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EfFect of composition on Curie temperature, magnetic moment, and high-field susceptibility
of amorphous Fe9o „M„Zr,o (M =V, Cr, Mn, Co, Ni, Cu, Si, and B) alloys
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Magnetization measurements for amorphous Fe9o M Zr, o (M=V, Cr, Mn, Co, Ni, Cu, Si, and

B) alloys prepared by single-roller spin quenching have been made by an extracting sample magne-
tometer in magnetic fields up to 65 kOe and at temperatures ranging from 1.5 to 300 K. Prelimi-

nary results show that the magnetic properties of these amorphous alloys strongly depend upon the
M concentration and display a similarity to those of the parent Fe-Zr base; compared with amor-

phous. Fe-M-B alloys with the same concentration, all the samples are characterized by a large
high-field susceptibility, a small magnetic moment, and a low Curie temperature, which, for low M
concentration, are particularly sensitive to applied fields. The noncollinear spin structures that
characterize Fe-rich Fe-Zr —based amorphous alloys have been proposed to explain the observed re-
sults.

I. INTRODUCTION

Amorphous Fe-Zr —based alloys in the Fe-rich region
with compositions near 10 at. % Zr have been studied
systematically. Many of the unusual properties, such as
the low value of Fe atomic moment and Curie tempera-
ture, ' the large high-field susceptibility even at low
temperature, and the broad distribution of hyperfine
fields extending down to H,&=0, were found in these
amorphous alloys. In addition, these alloys exhibit vari-
ous interesting behaviors such as spin-glass-like behav-
ior, Invar effect, resistivity anomalies, ' and so on,
which, all together, seem to suggest that Fe-rich Fe-Zr
amorphous alloys (10 at. % Zr) are characterized by a
noncollinear spin structure. " ' However, the replace-
ment of Fe with 3d transition-metal or metalloid elements
in amorphous Fe-rich Fe-Zr —based alloys brings a
marked decrease of the number of the Fe atom clusters
with noncollinear structure, giving rise to a significant
effect on their magnetic properties. In order to obtain
more information about the magnetic behavior of Fe-
rich Fe-Zr alloys, we prepared the amorphous
Fe9o M Zr, o (M =V, Cr, Mn, Co, Ni, Cu, B, and Si) al-

loys. Some investigations on the magnetic and electrical
properties of these amorphous alloys have been carried
out. ' ' In this paper we report the effect of concen-
tration and transition metals or metalloid elements on the
Curie temperature, magnetic moment, and high-field sus-
ceptibility of amorphous Fe9Q M Zr&Q alloys.

II. EXPERIMENT

Amorphous alloys Fe9o „M Zr, o (M=V, Cr, Mn, Co,
Ni, Cu, B, and Si) about 1.5 mm wide and 20—30 pm
thick were prepared by the melt-spinning technique in an
argon atmosphere. Amorphousness of the ribbons was
checked by x-ray diffraction. The magnetization curves
of the samples at 1.5 K and thermomagnetization curves
were measured with an extracting sample magnetometer.

The measurement accuracy of the magnetic moment is
3 X 10 emu. The Curie temperatures were determined
from the magnetization versus temperature in a field of
about 45 Oe or the temperature dependence of ac suscep-
tibility in a weak field of about 1 Oe.

III. RESULTS AND DISCUSSIONS

A. Curie temperature

Figure 1 shows an example of the thermomagnetiza-
tion curves for amorphous Fe9Q M Zr~Q alloys. Our in-
vestigation results show that the thermomagnetization
curves of amorphous Fe9Q M Zr

&Q alloys, particularly
at low M concentration, are strongly affected by applying
a magnetic field as those of' other amorphous Fe-based al-
loys, ' and the Curie temperature determined from the
o. -versus-T curves is higher than the real Curie tempera-
ture as shown in Fig. 1. Therefore, the Tc of the amor-
phous Fe9p M ZI]Q alloys was determined from the
thermomagnetization curves in an external field of about
45 Oe or the temperature dependence of ac susceptibility
measured at about 1 Oe. The present data of Tc mea-
sured by a small field are reasonable; the value of Tc for
x =0 is in agreement with that determined by Arrott
plots. '

