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The glassy ferromagnet Fe,Ni, P,,B¢ has been studied by Mdssbauer spectroscopy from 4.2 to 1000 K. In
the glassy state, the average hyperfine field H.(T) decreases with temperature more rapidly than that of
crystalline ferromagnets due to a distribution of exchange interactions. At T $3 T., H.(T) has a
temperature dependence of H(0) [1 — By, ,(T/ T¢)*'?-), indicative of spin-wave excitations. The value
of B;;, = 0.47+ 0.07 is four times larger than those of crystalline Fe and Ni. The Curie temperature
T, = 537 K is found to be well defined. At T close of T, H.(T) behaves as a power law with a critical
exponent of B = 0.32 + 0.05. In the glassy state and at T > T, the quadrupole spectra show asymmetrical
doublets, suggesting that the electronic state of Fe may not be unique. A crystallization temperature (T,,) of
700 K has been determined under high heating rate. At much lower heating rate, crystallization occurs at
670 K. The crystallized sample of Fe,Ni,P,,B¢ contains two ferromagnetic crystalline phases of FessNi,s

(Te = 750 K) and (Fe-Ni);,P,B, (T, = 425 K).

I. INTRODUCTION

Magnetic metallic glasses present opportunities
for studying the effects of structural disorder on
the properties of solids. These glassy solids
have already exhibited a rich variety of phenomena
in their solid-state properties in general and
magnetic properties, in particular.’ Even though
these metallic glasses have no long-range order
(translational symmetry), many of them exhibit
ferromagnetic ordering as well as other types of
more complicated magnetic orderings. Because
of the special ways in which these glassy solids
are synthesized, the atomic arrangements are
disordered. The model of random packing of hard
spheres has been shown to be a useful approxi-
mation in describing the disordered atomic ar-
rangements in metallic glasses, although short-
range order may exist in many of them.? As a
result of the disordered atomic arrangements,
many quantities which are well defined in crystal-
line solids have a distribution of values such as
magnetic moments, exchange interaction, hyper-
fine field, electric field gradient, etc. Conse-
quently, some properties of the glassy metallic
solids may be similar to those of crystalline
solids, while other properties are markedly dif-
ferent.

The glassy state of metallic glasses is not a
thermodynamic equilibrium state, i.e., itis a
metastable state, and exists only at sufficiently
low temperatures. At high enough temperatures,
the glassy state unavoidably and irreversibly
transforms into the crystalline state. The cry-
stallization process and the behavior of the sub-
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sequent crystalline phases may shed light on the
stability and the properties of the glassy state.

In this work, a detailed study of a glassy ferro-
magnet Fe, Ni, P, By (Metglas® 2826)* has been
made by Mdssbauer spectroscopy from 4.2 to
1000 K. The magnetic properties and the hyper-
fine interactions of Fe,Ni, P, B, in its glassy
state, the glass-to-crystalline transition and the
behavior of the crystalline phases have been
studied.

II. EXPERIMENTAL

Samples of glassy Fe,Ni P, ,B; were made by
the technique of rapid quenching from the melt.
The material is in long ribbon form with a nomi-
nal width of 3 mm and thickness of 35 um. The
noncrystalline nature of the sample was checked
by x rays. All absorbers were made by placing
a few ribbons parallel to each other and covering
an area of about 1.5 x1.5 cm. For measurements
at T less than 300 K, these ribbons were usually
sandwiched between thin Al foils and held to-
gether by vacuum grease. The Al foils were clamped
to the oxygen-free high-conductivity copper cold
foot. For measurements at T greater than 300 K,
the ends of the ribbons were cemented to a thin
piece of synthetic mica.

For measurements at T less than 300 K, a con-
tinuous-flow cryostat in conjunction with propor-
tional heating was used to maintain the sample
temperature with stability better than 0.2 K. The
temperature of the sample was monitored by a
precision Pt resistor. For measurement at 4.2
K, the sample was immersed in the liquid He
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bath. For measurements at T greater than 300 K,
heating took place in vacuum of 107° Torr. The
sample temperature, with stability better than 1 K
during the measurement, was measured via a
thermocouple.

