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Analysis of the in-plane magnetic anisotropy in amorphous ribbons
obtained by torque magnetometry
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The evolutions of the uniaxial torque and magnetization with the applied magnetic field allow us to
discriminate the sources of in-plane magnetic anisotropy in amorphous ribbons. In order to
determine the magnetic anisotropy sources, a simple model has been developed for an
inhomogeneous material. We apply this model to explain the quite different behavior observed in
the evolution of the uniaxial torque amplitude with the applied magnetic field of two commercial
Co-based amorphous alloys. €999 American Institute of Physids$0021-89709)07416-3

I. INTRODUCTION ently achieved at the low fields mentioned above.

From the dependence of the measured in-plane anisot-
ropy and magnetization on the applied field with different
nechanical polishing, electrolytical polishing, and thermal

atments, it is possible clarify the different sources of the
-plane anisotropy and the volumes of the samples affected
By them.

In the present article, we study the dependence of the

uniaxial torque amplitudé&, on the applied magnetic field

Amorphous magnetic ribbons obtained by rapid solidifi-
cation show in-plane magnetic anisotropy. Since these mat
rials lack of long-range order, the most probable causes q
this anisotropy are shape factors or stresses developq
around irregularities such as surface roughness, microhole,
crystalline precipitates, composition fluctuations, or over-
strained zone&? residual stresses frozen in the material after

';he S(t)rl]'d'f'cat'o? p:oc_es%and dg'ée%']onal C(i)_:c?er otrlgmatmg in two different amorphous ribbons. The differences found in
rom the :nanq act urng %Oie ff' t?ji? ' (taren. sourcfetsh the T,—H curves in both amorphous alloys are explained by
give nse to amisotropies that attect different regions ot i€y, oo ng of an approximate model for inhomogeneous samples

(rjnaterlal; re3|t(_jual s_,tretsses anf? dlrgcuortl:I or?]erl WOU'? F_’r?developed by some of the auth8riVith this simple model,
uce magnetic anisotropy infiuencing thé whole materialy ;o possible to evaluate the anisotropy distribution within

while the other sources of anlsqtropy wou ld only affect thethe samples. Magnetization curves and torque measurements
small volumes occupied by the irregularities.

G I h ibb ft i ‘ carried out in the samples after mechanical polishing are also
enerally, amorphous ribbons are Soft magnetic Mmaterly o santed in order to corroborate the results.

als and reach saturation magnetization at applied magnetic

fields of the order of a few Oersteds. Above these low mag-

netic fields, the in-plane magnetic anisotropy measured by- EXPERIMENTAL PROCEDURE

torque magnetometry should be essentially constant. HOW-  goh of the materials employed in the present article are
ever, the fact that the measured torques can incfease  4_pased magnetic amorphous ribbons with very low mag-
decreas_%wnh the applied magnetic field indicates a lack of etostriction in order to avoid the possible stress effects after
magnetic saturation of the entire sample.  the mechanical polishing. The first alloy is VITROVAC

~ Studies of the dependence of the in-plane magnetic ansy 50 \yhich is a trade mark of the German company Vacum-
isotropy on the applied field in these materials indicate that.nmelize. It is a 2.5 cm wide and 40n thick ribbon, with

the saturation value of thais magnitude is reached at hundredgg following magnetic properties: saturation magnetization
or thousands of OerstedsThis lag between the magnetic M =1T, Curie temperaturd.=485°C, and saturation

field necessary to saturate the magnetization and that needﬁ'ﬁi\gnetostrictiom <2x10°7. The second is an amorphous
s .

to saturate the measured in-plane magnetic anisotropy hagioy manufactured by the British Goodfellow Corporation

been interpreted as due to the contribution to the torque of; composition CgyB1,ShsFeMo,. It is a 2.0 cm wide and
unsaturated imperfections in the sample that occupy a smaj, um thick ribbon, with oM =0.55T, T,=250°C, and

volume, but produce a high magnetic anisotropy. The magy 3% 1077 The values of the magnetic properties of both

