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Detailed magnetization study of quenched random ferromagnets.
I. Low-lying magnetic excitations
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Magnetization as a function of temperature has been measured for amorphous {a-) {Fe~Nil ~)«B&9Sil
(0.0625 p 0.2), (Fe~Ni& ~)«B~0 (0.25 p 1.0), and (Fe~Ni, ~)«P&4B6 {0.1125&p &1.0) alloys in

the temperature range 3.8-300 K at various constant applied magnetic-field values in the interval
5 & H & 15 kOe. An elaborate data analysis reveals the following. (i) For all p in the a-

{Fe~Ni& ~)«(B,Si)20 alloy series, the contribution to the thermal demagnetization due to single-particle
(SP) excitations of the weak itinerant type, though present at all temperatures, is completely dominated

by that arising from spin-wave (SW) excitations in the temperature range 0 & t ( =T/Tz) & t (p) but the
reverse is true for t ) t (p). However, in a-(Fe~Nil ~ )«Pl4B6 alloys, SP excitations of the weak itinerant

type give a feeble contribution, which is masked by the SW contribution, for temperatures up to 0.9T~
(300 K} in the concentration range 0. 1125&p & 0.25 {0.375 p 0.625) but for T & 300 K and p & 0.75,
a significant SP contribution of the strong itinerant type accompanies a dominant SW contribution. (ii)

The spin-wave stiffness coefficient D in both the alloy series, as in fcc Fe„Ni&00 „alloys, varies with tern-

perature as D(T)- T' and D(T)- T for Fe concentrations below and above x =80p =60 at. %, re-

spectively. (iii) The direct exchange interactions extend beyond the second nearest-neighbor distance for
compositions close to, but above, the critical concentration for the appearance of long-range ferromag-
netic order whereas the competing interactions in the alloy with p & 0.75 confine the direct exchange to
the nearest neighbors only. The observation (i) above is shown to imply that all the compositions in the

a-(Fe~Nil ~)«(B,Si)zo alloy series behave as weak itinerant ferromagnets while a transition from meek

itinerant to strong itinerant ferromagnetism occurs at p =0.75 in the a-(Fe~Ni& ~)«P&4B6 alloy series.

Arguments are presented to show that the property D„(inelastic neutron scattering) &&D (magnetiza-

tion) of the alloys with p )0.75 in both the alloy series studied is a consequence of the fact that the lon-

gitudinal spin fluctuations make as significant a contribution to the T' decrease of magnetization as the
transverse spin fluctuations (spin waves) do, but leave D„unaltered from its "spin-wave-only" value.

I. INTRODUCTION

Extensive experimental investigations have been car-
ried out during the past two decades on a large number of
amorphous ferromagnetic alloys with a view to unravel-
ing the nature of low-lying magnetic excitations in them.
Inelastic neutron scattering (INS} experiments' ' have
demonstrated that such noncrystalline materials do ex-
hibit well-defined long-wavelength (magnon wave vector

q ~0) spin-wave (SW) excitations (up to temperatures as
high as 0.8T, ) which follow a normal ferromagnetic
dispersion relation'

E ( T) =%co ( T)=5+D ( T)q (1—Pq ),

ture according to the relation

D ( T)=D (0)( 1 Dsii T i )—

predicted by the Heisenberg model which takes into ac-
count the magnon-magnon interactions. Such measure-
ments are, however, limited to low transferred momenta
(typically q (0.2 A ') and hence to small scattering an-

gles due to the lack of periodicity in amorphous fer-
romagnets. At higher momentum transfer values, the
spin waves appear to be diffused. Consistent with the
above dispersion relation [Eq. (1)], thermal demagnetiza-
tion of spontaneous magnetization M ( T) and average
magnetic hyperfine field Hht(T} at low temperatures is

adequately descr&bed by the expressions
—6, s, ro, &w, r6 —34

where b, ( -0.05 meV) is an effective energy gap originat-
ing primarily from the dipole-dipole interactions,
( r ) =20P is the second moment of the exchange interac-
tion given by

bM(T)/M(0) =[1—tM(T)/M(0)] ]

(4)

Jr J(r)G(r)dr(r')= IJ(r)G(r)dr
(2)

where the coef6cients B and C of the T and T terms
are related to the coefficients of q and q terms in Eq. (1)
as

[in Eq. (2), J(r} is the exchange integral and G(r) is the
radial distribution function of the magnetic atoms], and
the S% stiffness coefficient D renormalizes with tempera- and

I3 =g(3/2)[gi's/M(0)](k~/4srD) i
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C =15mP((5/2)[gp~/M(0)](kii/4nD)'~2 . (6)