A conventional spectrometer in constant accel-
eration mode was used with a radioactive source
of 57Co in either Cr or Rh. The majority of the
measurements were performed using the standard
transmission geometry, in which the y ray was
perpendicular to the sample plane. In some cases,
the sample plane was at an angle other than 90°
with respect to the y ray so that additional infor-
mation about the magnetization axis could be ob-
tained. We have also used the method of frequency
counting at a fixed Doppler velocity to detect the
magnetic ordering temperatures.

III. RESULTS AND DISCUSSIONS
A. Magnetic hyperfine interaction

Spectra of Fe,Ni, P,,B; measured at 300K are
shown in Fig. 1. It is clear from the broad line
widths that these spectra do not represent a uni-
que hyperfine magnetic field. This is expected
from the noncrystalline nature of the sample, in
which there are many inequivalent Fe sites. The
measured spectrum is the consequence of a dis-
tribution of hyperfine fields, However, the hyper-
fine field distribution is reasonably narrow so
that the spectral lines remain well defined. We
have used two methods to analyze these spectra in
order to obtain the mean hyperfine field value and
its temperature dependence. From the well-de-
fined positions of the six lines, one obtains H.x(T),
the average hyperfine field at temperature 7. We
have also analyzed these spectra by assuming an
asymmetrical Gaussian hyperfine field distribu-
tion* about a peak value H,(T). Good fits, as
demonstrated by the solid curves in all of these
spectra, can be obtained by either method. The
determined values of H.,(T) and H, (T') are slightly
and consistently different by about 2%. However,
in reduced units, the values of Hex(T)/H.(0) and
H,(T)/H,(0) are virtually the same. Therefore,
although the values of the mean hyperfine field are
slightly model dependent, the values of the re-
duced hyperfine field are essentially not.

From the noncrystalline nature of the sample,
the Fe site symmetry in general will not be cubic.
Therefore, in addition to the magnetic hyperfine
interaction, there is also a quadrupole interaction
due to the nonzero electric fieldgradients (EFG). But
as shownin Fig. 1(a), there is little apparent quad-
rupole interaction, since the line positions are
very symmetrical. This can be explained as fol-
lows. The quadrupole interaction at each site can

be approximately described by €®qQ(3 cos?6’ -1),
where e2¢Q is the quadrupole interaction energy
and 6’ is the angle between the z axis of the prin-
cipal (EFG) tensors and the hyperfine field. The
2z axis of the EFG is determined by the site sym-
metry, which varies spatially throughout the sam-
ple. On the other hand, the magnetic hyperfine
field, which is antiparallel to the magnetization
axis in a ferromagnetic sample does not vary
randomly. A collective measurement of a macro-
scopic sample, in effect, takes the spatial aver-
age of (3 cos?6’ —-1), which yields zero. Quadru-
pole effect in noncrystalline magnetic solids can
be unequivocally measured only in the paramag-
netic state (T'>7.), in which the magnetic inter-
action is “turned off.”

B. Magnetization axis

It is well known that the *"Fe magnetic hyperfine
pattern consists of six lines with intensity ratio
of 3:5:1:1:6:3, where b =4 sin?6/(1 +cos?6) and 6
is the angle between the magnetization axis and the
y-ray direction.®* The values of b vary from 0 to
4 for =0°-90° For a sample containing more
than one magnetization direction, the value of b
has to be averaged accordingly. The measured
spectrum therefore supplies information concern-
ing the direction of magnetization. Since it is mea-
sured microscopically and without the requirement
of an external magnetic field, it is useful in the
case of transition metal based glassy ferromag-
nets in which the anisotropy and the coercivity are
generally very small.!

For a glassy sample, since the six lines do not
have the same linewidth, due to a hyperfine field
distribution, one compares area ratios rather than
intensity ratios. Figure 1 shows three spectra at
300 K with different geometries of measurements
which are shown on the right. Long and short
rectangles represent the long and the short edges
of a ribbon, and the wavy line denotes the y-ray
direction. Figure 1(a) shows the spectrum taken
with the y ray perpendicular to the ribbon plane.
From the area ratio of about 3:4:1, one im-
mediately concludes that the magnetization axis is
in the ribbon plane. There are two further possi-
bilities: random easy axis in the ribbon plane, or
a preferred direction in the ribbon plane. To dis-
tinguish these two cases, we rotated the ribbon
plane by about 30° with respect to the y ray while
keeping either the long edge [ Fig. 1(b)] or the
short edge [ Fig. 1(c)] perpendicular to the Y ray.
The spectrum shown in Fig. 1(b) is practically the
same as that shown in Fig. 1(a), whereas the spec-
trum shown in Fig. 1(c) is considerably different
in No. 2 and 5 peaks. These results are possible
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FIG. 1. MO0ssbauer spectra of Fey NisP;,Bg at 300 K
under different geometries (see text).

