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Giant magnetoimpedance (GMI) in the reentrant spin-glass (SG) phase of ferromagnetic Fe90Zr10 is reported.
The temperature (T ) dependence of the GMI allows the investigation of the spin dynamics in the SG phase
in the MHz frequency regime and thus very short relaxation times τ (∼ 10−8 s). The GMI shows a broad
maximum around 150 K and diminishes with decreasing T below the glass temperature Tg of 15 K. The
magnetic permeability data obtained from the GMI data shows the general features observed in the ac
magnetic susceptibility measured at lower frequencies (10 ≤ f ≤ 104 Hz), yielding values of Tf (= Tg(f)) that
allow testing the validity of the power-law scaling used for describing the dynamics of SG-phases up to 15 MHz.
A log-log plot of τ (= 1/f) versus the reduced critical temperature shows two distinct regimes in the time-
domain: (1) a critical slowing-down is observed for values τ > 3×10−3 s; and (2) for 7×10−8 ≤ τ ≤ 3×10−3

s. In the later case a fitting to the power-law yields the value 7.4 for the product of the critical exponents zν,
and 1.6 × 10−7 s for the microscopic relaxation time τ0. The product of the exponents is appropriate for an
Ising spin glass.

PACS numbers: 75.50.Cc, 75.50.Lk, 75.50.Kj, 75.47.-m
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The physics resulting from competing interactions in
magnetic materials responsible for the spin-glass state
continue to be at the forefront of condensed matter
physics. The interest comes from the subtle phase tran-
sitions, coexistence of the spin-glass state and ferromag-5

netic order, and associated dynamics; although exten-
sively studied, these continue to defy experimentalists
and theoreticians.1,2 As an example of early experiments
in this area, Mössbauer data obtained for the metallic
amorphous alloy Au19Fe81 showed ferromagnetic order10

below a Curie temperature TC of 170 K followed by a
spin-glass-like freezing below about 60 K.3 In this ma-
terial a strong irreversibility in the magnetizations mea-
sured after cooling with an applied magnetic field (FC)
and with zero field (ZFC) occurs below 15 K. As typifies15

a spin-glass, a cusp was also reported4 in the ac magnetic
susceptibility in other work on this system. Similar be-
haviors have been observed in insulating disordered alloys
such as FexZn1−xF2.5

Another important signature of the spin-glass phase20

that gives a clue to the nature of the magnetic interac-
tions is the critical slowing-down of the spin dynamics.6

However, probing the spin-glass dynamics by direct mea-
surement of the ac magnetic susceptibility has been
largely limited by the experimental limitations to a few25

tens of kHz only.
In this paper we report a study of the spin dynamics

in the MHz regime of the reentrant spin-glass state in

a)Electronic mail: flam@df.ufpe.br

a Fe90Zr10 alloy employing the giant magnetoimpedance
effect (GMI).7 The GMI is a measure of the frequency,30

magnetic field, and temperature dependent magnetic
permeability, µT , through the penetration-depth δ =
[ρ/(πfµT )]1/2, where f is the frequency of an ac elec-
tric current applied to the sample and ρ is the electric
resistivity.8,9 By measuring the GMI one can determine35

δ and find the dependence of the real and imaginary parts
of the magnetic susceptibility χac = µT − 1 = χ′ac + iχ′′ac
as a function of the frequency, f , temperature, T , and
applied magnetic field H. These measurements of the
frequency dependent GMI provide direct information on40

the spin dynamics of the system being studied. In addi-
tion, for some technological applications the investigation
of the temperature dependence of the GMI is of great
importance.10–12

The phase diagram of the FeZr alloys is somewhat com-45

plex and, as expected, the transitions temperatures TC
and Tg are sensitive to the atomic percent of Zr.13–16

For Fe90Zr10 the low-T in-phase component of the ac
magnetic susceptibility χ′ac was found to decrease mono-
tonically with T while a cusp with a maximum near50

15 K that shifts to higher temperatures with increas-
ing f was observed in the out-of-phase component χ′′ac.

17

These ac susceptibility measurements of Fe90Zr10 were
made with a Physical Properties Measurements System
(PPMS-Quantum Design) for temperatures in the range55

1.8 - 30 K. Examples of the data obtained with an ac mag-
netic field hac = 5 Oe and with f varying from 10 Hz to
104 Hz are shown in Fig. 1. Notice that the freezing tem-
perature shifts by about 5 K in the range of frequencies
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FIG. 1. (color online) Temperature dependence of the χ′ac (in-phase) (a) and χ′′ac (out-of-phase) (b) components of the magnetic
susceptibility of Fe90Zr10 for f = 10, 500 and 104 Hz and for hac = 5 Oe. The data for χ′′ac reveals that the freezing temperature
shifts by about 5 K when f varies in the range 10 - 104 Hz. The arrows indicate the direction of increasing f .