In Eqs. (5) and (6), g(3/2) =2.612 and g(5/2) = 1.341 are
the Riemann zeta functions. However, the values D of
the SW stifFness coeScient deduced from the magnetiza-
tion and Mossbauer measurements with the aid of Eqs.
(4)—(6), though in remarkably good agreement with one
another, are lower by a factor -2 than those D„directly
determined from INS experiments in a large number of
glassy ferromagnets that exhibit Invar behavior. ' ' Al-
ternatively, D ™D„for non-Invar ferromagnetic sys-
tems only. ' ' ' ' ' ' Several arguments' ' ' put
forward to justify such a discrepancy between D and D„
are suinmarized below. (a) As already mentioned above,
a complete absence of translational invariance in amor-
phous ferromagnets restricts the INS measurements to q
values' &0.2 A ' whereas the coefficient 8 of the T3~

term in Eq. (4) is the "thermal average" of the total con-
tribution arising from spin waves of all wave lengths. (b)
Besides the conventional spin waves, there exist addition-
al excitations, invisible to neutrons, which also decreases
magnetization according to the Bloch T law and are
more or less localized in nature. (c) Continentino and
Rivier contend that in amorphous ferromagnets with a
noncollinear ground-state arrangement of local magnetic
moments (caused by a strong competition between fer-
romagnetic and antiferromagnetic interactions}, the
difFusive modes ("diffusions") originating from the longi-
tudinal spin fiuctuations contribute to the T ~ decrease
of magnetization as significantly as the transverse spin
fiuctuations (spin waves) do. But, unlike conventional
spin waves, the diffusions show up as a broad central
peak in the constant-q INS intensity versus energy scans.
(d) Ishikawa et al. attribute the rapid thermal demag-
netization in Invar alloys to an anomalous spin-wave
damping mechanism in that the SW linewidths in them
follow the empirical relation

where a = 1, instead of the variation with q and tempera-
ture of the type

I ( T) ~ [T ln( kii T/Ev ) ] q (8)

predicted by the Heisenberg model that accounts for the
magnon-magnon interactions. (e) In amorphous fer-
romagnets, the spin-wave peaks have a finite linewidth
due to random fluctuation in the magnitude of local spins
or in the strength of exchange interactions between
neighboring spins or in both. The SW linewidth increases
rapidly as the magnon wavelength decreases and, as a
consequence, the coefficient of the T term in Eq. (4) is
substantially enhanced compared to the value predicted
by conventional spin-wave theory, which strictly holds
for extremely narrow SW linewidths. (f) Considering that
the itinerant character of magnetic electrons manifests it-
self in both ' ' the Invar behavior and the large
single-particle contribution, besides the SW contribution,
to hM(T)/M(0), Kaul argues that a total neglect of
the single-particle contribution while analyzing the
hM(T)/M(0) data for Invar alloys is basically responsi-

ble for the wide disparity between D and D„ in such
systems.

With the exception of (d) and (f), all the above-
mentioned arguments fail to explain why D„equals D
for some amorphous (a-) ferromagnetic alloys. Contrary
to the claim made by Ishikawa et al. , recent high-
resolution INS data"' ' on a number of amorphous In-
var alloys, which also include the compositions in the a-
Fe,oo „B„alloy series previously studied by Ishikawa
et a/. , reveal that the SW linewidths in such systems
vary with q and T in accordance with Eq. (8). From the
validity of Eq. (8) and a relatively large magnitude of the
coefficient D5&i in Eq. (3) for amorphous Invar alloys,
Fernandez-Baca and co-workers"' ' concluded that a
rapid decline of magnetization with temperature in these
Invar systems is due to additional excitations (diffusions),
as proposed by Continentino and Rivier, and not from
anomalous spin-wave linewidths. ' But, as already stat-
ed above, it is not clear why difFusions should be present
in the amorphous Invar systems only. Conflicting results
have also been reported with regard to the argument (f).
Yamada and co-workers ' concluded that a-Feioo „B„
(12&x & 21) Invar alloys are weak itinerant ferromagnets
and the Stoner single-particle contribution to
hM ( T) /M (0) varies as T whereas Babic, Marohnic,
and Wohlfarth ' contend that a-FesoBip and a-
Fe„Niso „B,sSi2 (15&x &60) alloys are strong itinerant
ferromagnets and the Stoner contribution to
hM(T)/M(0) varies as T ~ exp( 5/k—s T). Even
though the results of both these investigations are con-
sistent with each other in that the additional single-
particle contribution is necessary to reproduce the ob-
served thermal demagnetization in these systems,
Hasegawa and Ray assert that spin-wave excitations
alone do completely account for hM ( T)/M (0) in a-
Fe,oo „B„(12&x&28) alloys. Furthermore, in direct
contradiction with the conclusions drawn by Babic,
Marohnic, and Wohlfarth, ' spontaneous resistivity an-
isotropy, ' high™field susceptibility, spin-polarized
photoemission, and Compton scattering studies on
numerous amorphous Fe-Ni-based 3d transition-
metal —metalloid glasses reveal that the alloys with Fe
concentration ranging between 10 and 82 at. %%uoar eweak
itinerant ferromagnets.