only if the magnetization axis for the entire ribbon
is predominantly along the ribbon long edge. This
conclusion is also reached by magnetic resonance
measurement.® Since the present measurements
were made in transmission geometry, the above
conclusion applies to the entire thickness of the
sample. However, there is evidence from do-
main pattern observations that on the sample sur-
face, there are small patches of areas for which
the magnetization axes may not be in the sample
plane.”

The spectra of a sample, sandwiched by Al foils
and held by thin layers of vacuum grease, at low
temperatures with the y ray perpendicular to the
sample plane are shown in Fig. 2. Surprisingly,
the No. 2 and 5 peaks show much lower intensities
in the temperature range of 70 K<S7 < 200 K, as
previously reported.® ° The average magnetiza-
tion axis, which is in the sample plane at 300 K,
has a component perpendicular to the sample in
this temperature range. It is well known that the
local anisotropy of an “as-prepared” metallic
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FIG. 2. MO0ssbauer spectra of Fey,Ni; Py,B, at low
temperatures.

glassy sample is mainly determined by the strain
patterns “frozen in” during the rapid quenching
process. However, it is difficult to attribute the
unusual behavior at low temperatures to strain in
the sample, since it would require a temperature
dependence of strain which would generate out-of-
plane moments only in the temperature range of
70-200 K. Experimental investigation by Egami
et al.*® indicated that the bulk magnetic properties
of a number of glassy ferromagnets, including the
present alloy, are susceptible to external stresses
applied to the sample. This led us to suspect that
the unusual behavior at low temperatures may be
caused by the hardened vacuum grease, which
holds the ribbons in place. Indeed, measurements
of a sample covered with no vacuum grease,
showed essentially in-plane magnetization at low
temperatures with no anomaly. An “as prepared”
sample at 300 K, covered with room-temperature-
cured hardened epoxy, again showed a consider-
able amount of out-of-plane magnetization. There-
fore, the “as prepared” samples of Fe,,Ni P, B,
have magnetization mainly in the ribbon plane at
all temperatures. The magnetization axis is highly
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FIG. 3. MO0ssbauer spectra of FeyNis Py,B; at 300 K
for the as-quenched sample and the sample after anneal-
ing at 545 K for 2 days.

susceptible to external stresses, such as those
generated by the hardened vacuum grease at low
temperatures. Absorber preparation is of crucial
importance, if information concerning the magnet-
ization axis is sought.

The above results are pertinent to the “as pre-
pared” samples, that is, samples which have not
been treated with high-temperature annealing. We
have also heated one sample to 545 K, which is
above the Curie temperature, for two days in
vacuum of 1075 Torr. After the annealing, for the
annealed sample at 300 K, the magnetization axis
was found to have been substantially altered to
more random directions, as shown in Fig. 3. This
is expected, since high-temperature annealing,
among other purposes, serves as a stress-re-
lease process.

It should be particularly emphasized that the
above-mentioned directional change of the mag-
netization axis only affects the relative intensities
of the spectral lines. The line positions, the total
splitting and the value of H, . (T) are not altered.
This is clearly illustrated in Fig. 3.

C. Temperature dependence of hyperfine field

Although Fe,Ni,P,,B, contains two transition-
metal elements, Ni in this system is most likely

to be nonmagnetic and Fe is the only magnetic
constituent. This is shown by the studies of
(Fe, Ni,_)goP,,Bs. By progressively reducing the
Fe content, the magnetic ordering temperature
T is found to decrease towards T =0 K.'"
Similar behavior has been observed in'®
(Fe, Ni,_, )sonBw and (Fe, Nil-x)vspleBsAla-M
Therefore, although the magnetic moment per
transition-metal atom in Fe,Ni,P,,B; is about
1.1445,'° which is considerably smaller than the
value of about 2. for the Fe-rich system, the
actual Fe moment is probably close to 2ug.
Typical M8ssbauer spectra of Fe, Ni, P, B at
low and high temperatures are shown in Figs. 2
and 4. The measured reduced hyperfine fields of
glassy FeNi,,P,,B; and crystalline Fe are shownin
Fig. 5. The difference betweenglassy and crystalline
ferromagnets is obviously great inthat, the curve for
the glassy ferromagnet decreases with temperatures