covered by the experiments as previously reported.1760

For the magnetoimpedance (Z) measurements we have
used the same melt spun ribbon of Fe90Zr10 with di-
mensions 8.9 mm long, 0.7 mm wide and 9.0 µm thick.
The electric contacts were made with silver paint. The
impedance was measured using a standard four terminal65

measurement technique. The schematics of the exper-
imental set-up and typical magnetoimpedance data are
shown in Fig. 2. The data acquisition is fully automated
with LabView software (National Instruments) control-
ling a high frequency lock-in amplifier (Stanford Research70

model SR844) via a GPIB interface. The magnitude of
the ac electrical current was maintained at 13 mA while
the frequencies of the electric current were 5, 10 and 15
MHz. A closed cycle refrigerator (Displex) was used to
vary the temperature between 10 and 300 K. An applied75

magnetic field, H, was swept in the range ± 6.0 kOe at
each measurement temperature. The magnetoimpedance
data were corrected for the transmission lines connecting
the lock-in amplifier to the sample at the cold tip (coaxial
cables outside and twisted pairs inside the Displex). The80

magnetoimpedance data shown in Fig. 2 have a maxi-
mum Z near H = 0 and effectively saturates at ± 6.0
kOe. The upper left inset is a blow-up of the central
part of the Z vs H curve while the right inset is a block
diagram of the experimental set-up.85

Figure 3 shows a 3D plot of the variation of
∆Z(H,T ) = Z(H,T ) − Z(Hmax, T ) as a function of H
and T . The important features in this figure include
the fact the magnetoimpedance is largest at zero applied
field, is essentially saturated and constant at Hmax, be-90

gins a rapid increase at TC , about 225 K, reaches a max-
imum at around 160 K and decreases more slowly for
lower temperatures.

A plot of the maximum GMI percentage occurring at
H = 0 is shown as a function of T in Fig. 4 along with,95

for comparison, the dc electric resistivity. ρ(T ) varies by

less than 4% and increases monotonically with decreas-
ing T below TC . The T -dependence of the electrical re-
sistivity and of the magneto-resistance for samples with
similar concentration have also been investigated in the100

past.18–20 It was found that the magneto-resistance varies
by less the 0.5% even for higher values of applied mag-
netic fields (up to 8 T). Thus, the magneto-resistance
is not relevant in determining the GMI in this sample
material. Moreover, the minimum in the electrical re-105

sistance near TC was found to be due to coherent ex-
change scatterings rather than to the more usual Kondo
effect.20 As is evident in this figure, the temperature de-
pendence of the GMI has some interesting features not
seen in ρ(T ). First, it has a maximum value of about 15%110
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FIG. 2. (color online) Typical Z vs H data for Iac = 13 mA,
f = 15 MHz and T = 150 K. The upper left inset is a blow-up
of the central part of the curve while the right inset shows a
block diagram of the experimental set-up used in the GMI
measurements.
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close to 160 K. This maximum is strongly correlated with
the one observed in the magnetic permeability which, in
turn, follows the trends observed in both dc and ac mag-
netic susceptibility data.17 Moreover, the GMI decreases
monotonically with T and there is a change in the slope115

in the low-T regime. It is also interesting to notice that
the competing ferro-antiferromagnetic interactions evi-
denced in the dc and ac magnetic susceptibility does also
makes the GMI to diminish with T even before the spin-
glass phase is reached. This effect is more pronounced120

below about 50 K and it is also present in ρ(T ).
The temperature dependence of the penetration-depth

δ was determined for each frequency using the theoretical
model of the impedance for soft-ferromagnetic ribbons9∣∣∣∣∣ (1 − i)l

2wδ

ρ

1 − e−(1−i)d/2δ

∣∣∣∣∣− Z = 0 (1)

where l, w and d are, respectively, the length, width and125

thickness of the ribbon. The temperature dependence of
the transverse ac magnetic permeability µT = ρ/πfδ2 is
then obtained from δ. (Note it is the transverse perme-
ability measured since the high frequency magnetic field
is orthogonal to the swept field.)130

Figure 5 shows the data for both δ(T ) and µT for 15
MHz. The µT (T ) data is normalized by the permeability
of vacuum (µ0 = 4π × 10−7H/m) and its T -dependence
follows closely the trends observed in the GMI data. Well
above TC it is small, as expected, and increases as the135

temperature is reduced below TC . It exhibits a maximum
at about 160 K and then decreases monotonically with
decreasing temperature.

