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Vibrating ferromagnet in a magnetic field
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~Received 13 March 1997!

We have studied the magnetoelastic behavior and the dynamical response of a vibrating amorphous metal in
the ferromagnetic and reentrant spin-glass states in different magnetic-field orientations. We show that the
‘‘giant DE effect,’’ measured in transverse geometry, can be quantitatively understood taking into account the
pinning of the domain walls and the in-plane magnetization. We show that the giantDE effect is not related to
magnetostriction, i.e., to the interaction of the applied stress with magnetic domains.@S0163-1829~97!03137-8#
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The behavior of a vibrating ferromagnet in a magne
field ~or field gradient!, with ~or without! rotation~relative to
the applied field! and applied strain, is in general difficult t
predict. The formation of magnetic domains, the pinning
their walls, the crystal and form anisotropy, and the inter
tion of applied stress with the domains prevents a gen
treatment of this problem. Probably the first treatment of
magnetic-field change of the Young modulus, theDE effect,
was done by Becker and Do¨ring in 1939.1 One particularly
interesting effect with vibrating amorphous ferromagn
was reported 20 years ago:2 the resonance frequency of th
vibrating ferromagnet decreases with an applied fieldBa and
reaches a minimum at values;10230 % of its value at
Ba50 T. This large decrease in the resonance frequenc
the ferromagnet has been called in the literature ‘‘giantDE
effect’’ based on the assumption that the observed beha
might be due to a ‘‘softening’’ of the elastic constants as
consequence of the stress-induced domain movem
Though a large amount of experimental and theoretical w
has been done to understand this effect, there is in the lit
ture no clear interpretation or theoretical model which h
gained consent among scientists. The study of the giantDE
effect in an amorphous ferromagnet is the aim of this wo
We will show below that the investigation of the acous
properties in a magnetic field in different geometries is n
essary to distinguish between magnetoelasticity and o
field-related contributions. We present clear experimen
evidence that the giantDE effect observed in our sample
not related to any softening of the elastic constant but to
macroscopic magnetization and the pinning of the dom
walls, and it is not related to magnetostriction. Our resu
indicate also similar magnetic-field dependence of the
namics and pinning of the domain walls in the ferromagne
and spin-glass states.

The change of the resonance frequency of a ferromagn
cantilever in the presence of a magnetic-field gradient
been solved theoretically by Brandt3 for the case that the
applied magnetic field is parallel to the length of the cant
ver. Further theoretical and experimental studies of the
havior of para- and diamagnetic vibrating reeds with ani
tropic magnetic susceptibility have been performed
Jacobsen and Ehrlich.4

For our studies we have chosen an amorph
metal in the as-quenched state~Metglass 2826-A:
Fe32Ni36Cr14P12B6) which is ferromagnetic atT<240 K and
560163-1829/97/56~13!/7823~4!/$10.00
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shows a reentrant transition to a spin-glass state atTf.1.2
K.5 Typical dimensions of our samples were@length
( l )3width (w)3thickness (d)# 3.731.530.06 mm3. The
Young modulusE or resonance frequency change has be
obtained with the vibrating reed technique in the fundam
tal mode at different orientations between applied field a
main surface of the reed; the resonance frequencies (v/2p)
were between 600 Hz and 3 kHz. Magnetization measu
ments were performed with a commercially available sup
conducting quantum interference device magnetometer.

Figure 1 shows the magnetization as a function of app
field for three configurations:~a! field parallel to the sample
width, ~b! field transverse to the sample main surface, and~c!
field parallel to the length of the reed~see inset!. As ex-
pected, these measurements reveal that the easy axis o
magnetization is along the reed length~smallest demagneti
zation factor!. Due to the form anisotropy we define tw
anisotropic constants: a transverseK' ~difference in the
magnetizing work between transverse and longitudinal
ometries! and a longitudinal oneK i @difference between
magnetizing work in cases~a! and~c!#. From the magnetiza-
tion measurements we obtainK'.13105 J/m3 and
K i.43103 J/m3.

FIG. 1. Magnetization as a function of applied field for differe
configurations atT57 K. (s): Magnetic field applied parallel to
the width or vibration axis of the sample@~a! and inset#; (d): field
applied perpendicular to the main area of the reed~b!; (L): field
applied parallel to the sample length~c! ~see inset!.
7823 © 1997 The American Physical Society
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Figure 2 shows the relative change of the square of
resonance frequency of the reed for the field~a! applied
transverse to the main area of the reed and~b! applied par-
allel to the vibration axis or sample width. A large decrea
of the order of 20% in the resonance frequency is obser
with a minimum atBa.0.5 T in the transverse geometry. A
Ba;0.25 T the resonance frequency in this geometry@Fig.
2~a!# depends slightly on whether the sample is in the sp
glass or ferromagnetic state where the local minimum
measured. In parallel geometry the magnetoelastic prope
depend more strongly on the sample magnetic state, see
2~b! and inset.

