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Analysis of the magnetic anisotropy induced by applying a magnetic field
during the quenching process in amorphous ribbons
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The magnetic anisotropy induced in amorphous magnetic ribbons by applying a magnetic field to
the melt during the solidification process is analyzed. Using a model based on the magnetization
curve and on the evolution of the uniaxial torque with the applied magnetic field, the volume
fractions of the sample affected by the different magnetic anisotropies are obtained for the ribbons
of composition FgB,y and CaMnsFeMo;Siy,Bg. The results are compared with those obtained

in the ribbons of the same composition but with anisotropies induced by the static magnetic
annealing. From these results, the different sources of the field-quenching-induced magnetic
anisotropy in those amorphous magnetic ribbons are analyze200@ American Institute of
Physics [DOI: 10.1063/1.1798402

I. INTRODUCTION II. EXPERIMENTAL PROCEDURE

Magnetic anisotropy is one of the most important param- dTge Ir\l/lb blo:nsMuseSq 'g th'; mork"tr? th);n gos!tmtn N
eters in classifying magnetic materials for different technical®" Qfo 6?157 & d0162I1§ é” 0 Wl[. | 'gh ~une edmpgra—th
applications. In the case of the amorphous magnetic ribbon%ures 0 an » respectively, were made by the

different sources during the manufacturing process give risguenchlng technique in our laboratory. One set of ribbons of

to the magnetic anisotropy in and out of the plane of theeach composition was madg by appllylng a magn.e.Uc f|eld of
) 1-3 L . . 0.07 T, transverse to the ribbon during the solidification of
ribbons> ™ In some applications of these materials, it is nec-

essary to remove these anisotropies, but there are other at he melt on the rotating wheel, and another set was made
oSary o o pies, & ARithout the applied magnetic field. The device used to apply
plications in which it is necessary to induce the magneti

) L S . he magnetic field has been described elsewh®iebons of
anisotropies in different directions. One particular case o

) o .5-mm width and 25am thickness were obtained in this way.
great importance for the applications of amorphous magnqu,he amorphicity of the ribbons and the ductility were tested
ribbons in the magnetostrictive transduéeissthe induction

. : . by x-ray diffraction and by creasing test, respectively.
of the magnetic anisotropy transverse to the ribbon length. The magnetic-field annealing of the samples made with-

Traditionally,. the induction of the magnetic anisotropy in out an applied magnetic field was performed at 520 K in a
amorphous ribbons has been performed by the magnet'c'f'elﬂrnace with an inert Ar atmosphere and with an applied
annealing”’ but recently, the authors have induced a trans—magnetic field of 0.009 T

verse magnetic anisotropy in the amorphous magnetic rib-

bons bysapp!ying a magnetic field during the solidificatipn 9fing sample magnetometer model DMS-1660 from the Digital
the melt. This method has a great advantage that maintaingo g ,rements Systems. The torque measurements were per-
the good mechanical properties of these materials in the a%5rmed by means of a high-sensitivity torque magnetometer

quenched state. o o developed in our laboratof.
The study of the magnetic anisotropy sources is impor- 4 qrder to avoid shape effects, nearly perfect circular

tant because the control of the magnetic anisotropy will al'samples were cut out from the ribbons using a method de-
low us to tailor the amorphous materials to meet the specifiq,ebped in our laboratory: We cut the discs from different
technical requirements. _ . parts of the same ribbon and from different ribbons made
In this work, we present a study of the anisotropy in-ynder the same conditions to be sure that the results were
duced by the field-quenching technique developed by thegproducible. The samples were 4 mm in diameter, which is
authors in the high Curie temperature andgBgy and |ess than the width of the as-prepared ribbon to avoid the
CozgMnsFe,Mo,Si; ;B amorphous ribbons. The evolution of effact of the edges. The magnetization was measured on the

the uniaxial torque and of the magnetization with the appliedsgme disc samples used for the torque measurements.
magnetic field allow us to discriminate the different sources

of the induced anisotropy using a model developed by
Tejedoret al® Ill. RESULTS AND DISCUSSION