. . . . . . S
netization in these zones is only saturated at high appliedympjes have been obtained from the catalogues of the firms.
fields. Nevertheless, due to the small fraction of volume that |, order to avoid shape effects, nearly perfect circular

they occupy, their contribution to the magnetization WOUIdsampIes were cut out from the ribbons using a method de-

be negligible, so the total magnetization saturation is apPaleloped in our laborator. The diameters of the samples
were 10.62 mm for the sample of VITROVAC 6150 and
dElectronic mail: elbaile@pinon.ccu.uniovi.es 9.96 mm for C@gBi,SiigFesMo,. Torque measurements
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FIG. 2. Evolution of the uniaxial torque amplitude per unit volumgwith
0 (rad) the applied magnetic field for VITROVAC 6150 in the as-quenched state
(@) and after the mechanical polishing of its wheel surféicé.
400
/As-quenched
300 Polished quenched state and then after mechanical polishing of the
wheel surface which presents the main contribution to the
200 4 surface anisotropy. The magnetic anisotropy measured in
both samples has the easy axis along the longitudinal direc-
__ 1001 tion of the ribbon. The behavior of these curves can be sum-
O?E marized as follows:
3 0 — (1) For VITROVAC 6150 in the as-quenched stalg,
- T 3n2 increases rapidly at low fields. At about 0.1 T, the curve
-100 4 bends forming a knee, then increases slowly and practically
saturates at 0.3 T. At this magnetic field, the torqud s
-200 1 =320Jm 3. After mechanical polishing, the curve saturates
at about 0.2 T and the maximum valueTyf reached is 236
-300 - Im3
b (2) For as-quenched GgB1,Si;Fe&sMo,, the behavior of
-400 T, is quite different: it increases more slowly and reaches its
0 (rad) maximum value of 120 Ji? at 1.0 T. After mechanical

FIG. 1. Torque curves for both the as-quenched and polished statést

CogeB1,SigFesMo, and (b) for VITROVAC 6150.

polishing, the maximum value is 12.4 Jfand it is reached
at0.1T.

were performed by means of an automatic torque magneto- 120

meter “DMS-1660" from Digital Measurements Systems
and the magnetization curves were measured by the induc-
tion method. The mechanical polishing of the samples was
carried out with 1um grain size allumina. It was performed

at random in order to avoid the formation of an oriented
roughness that could originate a new magnetic anisotropy in
the samples.

IIl. RESULTS AND DISCUSSION

Figures 1a) and 1b) show the typical torque curves
obtained for CgsB1,Si;eFesMo, and VITROVAC 6150, re-
spectively, for both as-quenched and polished states.

Figures 2 and 3 show the dependence of the uniaxial

T, (Im?)
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torque amplitude per unit volunig, on the applied magnetic FIG. 3. Evolution of the uniaxial torque amplitude per unit volumgwith

f|e|d ILLoH f0r VlTROVAC 6150 and C@GBIZSiIGFeiIMOZi

the applied magnetic field for GgB,,Si;Fe&sMo, in the as-quenched state

respectively. The measurements were carried out in the ag®), and after the mechanical polishing of its wheel surfédcg
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T, sidered as formed by a series of linear steps, changing step
K each time that the saturation of a zone is reached at the field
L IR A H - H Ki -

The anisotropy constant of the whole samidlecan be
considered as the volume weighted sum of the contributions
of each anisotropy region:

. n

Hki H KUZE Kifii (3)
=1

FIG. 4. Linear approximation for the evolution of the uniaxial torque am- ) ] )

plitude T; with the applied magnetic field for one of the regioith(region wheref; is the volume fraction corresponding to thé re-

in which the sample is considered to be formed. The maximum torquegion. The anisotropy constal can be related to the anisot-

amplitude K; is the magnetic anisotropy constant of the region and isropy field Hy; and the saturation magnetizatidhg as fol-
reached at the anisotropy fiel; . lows: ki s

1
Ki=§MoMsHki- (4

Analyzing the behavior of the curves corresponding to
the as-quenched state, the sample VITROVAC 6150 shows A
greater macroscopic anisotropy thanegi,SidFe;Mo, but, aturated and that there are zones wii>H which remain
nevertheless, its torque amplitude saturates at a very mu%}]saturated
lower applied magnetic field. Similarly o -

imilarly, the uniaxial torque amplitudg, for the whole
The explanation of this behavior stems from the fact tha% y q plitudg,

If the sample is still unsaturated at an intermediate field
it means that the zones with anisotropy fieglg<H are

. . . ample at a fielH, with H,;_;<H<H,; can be expressed
the macroscopic anisotropy constant is measured as the v 5

ume averaged anisotropy energy. It is possible to have a hig
magnetic anisotropy occupying only a small fraction of the T, ,=a;+bH=K f;+Kyfo+---+K;_;f;_;
volume of the sample. In this case, the macroscopic anisot-
ropy and the torque measured per unit volume would be
small. On the other hand, a low magnetic anisotropy affect-

ing the whole material can produce a greater torque on the | this case, the zones 1.2i~1 are saturated and con-

sample. tribute with constant termiEq. (2)] to the total torque am-

_Inthe same way, if a sample exhibits a low torque am-yir e T . They constitute the independent teenof the
plitude due to the presence of a high magnetic anisotropy i traight line. The zoneisi +1,...n are unsaturated and their

a small fraction of the vqumel, it is ex_pected thatl thg Curvecontributions[Eq. (1)] are responsible for the slope of the
T,—H saturates only at the high applied magnetic fields a%traight line between the fields,; ; andH, .
which the strongly anisotropic zones in the material are satu- Using the preceding ideas we can evaluate the anisot-

rated. ) ] o ropy constant and the volume fraction of each anisotropic
In order to estimate the anisotropy distribution of the o4ion \We can consider the applied magnetic field of each

two samples and explain the different behavior shown iny,eaqrement as being the anisotropy field of a correspond-