In this work we want to discuss the main decrease of
resonance frequency which is typical for the giantDE
effect.2,6,7 For the two orientations shown in Fig. 2 and
T50.2 K ,Tf the results look similar: well-defined minim
in the resonance frequency at an intermediate magnetiza
At first glance both minima might be considered as aDE
effect due to the softening of some elastic constant. N
however, that the decrease of the resonance frequenc
transverse geometry is;20% in comparison to;0.03%
change in parallel geometry. As we will explain below t
origin of the two minima is different.

In the transverse case the resonance frequency of
magnetized reed is modified by a field-induced torquet act-
ing on it. In general we can write the following expressi
for the frequency change:3,8,9

v2~Ba!2v2~0!5
Vs

I

]t

]u
. ~1!

FIG. 2. Relative change of the square of the resonance
quency as a function of field for different configurations and w
the sample in the ferromagnetic (T57 K! and reentrant spin-glas
state (T,0.2 K!.
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Vs is the volume of the sample,I is its inertia moment, andu
is the angle between the magnetizationM and the applied
field Ba . Figure 3 shows the scaled resonance freque
change as a function of applied field for transverse geom
at T57 K.

The torquet can be related to the free energyF; in the
static case it is given by11

t5
]F

]u
5

]@~1/2!m0M2cos2~u!2MBcos~u!#

]u
, ~2!

where the first term in the right-hand side is due to the sh
anisotropy of the sample which stabilizes the magnetiza
vector in certain direction with respect to the sample m
axis. The second term is the dipole energy. The magn
striction term has been neglected due to its small contri
tion ~see below!.

The first term in Eq.~2! results in a decrease of the res
nance frequency. We assume that at fields below satura
the magnetic domains are mostly 180° domains with m
netic moments oriented in the ribbon plane. If the transve
magnetization is due to domain rotation, the resonance
quency decrease due to the shape anisotropy@first term in
Eq. ~2!# is given by the dashed line in Fig. 3 obtained wi
the measured transverse magnetizationM' . Note that its
initial decrease is much smaller than the measured one
no minimum is obtained. This theoretical curve joins t
experimental data at high fields where the magnetiza
saturates. At saturation, the first term in Eq.~2! is equal to
the anisotropy energy given byK'cos2(u).

To explain the deep minimum in the resonance freque
at Ba.0.5 T we have to take into account the dynamics
the ferromagnetic domains. When the vibrating reed is til
a small anglef, the component of the applied fieldBasin(f)
~parallel to the main surface! gives rise to a relatively large

e-

FIG. 3. Normalized change of resonance frequency as a func
of field. (d): Applied field perpendicular to the~clamped! sample
main surface@Fig. 2~a!#. (h): Sample glued on a nonmagnetic ho
reed~see sketch!. The continous line is calculated with Eqs.~2! and
~3! without free parameters. The dashed line represents the ch
of resonance frequency due to the form anisotropy of the reed in
static case only. The dotted line denotes the expected chang
saturation obtained from the anisotropy constant calculated from
magnetization data.
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in-plane magnetization~due to the small demagnetizatio
factor!. Dynamically and for small tilting angles, the rotatio
of the domains is not possible due to the domain-wall p
ning, and because the in-plane component of the magne
tion is energetically unfavorable; a negative restoring fo
appears. This force produces the large decrease in reson
frequency.

A quantitative approach to this problem can be giv
when we take into account that the pinning of the in-pla
magnetization is equivalent to the shielding of any change
the component of the applied fieldperpendicularto the reed
plane. A similar situation is observed in vibrating superco
ductors for a fieldparallel to the reed length and transver
to the vibration axis.8,9 Following a similar treatment as in
Refs. 8,9, the change in resonance frequency due to
shielding effect is given by

v2~Ba!2v2~0!52
Vs

I
~pw/4d!xacBa

2 , ~3!

wherexac5](M')/](Ba). In Fig. 3 we show the calculate
change of resonance frequency without any free param
following Eq. ~3!, including the shape anisotropy term. E
cept the local minimum atBa;0.25 T, our model@Eq. ~3!#
provides approximately the observed resonance freque
change and its field dependence.

