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Vibrating ferromagnet in a magnetic field
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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 AE 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/gi@aaffect is not related to
magnetostriction, i.e., to the interaction of the applied stress with magnetic dofig0i$3-18207)03137-9

The behavior of a vibrating ferromagnet in a magneticshows a reentrant transition to a spin-glass stafé;atl.2
field (or field gradient, with (or withoud rotation(relative to ~ K.° Typical dimensions of our samples weiidength
the applied fieltland applied strain, is in general difficult to (1) Xwidth (w)Xthickness @)] 3.7x1.5x0.06 mn?. The
predict. The formation of magnetic domains, the pinning ofYoung modulusE or resonance frequency change has been
their walls, the crystal and form anisotropy, and the interacobtained with the vibrating reed technique in the fundamen-
tion of applied stress with the domains prevents a generdhl mode at different orientations between applied field and
treatment of this problem. Probably the first treatment of themain surface of the reed; the resonance frequeneé2+)
magnetic-field change of the Young modulus, &€ effect, were between 600 Hz and 3 kHz. Magnetization measure-
was done by Becker and Eing in 1939 One particularly ~ments were performed with a commercially available super-
interesting effect with vibrating amorphous ferromagnetsconducting quantum interference device magnetometer.
was reported 20 years agdhe resonance frequency of the  Figure 1 shows the magnetization as a function of applied
vibrating ferromagnet decreases with an applied figjcand  field for three configurationda) field parallel to the sample
reaches a minimum at values10—30% of its value at width, (b) field transverse to the sample main surface, @nd
B,=0 T. This large decrease in the resonance frequency dfeld parallel to the length of the reedee inset As ex-
the ferromagnet has been called in the literature “giaft  pected, these measurements reveal that the easy axis of the
effect” based on the assumption that the observed behavignagnetization is along the reed lengtmallest demagneti-
might be due to a “softening” of the elastic constants as azation factoy. Due to the form anisotropy we define two
consequence of the stress-induced domain movemernisotropic constants: a transverkg (difference in the
Though a large amount of experimental and theoretical worknagnetizing work between transverse and longitudinal ge-
has been done to understand this effect, there is in the liter@metrieg and a longitudinal oneK [difference between
ture no clear interpretation or theoretical model which hagnagnetizing work in casdg) and(c)]. From the magnetiza-
gained consent among scientists. The study of the gigt tion measurements we obtai, =1x10° Jm*® and
effect in an amorphous ferromagnet is the aim of this workK;=4x10* J/m®.
We will show below that the investigation of the acoustic
properties in a magnetic field in different geometries is nec- ]
essary to distinguish between magnetoelasticity and other i 3 00-0-0-0-g = —e—s—s i
field-related contributions. We present clear experimental —~ 1 '
evidence that the giamXE effect observed in our sample is
not related to any softening of the elastic constant but to the
macroscopic magnetization and the pinning of the domain
walls, and it is not related to magnetostriction. Our results
indicate also similar magnetic-field dependence of the dy-
namics and pinning of the domain walls in the ferromagnetic
and spin-glass states. )

The change of the resonance frequency of a ferromagnetic s ] 40 J
cantilever in the presence of a magnetic-field gradient has 60 o ememet oo 60]  oomoet®
been solved theoretically by Brafdior the case that the l 01 oo o1
applied magnetic field is parallel to the length of the cantile- 80 15 10 05 00 05 10 15 20
ver. Further theoretical and ex_peri_men_tal studies pf the_ be- Applied Magnetic Field B,(T)
havior of para- and diamagnetic vibrating reeds with aniso-

tropic magnetic susceptibility have been performed by FiG. 1. Magnetization as a function of applied field for different
Jacobsen and Ehrlich. configurations aff=7 K. (O): Magnetic field applied parallel to
For our studies we have chosen an amorphoushe width or vibration axis of the samplés) and insel; (®): field
metal in the as-quenched stat¢Metglass 2826-A: applied perpendicular to the main area of the réad (¢ ): field
FesoNizCri4P1oBg) which is ferromagnetic af<240 K and  applied parallel to the sample lengft) (see inset

gnetization M(Am2 / kg
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o _0.02_' ° s 04 F. T=7K FIG. 3. Normalized change of resonance frequency as a function
s 1 . o 0.2 : of field. (@): Applied field perpendicular to theclamped sample
o, 0.041 c ° F) main surfacgFig. 2@)]. (0): Sample glued on a nonmagnetic host
T 0064 o 0.0 w reed(see sketch The continous line is calculated with Eq&) and
0.08 1 0.0 0.1 0.2 (3) without free parameters. The dashed line represents the change
-u. T

of resonance frequency due to the form anisotropy of the reed in the

static case only. The dotted line denotes the expected change at
Applied Magnetic Field B (T) saturation obtained from the anisotropy constant calculated from the

magnetization data.
FIG. 2. Relative change of the square of the resonance fre-

quency as a function of field for different configurations and with V is the volume of the samplé;is its inertia moment, ané

the sample in the ferromagnetig €7 K) and reentrant spin-glass 5" the angle between the magnetizatignand the applied

state T<0.2 K). field B,. Figure 3 shows the scaled resonance frequency

change as a function of applied field for transverse geometry
Figure 2 shows the relative change of the square of thet T=7 K.