The Curie temperatures of amorphous Fe9Q M Zr&Q

alloys are shown in Fig. 2 as a function of M concentra-
tion. As can be seen from Fig. 2, the concentration
dependence of Tc varies in behavior when different M
atoms are added; the Tc increases markedly with increas-
ing Co, Ni, Si, and B, but decreases linearly with increas-
ing Mn, interesting to note that, for V, Cr, and Cu, the
Tc-x curves even form a clear maximum with the initial-
ly increasing Tc followed by a drop around x =4. The
Tc is found to be below room temperature for all compo-
sitions containing V, Cr, Mn, or Cu and low Co, Ni, Si,
or B concentration, 100—300 K lower than those of the
amorphous Fe-M-B alloys' ' with the same M concen-
tration.
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FICi. 2. Curie temperatures Tc of amorphous Fe9o M Zr&o
alloys as a function of M concentration x.

FIG. 1. Thermomagnetization curves at external fields of
about 45 Oe and 12 kOe for amorphous Fe9O — M„Zr&o (M=Mn
and Si) alloys.

Composition effects on Curie temperature, in many
cases, are discussed according to the average molecular-
field models. But in these models the attention is usually
focused on the pure ferromagnetic or pure antiferromag-
netic materials. This is obviously not the case we
currently are faced with.

Indeed, the amorphous Fe-M-Zr alloys we currently
are discussing displayed a Tc behavior similar to the
amorphous Fe-Zr alloys. This indicates that the unusu-
al concentration behavior of Tc in amorphous Fe-M-Zr
shares the same mechanism as in the Fe-Zr alloys; it is
closely related to the noncollinear spin structures that
characterize Fe-rich amorphous Fe-Zr alloys. In Fe-
based amorphous alloys the distance between nearest-
neighbor Fe-Fe atoms has a distribution which results in
a variation of direct exchange interactions between Fe-Fe
atoms. The sensitivity of the Fe-Fe exchange interaction
to distance can be found in the coordination number,
which is 8 for ferromagnetic bcc Fe and 12 for antiferro-
magnetic fcc Fe. Amorphous Fe84Zr, 6 alloys ' have an
average coordination number of 11.6, which supports the
assumption of the presence of the antiferromagnetic ex-
change interactions. These antiferromagnetic couples
would lead to noncollinear spin structures, as is indicated
in the Mossbauer study and the neutron measurement"
performed on amorphous Fe»Zr9 and further discussed
by Ryan et a/. ' for the Fe Zr, „with 88&x &93. In
terms of this model, the concentration behavior of the Tc
in amorphous Fe-M-Zr alloys would be attributed to the
variation in spin structure and its correlation length re-
sulting from the concentration eft'ect on the number of
antiferromagnetic couples existing in the Fe-Zr base.
This explanation can be further detailed by discussing
three typical cases involved in our Fe-M-Zr system.

(l) When Co is added to the parent Fe-Zr base, the Tc
increases with increasing Co content within the whole
concentration range measured. This effect might be ex-
plained by assuming that the Fe-Co exchange interaction
is larger than the Fe-Fe couples as discussed in other
(Fe-Co, Fe-Ni) based amorphous alloys. However, add-
ing the Co atom also destroys the reentrant behavior of
the initial susceptibility that is expected in the undoped
Fe-Zr alloys. This rejects the fact that the noncollinear
spin structures in the parent Fe-Zr base have been
changed. In other words, by adding the Co atoms into
the Fe-Zr base, we are preparing a more stable "fer-
romagnetic" alloy with its spin structure approaching the
parallel alignment. So, in addition to the contribution of
the Fe-Co interaction (which is thought to be larger than
the Fe-Fe interaction according to the average molecular
model), the stabilization of the spin structure should also
be responsible for the enhancement of T&.

(2) When Cr is added, the Tc xcurve forms a max--
imum, and there is no reentrant behavior observed for
the investigated Cr concentration. This is a situation
which can be described just as the first case, with the only
exception being that the Fe-Cr interaction should be as-
sumed to be less than the Fe-Fe interaction.

(3) Fe-Mn-Zr alloys differ from the first two cases; the
Tc decreases monotonically with increasing Mn content
and the reentrant behavior of the initial susceptibility is
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observed at up to x = 10 (as shown in Fig. 1). This indi-
cates that Mn atoms have less effect on the stabilization
of the spin structures in its parent Fe-Zr base and, hence,
on the enhancement of Tc related to the spin-correlation
length. Therefore, by assuming a smaller Fe-Mn interac-
tion, a monotonically decreasing Tc should be expected
for the Fe-Mn-Zr alloys.