FeaoNiagPiaBs ¥

1
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FIG. 4. MO0ssbauer spectra of FeyNi, P;,B, at 296
=T =539 K.
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FIG. 5. Reduced hyperfine field vs reduced tempera-
ture of Fey NigPy4Bg (circles) and Fe metal (triangles).
The solids curves are results obtained from Eq. (1).

much more rapidly. The reduced curvature seemsto
be ageneral feature of noncrystalline ferromagnets.®

Magnetization and M8ssbauer spectroscopy mea-
surements in a number of glassy ferromagnets,
including the present sample, suggest that, to a
very good approximation, the measured hyperfine
field H.(T) and the magnetization M(T) are pro-
portional.!” The temperature dependence of the
reduced hyperfine field then, as shown in Fig. 5,
reflects the temperature dependence of the re-
duced magnetization.

The lower magnetization curve for the glassy
ferromagnets is due to a distribution of exchange
interactions because of the disordered structure.
A number of theoretical calculations of the mag-
netization of noncrystalline ferromagnet have
taken into account, through various models, a
distribution of exchange interactions.!'®"2° Many
of these calculations have used the molecular-
field approximation.’ Of these, the results ob-
tained by Handrich have a simple analytical form.
Handrich considered a random fluctuation of the
exchange constants in the Heisenberg interaction
and used the molecular-field approximation. The
reduced magnetization for a glassy ferromagnet
has the form

o =M(T)/M(0)=4{Bs| (1 +6)x] +Bs[(1 =8)x] }, (1)
with
x=3S(8+1)Tc0/T

where By is the Brillouin function for spin S, T,
is the Curie temperature, and 0<6<1 is a mea-
sure of the fluctuation of the exchange inter-
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actions. Equation (1) retains the well-known form
for crystalline ferromagnets by setting 6 =0, i.e.,

0 =Bs(-\') . (2)

Eq. (1) indeed predicts a lower magnetization
curve than does Eq. (2). The amount of deviation
depends on the value of 6 as shown in Fig. 5. One
therefore can compare the experimental data with
the calculated results in order to estimate the
value of 5. For the present case, a value of 6
~0,5 can be assigned. as a reasonable estimate.

Although Eq. (1) predicts a lower curve for
glassy ferromagnet, in qualitative agreement with
the experimental results, quantitatively it is still
inadequate. As shown in Fig. 5, none of the
curves calculated from Eq. (1) fits the experi-
mental results for an extended temperature range.
Similarly, the 6 =0 curve for a crystalline ferro-
magnet does not agree closely with the results for
crystalline Fe or Ni either. Generally, the re-
sults predicted by Eq. (1) are higher than the ex-
perimental results at low temperatures, and low-
er at high temperatures. These discrepancies are
due to the deficiencies of the molecular-field ap-
proximation. In particular, Eq. (1) and Eq. (2)
predict for o, an exponential behavior at low
temperatures and a (T - T¢)'”? behavior at T close
to T.. Both of these predictions are contrary to
experiments as well as more precise theoretical
calculations. Nevertheless, it should be pointed
out that the theories by Handrich and others
clearly indicate that the observed lower curve for
glassy ferromagnets can be explained by taking
into account a distribution of exchange interac-
tions.

D. Spin waves

It is well known that the decrease of magnetiza-
tion M(T') of a crystalline ferromagnet at low
temperatures has a temperature dependence of?!

M(T)/M(0) =0 =1 - BT?/2... 3)
or
AM(T)/M(T) = M(0) =M(T)] /M(0) =BT3/2 + - - .
(4)

instead of the exponential dependence predicted by
the molecular-field approximation. This is due to
the excitations of the long-wavelength spin waves.
This temperature dependence has been observed
in many crystalline ferromagnets.?' In particular,
for crystalline Fe and Ni, the values of B=(3.4
+0.2)x10 K ¥2and B=(1.5+0.2) x 10 K™¥/2 re-
spectively, have been determined.?? The differ-
ence in the values of B for Fe and Ni is largely
due to the different values of the magnetic order-
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TABLE I. Sample compositions, Curie temperature T, and coefficients B and Bj,, for

glassy FeyNiygPyyBg and crystalline Fe and Ni.