From the foregoing text, it is evident that a complete
knowledge about the nature of low-lying magnetic excita-
tions in amorphous ferromagnets is still lacking. With a
view to gaining more physical insight into this aspect of
amorphous magnetism, high-precision magnetization
measurements on amorphous (Fe Ni, ~)so(B,Si)20 and
(Fe&Nii

& )spPigB6 alloys were undertaken.

II. EXPERIMENTAL DETAILS

Amorphous (a-} (Fe Ni, )soP,4B6 (0.038 &p & 1.0),
(Fe~Ni, ~)8pBi9Si (0.025&@&0.2}, and (Fe~Ni, &)goB20
(0.25 &p & 1.0) alloys were prepared in the ribbon forin
(typical cross section 2 X0.03 mm ) under high-purity ar-
gon atmosphere by the single-roller melt-quenching tech-
nique. Note that the alloys with p (0.25 in the a-



9310 S. N. KAUL AND P. D. BABU 50

(Fe~Ni, z)soB2o alloy series cannot be obtained in the
amorphous state unless 1 at. % boron is replaced by sil-
icon. The amorphous nature of the ribbons so fabricated
was first verified by the x-ray diffraction method using
Mo Ku radiation and then confirmed by the high-
resolution electron microscopic (HREM) technique. The
ribbons that did not reveal any crystalline regions upon
HREM examination were used for the present magneti-
zation studies. A detailed compositional analysis of the
alloys in question, using a JEOL PCS four-crystal
(wavelength-dispersive) spectrometer in conjunction with
a JSM 35 JEOL scanning electron microscope as well as
the inductive coupled plasma technique, revealed that the
actual Fe (Ni) concentration p did not differ from the
nominal value by more than +0.002( %0.002) in any case.
Magnetization (M) of the as-quenched alloy ribbons was
measured as a function of temperature (T) to a relative
accuracy of 10 ppm in the temperature range 3.8-300 K
at several fixed values of the applied magnetic field (H} in
the interval 5 & H ~ 15 kOe during the cooling cycle (typ-
ical cooling rate 0.5 Kmin '} by the Faraday method.
The M versus H isotherm was recorded for each composi-
tion at 1.6 K in fields up to 20 kOe using a PAR
vibrating-sample magnetometer after cooling the sample
in a field of 1 kOe (the field at which thermomagnetic ir-
reversibility, associated with the reentrant behavior at
low temperatures, is completely suppressed). From such
an isotherm, the spontaneous magnetization at 0 K is ob-
tained as an intercept on the ordinate when the linear
high-field portion of the M vs H curve is extrapolated to
H =0. In all the measurements, H was applied along the
length within the ribbon plane in order to minimize the
demagnetizing effects. The sample temperature was mon-
itored by precalibrated carbon-glass and platinum-
resistance sensors in the temperature ranges 3.8-50 K
and 50-300 K, respectively.

III. RESULTS AND DATA ANALYSIS

The magnetic phase diagrams in the entire composition
range covered in the present experiments are shown in
Fig. 1 for amorphous (Fe Ni, }so(B,Si)io (series I) and

0.6 0.8 1.0

FIG. I. Magnetic phase diagrams for amorphous
(FepNi& ~ )So(B,Si)zo and (Fe~NiI p )»P&486 alloys.

(Fe~Ni& ~}soPi~B6 (series II) alloys. In these diagrams,
T~ and Ts~ denote the temperatures at which the transi-
tion from the paramagnetic (PM) to ferromagnetic (FM)
and from PM to spin-glass (SG) states take place while
TRE (&&Tc) represents the temperature at which a
strong irreversibility in the low-field ( -100 Oe) magneti-
zation occurs. Alternatively, TRE(H) marks the tempera-
ture at which field-cooled and zero-field-cooled magneti-
zations corresponding to a given field strength H (in the
low-field region) bifurcate and T„E=limH oTRE(H).
Tc, TRz, and Tsz have been accurately deter-
mined ' ' from ac (zero-field) susceptibility, electri-
cal resistivity, and bulk magnetization measurements per-
formed on different compositions in the above-mentioned
glassy alloy series. It is noticed from Fig. 1 that at p =p,
( =0.03 and 0.10 for the series I and II, respectively) all
the four phases, namely, PM, FM, RE (reentrant), and
SG, coexist with one another. Since the main concern of
this paper is to study low-lying magnetic excitations in
the FM phase of the alloy series in question, all the
relevant magnetic parameters, including Tc, are listed in
Tables I and II but no details about the nature of the RE
and SG phases and the transitions at TRE and TsG are
furnished here.

