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Scaling analysis of amorphous Fe9Q —„Mn„Zr,o alloys
near the paramagnetic-to-ferromagnetic transition
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A scaling analysis near the paramagentic-to-ferromagnetic transition temperature has been performed
on amorphous Fe9o —„Mn„Zr, o (x = 1.2 and 5.0) alloys. The extracted values for the critical exponents P,
y, and 5 are found to be higher than those predicted by the three-dimensional Heisenberg model. This
result supports the idea that below T, the magnetic state is not a collinear ferromagnetic state.

I. INTRODUCTION II. KXPKRIMKNT

The low-temperature magnetic behavior of amorphous
Fe-rich Fe-Zr alloys is rather interesting. Namely, when
the Zr content is lower than 12 at. %, a "reentrant"
behavior appears in the g„susceptibility measurements.
For example, it has been found that the Fe9OZrlo ac-
susceptibility data indicate a double transition
behavior. ' As the temperature is lowered below room
temperature, the first transition encountered in the y„
data resembles a paramagnetic (PM) to a ferromagnetic-
like state (FM), while at a lower temperature the y„data
indicates the possibility of a ferromagnetic to a spin-
glass-like state transition. In our recent work we probe
the lower temperature transition mechanism at Tf of Fe-
Zr amorphous alloys with small Mn substitutions for Fe.
It was found that no continuous phase transition actually
occurred at the lower freezing temperature Tf, but, rath-
er, a progressive magnetic hardening of a noncollinear
(asperomagnetic) phase. This noncollinear ferromagnetic
phase forms below T, and we suggest that it persists
down to 4.2 K (Ref. 3). This picture explains the experi-
mental results such as the high-field susceptibility ob-
served even in the ferromagnetic plateau, the unidirec-
tional anisotropy observed at all the temperatures below
T, (Ref. 3), and also is consistent with the results of
small-angle neutron scattering (SANS) experiments per-
formed on Fe-Zr amorphous alloys. ' Here, to investi-
gate the nature of the PM to FM-like transition, we at-
tempt a scaling analysis on two of the previously studied
Fe88 8Mn, 2Zr, o and Fe~5Mn5Zr, o amorphous alloys. We
make use of high-field dc magnetic measurements in or-
der to extract the critical exponent values P, y, and 5 and
we compare these values with those predicted for the
three-dimensional (3D) Heisenberg model which applies
to a collinear ferromagnet. The detailed magnetic char-
acterization of these alloys are presented elsewhere.

Fe9o Mn„Zr, o (with x=1.2 and S at. %) amorphous
alloys were prepared with the melt-spinning technique
under argon atmosphere. The obtained ribbons were shi-

ny, with a width 1 —2 mm, 30 pm thickness, and a length
of 2 cm to several meters.

The composition was determined by using the energy
dispersive x-ray analysis (EDAX) method and it was
found to be very close to the nominal composition of the
alloy ingots used for melt spinning. The amorphicity was
checked with conventional x-ray diffraction and also with
selected area diffraction (SAD) using a Jeol 100C TEM.
The samples used for the magnetic measurements were
prepared by stacking together three to four pieces of rib-
bon with a length of 1 cm, and in all cases, the measure-
ments were performed along the long axis to minimize
demagnetizing effects. The magnetization measurements
were obtained with a Quantum Design superconducting
quantum interference device (SQUID) magnetometer.

III. RESULTS AND DISCUSSION

To perform a scaling analysis near to a PM-FM transi-
tion, one has to know very precisely the value of the criti-
cal (Curie) temperature T„since this value is the crucial
parameter of the entire analysis. On the other hand, the
value of T, obtained using techniques such as the dc and
ac susceptibility, can vary not only from one apparatus to
the other (due to different thermometry systems), or from
one technique to the other (due to the different magni-
tude of the applied magnetic field), but also depends on
the method of extraction of this value, i.e., first deriva-
tive, graphical method, etc.

To find the right temperature in which the magnetic
isotherms should be measured we use initially the T, ex-
tracted from dc-susceptibility measurements, while the
critical temperature (Curie) T, used for the scaling
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FIG. 1. Magnetic isotherms for Fe»Mn5Zr, o. FIG. 4. Scaled magnetization m vs scaled field h in a log-log
plot for the Fe»Mn, Zr&o sample.
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FIG. 2. Arrott plots for Fe»Mn5Zr, p. FIG. 5. Log-log plot of the magnetic isotherms for
Fe&8 8Mni 2Zr&o.
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FIG. 3. Scaled magnetization m vs scaled field h in a log-log
plot for the Fe„,Mn, 2Zr, o sample.

FIG. 6. Log-log plot of the magnetic isotherms for
Fe«8Mn& 2Zr~p.



SCALING ANALYSIS OF AMORPHOUS Fe9p Mn Zr]p. . . 12 761

(x10 )

Fe88 8M~1 2Zr 10

(x'I0 )

Fe8~Mn5Zr, 0

L) 20-

10-

20 40
h/m (Oe g/emu)

FIG. 7. m vs h /m for Fe88 8Mn) 2,Zr)Q.

60
(x10 )

40
(x10')

0 10 20 30
h/rn (Oe g/emu)

FIG. 8. m vs h/m for Fe8&Mn5Zr&Q.