Te B
(K) (1076 K3/2) By /s Ref.
FeyoNigP14Bg 537 38 +2 0.47 +0.007 This work
Crystalline Fe 1043 3.4+0.2 0.114 + 0.007 22
Crystalline Ni 627 7.5+ 0.2 0.117 £ 0.003 22
ing temperature T, as shown in Table I. If one at small wave vector k and Eq. (3) can be formally
instead rewrites Eq. (4) as shown.?! The quantity D in Eq. (6) is commonly
called the spin-wave stiffness constant. In a
AM(T)/M(0) =By, (T /Tc Pl ’ ) glassy ferromagnet, with the absence of trans-
the values of B,,, for both Fe and Ni are almost lational invariance, crystal momentum is no long-
identical (Table I). Because these values of B, er a good quantum number. On the other hand,
are small, at low temperatures the decrease of the existence of spin waves should be no more
M(T) or H(T) is also small. surprising than the existence of sound waves in
For Fe,Ni,P,,B; and several other glassy fer- noncrystalline solids. Herring and Kittel have
romagnets,?*™2° the decrease of the hyperfine field shown that spin waves can exist in a continuous
H,(T) at low temperatures is also characterized ferromagnetic medium; that is for long-wave-
by the T3/2 dependence. This is shown in Fig. 6, length spin waves, the detailed noncrystalline ar-
in which the plot of fractional change of H,y (T) rangement of atoms would not be important.2®
Vs (T/TC)S/2 clearly shows a straight line. How- Strong experimental evidence of spin waves in
ever, the values of B =(38+2)x107® K*/2 and B, glassy ferromagnets, is provided by neutron dif-
=0.47+£0.03 for Fe,Ni,P,,Bs are many times fraction measurements.?” "> Although glassy
larger than those of Fe and Ni (Table I). In Fig. samples present some experimental difficulties
6, the dashed line (for Fe and Ni) and the solid (e.g., small momentum transfer due to the ab-
line illustrate this large difference. Furthermore, sence of a lattice), data obtained by various

the temperature range in which the T%2 term
dominates is large (up to about 0.5 T.),'" 2®* where-
as in crystalline Fe and Ni, the T3/2 term holds
only at much smaller temperature ranges of
about 0.15 T..%

For a crystalline ferromagnet, the crystal mo-
menta are quantized. The quadratic spin-wave
dispersion relation

studies clearly show well-defined spin waves and
the quadratic dispersion relation. Therefore, the
observed T*/2 dependence from the hyperfine field
measurements in the present as well as other
glassy samples is due to the excitations of spin
waves in a noncrystalline ferromagnet.

However, the anomalously large values of B or
By, for glassy ferromagnets are not explained at
present. It appears that this is one of the signi-

E(k)=Dk% +- - - (6) ficant differences between crystalline and glassy
000G —————__
AN Fe
0.04+ Ni
0.08
i FIG. 6. Fractional
AH eff change of hyperfine field
—') 0.2 vs (T/T o)/ for
Hegs (0 - Fe,oNigPy4Bg. The dashed
0.16 | line indicates the corres-
L ponding change for crystal-
line Fe and Ni.
0.20+ .
| FeqoNigoPisBe
0.24
0.0 0.1 0.2 03 0.4

(T/Tc)3/2
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ferromagnets. Another puzzling aspect for glassy
ferromagnets is the discrepancy in the spin-wave
stiffness constant D. In several glassy ferromag-
netic systems, neutron diffraction studies®”~?° in-
dicate a stiffer constant than that obtained by
Mdssbauer spectroscopy, ' 2® magnetization,
and ferromagnetic resonance measurements.’!

4,16,30

E. AtT=T,

Because the exchange interaction between mag-
netic spins in a glassy magnetic solid is no longer
unique due to the disordered atomic arrangement,
some questions of fundamental interest concerning
the magnetic phase transition arise. Aspects of
particular interest are whether the transition is a
sharp second order transition or a “smeared”
transition; and in the case of sharp transition,
whether the critical behavior is different from
that of crystalline magnetic systems. However,
not every glassy magnetic system can be investi-
gated in the temperature range close to the criti-
cal temperature T.. As mentioned earlier, the
glassy state is metastable only at temperatures
lower than the crystallization temperature 7 . In
systems for which T, is lower than 7,,, T, cannever be
experimentally reached without destroyingthe glassy
state. In many cases, crystallization sets in after
prolonged heating at temperatures below T, such
as in Fey,B,,,2* Feg P¢B,C,,%% and others.