Figs. 2 and 3 in more detail, we have developed a s|mplt?ng region in the material. Them,;=H,, whereH; is the

model based on a previous wdtk. _ field at thejth experimental point. Figure 5 is a representa-
. For simplification, we have made the following assump-ion of three experimental points at the fields_;, H;, and
tions: . o H; .1 Which define two parts in the figure: parts | and Il. In
(1) The sample is formed by an indefinite number of o) of Fig. 5, the measured uniaxial torque amplitdde
regions that occupy different volume fractions and exhibite;, .\« Eq. (5). At the field H;, theith anisotropic region

different magnetic anisotropies. - ) _saturates and the expression Tgyin part Il of the graphic
(2) In each region, the uniaxial torque amplitude varies, il pe

linearly with the applied fieldH, as shown in Fig. 4. The

Kif; N Kiyifisa . Knfn

AL LS E H. ®)
Hyi Hiitq Hin

measured anisotropy of thh region increases linearly until T,=a;1+bj H=K f1 +Kyfo+- -+ K;if;

the anisotropy field; is reached. Then, the uniaxial torque K. f K. f

amplitudeT; reaches the maximum valu€ , which is the N Bt b R S T (6)
magnetic anisotropy constant of thih region. Hiv1 Hn

Taking Fig. 4 into account, we can obtain the torquegpracting the slope of E¢g) from the slope of Eq(5), we
amplitudeT; exerted in theth region as follows: get

Ki
if H<H,, then T,=——H; 1 Kifj
I ¥ T W bi—bi+1:#’ (@)
I

if H=Hq, then Ti=K;. 2) then, we can obtain the contribution of thié region to the
Within this linear approximation] ,—H curves can be con- anisotropy constant of the whole sample as
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this evaluation will be more accurate when more experimen-
tal points have been measured, mainly in the nonlinear zones
of the curves.

We have applied the model to the torque results shown
in Figs. 2 and 3 taking into account the following points:

The saturation inductiop oM of VITROVAC 6150 is 1
T and for C@gB1,Si;gFesMo,, it is 0.55 T.

According to the dimensions of the samples and the val-
; : ; ues of the saturation magnetization, we have estimated de-
P H H. H magnetizing fields of 45 Oe for VITROVAC 6150 and 20 Oe
FIG. 5. Scheme corresponding to three hypothetitaH experimental  fOF COseB1,SheFeMo,.
points. The three points form the regions | and Il in the graphic. The change ~ We have evaluated the effective magnetic field inside the

in the slope that occurs at the central point is due to the saturation of %amples by Correcting the applied magnetic field with the

certain volume in the sample that exhibits a magnetic anisotropy with an-d maanetizing field
isotropy field equal tcH; . emagnetizing fiela.

The results of the model applied to the torque experi-
mental data of VITROVAC 6150 and GgB,,Si;gFe/Mo,
are presented in Tables | and Il, respectively. The tables are
Kifi=(bj—b;.1)H;. (8)  divided into three blocks. The first block shows the estimated

. . . .__internal magnetic field and the corresponding magnetic an-
Looking at Fig. 5 we can write the slopes as a funCtIonisotro K;. The anisotropy constai; is calculated assum-
of the magnetic field$d; and torque amplitude$; of each PY" - Py !

experimental boint ing the magnetic field to be the anisotropy field of ittle
P P zone in which we divide the volume of the sample in order to