According to the theories' based on the localized-
electron model, the thermal demagnetization of spontane-
ous magnetization M(0, T) is solely due to spin-wave ex-
citations and hence M (0, T)/M(0, 0)—T ~

( —T ~

+T ~
) at low (intermediate) temperatures. By contrast,

the theoretical calculations ' based on the itinerant-
electron model predict that M(O, T) should decrease
with increasing temperature as [M (0, T) /M (0,0)]sw—Ti~~ at low temperatures, [M(O, T)/M(0, 0)]LsF-T
([M((),T)/M(0, 0)]sp-T2} over a wide range of inter-
mediate temperatures, and [M(0, T)/M(0, 0)]isF- T"
for temperatures close to Tz if, besides spin-wave excita-
tions, both Stoner single-particle (SP) excitations and lo-
cal spin-density fiuctuations (LSF) (only SP excitations)
contribute to M (0, T). With a view to arriving at the ex-
act functional dependence of the in-field magnetization
M (H, T) on temperature, the reduced magnetization
M(H, T)/M(H, O) is plotted against T and T for a-
Fe,OB20 in Fig. 2(a) whereas the reduced magnetization
squared, [M(H, T)/M(H, O)], is plotted against T and
T for the same alloy in Fig. 2(b). The main features of
the data presented in Fig. 2 are characteristic of other
compositions in both the alloy series. It is evident from
this figure that the in-field magnetization follows closely
the functional form [M(H, T}/M(H, O)]=1 BT ~ for-
T~ 140 K and [M(H, T)/M(H, O)]=1—AT for tem-
peratures in the range 140+ T~300 K; the other func-
tional forms [Fig. 2(b)] do not fit the M(H, T) data in any
temperature range below 300 K. The above finding as-
serts that (i) local spin-density fluctuations, if present, are
completely suppressed by external magnetic fields as
high as 9 kOe and (ii) the observed temperature depen-
dence of the relative deviation of magnetization from its
value at 0 K (no distinction between the values of
M(H, T) at 3.8 and 0 K is made in this work), i.e.,
[M (H, O) —M (H, T) ] / M (H, O)—:b, m ( T), should be ana-
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lyzed in terms of the expression

bm(T) =bmsw(T)+hmsp(T),

where the spin-wave hmsw and Stoner single-particle
hmsp contributions to hm are given by' ' ' and

bmsw(T)= Z(3/2, tH)
gpss g T

t 4' T

+ 15rrPZ (5/2, tH )

5/2
k~T

4nD (T)

3/2

(10)

A'(H)T ~ exp( b, /k—BT) for a strong itinerant ferromagnet,
hmsp(T)=

'

A (H)T for a weak itinerant ferromagnet .

(1 la)

(1 lb)

1.00 2
I

T'" (10' K'")
3 4 5

In Eq. (10), the Bose-Einstein integral functions

Z(s, tH)=g(s)F(s, tH)= g n 'exp( ntH)—
n=1

(12a)

-0.96-

0.92-

0'880

0.0
0.99

~ 0.95

~+ 0.91

0.87

0.83—

0.79

a —Fe80B20

(a)0%op
00%

0 N
0

o0

0
0

o
0

0

o
0

o
0

H=g kOe
I

T' (10' K')

FesoB20

00

0
0

0
0

oo
0 00 00 00 O0 0

0 00 0
0 0

0 0
0 0

0

0 0
0 0

O 0
0 0

0 0
0 0

0 0
0 0

0 0
0 ~ 0

0 0
0

0
0

0

IH=9 kOel

T4" (10' K"')
0.4 0.8 1.2 1.6

and

H g/ gI B eF/ B (12b)

allow for the extra energy gap gpBH, &( =kB Ts ) in the
spin-wave spectrum arising from the effective field

H,~=H —4m'NM+H~ (13)

D(T)=D(0)(1 D2T Ds)z—T ~
) . — (14)

Within the framework of the Heisenberg model, the T
term appears in the expression for D (T) if the localized d
spins interact with one another via conduction s electrons
whereas the T ~ term arises from the magnon-magnon
interactions; the T term is, however, several orders of
magnitude smaller than the T ~ term since the s-d in-
teraction is very weak compared to the direct d-d in-

teraction. By contrast, the T term in the itinerant-
electron model results from the interaction between spin
waves and single-particle excitations and dominates over
the T term, which originates from the magnon-
magnon interactions, as in the localized-electron case.
The expressions