For the present sample of glassy Fe,Ni, P, ,Bg,
T, is over 150 K above T., so that prolonged mea-
surements at T close to T, for a period of a few
weeks did not induce crystallization of the sample.
The magnetic ordering temperature T, =537 K has
been found to be sharply defined to be within 2 K
and there is no sign of a “smeared” transition.

1.0
0.9+
0.8F
0.7
0.6r
0.5F

0.4r
Hoge (T)

Hetr (0) 0.3f

o2} q

FeqoNigoPisBg

- I
(1 Tc)

FIG. 7. 10g{Hes(T)/Hegs(0) vs log(l — T/T() for
Fe40Ni40Pl4BG.

This should be contrasted with amorphous TbFe,
for example, in which the “smeared” transition
region is as large as 0.1 T..%® At temperatures
close to T, the hyperfine field of the present
samples varies as a power law of

Hest(T)/Hege (0)=D(1 = T/T¢)? (7)

as shown in Fig. 7 with critical parameters 8
=0.32+0.05 and D=1.03+0.03. These values are
not very much different from those of crystalline
ferromagnets. Because the inherent linewidths
are broad due to the hyperfine field distribution,
spectral resolution is poorer than that obtained
from a crystalline solid with one magnetic site.
Resolution can be obtained only for spectra taken
at reduced temperature 1- T/T. 20.01.

F. Quadrupole interaction and isomer shift

At temperatures higher than 7, =537 K, glassy
Fe,Ni, P,,B; is paramagnetic. The resultant
spectrum consists of a doublet as shown in Fig. 8.
The fitted curve assumes two independent Lorent-
zians. As mentioned earlier, the doublet spectrum
is expected from the noncrystalline nature of the
sample, in which the Fe site symmetries are in
general noncubic. For the same reason, quadru-
pole spectra are expected for all glassy magnetic
solids in their paramagnetic states.3*

Since the local symmetry axes vary spatially
throughout the sample, the *’Fe quadrupole spec-
trum should be a symmetric doublet of equal in-
tensities. This is not observed in the present sam-
ples and many other glassy magnetic systems at
T >T.. Instead, as shown in Fig. 8, one observes
two peaks of slightly different intensities but with
approximately the same spectral areas. The pos-
sibility of a Goldanskii-Karayagin effect®® can be

%m T SDTTR0
ha Y #5985
,," E
P £
. £
! 4
4 b
1;
i N
L
Fe40N|40P|4BG

= ) |
mm.~sec (Relative to Fe)
FIG. 8. MOssbauer spectra of glassy Fe, NiyP,,Bg at
598.5 K.
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FIG. 9. Temperature dependences of isomer shift of
FeyNiyPyBg. (T() glassy is the Curie temperature of
the glassy state; “crystallization” indicates the tempera-
ture at which crystalline phases begin to appear; “para-
magnetic” indicates the temperature above which the
crystallized sample of FeyNiyP4B, is paramagnetic.

ruled out both from the structural considerations
and from the fact that the asymmetry is independ-
ent of temperature.®® The asymmetrical doublet
is probably due to the existence of distributions
of isomer shifts and quadrupole splittings. It
follows then the electronic states of all Fe atoms
are not identical. The measured isomer shift
(centroid of the doublet) and quadrupole splitting
(separation of the two peaks) are therefore mean
values.

The random atomic arrangements in glassy mag-
netic solids might imply that the electric field
gradients at various Fe sites have a wide range of
values. A collective measurement of all these
different quadrupole interactions might lead to a
structureless “washed-out” spectrum. The well-
defined doublet spectra observed indicate that this
is not the case. The actual distribution of the
quadrupole interaction must be rather narrow.
Theoretical calculations by Cochrane et al. have
also suggested this feature.3¢

The temperature dependence of the isomer shift
is shown in Fig. 9. For the magnetic hyperfine
pattern, the centroid of the six-line pattern is
taken as the isomer shift. For the paramagnetic
spectra, the actual peak positions are shown. As
shown in Fig. 9, the value of the isomer shift de-
creases as temperature is increased. This de-
pendence can be adequately described by the sec-
ond-order Doppler effect, shown by the solid
lines in Fig. 9. Between T =537 K and 670 K, the
quadrupole splitting of 0.46 mm/s is essentially
temperature independent.