It follows from the above discussion that the M atoms
have a significant effect on the spin structure of the Fe-Zr
base, which, in return, influences the Tz behavior. Such
an effect is also reflected in our measurements of the mag-
netic moment and high-field susceptibility, as will be seen
in the following discussion.

B. Magnetic moment
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FIG. 3. Magnetization curves of some amorphous
Fe«M4Zr&o alloys at 1.5 K.

Figure 3 shows an example of the magnetization curves
of amorphous Fe9Q M Zr&Q alloys at 1.5 K. By a linear
extrapolation of the magnetization curves at higher mag-
netic field to zero magnetic field, the spontaneous magne-
tizations o.,(1.5) at 1.5 K are obtained. Here the average
moment per atom of amorphous Fe9Q M Zr&Q alloys
has been calculated using the values of o, (1.5).

The average magnetic moments p per Fe atom or
Fe+M atom are shown in Fig. 4 as a function of M con-
centration. It can be seen from the figure that the p of
amorphous Fe9Q M Zr, Q alloys is significantly small,
especially at low M concentration, compared with amor-
phous (Fe-M-B) alloys. ' ' The pF, of amorphous Fe-
Si-Zr and amorphous Fe-B-Zr increases monotonically
with increasing M concentration, in contrast with the
variance of PF, with x for amorphous Fe-B (Ref. 18) and
Fe-Si-B (Ref. 19) alloys. When Co, Ni, or Cu was added
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FIG. 4. Average magnetic moment per Fe or Fe+M atoms
for amorphous Fe9O „M Zr, o alloys as a function of M concen-
tration x.

to Fe-Ze —based amorphous alloys, the p-x curve forms a
maximum. When V, Cr, or Mn was added, the p de-
creases linearly with increasing M content, with no indi-
cation of a maximum. However, a maximum in p in
amorphous Fe-M-Zr (M=V, Cr, and Mn) alloys has been
obtained from magnetization measurements in a magnet-
ic field up to 10 kOe. A similar result has also been
found in amorphous Fe-Zr alloys, in which the deduced
Fe atomic moment from saturation magnetization mea-
surements under an external field of 110 kOe indicates a
monotonical increase of Fe moment, a complete reversal
of the low-field measurements.

In summary, the amorphous Fe-M-Zr at low M con-
centration has unusually small magnetic moments which
are sensitive to the applied field and can be enhanced by
adding a M element. These results show that amorphous
Fe-M-Zr alloys have a large high-field susceptibility, and
their magnetization curves are not easily saturated even
in higher external fields, and the magnetic moment of Fe
can be, in general, undervalued. The phenomena listed
above support the existence of the noncollinear spin
structures in the amorphous Fe-M-Zr alloys and the
effect of the spin-structure variation on the magnetic
properties.

More details concerning the magnetic moment and its
relevance to the noncollinear spin alignment are demon-
strated in the following discussion carried out on amor-
phous Fe9Q Co Zr, Q. As shown in Fig. 5, the magnetic
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FIG. 5. Co-content dependence of the average atomic mo-
ment for amorphous Fe9O —„Co Zr&o alloys.

moment in Fe-rich amorphous Fe90 „Co Zr&o (x &30)
decreases drastically in comparison with that of other
(Fe-Co) based amorphous alloys containing metalloid.
Collins and Forsyth reported that the results obtained
by polarized neutron diffraction showed that the average
magnetic moment per iron atom p,„, of the crystalline
Fe,QQ Co alloys rose from 2.2p~ for pure iron to just
over 3pz for alloys of 50 at. % or more Co; and the aver-
age magnetic moment per Co atom, p«, remained essen-
tially constant (1.Spy). The similar result was observed
for amorphous (Fe, ,Co, )7sSi95B,z 5 alloys, in which
p,„, increases from 2. 1pz for x =0 to 2.6p~ for x =0.9,
and p«remained constant at 1.2pz. By assuming that
the p&, of amorphous Fe9Q Co„Zr, Q alloys keeps a value
of 1.5p~ (the value at x =90) over the whole concentra-
tion, we obtained the calculated pF„which increases
markedly with increasing Co content as shown by the
solid circles in Fig. 5. This result is in agreement with
the Mossbauer study of amorphous Fe9Q „Co Zr&Q alloys
measured by Hosoma and Nanso, in which it was found
that the average hyperfine field increases with x content.
As can be seen from Fig. 5, when extrapolating p,„,versus
(x & 30) plots to x =0, p„, increases from 2.2pz for x =0
to 2.36p~ for x =30. This may be partially attributed to
the increase of the magnetic moment of iron atoms like
that of the (Fe-Co) based amorphous alloys containing
metalloid. But the difference Apz, between the extrapo-
lated magnetic moment p'F' and p„, implies an effect of
the noncollinear spin alignment on the magnetic moment.
The inset in Fig. 5 shows ApF, versus x. The decrease of
ApF, with x implies the change of the noncollinear spin
alignment into a less dispersed spin alignment. At x =30
a nearly pure ferromagnetic state is established, which
corresponds to the maximum of the magnetic moment