FIG. 3. (color online) ∆Z(H,T ) = (Z(H) − Z(Hmax)) as
a function of H and T . Notice that ∆Z diminishes rapidly
above TC and monotonically for low values of T .

In order to investigate the behavior of the freezing tem-
perature in the MHz frequency range, the ac magnetic140

susceptibility χac = µT − 1 was calculated for 5, 10 and
15 MHz in the temperature range 10 - 50 K. The cross
over temperature from the ferromagnetic to the spin-glass
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FIG. 4. (color online) GMI and ρ versus temperature data
for f = 15 MHz. The maximum GMI is about 15% while ρ
varies less than 4% in the full range of T .

phase is better seen if one plots the log of χac vs. T as
shown in the inset of Fig. 6 for f = 5 MHz. The in-145

tercept of linear fits to the data above and below the
crossing temperature yields the glassy temperature Tf
for a given f (= Tg(f)). For the three frequencies, 5, 10
and 15 MHz, we find values of Tf of 27.8, 28.4 and 30.1
K, respectively.150

Shown in Fig. 6 is a log-log plot of the relaxation time
τ (= 1/f) versus reduced temperature tr = Tf/Tg − 1
with Tg = 14.0 K. Notice that the plot includes the values
of τ obtained from the GMI data (f = 5, 10 and 15 MHz)
and the set obtained from the χac data measured below155

10 kHz. It is interesting to notice that the spin-dynamics
follows a typical power-law behavior even for values of
τ close to 10−8 s. This is the first report of such short
values since previous efforts have been limited to values
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FIG. 5. (color online) Transverse ac magnetic permeability
µT and penetration-depth δ versus temperature for f =15
MHz.
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determined from χac data. The blue dashed and solid160

lines in Fig. 6 represent fittings to the power-law function
τ = τ0t

−zν
r typical of standard critical slowing down21 in

spin glass systems, where ν and z are, respectively, the
correlation length and the dynamical critical exponent,
and τ0 is a microscopic relaxation time. The data show165

a crossover between two regimes, labeled 1, with 3.3 ×
10−3 ≤ τ ≤ 1.0× 10−1 s and a high temperature regime,
labeled 2, with 6.7 × 10−8 ≤ τ ≤ 3.3 × 10−3 s. A best
fit of the power law to the data in regime 1 was obtained
using zν = 2.6 and τ0 = 1.1 × 10−4 s. Those values170

are far from usual values for spin-glass systems. This is
compared to those for regime 2 where the best fit yields
zν = 7.4 and τ0 = 1.6 × 10−7 s, which are very close
to the ones obtained for other spin-glass like systems.22

Moreover zν in regime 2 is in good agreement with the175

values predicted by Monte Carlo simulations23 and by
renormalization group calculations24 for short range Ising
spin glasses. Notice also that the shift in Tf per decade
of frequency, given by ∆Tf/Tg∆ log(f), for regime 2 was
found to be about 0.17. This is a somewhat large value180

and it is about 5 times the value obtained by using low
frequency data only.25 An attempt was made to fit a
Voguel-Fulcher law26 but a good fit for the full range of
relaxation times was not found. Finally we note that the
existence of more than one regime in the spin dynamics185

in reentrant spin-glass phases has also been observed in
other ferromagnetic alloys.27
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FIG. 6. (color online) τ vs. reduced freezing temperature. For
τ ≥ 10−4 s the data were extracted from the χac measured in
the PPMS while the shortest ones are from the χac obtained
from the GMI data. The blue line is a fit to a power-law. The
inset shows a log plot of χac vs. T for f = 5 MHz. The solid
red lines are linear fittings used for determining Tf .

In summary, the temperature and magnetic field
dependence of the giant magnetoimpedance was inves-
tigated for several values of f (5, 10 and 15 MHz) in190

reentrant ferromagnetic Fe90Zr10. The GMI data was
used to obtain the ac magnetic susceptibility for these
values of f by using a model based on the penetration-

depth associated to the magnetic field created by the
ac electric current. The high-f χac data were combined195

with the data measured for f in the range 10 - 104

Hz for testing the validity of the power-law description
for the spin dynamics in spin-glass systems up to very
short relaxation times. It was found that the dynamics
follows two distinct regimes: one for long relaxations200

times (τ ≤ 3.3 × 10−3 s) and the other for short values
(6.7×10−8 ≤ τ ≤ 3.3×103 s). For this latter regime, we
find the critical exponent zν = 7.4 and the microscopic
relaxation time τ0 = 1.6× 10−7 s that are close to values
obtained for other spin-glass-like systems.205
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