In order to check whether the change of the resona
frequency in transverse geometry is influenced by the
plied stress we performed similar measurements but wi
sample~dimensions: 1.830.830.06 mm3) glued at the end
of a silicon crystal cantilever~see sketch in Fig. 3!, i.e., in a
stress-free state. A similar size of the normalized freque
change is observed, see Fig. 3, supporting our interpreta
that the main change in resonance frequency is given by
macroscopic magnetization and not by a change of an ela
constant. Furthermore, the theoretical curve~continuous line
in Fig. 3! fits very well the measured dependence~open
squares in Fig. 3!. The relatively small difference betwee
theory and experimental data atBa.0.7 T may be related to
a slightly different misalignment in the reed and magneti
tion experiments which causes the error in the determina
of xac from M'(Ba). Note that the magnetic domain wal
~or the in-plane magnetization! that are pinned to the atomi
lattice at low fields, undergo a complicated process of dep
ning at intermediate and larger fields. At saturation a sin
domain exists and pinning vanishes. Due to this depinn
the dynamical contribution of the dipole energy term@second
term in Eq.~2!# is negligible at large fields.

The local minimum in the resonance frequency obser
at Ba;0.25 T in the case of the sample~reed! being clamped
is not observed in the stress-free configuration. We have
peated the measurements with different~clamped! samples
from the same batch and we have observed that in s
cases not a local minimum but a plateau is measured~at
Ba;0.25 T!. Field misalignment added to nontrivial doma
dynamics—the anomaly depends on whether the sample
the ferromagnetic or spin-glass state—and the flexural vib
tion of the sample may play a role; future experiments a
function of angle between field and the main area of
sample should clarify this point.
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As noted above, our sample undergoes a reentrant tra
tion below Tf . In contrast to the dilute spin-glass system
the reentrant spin-glass state would be given by the trans
mation of the ferromagnetic domain system into random
frozen magnetic clusters.10 The experimental fact that in per
pendicular geometry the field-induced frequency change
pends only slightly on whether the sample is in the ferrom
netic or spin-glass states, see Fig. 2~a!, suggests similar
pinning and dynamics of magnetic domains and/or clus
in both states.

In contrast to the observations in transverse geometry
relatively small change of resonance frequency in the para
configuration, see Fig. 2~b!, can be indeed related to a sof
ening of the elastic constant which results from the stre
induced domain movement. Note that in this configurat
and for a perfectly aligned magnetic field no magnetic torq
is active. Following Refs. 11,7 the free energy can be writ
in this case as F5Fa1Fe1Fm5K icos2(u)1(3/
2)lsssin2(u)2MBcos(u), with Fa , Fe , andFm the anisot-
ropy, magnetoelastic, and dipole energy. From our data
estimate a magnetostriction at saturation ofl.3.431026

which agrees with published data for similar materials;12 s is
the stress in the sample after applying an external strae
~due to the sample flexural vibration! and is taken as a free
parameter in the model. As in this parallel configuration t
field is applied perpendicular to the reed easy axis~sample
length! and, ideally, the magnetic domains which are lyi
along this easy axis should not prefer a particular orienta
with respect to the applied field, we can omit the term rela
to the domain-wall energy.11 Using the procedure develope
in Ref. 11, we calculate the resonance frequency or Yo
modulus change. For zero stress we obtain the curve
sented in Fig. 4 which explains fairly well the observed res
nance frequency change. The abrupt increase of the ca
lated Young modulus is due to the simplicity of the mod
which applies only at fields below the saturation and do
not assume any distribution of anisotropy constant or of
easy axis of magnetization. Note that the minimum in t
Young modulus is more pronounced~by a factor of 3! in the
spin-glass state than in the ferromagnetic state, see Fig.~b!.

FIG. 4. Relative change of Young modulus for the reed in
entrant spin glass state as a function of applied field@Fig. 2~b!#. The
line is calculated following the model proposed in Ref. 11 w
external stresss50 GPa.Es is the Young modulus at saturation.
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This behavior is probably related to the larger increase of
resonance frequency at higher fields in the ferromagn
state. The difference between the resonance frequenc
zero field and at saturation might be related to a wide dis
bution of easy axes oriented relative to the field axis.11

In summary, we have shown experimentally that the la
decrease of the resonance frequency of a vibrating am
phous ferromagnet or reentrant spin glass in a homogen
field in transverse geometry is not related to the interac
of domains with applied stress and is basically independ
of the details of the domain structure. It can be underst
taking into account the pinning of domain walls and the m
roscopic magnetization. Our model differs from previous
published interpretations of the giantDE effect, and might
be applicable to experimental data obtained with other
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perimental arrangements including the behavior observe
cantilevers with magnetic tips used for magnetic force m
croscopy. A more developed theoretical model could be u
to obtain the elastic pinning of the domain walls in ferroma
nets from acoustic measurements, as is the case of the e
pinning of vortices in superconductors in a homogene
field.13,8,9
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