T—T1 apply the model.
bi:ma 9) In the second block, we present the results for the non-
treated sample@s-cast The first column collects the values
b .= T~ T, 10 of the uniaxial torque amplitud&, measured by means of
1T —H, 10 the torque magnetometer. The second column shows the val-

o ues of the volume fractiofi; of the zone in the sample af-
Taking into account of Eq4) and the fact thakl,;=H;, We  fgcted by the magnetic anisotropy with valie. The last
can obtain the volume fraction occupied by fith aniso-  .,jymn contains the contribution of each zone to the total
tropic region in the following way: uniaxial torque amplitude measured in the torque magneto-
2 [T—-Ti.; Tis—T, meter. This contribution is calculated as the prodiyks .
- (11 The third block shows the results obtained after the me-
chanical polishing of the samples and it has the same layout
By means of Eqs(4) and(11) and the experimental data as the second block.
(H;,T;), it is possible to make an evaluation of the anisot-  Looking at the two tables we can point out the following
ropy distribution in the volume of the material. Evidently, general characteristics:

fi= .
" moMg\Hi—=H{_; Hi;—H,

TABLE I. Anisotropy distribution of VITROVAC 6150 in the as-quenched state and after the mechanical

polishing.
As quenched After mechanical polishing
woH (M Ki@m?®  T,0m?¥ (1079 fiK; T, Qm3  f(109 fiK;
0.9955 396000 322 0.000 0.00 236 0.000 0.00
0.7955 317000 322 0.002 7.56 236 0.001 242
0.4955 197000 319 0.007 13.9 235 0.001 151
0.2455 97700 310 0.017 16.7 233 0.009 8.96
0.1455 57900 299 0.031 17.8 229 0.009 5.31
0.0955 38000 288 0.036 13.6 225 0.026 9.87
0.0655 26100 277 0.050 13.1 220 0.004 1.00
0.0455 18100 265 0.057 10.4 216 0.011 2.08
0.0255 10100 249 0.113 11.4 211 0.044 4.46
0.0175 6960 239 0.116 8.10 207 0.010 0.67
0.0135 5370 233 0.090 4.81 206 0.076 4.10
0.0095 3780 224 0.161 6.09 202 0.115 4.33
0.0075 2980 219 0.329 9.83 200 0.122 3.63
0.0055 2190 211 0.093 2.04 197 0.177 3.87
0.0035 1390 202 1.14 15.9 192 0.731 10.2
0.0015 597 184 28.6 171 181 29.0 173
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TABLE Il. Anisotropy distribution of CggB1,Si;Fe;Mo, in the as-quenched state and after the mechanical
polishing.

As quenched After mechanical polishing

pH (M K @m®  T,0md (1073 fiK; T,Om3) (107  fK,

0.998 218000 108 0.006 12.1 12.4 0.000 0.00
0.798 175000 105 0.006 10.7 124 0.000 0.03
0.498 109000 98 0.016 17.8 12.3 0.002 1.85
0.248 54300 82 0.025 13.8 11.4 0.001 0.72
0.148 32400 71 0.028 9.0 10.7 0.001 0.33
0.098 21500 62 0.029 6.3 10.3 0.005 1.05
0.068 14900 54 0.038 5.6 9.7 0.001 0.14
0.048 10500 48 0.036 3.7 9.3 0.016 1.63
0.028 6130 40 0.089 5.5 8.2 0.009 0.56
0.018 3940 34 0.070 2.8 7.4 0.045 1.76
0.014 3060 31 0.157 4.8 6.7 0.012 0.37
0.01 2190 27 0.147 3.2 5.9 0.005 0.11
0.008 1750 24 0.214 3.7 55 0.168 2.95
0.005 1090 18.2 0.154 17 3.7 0.042 0.46
0.003 657 13.7 0.955 6.3 2.4 0.002 0.01
0.001 219 5.1 0.362 0.79 11 0.171 0.38

(1) Regions with higher anisotropy occupy, in general,Jm 2 may correspond. In this case, the amorphous bulk of
smaller volume fractions. the material does not seem to have an appreciable magnetic
(2) Although the regions with anisotropy of the order of anisotropy.
10*~10° Jm 2 have volume fractions smaller than 0.10%, The absence of appreciable magnetic anisotropy in the
they contribute appreciably to the total anisotropy of thebulk of the sample of Cg@B1,Si;sFeMo, is confirmed by the
samples. In the case of g8,,SisFeMo,, these high fact that the magnetic anisotropy diminishes by 90% after
anisotropies contribute even more than the low anisotropiegechanical polishing of the sample. It is evidence that sur-
that occupy greater volume fractions. face roughness is the main origin of the magnetic anisotropy.
From Tables | and II, it is also possible to observe aFinally, the small volume fractions obtained are in accor-
great difference between the anisotropy distributions of thélance with the part of the volume occupied by surface
two samples, namely, the remarkably large volume that théoughness.
low anisotropy zones occupy in the sample VITROVAC Figures 6 and 7 show the magnetization curves of the
6150, about 1% of the volume has a uniaxial anisotropy ofircular — samples  of ~ VITROVAC 6150  and
about 1200 J m® and 29% exhibits a magnetic anisotropy of COseB12SheFesMo,, respectively, in the as-quenched state.
600 Jn73. It seems evident that in the case of VITROVAC Each figure shows the magnetization curve along the longi-
6150 the bulk of the amorphous alloy has a weak magnetiudinal direction(which is the direction of easy magnetiza-
anisotropy(less than 600 J ii?). tion) and along t_he transversgl one. Observing Figs. 6 and 7,
This low anisotropy affecting the bulk of the sample can'We can emphasize the following facts:
be attributed to the existence of directional order in the ma-
terial. The pair ordering would be induced during the manu-