0 I I
J

I t I I [ I I I I

analysis is determined using the following two different
methods. First we use the Arrott plots, M vs H/M,
where M and H stand for the magnetization and the ap-
plied magnetic field, respectively. Plotting the magnetic
isotherms in this form, a set of curves is obtained which,
according to the mean-field theory for a pure ferromag-
net, should be very well approximated by a set of straight
lines. Then T, is the temperature of the isotherm whose
extrapolation towards the low-field regime passes
through the origin. For the samples studied here, the
Arrott-plots are not straight lines, and indeed, there is a
strong curvature which is an indication that the mean-
field model does not apply here. Figure 1 shows the mag-
netic isotherms and Fig. 2 shows the Arrott plots for the
sample with x=5 at. % of Mn content. To find the criti-
cal exponents P and y, the isotherms are plotted accord-
ing to the scaling relation log(m) vs log, o(h). Here m
and h are the reduced magnetization and the reduced
field, respectively, where

rn =M(& H)/Isl~, ~ =H(c, ,M)/Isl~+',

s=(T —T, )/T, .

We have varied the T, by 0.5 K, the P from 0.3 to 0.6,
the y from 1.2 to 2.5, and IEI =0.01—0.1, while in the
work of Yamauchi, Onodera, and Yamamoto, and Win-

schuh and Rosenberg. IsI =0.02—0.2. Nevertheless, the
results we obtain are consistent with their work, ' as it is
shown in Table I. The correct values of T„P, and y are
the values which, in the high-field regime, cause the col-
lapse of the two branches of the isotherms in a log&0(m)
vs log, o(h) diagram almost onto the same line (in reality
the two branches for the high-field regime converge to-
ward the same limit). The obtained values of the ex-
ponents P, y, and the value of T, are presented in the
Table I while the scaling is presented in Figs. 3 and 4.
The second method for obtaining the T, is based on the
fact that since the magnetization at the Curie tempera-
ture can be expressed as follows: M (H, T, ) = AH '~, in a
log, p(M) vs log, o(H) plot, the isotherm corresponding to
the T, is a straight line. From the slope of this line we
calculate the exponent 6, as shown in Figs. 5 and 6.

Table I shows the values of the critical exponents P and

y which are rather higher than the values predicted for a
3D Heisenberg ferromagnet. In addition to this, if we as-
sume that the static scaling hypothesis is valid, then we
can calculate the value of 5 from the relation /3+y =P5.
The values of 6, obtained from the static scaling law, are
almost identical with the ones obtained by the log, o(M)
vs log, o(H) plot method. Figures 7 and 8 show the dia-
grams of m vs h/m for the samples with x=1.2 and 5,
respectively, and the critical amplitude values Mo and ho

TABLE I. Critical exponents for Fe9Q „Mn Zr&Q (x=1.2 and 5) amorphous alloys compared with
the ones obtained for the Fe9QZr» and those predicted for the 3D Heisenberg model.

1+y/P
0a
0b

1.2
5.0

3D Heisenberg'

0.56+0.03
0.44+0.01
0.44+0.02
0.39+0.02
0.365(3)

1.87+0.02
1.79+0.07
1.77+0.05
1.63+0.05
1.405(2)

4.84+0.06

5.00+0. 1

5.33+0.1

4.85(4)

4.34
5.10+0.08
5.02+0.3
5.18+0.3

'Reference 6.
Reference 7.

'Reference 11.
Numbers in parentheses denote the uncertainty in the least significant figure.
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are found to be as follows: m 0
= 126.5 emu/g and

ho/mo=6X10 Oeg/emu for x=1.2, while mo=100
emu/g and ho/mo=3. 5 X 10 Oeg/emu for x=5. These
values are used to calculate the mo/M, (0) ratios and
compare them with theory. It is found that for the sam-
ple with 1.2 at. % Mn content, mo/M, (0)=1.1 and for
the sample with 5 at. % Mn content, mo/M, (0)=1.0.
These values are smaller than those predicted for the 3D
Heisenberg model, where Mo/M, (0)= 1.22. ' The ratio
pph p /kg T„where po /lg /at. %%uoof thecorresponding
alloy, is found to be 0.3 and 0.13 for the x=1.2 and 5,
samples, respectively.

IV. CONCLUSION

Scaling analysis has been performed near the T,
temperature on the amorphous Fe88 8Mn, 2Zr, o and

Fes&Mn&Zr&o alloys. The critical exponents P, y, and 6
are extracted, and they are found to be higher than those
predicted by the 3D Heisenberg model, indicating that
the mean-field model cannot apply in these amorphous
Fe-Zr alloys. This result connected with the results of
detailed magnetic studies of these alloys (presence of
nonsaturation of hysteresis loops at high magnetic fields
and of unidirectional anisotropy at all temperatures
below T, ) and the outcome of the experimental work of
Rhyne and Fish ' support the idea that the magnetic
state in which these amorphous alloys enter at tempera-
tures below T, is not a collinear ferromagnetic (ideal),
but, indeed, is a noncollinear (asperomagnetic)' state.
The critical amplitude values mo and ho are extracted,
and from these the ratios m o /M, (0) are calculated.
These values are found to be somewhat smaller than
those predicted for the 3D Heisenberg model.
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