resonance frequency of the reed for the fiédl applied The torquer can be related to the free enerfjy in the

transverse to the main area of the reed éndapplied par- static case it is given Bﬁ;

allel to the vibration axis or sample width. A large decrease

of the order of 20% in the resonance frequency is observed F  d[(1/2) woM?cog(6)—MBcog 6)]

with a minimum atB,=0.5 T in the transverse geometry. At ™90 90 . @

B,~0.25 T the resonance frequency in this geoméHig.

2(a)] depends slightly on whether the sample is in the spinwhere the first term in the right-hand side is due to the shape

glass or ferromagnetic state where the local minimum isanisotropy of the sample which stabilizes the magnetization

measured. In parallel geometry the magnetoelastic propertiagctor in certain direction with respect to the sample main

depend more strongly on the sample magnetic state, see Figxis. The second term is the dipole energy. The magneto-
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2(b) and inset. striction term has been neglected due to its small contribu-
In this work we want to discuss the main decrease of thdion (see below.
resonance frequency which is typical for the giakE The first term in Eq(2) results in a decrease of the reso-

effect>®” For the two orientations shown in Fig. 2 and at nance frequency. We assume that at fields below saturation
T=0.2 K <T; the results look similar: well-defined minima the magnetic domains are mostly 180° domains with mag-
in the resonance frequency at an intermediate magnetizationetic moments oriented in the ribbon plane. If the transverse
At first glance both minima might be considered adE  magnetization is due to domain rotation, the resonance fre-
effect due to the softening of some elastic constant. Notequency decrease due to the shape anisotffipst term in
however, that the decrease of the resonance frequency kx. (2)] is given by the dashed line in Fig. 3 obtained with
transverse geometry is-20% in comparison to~0.03% the measured transverse magnetizatdn. Note that its
change in parallel geometry. As we will explain below theinitial decrease is much smaller than the measured one and
origin of the two minima is different. no minimum is obtained. This theoretical curve joins the
In the transverse case the resonance frequency of thexperimental data at high fields where the magnetization
magnetized reed is modified by a field-induced toreact-  Saturates. At saturation, the first term in E8) is equal to
ing on it. In general we can write the following expressionthe anisotropy energy given B¢, coS().
for the frequency chang&®® To explain the deep minimum in the resonance frequency
atB,=0.5 T we have to take into account the dynamics of
the ferromagnetic domains. When the vibrating reed is tilted
w?(B )—wz(O):V—s ﬁ. (1) a small anglep, the_ component of tr_le applied fie!Rjasin((;b)
a | 96 (parallel to the main surfageaives rise to a relatively large
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in-plane magnetizatiorfdue to the small demagnetization ' ' ' '
facton. Dynamically and for small tilting angles, the rotation

of the domains is not possible due to the domain-wall pin-
ning, and because the in-plane component of the magnetiza-
tion is energetically unfavorable; a negative restoring force
appears. This force produces the large decrease in resonance
frequency.

A quantitative approach to this problem can be given
when we take into account that the pinning of the in-plane .
magnetization is equivalent to the shielding of any change of ] . ]
the component of the applied fiefgerpendicularto the reed 104 4
plane. A similar situation is observed in vibrating supercon-
ductors for a fielgparallel to the reed length and transverse A2 . : . , i
to the vibration axi$:® Following a similar treatment as in 0.00 0.02 0.04 0.06
Refs. 8,9, the change in resonance frequency due to this Applied Magnetic Field B,(T)
shielding effect is given by

(E(B)-E;)/E(B)

10"

FIG. 4. Relative change of Young modulus for the reed in re-

entrant spin glass state as a function of applied field. 2(b)]. The
) ) Vg ) line is calculated following the model proposed in Ref. 11 with
®%(Ba) — 0%(0) = — = (7w/4d) xacBa, (3)  external stress=0 GPa.E; is the Young modulus at saturation.

