of the existence of magnetic
TS. In our glasses, Kramers degeneracy of the magnetic
ions is necessary to observe these states. An acoustic
study of similar glasses doped with diAerent Kramers ions
(gadolinium and europium) shows such magnetic TS ex-
ist also in these glasses [23]. The relaxation times of
these magnetic TS are very short and the problem is to
know what exactly is tunneling: single ions or clusters. It
must be pointed out that the same problem arises in mag-
netic glasses as in nonmagnetic ones: their properties at
low temperature are well explained within a phenomeno-
logical model, but there is not, unambiguously, a micro-
scopic description of these ones. However, to clarify this
point in dilute magnetic glasses there are physical param-
eters which can be changed. A study for diAerent con-
centrations and also for diAerent lattice structures (crys-
talline instead of amorphous) could give further informa-
tion about these magnetic tunneling states.

The authors are indebted to L. Bouvot who made the
resonator and J. M. Godard who prepared the samples.
Laboratoire de Physique des Solides is associated with
the Centre National de la Recherche Scientifique.
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