G. Glassy to crystalline transition

There is no qualitative change of the quadrupole
spectrum from 537 K to about 670 K as shown in
Fig. 10. However, at about 670 K, a spontaneous

change of the spectrum occurs: a magnetic hyper-
fine pattern, although not well resolved, appears
(the 672.5-K spectrum in Fig. 10) and the doublet
spectrum in the center of the same spectrum has
a slightly different splitting (Fig. 9) and intensity
ratio (Fig. 10) than those of the 646-K spectrum.
This is because the glassy state has been irre-
versibly destroyed, and 670 K is the lower limit
of the crystallization temperature 7. The split-
out pattern in the 672.5-K spectrum is due to the
crystalline phase with magnetic ordering tempera-
ture higher than 672.5 K. The doublet spectrum in
the center of the 672.5-K spectrum is not due to
glassy Fe,,Ni P, B, in the paramagnetic state, but
rather, it is due to the crystalline phases with
magnetic ordering temperatures lower than 672.5
K. Therefore from this spectrum alone, one con-
cludes that there are at least two crystalline phases
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FIG. 10. Mdssbauer spectra of Fe,Ni,P;,Bq at high
temperatures, showing the crystallization behavior.
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in the crystallized sample of Fe ,Ni, P, ,B;.

The reason that 670K is indicated tobe thelower
limit of the crystalizationtemperature T, isthat T«
is defined only for very high heating rate.?” For
lower heating rate, the crystallization temperature
generally appears at a lower temperature. Pro-
longed heating at T less than T, will eventually
induce crystallization. For this reason, we have
also heated on glassy sample of Fe,Ni, P, ,B; at
a high heating rate of 30 K/min, and crystalliza-
tion has been found to occur at a higher tempera-
ture of 700 K. Higher heating rate than 30 K/min
has resulted in no appreciable change of the tem-
perature at which crystallization occurs. We,
therefore, assigned T, =700 K as the crystal-
lization temperature of glassy Fe,,Ni P, B,

. \ j
FeaoNiaoPi4Be t 'J

. l Il
-5 0 5

mm/sec (RELATIVE TO Fe)

FIG. 11. Mossbauer spectra of the crystallized sample
of FeyNisgP;;Bg. The magnetic spectra with the larger
hyperfine splitting are due to Fe-Ni alloy. The spectra
with smaller hyperfine splitting in the 348- and 295-K
spectra are due to (Fe-Ni)3 P;B;.

H. Crystalline phases

As shown in Fig. 10, above 750 K the crystal-
lized sample is paramagnetic with the resultant
spectra consisting of three peaks. The peak posi-
tions of these peaks are shown in Fig. 9 up to
1000 K.

The fact that above 750 K there is no magnetic
ordering indicates that there is no crystalline
phases with ordering temperature higher than
750 K. In particular, there is no detectable
amount of @-Fe, a common phase of Fe-contain-
ing glassy solids after crystallization because its
magnetic ordering temperature is 1043 K.

As the temperature is lowered from 1000 K, one
six-line pattern appears at 750 K, as shown by the
575 and 537.5 K spectra in Fig. 11. A second
six-line pattern appears at 425 K as shown by the
348 and 295 K spectra in Fig. 11. Therefore,
there are at least two crystalline phases with
magnetic ordering temperatures of 750 K and
425 K. These crystalline phases must contain the
available elements in the original glassy sample.
X-ray diffraction measurements®® on the crystal-
lized sample indicate two crystalline phases of
fce Fey,Niy; (T =750 K) and tetragonal
(Fey sgNig 45)50P,B; (T =425 K). The Fe sites in
the latter are noncubic so there is a nonzero
quadrupole interaction. This is indeed observed
in both the paramagnetic and the magnetic spec-
tra as shown in Fig. 11,