(where N, M and H„are the demagnetizing factor, mag-
netization, and anisotropy field, respectively), which the
spins experience within the sample. Alternatively, in the
presence of the external magnetic field H, the magnon
dispersion relation retains the form given by Eq. (1) but
now b, is replaced by b, +gI4BH, tt. For both localized-
electron' and itinerant-electron ' models, spin-wave
stiffness D(T) renormalizes with temperature according
to the relation

T (10 K) D(T)=D(0)(1 DRT)—(15)

FICi. 2. (a) Reduced magnetization M (H =9,
kOe, T)/M(H=9 kOe, 0) versus T and T for a-FesoB2p. The
dashed straight lines serve to highlight the temperature varia-
tion in a given temperature range. (b) Reduced magnetization
squared, [M(H =9, kOe, T)/M(H =9 kOe, 0)],versus T and
T for a-FesoBzo.

and

D(T)=D(0)(l Ds)2T ), — (16)

are, therefore, used in this paper to denote the variation
of the spin-wave stiffness coefBcient with temperature
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predicted by the itinerant- and localized-electron models,
respectively.

Making use of the values of the demagnetizing factor N
deduced from the low-field magnetization measurements
and those of the splitting factor g as well as of the anisot-
ropy field H„reported in the literature, ' ' theoretical
fits to the b,m (T) data have been attempted based on
Eqs. (9)—(13) with D(T) in Eq. (10) given by either Eq.
(15) or Eq. (16}. While attempting such fits with
the aid of the least-squares (LS) method, all the pos-
sibilities have been covered, i.e., Eqs. (9), (10), and (1 la)
or (1 lb) involving the combinations D ( T)=D (0),
D(T)=D(0)(1 D2T—}, and D(T)=D(0}(1 Ds&—2T )

with P= A
' (or A ) =0 (i.e., higher-order spin-wave terms

in Eq. (10) as well as the single-particle contribution
b,msp(T) in one [Eq. (1la)] or the other [Eq. (11b)] form,
are completely dropped) or P=Q, A' (or A) %0, or PAO,
A' (or A)=0 have been used for the fits to the b, m (T)
data. In order to ascertain the relative importance of the
spin-wave and single-particle contributions to b,m within
the temperature range covered in the present experi-
ments, a range-of-fit analysis has been carried out in
which the values of free fitting parameters in the above-
mentioned theoretical fits are monitored as the tempera-
ture interval T;„~T & T,„ is progressively narrowed
down by keeping T;„(T,„)fixed and lowering (raising)

T,„(T;„)in 3 K steps towards T;„(T,„). The suc-
cessive (fixed) values of T;„(T,„) differ by
t = T/Tc =0. 1 and include the lowest (highest} tempera-
ture for a given composition. Typical results of this type
of analysis, when T,„ is varied, are displayed in Fig. 3.
Similar results are obtained when T;„is varied. In these

plots, we define a reduced sum of deviation squares y, as
for the M(H, T) data in a given temperature interval

divided by the total number of data points (E) in that in-
terval minus the number of free fitting parameters

(N~„, ), i.e., g, =g /(N —X „,). The main reason for
preferring g„ to y is that this choice permits an unambi-

guous assessment of the quality not only of a given type
of fit as function of T,„or T;„but also of different

types of fits in the same temperature interval. The fol-
lowing conclusions can be drawn from a close examina-
tion of the data presented in Fig. 3. (i} Temperature re-
normalization of spin-wave stiffness cannot be ignored, as
is evident from the observation that all the fitting param-
eters exhibit wild variations and y„diverges for
T „)130 K for the least-squares fits based on the
theoretical expressions that set D ( T)=D (0), whereas the
fitting parameters are far more stable over a wide range
of T~,„values and g, possesses considerably lower values
for the LS fits based on the expressions that allow D to
vary with T in accordance with Eq. (15) or (16). (ii) Ir-
respective of the type of fit attempted, y, is consistently
lower for the fits that employ Eq. (15) than those that use
Eq. (16). Hence the functional dependence of D on T is
better described by Eq. (15) than by Eq. (16). (iii) Regard-
less of the temperature range chosen for the fit, inclusion
of the higher-order spin-wave term [the T ~~ term in Eq.
(10)] or the single-particle contribution [either of the
weak itinerant type, Eq. (11b), or of the strong itinerant

type, Eq. (lla)] besides the T ~ term in Eqs. (9) and (10)
leaves values for the parameters of the T ~ fit [i.e., the
LS fit that makes use of Eqs. (9) and (10) with
Em sp ( T)=P=0] practically unaltered and does not
bring forth any significant improvement in the quality of
the fit (i.e., a marginal reduction in y„occurs by the in-

clusion of these terms). Moreover, the coefficient of the
additional term [i.e., the coefficient P of the T ~ term in