facturing process in materials with high Curie temperature as 1.2

was shown in previous works’ Longitudinal
In VITROVAC 6150, zones with magnetic anisotropy T

up to 2000 Jm?* occupy a 29.8% of the volume and con- 08

tribute 188.7 Jm® to the total anisotropy. After mechanical Transverse

HoMs (T)

polishing, the same zones occupy 29.9% and contribute 0.6 -
187.3 Jm 3. This fact indicates that surface roughness is not
the main origin of the anisotropy present in the correspond- 041
ing zones of the sample. 02 |
The fact that small anisotropies do not change with me-
chanical polishing indicates that they are homogeneously 0 . . . .
distributed throughout the whole material. This reinforces 0 2000 4000 6000 8000
the idea that they are produced by the existence of direc- H (Am™)

tional order in the alloy VITROVAC 6150.
|_n the case of C&Blzs_|16F64M02a _there is no volume gig ¢ Magnetization curves of VITROVAC 6150 along the longitudinal
fraction above 1%, to which an anisotropy of about 700and transverse directions.
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0.6 saturation of the uniaxial torque amplitudg with the ap-
05 | Longiudinal—\ plied magnetic field. In order to explain this difference, a
Transverse simple model has been developed, in which the amorphous
04 samples are supposed to be formed by a certain number of
=) regions exhibiting different magnetic anisotropy constants
E': 031 and occupying different volume fractions within the sample.
= 021 In other words, the macroscopic anisotropy is the volume
average of the anisotropy distribution throughout the amor-
011 phous material.
0 . : . : For VITROVAC 6150, the measurements are interpreted
0 1000 2000 3000 4000 by the model to indicate that this material exhibits a kind of

magnetic anisotropy that affects the bulk of the sample. This
anisotropy may be due to the presence of pair ordering in the
FIG. 7. Magnetization curves of G¢B,,Si;sFeMo, along the longitudinal  sample. The magnetization curves in the longitudinal and
and transverse directions. transverse directions of this sample show different slopes at
low magnetic fields. The two magnetization curves enclose

(1) In VITROVAC 6150 (Fig. 6), the magnetization an. area of.about 170 JM that is related .to' the magnetic
curve along the longitudinal direction has a higher slope tha/@NiSOtropy in the plane of the sample and it is in good agree-
the curve along the transversal direction. At about 300dMent with the contribution of the low anisotropy regions to
Am~L, both magnetization curves bend and become practithe total magnetic anisotropy, which is 190 J%n
cally horizontal with the transversal magnetization slighty =~ On the other hand, the sample of ¢g®,,Si;gFesMo,
lower than the longitudinal one. The area enclosed by thehows an anisotropy distribution characterized by the pres-
two magnetization curves at these low applied magnetience of more intense magnetic anisotropies, but occupying
fields was estimated by the graphical method as 170%Jm very small volume fractions. In this case, the bulk of the

(2) In CoseB1,SheFesMo, (Fig. 7), the magnetization material is essentially isotropic. The origin of the macro-
curves along the longitudinal and transversal directions pracscopic in-plane magnetic anisotropy for this alloy should be
tically coincide at low fields, and above 1600 Atthe WO due mainly to the magnetostatic effect of the surface rough-
curves become practically hc.)rlzo.ntal., but the magnetization,o«s This conclusion is confirmed by the fact that the mag-
curve along the transversal direction is now always under thﬁetic anisotropy diminishes by as much as a 90% when the

curve corresponding to the longitudinal d!rectlon. In this roughness of the wheel surface is removed by mechanical
case, the curves do not enclose an appreciable area at thesq. . o .
low fields polishing. The magnetization curves along the longitudinal

gnd transversal direction in this case do not enclose any sig-

H (Am™)

The area enclosed by the two magnetization curves is a_ . ’
good approximation of the uniaxial anisotropy present in thdlificant area at low fields.
plane of the sample. Then, the value of 170 Froalculated
approximately from the area enclosed by the magnetization
curves of VITROVAC 6150 at low fields could be related to
the contribution to the anisotropy due to the zones in the
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