However, as shown by the 295-K spectrum in
Fig. 11, in addition to the two sets of six-line
patterns, there is still a doublet in the central
portion of the spectrum. This indicates perhaps
a third crystalline phase which order below 295 K.
However, as shown in Fig. 12, the doublet gradu-
ally disappears at about 200 K with no sharply de-
fined ordering temperature. This can be better
shown by the constant Doppler velocity thermo-
scan measurement as shown in Fig. 13. At the
onset of the magnetic ordering of each crystalline
phase, the count rate measured near the centroid
of the spectrum also reflects these changes. The
magnetic ordering temperatures of 750 K and
425 K can be clearly detected. However, at 425 K
and below, there is a general increase, with no
sharp increase in count rate, indicative of well-
defined magnetic ordering points. There are
two possibilities for this somewhat unusual re-
sults:

(i) There may be crystalline phases with order-
ing temperatures spread over from 200 to 425 K,
since the relative Fe and Ni contents in
(Fe-Ni),,P,B, could conceivably be varied, re-
sulting in a range of ordering temperatures;

(ii) Superparamagnetic behavior of only one ery-
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FIG. 12. MOUssbauer spectra of the crystallized sample
of FeyNiyPyyBg at 83 K=7 =297 K. The 83-K spectrum
can be well-described by two magnetic hyperfine patterns.
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FIG. 14. Temperature dependences of the hyperfine
field Hggq(T) of FeyyNigPyyBg in the glassy state (dashed
curve) and the two crystalline phases after crystalliza-
tion.

stalline phase with T, =425 K, since the grain
size of the crystalline phases are generally small
(a few hundred A ).%” These two possibilities have
not been distinguished from the experimental re-
sults, although the spectrum measured at 83 K,
as shown in Fig. 12, can be well described by two
sets of six-line patterns.

From the area ratio of the spectra taken at 83 K
and below, approximately 3 of the Fe atoms are
contained in the Fe,,Ni,; phase and % are contained
(Fe -=Ni),,P,B, phase. In order to check whether
the crystalline phases formed depend on the heat-
ing rate with which the glassy sample was cry-
stallized, we have also measured one crystallized
sample which was crystallized under a high heat-
ing rate of over 30 K/min. The same two crystal-
line phases were also found except that the area
ratio of the two crystalline phases is considerably
different from the case mentioned above.

The temperature dependence of the hyperfine
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fields of the two crystalline phases are shown in
Fig. 14. The dashed curve indicates the behavior
of the glassy state. One notes that both the values
of Hegr (0) and T of the glassy state are between
those of the two crystalline phases.

IV. CONCLUSIONS

Metallic glassy ferromagnet Fe,Ni, P, ,B; has
been studied from 4.2 to 1000 K by Mdssbauer
spectroscopy. In the glassy state, the “as-pre-
pared” sample has a magnetization axis in the
ribbon plane. The magnetization direction is
highly susceptible to external stresses. The
anomalous change of magnetization axis at low
temperatures as reported earlier is caused by
stress produced by hardening of the vacuum
grease mounting. The reduced hyperfine field
H,(T)/He(0) decreases with the reduced tem-
perature T /T, much more rapidly than that of a
crystalline ferromagnet as a result of a distri-
bution of exchange interactions. Theoretical cal-
culations using the molecular-field approximation
with the inclusion of a distribution of exchange
interactions can only qualitatively but not quanti-
tatively describe the observed results. At low

temperature, H. (T)/H.,(0) has a temperature
dependence of 1— B, ,(T/T;)*2+++ in a large tem-
perature range due to long-wavelength spin-wave
excitations. The value of the coefficient B;/,
=0.47 is four times larger than those of crystal-
line Fe and Ni.

The magnetic ordering temperature T, =537 K
is found to be sharply defined to at least 0.01 T'..
At temperatures below T., the reduced hyperfine
field varies as D(1 - T/T¢)? with D =1.03 +0.03
and f=0.,32+£0.05.

At T>537 K, the glassy state is paramagnetic.
Well-defined quadrupole spectra consisting of two
peaks are observed. However, the observed
asymmetrical doublets suggest that the electronic
states of Fe in the sample are not identical. In
the limited temperature range of 537 K< T <670 K,
the quadrupole splitting is essentially temperature
independent.

The crystallization temperature 7., =700 K has
been determined under high heating rate of 30
K/min, For a much lower heating rate, the cry-
stallization process has been found to occur at
670 K. There are two major crystalline phases
in the crystallized sample: Fe,Ni,, (7T =750 K)
and (Fe, _;Nig_ 4)50P,B; (T¢ =425 K).
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