Eq. (10) or the coefficient 2 of the T term in Eq. (1 lb) or
the coefficient A' of the T ~ exp( b, /kz—T) term in Eq.
(1 la)] invariably possesses a negligibly small value. The
above observations (i) —(iii) obviously point to the fact
that, out of the different types of fits whose results are de-

picted in Fig. 3, the one based on the theoretical expres-
sion that combines Eqs. (9), (10), and (15) and sets
Emsp =P=0 describes the observed temperature depen-
dence of b, m the best. However, when the LS fit to the
hm ( T) data, based on Eq. (11b) alone, is attempted, y„ is

reduced by an order of magnitude for T & 140 K com-
pared to the above-mentioned best fit but the reverse is
true for T &140 K. This finding is consistent with the
observations made earlier based on the data presented in

Fig. 2. Another important point to note is that the best
fits for all the compositions yield the values for M(H, O}

which agree with the experimentally measured values at
1.6 K to within 0.5%. Such an elaborate data analysis is

called for because most earlier determina-
tions ' ' ' ' of the spin-wave stiffhess coefficient
for amorphous ferromagnets, including our own,
are seriously flawed in that they do not take into account
the temperature renormalization of the spin-wave
stiffness (even though INS data clearly demonstrate that
appreciable reduction in spin-wave stiffness occurs with
increasing temperature), or the single-particle contribu-
tion, or the effect of the external magnetic field.

Judging by the values of g„and by the stability of the
fitting parameters against a wide variation in T;„and
T,„, the main observations, based on the results of the
range-of-fit analysis, can be summarized as follows. (i)

For the alloys with p ~0.625[p &0.75] in series I, the
theoretical expression which combines Eqs. (9} and (10)
while setting hmsp(T) in Eq. (9) and P in Eq. (10) equal

to zero and uses Eq. (16) [Eq. (15}]for D(T) in Eq. (10)
forms the best description of the observed variation of
hm with T for t ~t'(p) whereas for all the alloys
in series I Eq. (1 lb) alone [i.e., b, (mT) =b, m(sTp)

= A (H)T2] provides the best fit to the hm(T) data
for t &t'(p) Contraste. d with this behavior, Eq. (9}
with Emsp( T) given by Eq. (1 la) and Amsw( T) given

by the version of Eq. (10) in which P=0 and
D(T)=D(0)(1 D~&2T ~ )[=(D(0)(1 —D2T )] for-
p ~0.625[p &0.75] [this type of spin-wave contribution
is henceforth referred to as hmsw(T)] closely reproduces
the observed b,m (T) for t 50.9 for p ~0.25 and T~ 300
K for p 0.375 in the alloy series II. (ii) In alloy series I,
single-particle excitations of the weak itinerant type [Eq.
(1 lb)], though present at all temperatures, are completely
overshadowed by the spin-wave contribution of the type
b,msw(T) for t ~ t'(p) but they completely account for
the observed b, m ( T) for t & t (p) By compar. ison,
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single-particle excitations of the strong itinerant type [Eq.
(11a)] significantly contribute, besides a dominant spin-
wave contribution b,msw(T), to b,m(T) in the entire
temperature range T ~ 300 K only for p &0.75 in the al-
loy series II; for p ~ 0.625 in series II the spin-wave con-
tribution b,msw(T) to b m ( T) is so large as to render an
exact estimation of b,msp(T) nearly impossible. The
latter inference is drawn from the observation that, re-
gardless of the temperature range chosen for the fit, in-
clusion of the single-particle contribution of the form
given by Eq. (11b) or (1la} in addition to b, msw( T) brings
forth marginal or even no (marked) improvement in the
quality of fits for p & 0.625 (p ~ O. 75) in series II as com-
pared with the fits that consider only the T 2 term in Eq.
(10) and set b,msp=0 in Eq. (9). (iii) The quality of the
least-squares fits to b m (T) data based on the theoretical
expressions that set D (T}=D(0) is much worse com-
pared with those that allow D to vary with T in accor-
dance with either Eq. (15) or Eq. (16); the existing fits are
also able to distinguish clearly between the cases where
Eq. (15) or Eq. (16) is more appropriate to describe D ( T),

e.g., the functional dependence of D on T is better de-
scribed by Eq. (16) [Eq. (15)] than by Eq. (15) [Eq. (16)]
for p ~ 0.625 [p ~ O. 75] in both the alloy series.