The magnetization curves were measured using a vibrat-

The magnetization curves for all the samples saturated in
¥Electronic mail: elbaile@pinon.ccu.uniovi.es low fields when measured both in the easy and hard direc-
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FIG. 1. Evolution of the magnetization with the applied magnetic field for

CoroMnsFeiMo,Sii By, cast with the applied magnetic field. FIG. 3. Evolution of the magnetic anisotropy, with the applied magnetic

field for Co,gMnsFeMo;Siy4Bg, cast with(A) and without(X) the applied
. ) . L . magnetic field.
tions. Figure 1 shows the evolution of magnetization with the

applied magnetic fielqugH for Co;MnsFeMo;Si 4By SO-
lidified in an applied magnetic field. The other samples ha
the same behavior. The area enclosed by the two magnetiza-
tion curves at these low-applied magnetic fields was estitl) For the FgoB,o made without the applied magnetic field,
mated as 227 Jm. K, increases slowly and it reaches its maximum value of
The torque curves of the samples of both compositions 375 JM® at 0.9 T. For the ribbons of the same compo-
made with and without an applied magnetic field have the  sition made with the applied magnetic fielq|, increases

The behavior of these curves can be summarized as fol-

twofold shape that corresponds to a uniaxial magnetic aniso-

rapidly at low fields. At about 0.05 T, the curve bends

tropy. The samples of BgB,y obtained without an applied
magnetic field have a magnetic anisotropykgE375 Jm?,

with the easy axis directed on an average of about 70° aw
from the ribbon axis. For the samples made with the applie

magnetic field, the anisotropy i§,=750 Jm?, with the easy

the samples of GgSijsBgMnsFeMo,, the results werel,

=100 Jm?, with the easy axis in the longitudinal direction of
the ribbon for the samples made without the applied mag-

netic field, and<,=740 Jm?, with the easy axis in the trans-

verse direction of the ribbon in the samples made with the

applied magnetic field.

al

i

axis in the transverse direction of the ribbon. In the case of

forming a knee, then increases slowly and practically
saturates at 0.5 T. At this magnetic field, the torque per
unit volume is 750 Jn¥.

For the CoySi;sBgMnsFe Mo, ribbons quenched with-
out the applied magnetic field, increases slowly and
reaches its maximum value of 100 Jhat 0.8 T. For the
ribbons made with the applied magnetic field, in-
creases rapidly at low fields. At about 0.1 T, the curve
bends form a knee. The curve saturates at about 0.5 T
and the maximum value d{, reached is 740 Jm.

The fact that the higher fields were required to saturate
the anisotropy torque than to saturate the magnetization was

Figures 2 and 3 show the evolution of the magnetic anremarked by Tasard% and Kouvel and Grahatt for the

isotropy constant with the applied magnetic figigH for
FeyBog and CggSiyBgMnsFeMo;.
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FIG. 2. Evolution of the magnetic anisotropy, with the applied magnetic
field for FeB,,, cast with(A) and without(X) the applied magnetic field.

silicon-iron single-crystal discs. These latter authors ob-
served that the effective value d&f’, deduced from the
torque peaks, depended on the applied magnetic ifieds

C
K’ = K(l ——_>,
VH

1)

whereK is the real value of the anisotropy constant. They
observed that the consta@tdecreases when the thickness-
to-diameter ratio of the disk specimen decreases. This result
was attributed to a lack of saturation at the edges of the discs.
In our case, the field dependencekof does not follow the
relation (1) and, in addition, there is no appreciable change
of the field dependence of the anisotropy constant when the
thickness-to-diameter ratio varies.

The area enclosed by the two magnetization curves for
Co,0SiBgMnsFeMo,, solidified in an applied magnetic
field, is a good approximation of the uniaxial anisotropy
present in the plane of the sample. Then, the value of
227 Jm? calculated approximately from the area enclosed
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TABLE |. Anisotropy distribution of FgB, in the samples made with and without the applied magnetic field.