pF, c, as shown in Fig. 5. For x )30 the decrease of the
magnetic moment is similar to those in other (Fe-Co)
based amorphous alloys.

C. High-field susceptibility
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FIG. 6. High-field susceptibility gz of amorphous
Fe9o — M Zr&o alloys as a function of M concentration x.

The high-field susceptibilities yh obtained from the
slope of the linear portion of magnetization curves at
higher magnetic fields for amorphous Fe9Q M ZriQ al-

loys are shown in Fig. 6 as a function of M concentra-
tion. The value of y& is found to be extremely large at
low M concentration; that is, the magnetization curves of
these amorphous alloys are difficult to saturate even with
applied fields up to 60 kOe. It is interesting to note that
the added M elements have a different effect on y& for
amorphous Fe9Q „Mn Zr, Q alloys and other amorphous
Fe9Q „M Zr&Q alloys: g& for the Mn-doped sample keeps
its high value up to x =10 with only little dropping. For
amorphous Fe90 M„Zr&o (M=V, Cr, Cu, Co, and Ni)
alloys, the yz drops sharply until x =4 and then de-
creases in a smaller rate with x. This variation exhibits a
clear kink at about x =4, which is just the concentration
where the maximum of the Curie temperature is located.
A large value of y& has also been found in the crystalline
Fe-Ni Invar alloys and other amorphous Fe-based al-
loys such as Fe-B Invar alloy. The large high-field sus-
ceptibility is one characteristic feature of the Invar effect.
Shirakawa et al. has indeed observed the Invar charac-
teristic of amorphous Fe9O, M, Zr, o (M=Co and Ni) al-

loys.
The large y& has been often discussed using the local-

ized or itinerant-electron model. According to the local-
ized model, the large value of g& is caused by the flipping
of weakly coupled antiferromagnetic spins under high

magnetic field. In the amorphous Fe9QZr, Q alloy, there
are magnetic inhomogeneities, as evidenced in the broad
magnetic hyperfine field distribution, suggesting the
coexistence of ferromagnetic and antiferr orna gnetic
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states. We feel that the large value of g& in amorphous
Fe9o M„Zr&o alloys can be most consistently explained
in terms of the presence of antiferromagnetic states and
the related noncollinear structures. As being particularly
indicated in the Mn-doped samples, the large high-field
susceptibility (kept for Mn concentration up to x =10)
and the concomitant reentrant behavior of the initial sus-
ceptibility are closely related to each other; the relation
between the two could be established only through the
noncollinear spin structures, which for the Mn-doped
case are not stable and can be frustrated into an as-

peromagnetic state as generally proposed for the reen-
trant behavior occurring in the Fe-rich Fe-Zr alloys.

ACKNOWLEDGMENTS

The authors wish to express their gratitude to Ning
Tai-shan for x-ray-diffraction measurements of the sam-
ples; to Fan Shi-yong, Li Jing-yuan, and Liang Bin for
magnetization measurements using an extracting sample
magnetometer; and to Zheng Xiao-nian for carrying out
an early part of the experimental work.

*Also at CCAST (World Laboratory), P.O. Box 8730, Beijing,
China.

H. Hiroyoshi and K. Fukamichi, J. Appl. Phys. 53, 2226
(1982); Phys. Lett. 85A, 242 (1981).

Shen Bao-gen, Zhan Wen-shan, Zhao Jian-gao, and Chen Jin-
chang, Acta Phys. Sin. 35, 841 (1986); 37, 804 (1988).