The continuous curves through the data points in Figs.
4 and 5 represent the best LS fits to the b m ( T) data with
the choice of the parameters given in Tables I and II.
These tables list the values of other relevant physical
quantities as well. The presently determined values of
M(0), D(0), Tc, D~&2, D2, and A are displayed in Figs.
6 and 7 together with the values for these parameters in
the case of fcc Fe, Niioo, crystalline (c-) alloys.
Note that in Figs. 6 and 7 the subscript p, which denotes
the Fe composition in the alloy series I and II, has been
changed to x ( =80p) in order to facilitate a direct com-
parison between the presently determined parameter
values for the amorphous alloy series in question and
those previously reported for crystalline Fe„Ni&00 al-
loys. Figure 7 also depicts the variation of the so-called
cross-over temperature t ' with x for a-Fe„Niso „(B,Si)20
alloys. In addition, the values of the mean-square range
of the exchange interaction, ( r ), are computed from the

CO

+ O. B

E 0.7

1.00 1.0

~ 0.95

& 0.90

FIG. 4. Modified Bloch law behavior of the in-field magneti-
zation for a few representative compositions in the amorphous
(Fe~Nil ~ )80(B,Si)2o allo& series. The continuous curves
through the data points represent the best least-squares fits (see
text for details).

FIG. 5. Modified Bloch law behavior of the in-field magneti-
zation for a few representative compositions in the amorphous
(Fe~Nil ~ )80P&486 alloy series. The continuous curves through
the data points represent the best least-squares fits {see text for
details).
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and

D(0)
Tc

(S/3) J r J(r)G(r)dr

[2S(S+1)/3kti]JJ(r)G(r)dr

B

2(S+1} (18)

using the presently determined values of M(0):—M(0, 0),
D(0), Tc, and the coefficient Ds&2, and by setting S =1.
The values so obtained from Eqs. (17) and (18) are com-
pared in Tables I and II.

The observations (i)-(iii) mentioned above assert that
the temperature dependence of D cannot be ignored for
the amorphous (Fe,Ni)-M alloys studied in this work and
the property D„»D is inherent to Invar systems (e.g.,
a-FespB2p in Table I). This result refutes the earlier
claims ' ' that the wide disparity between the values D
and D„of the spin-wave stifFness coefficient usually en-
countered in Fe-based amorphous (and crystalline) Invar
alloys (see the Introduction) completely disappears when
contribution to the fractional change in magnetization
hm (T) arising from both the spin-wave as well as Stoner
single-particle excitations [of either weak itinerant (WI)
type or strong itinerant (SI) type '] are considered
without taking into account the temperature renormal-
ization of D.

IV. DISCUSSION
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FICx. 7. CoeScients 3, Dz, and D5~z [appearing in Eqs. (11b},
(15},and (16}of the text] as well as the crossover temperature t
as functions of the Fe concentration x in amorphous
Fe„Ni« „(B,Si)20 and Fe Niso PI4B6 alloys and in fcc
Fe„Ni&oo „crystalline alloys (data taken Ref. 58).

In order to facilitate a direct comparison between the
results of the present investigation and those reported
previously on crystalline Fe„Ni,oo „alloys, we use the
subscript x ( =80p) instead of p to denote the Fe concen-
tration in the glassy alloys in question in this section. Be-
fore proceeding with the discussion, a brief summary of
the main findings of this work is given below.

(i) Spin-wave excitations alone seem to account for the
observed thermal demagnetization of spontaneous mag-
netization in tt-Fe„Nisp „(B,Si)2p alloys for temperatures
below a certain (reduced) temperature t', which de-
creases with increasing x (Fig. 7), but the existence of a
small additional contribution from weak-itinerant-type
single-particle excitations cannot be ruled out completely.
For t & t', SP excitations of the WI type [Eq. (11b)] are
mainly responsible for the decline of magnetization with
increasing temperature. As in a-Fe„Nisp „(B,Si)2p alloys
for t (t, the SW contribution completely swamps the
WI-type SP contribution in the temperature range
0~ T $0.9TC (OS T ~ 300 K) for Fe concentrations
x 520 at. % (30~x ~50} in a-Fe„Nisp „P,4B6 alloys;
however, SP excitations of the strong itinerant type [Eq.
(1la)] significantly contribute, besides a dominant SW
contribution, to thermal demagnetization in the entire
temperature range 0 & T 300 K only for x ~ 60 at. % in
0 Fe N18p P ~486 alloys. In c-Fe„Ni,oo alloys, a SP