Without the applied magnetic field With the applied magnetic field
poH () K (In9) T, (In73) f,(10°2) fiK; T, (m3) fi(10?) K
0.9947 633275 375 0.006 39.8 750 0.000 0.00
0.7947 505951 367 0.030 153 750 0.002 10.6
0.4947 314965 297 0.028 88.4 746 0.010 33.0
0.2447 155810 194 0.026 40.6 726 0.014 21.2
0.1547 98514 142 0.023 22.8 711 0.021 20.6
0.1147 73049 113 0.004 2.87 699 0.039 28.7
0.0747 47585 83 0.016 7.47 677 0.110 52.3
0.0347 22120 49 0.008 1.74 627 0.958 212
0.0147 9387 31 0.079 7.37 480 2.081 195
0.0047 3021 17 0.220 6.64 274 5.834 176

by the magnetization curves at low fields could be related to  K;f; = (b; — b;,1)H; (2)

the contribution to the anisotropy due to the zones in the ] ] o

sample exhibiting low anisotropy fields. and the volume fraction occupied by titl region is
To analyze the in-plane magnetic anisotropy in the amor- 2 (Ti-T.y Tia-T

phous ribbons obtained by the torque magnetometry, we fi= M (H-—H- “h —H-)'

have applied a method developed by Tejedbml® to the oM AT T -1 Hiea 7

mentioned results. In this method, it is assumed that thevhereb, is the slope of the uniaxial torque amplitude be-

sample is formed by an indefinite number of regions thatween the experimental points corresponding to the applied

occupy different volume fractions and exhibit different mag-magnetic fieldH;_, and H;, b;,; is the slope corresponding

netic anisotropies. We suppose that these regions are tlhe the applied magnetic fields betweldpandH;, 4, andMg is

small defectdmicroholes, crystalline precipitates, composi- the saturation magnetization of the material.

tion fluctuations, overstrained zones, gio.the amorphous The magnetostatic effect due to the surface roughness

matrix frozen-in during the quenching process. These defectwas not studied because the samples were prepared in a

can exhibit a large magnetic anisotropy along any directionyacuum and they do not present appreciable surface rough-

but mainly along the ribbon axis due to the manufacturingness.

process(oriented internal strains, deformed prolated micro-  The results of the model applied to the experimental

holes, etg. These regions occupy a very small volume frac-torque data of RgB,, and CeMnsFe;Mo,Si;,Bg are pre-

tion, and the interaction between them can be ignored. lisented in Tables | and Il, respectively. The tables are divided

each region, the uniaxial torque amplitude varies linearlyin three blocks. The first block shows the estimated internal

with the applied field. The uniaxial torque per unit voluije magnetic field and the corresponding magnetic anisotkgpy

of theith region increases linearly until the anisotropy field of each region. In the second block, the results for the

H; is reached. Then, the uniaxial torque amplitddeeaches samples obtained without the applied magnetic field are pre-

a maximum valu&;, which is the magnetic anisotropy con- sented. The first column shows the values of the uniaxial

stant of theith region. The contribution of thgh region to  torque amplitude per unit volumg, measured by means of

the anisotropy constant of the whole sample is the torque magnetometer. The second column shows the val-

3)

TABLE II. Anisotropy distribution of Cg,Si,4sBgMnsFe Mo, in the samples made with and without the applied
magnetic field.