wherey,.=d(M,)/d(B,). In Fig. 3 we show the calculated As noted above, our sample undergoes a reentrant transi-
change of resonance frequency without any free parametgion below T;. In contrast to the dilute spin-glass systems,
following Eq. (3), including the shape anisotropy term. Ex- the reentrant spin-glass state would be given by the transfor-
cept the local minimum aB,~0.25 T, our mode[Eq. (3)] mation of the ferromagnetic domain system into randomly
provides approximately the observed resonance frequendyozen magnetic clusterS.The experimental fact that in per-
change and its field dependence. pendicular geometry the field-induced frequency change de-
In order to check whether the change of the resonancpends only slightly on whether the sample is in the ferromag-
frequency in transverse geometry is influenced by the apretic or spin-glass states, see Fida)2 suggests similar
plied stress we performed similar measurements but with @inning and dynamics of magnetic domains and/or clusters
sample(dimensions: 1.8 0.8x0.06 mn¥) glued at the end in both states.
of a silicon crystal cantilevefsee sketch in Fig.)3i.e., in a In contrast to the observations in transverse geometry the
stress-free state. A similar size of the normalized frequencyelatively small change of resonance frequency in the parallel
change is observed, see Fig. 3, supporting our interpretatiotonfiguration, see Fig.(B), can be indeed related to a soft-
that the main change in resonance frequency is given by thening of the elastic constant which results from the stress-
macroscopic magnetization and not by a change of an elastinduced domain movement. Note that in this configuration
constant. Furthermore, the theoretical cug@entinuous line  and for a perfectly aligned magnetic field no magnetic torque
in Fig. 3 fits very well the measured dependen@pen s active. Following Refs. 11,7 the free energy can be written
squares in Fig. B The relatively small difference between in this case as F=F,+F.+ Fm:KHcos?(a)ﬂL(S/
theory and experimental dataB¢>0.7 T may be related to  2)\osir?(d)—MBcos(), with F,, F., andF, the anisot-
a slightly different misalignment in the reed and magnetizatopy, magnetoelastic, and dipole energy. From our data we
tion experiments which causes the error in the determinatiogstimate a magnetostriction at saturation\ef3.4x 10 ©
of xac from M, (B,). Note that the magnetic domain walls which agrees with published data for similar materfals: is
(or the in-plane magnetizatipthat are pinned to the atomic the stress in the sample after applying an external skain
lattice at low fields, undergo a complicated process of depin¢due to the sample flexural vibratipand is taken as a free
ning at intermediate and larger fields. At saturation a singleparameter in the model. As in this parallel configuration the
domain exists and pinning vanishes. Due to this depinnindield is applied perpendicular to the reed easy dsample
the dynamical contribution of the dipole energy tdisecond length and, ideally, the magnetic domains which are lying
term in Eqg.(2)] is negligible at large fields. along this easy axis should not prefer a particular orientation
The local minimum in the resonance frequency observeavith respect to the applied field, we can omit the term related
atB,~0.25 T in the case of the samgleed being clamped to the domain-wall energy: Using the procedure developed
is not observed in the stress-free configuration. We have rdn Ref. 11, we calculate the resonance frequency or Young
peated the measurements with differéciamped samples modulus change. For zero stress we obtain the curve pre-
from the same batch and we have observed that in somsented in Fig. 4 which explains fairly well the observed reso-
cases not a local minimum but a plateau is measistd nance frequency change. The abrupt increase of the calcu-
B,~0.25 7). Field misalignment added to nontrivial domain lated Young modulus is due to the simplicity of the model
dynamics—the anomaly depends on whether the sample is iwhich applies only at fields below the saturation and does
the ferromagnetic or spin-glass state—and the flexural vibrarot assume any distribution of anisotropy constant or of the
tion of the sample may play a role; future experiments as &asy axis of magnetization. Note that the minimum in the
function of angle between field and the main area of theYoung modulus is more pronouncédly a factor of 3 in the
sample should clarify this point. spin-glass state than in the ferromagnetic state, see fjg. 2
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This behavior is probably related to the larger increase of thperimental arrangements including the behavior observed in
resonance frequency at higher fields in the ferromagneticantilevers with magnetic tips used for magnetic force mi-
state. The difference between the resonance frequency atoscopy. A more developed theoretical model could be used
zero field and at saturation might be related to a wide distrito obtain the elastic pinning of the domain walls in ferromag-
bution of easy axes oriented relative to the field aXis. nets from acoustic measurements, as is the case of the elastic

In summary, we have shown experimentally that the largginning of vortices in superconductors in a homogeneous
decrease of the resonance frequency of a vibrating amofgjg|q 13.8.9

phous ferromagnet or reentrant spin glass in a homogeneous

field in transverse geometry is not related to the interaction We wish to acknowledge fruitful discussions with M.
of domains with applied stress and is basically independerfiese and E. H. Brandt, and A. Setzer for performing the
of the details of the domain structure. It can be understoodnagnetization measurements. We are grateful for the support
taking into account the pinning of domain walls and the mac-of the University of Bayreuth and thank R. Kig for a care-
roscopic magnetization. Our model differs from previouslyful reading of the manuscript. This work was supported by
published interpretations of the giantE effect, and might the Deutsche Forschungsgemeinschaft under Grant No. Br
be applicable to experimental data obtained with other ex1088/3-3.
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