Shen Bao-gen, Zhan Wen-shan, Zhao Jian-gao, and Zheng
Xiao-nian, Chin. Phys. Lett. 2, 75 (1985).

4B. G. Shen, Y. Z. Wang, J. C. Chen, J. G. Zhao, and W. S.
Zhan, J. Phys. (Paris) Colloq. 49, C8-1161 (1988).

5Shen Bao-gen, Zhang Zhi-ying, Gu Ben-xi, Guo Hui-qun, and
Zhao Jian-gao, Chin. Phys. Lett. 6, 522 (1989).

R. Kirshnan, K. V. Rao, and H. H. Liebermann, J. Appl.
Phys. 55, 1823 (1984).

Y. Yamanato, H. Onodera, K. Hosoyama, T. Masumoto, and
H. Yamauchi, J. Magn. Magn. Mater. 31-34, 1579 (1983).

8Y. Obi, L. C. Wang, R. Motsay, and David G. Onn, J. Appl.
Phys. 53, 2304 (1982).

K. Shirakawa, S. Ohnuma, M. Nose, and T. Masumoto, IEEE
Trans. Magn. MAG-16, 910 (1980).
K. Shirakawa, K. Fukamichi, T. Kaneko, and T. Masumoto,
J. Phys. F 14, 1491 (1984).

~ ~J. J. Rhyne and G. E. Fish, J. Appl. Phys. 57, 3407 (1985).
D. H. Ryan, J. M. D. Coey, E. Batalla, Z. Altounian, and J. O.
Strom-Olsen, Phys. Rev. B 35, 8630 (1987).

~3Shen Bao-Gen, Zhan Wen-shan, Zhao-Jian-gao, Chen Qing-
hua, and Chen Jin-chang, Acta Phys. Sin. 37, 809 (1988).
Shen Bao-gen, Zhan Wen-shan, Zhao-Jian-gao, and Zheng
Xiao-nian, Kexue Tongbao 32, 441 (1987)~

K. Fukamichi, H. Hiroyoshi, K. Shirakawa, T. Masumoto,
and T. Maneko, IEEE Trans. Magn. MAG-22, 424 (1986).
H. Yamauchi, H. Onodera, and H. Hamamoto, J. Phys. Soc.
Jpn. 53, 747 (1984).

~7Zhan Wen-shan, Shen Bao-gen, and Zhao Jian-gao, Acta
Phys. Sin. 34, 1613 (1985).

~8Zhao Jian-gao, Shen Bao-gen, Zhan Wen-shan, and Chen Jin-
chang, J. Magn. Magn. Mater 50, 119 (1985).

~9Shen Bao-gen, Zhan Wen-shan, Zhao Jian-gao, and Chen Jin-
chang, Acta Phys. Sin. 34, 1009 (1985).
K. M. Unruh and C. L. Chien, Phys. Rev. B 30, 4968 (1984).
H. S. Chen, K. T. Aust, and Y. Waseda, J. Non-Cryst. Solids
46, 307 (1981).
M. Ghafari, U. Gonser, H. G. Wagner, and M. Naka, Nucl,
Instrum. Methods 199, 197 (1982).
F. E. Luborsky, in Ferromagnetic Materials, edited by E. P.
Wohlfarth (North-Holland, Amsterdam, 1980), Vol. 1, p. 451.
T. Masumoto, S. Ohnuma, K. Shirakawa, M. Nose, and K.
Kobayashi, J. Phys. (Paris) Colloq. 41, C8-686 (1980).
M. F. Collins and J. B. Forsyth, Philos. Mag. 8, 401 (1963).

2 Guo Hui-qun, Shen Bao-gen, Yu Bo-liang, Zhan Wen-shan,
and Pan Xiao-shuo, Acta Metall. Sin. 20, B205 (1984).
T. Hosoma and S. Nanso (unpublished).
H. Hiroyoshi, H. Fujimori, and H. Saito, J. Phys. Soc. Jpn.
31, 1278 (1971).
H. Hiroyoshi, K. Fukamichi, A. Hoshi, and T. Masumoto,
Phys. Lett. 65A, 163 (1978).
K. Fukamichi, in Amorphous Metallic Alloys, edited by F. E.
Luborsky (Butterworths, London, 1983) p. 324.