Without the applied magnetic field With the applied magnetic field
moH (M K; In?) Ty (I3 f,(1072) fiK; T, QnTd) f,(1072) fiK;
0.9974 317474 100 0.009 29.9 740 0.000 0.00
0.7974 253812 94 0.004 10.6 740 0.004 10.6
0.4974 158319 81 0.013 20.2 736 0.023 37.1
0.2474 78741 60 0.022 17.7 714 0.018 14.0
0.1574 50093 46 0.022 10.9 701 0.143 71.7
0.1174 37361 37 0.008 2.93 677 0.150 55.8
0.0774 24629 27 0.016 3.87 634 0.503 124
0.0374 11896 15 0.016 1.87 527 1.155 137
0.0174 5530 8 0.079 4.34 400 5.671 314
0.0074 2347 2 0.188 4.42 156 7.665 180
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ues of the volume fractior;(%) of the zone in the sample 300
affected by the magnetic anisotropy with the vakie The in) s LJ; 250
difference between the sum of the valued;aind 100 is the
volume fraction of the amorphous matrix. The last column —~ T200 o~
contains the contribution of each zone to the total uniaxial ; 1 150 E
torque amplitude measured in the torque magnetometer. Thisg 1 100 ;5
contribution is calculated as the produkk;. Finally, the
third block shows the results for the samples produced with T 50
the applied magnetic field. ’ . 0
- Looking qt Taples | and Il, we can point out the follow- 0 0.2 0.4 0.6 0.8 1
ing characteristics:

o H(T)

(@ The regions with a higher anisotropy in general occupy
a smaller volume of fractions. FIG. 4. Evolution of the magnetizatiqr®> ) and the magnetic anisotrof,
(b) For the samples made without the applied magnetiéD) with the applied magnetic field for 56829 afte_r magnetic_ annealing.
field, the highest anisotropiesabove 16 I3 in The dashed line corresponds to the magnetic anisotropy axis.
FeyByo and 5x10% Jni in Co,gMnsFeMo;Si;,Bg)
contribute more than the low anisotropies to the totalPli€d magnetic fielglin the two materials, and the induced
anisotropy. On the other hand, in the case of thednisotropies are 260 Jéh for FeyBo and 207 I for

samples made with the applied magnetic field, the low-C07MNsFe&M0,SiyBo. _ o
est anisotropiegbelow 2.5x 10* Jni in both materi- Figures 4 and 5 show the evolution of the magnetization

aly have the highest contribution to the total @d magnetic anisotropy constant with the applied magnetic
anisotropy. f!eld moH for FegoB.20 and C.QOMn5FelM015I14Bg, respec-
tively, after magnetic annealing. In order to apply the model
From the two tables, we can observe a great differenceleveloped by Tejedoet al* in the present work, we have
between the anisotropy distribution of the samples madé&hosen the scales of both magnitudes, such that their satura-
with and without the applied magnetic field in both the ma-tion values coincide. As can be seen, the behavior of these

terials. curves can be summarized as follows:
[For the Fg¢Byo samples made without Ege applied mag- 1) Fe B, K, increases rapidly at low fields and practi-
netic field, the anisotropies up to 210" JnT* occupy only cally saturates at 0.5 T. At this magnetic field, the mag-

0.4% of the volume, meanwhile, in those samples made with  atic anisotropy constant is 260 Jn

the applied magnetic field, these anisotropies occupy 9% o(fz) Co,MnsFe;Mo,SiBs: K, increases slowly and at

the volume. This change is more dramatic in  apout 0.8 T, it reaches its maximum value of 207 Im
Co,gMngFeMo,Sii4Bg in which these anisotropies occupy

0.3% of the volume in the samples made without the applied We have applied the method indicated earlier to analyze
magnetic field and 15% in those made with the applied magthe in-plane magnetic anisotropy induced by the static field
netic field. annealing, and the results are shown in Tables Ill and IV.
The mentioned results show that in the samples madkooking at these tables, we can mention the following char-
with the applied magnetic field, the low anisotropies occupyacteristicsi(a) The regions with a higher anisotropy in gen-
a large volume and have a large contribution to the totakral occupy a smaller volume of fractions afl the lowest
anisotropy. Some regions present very high values of anis@nisotropies have the highest contribution to the total aniso-
tropy constantg>10° Jn®). These regions are the zones tropy due to their larger volume fraction.
with abrupt changes from the average characteristics of the

amorphous phase that can remain unsaturated up to high 250
magnetic fields. In our case with a demagnetizing factor of R N ’L
about 0.01 and with a saturation magnetizatidgnbetween {»WC oo o ' 200
45X 10° and 8x10° Am™, the shape anisotropy for these o -~
amorphous ribbons would be about®1lv 3. These demag- z Hl:r'/ T 190 E
netizing factors can originate from elongated microholes, < d 1 100 }
precipitates, and overstrained zones. o

To compare the previously mentioned induced anisotro- U + 50
pies with those induced by the static field annealing, we have E
performed a thermal treatment for 2 h with an applied mag- - ' ' ' 0
netic field of 0.009 T, transverse to the longitudinal direction 0 0.2 0.4 0.6 0.8 1
of the ribbon to the samples of both compositions made po H(M

without the applied magnetic field. The torque curves for the

m rial | how the twofol h h I n /G. 5. Evolution of the magnetizatiqr® ) and the magnetic anisotrop,
two materials also show the twofold s ape that correspo d ) with the applied magnetic field for Ggbi;,BgMnsFe Mo, after mag-

to a UniaXiaI_ magnetic anisqtmpy Th_e easy axis is in th&etic annealing. The dashed line corresponds to the magnetic anisotropy
transverse direction of the ribbagithe direction of the ap- axis.
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TABLE IIl. Anisotropy distribution of FgiB,, in the samples annealed with  field are very similar, in both kinds of samples, the lowest
the magnetic field. anisotropy regions have the highest contribution to the total
anisotropy.

Finally, the samples made with the applied magnetic
field were submitted to a thermal treatment, above the Curie

FesoB2o

#oH (D Ki Qnr) T O fi10% fi temperature. After the thermal treatment, the anisotropy con-
0.9947 633275 261 0.001 497  stant for FggBy fell to 247 Jm?® and the easy axes is now at
0.7947 505951 260 0.001 132 9° from the transverse direction. For £8i;,BoMnsFe Moy,
0.4947 314965 258 0.004 125 the anisotropy was reduced from 740 to 310 Imith the
0.2447 155810 250 0.011 166 easy axis at 40° from the transverse direction of the ribbon.
8'3325 2(2);‘1‘3 ;‘1‘2 8'822 ‘1‘2'5 Taking into account the similarities between the results

' i ’ in the static magnetic annealing and those on the samples
0.0647 41218 200 0.149 55.0 X i 2 ) .
0.0447 28485 171 0.373 106 made W'Ith an app.lled magnetlc flgld, |t. looks like that the
0.0347 22120 135 0.045 992 Mechanism of the inducing magnetic anisotropy by applying

0.0117 7477 80 0.694 51.9 a magnetic field during the solidification process in the amor-
phous ribbons is the same as the one that produces magnetic
anisotropy by the static magnetic annealing.

In the case of the magnetic-annealed ribbons @j#-g In conclusion, we have analyzed the magnetic anisotropy
and CgqSi,BoMnsFe,Mo;, the tendency of the results ob- induced in the amorphous magnetic ribbons by applying a
served in Tables Il and IV indicates that the volume of frac-magnetic field during the solidification of the melt in the
tions that correspond to the anisotropies up to 2.5quenching process. The different sources of this induced in-
X 10° I3 is three times greater than in the case of theplane magnetic anisotropy have been discriminated using a
as-quenched samples made without the applied magnetivodel based on the study of the evolution of the magnetiza-
field. tion and the uniaxial torque with the applied magnetic field.

If we compare the results obtained for the samples made
with an applied magnetic field with those obtained for theACKNOWLEDGMENT
static magnetic-annealed samples, it can be pointed out that, ) ) )
apart from the fact that the induced transverse magnetic Th's work was supported in part by the MCyT, Madrid,
anisotropies are greater in the samples made with the appliegP@i: under Grant No. MAT 2000-0623.
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