9318 S. N. KAUL AND P. D. BABU 50

contribution of WI type accompanies a dominant SW
contribution throughout the temperature range covered
in the experiments (note that SP and SW contributions in
these alloys become comparable only for x & 60 at. %) as
is also the case with a-Fe„Nisp „(B,Si)2p and a-
Fe„Nisp P,486 alloys in the temperature ranges
specified above; the only difference in the crystalline and
amorphous alloys is that only in the former case could
the SP contribution (coefficient A in Fig. 7) be estimated
because of its larger magnitude. (ii) In both the amor-
phous alloy series, the spin-wave stiffness coeScient D for
the alloys with x & 50 at. % renormalizes with tempera-
ture in accordance with the expression [Eq. (16)] predict-
ed by the localized-electron (Heisenberg) model whereas
D for Fe concentrations in the range 60+x + 80 follows
the temperature variation [Eq. (15)] predicted by the
itinerant-electron model. The crossover from T
dependence of D (T) to T dependence at x =60 at. % in
the presently studied alloy systems constitutes a property
which these alloy series share with c-Fe,Ni, pp alloys
(Fig. 7); the coefficient D5&z of the T ~2 term in Eq. (16)
for the amorphous alloys investigated exhibits a depen-
dence on Fe concentration x the same as that observed in
c-Fe Ni, pp „alloys and has comparable values in the
glass alloys in question and their crystalline counterparts.
(iii) While the values of (r ) for the alloy series I and II
(Tables I and II) deduced from Eq. (17) suggest that the
range of exchange interactions increases rapidly with x,
Eq. (18) predicts that (r ) decreases with increasing x.
(iv) In the concentration range 0&x &60, the spontane-
ous magnetization M(T =0,x) versus x curves for a-

Fe„Nisp „(B,Si)zp and a-Fe„Nisp Pi486 alloys are sys-

tematically shifted down with respect to that for c-
Fe„Ni,pp „alloys by roughly 20 and 40 emu/g, respec-
tively (Fig. 6). However, a sudden drop in M(T=0, x)
for x &60 at. % in the c-Fe„Ni,pp „series is not ob-
served in the investigated glassy alloys for which
M(T =0,x) continues to increase with x but with a pro-
gressively slower rate (Fig. 6). (v) The spin-wave stiffness
at 0 K, D(T=0,x), and Curie temperature Tc(x) as
functions of x go through a broad peak at x =60
at. % (x =70 at. %) for a-Fe„Nisp „(B,Si)2p (a-
Fe„Nisp Pi486) alloys (Fig. 6). As x is increased
beyond 60 at. %, both D ( T =O, x) and Tc(x) decrease at
a rate which is very steep for the c-Fe,Ni&pp alloys but
slows down considerably in the amorphous systems stud-
ied; so much so that the decline in these quantities is
barely discernible in a-Fe N18p P]486 alloys.

Within the framework of the band model, the effect of
increasing the Fe concentration x should be to increase
the exchange splitting of spin-up (1) and spin-down (1} d
subbands (since Tc increases with x, Figs. I and 6) and to
shift the Fermi level EF to higher energies [as the spon-
taneous magnetization M(0) increases with x, Fig. 6]. In
this context, the observation (i) above implies that Ez lies
within the d t and d

&
subbands in the entire composition

range for the alloy series I (weak itinerant ferromagne-
tism}, whereas E~ in the alloy series II shifts with x to
such an extent that it lies just above the top of the d&
subband at x =60 at. % where a transition from weak

(x &60 at. %) to strong (x &60 at. %) itinerant fer-
romagnetism takes place. This inference conforms well
with the results of spontaneous resistivity anisotropy,
high-field susceptibility, spin-polarized photoemis-
sion, and Compton scattering measurements on the
same or similar Fe-Ni amorphous alloys as the present
ones. Moreover, the concentration dependence of t' is
consistent with the finding that the temperature range
over which the T dependence of spontaneous magneti-
zation in crystalline Fe dominates is confined to tempera-
ture T &0.15Tc (or t'=0. 15) only. The theory, due to
Lonzarich and Taillefer, 5 based on the itinerant-electron
model, yields the following relation between the
coefficient A of the T term in Eq. (lib) and the density
of single-particle states at EF,N (EF ):

A =
—,'(2mkiif/p) [N(EF)] (19)

with

[N'(Et; )/N (EF )] [N"(EF )/—N(EF )]

3[N'(E~)/N(E~)] [N"(E—~)/N(EF )]

f =1—[((E) E~)/t7]— (21)

where the average energy (,E ) = I+ „"EN(E)dE and the

variance rx = I+"„(E—(,E ) ) N(E)dE. It is evident

from Eq. (21) that f attains its maximum value ( =1)only
when E~= (E ), i.e., when Ez coincides with the energy
at which the DOS curve peaks, and the farther EF is

from (E ), the lower is the value off compared to unity.
If Eq. (19) with the values for the parameters p and A

determined in this work has to reproduce the N(EF)
values for a-Fe„Nisp „82p alloys quoted in the litera-
ture, ' f should increase from =0.8 at x =20 at. % to
=1.0 at x =80 at. %. In view of Eq. (21}, such an in-

creasing trend in f with x should mean that, as x is in-

creased, EF shifts up but lies below the top of the d&

DOS curve (d t subband} even for x =80 at. % whereas it
approaches the peak in the d& DOS curve as x~80
at. %. This deduction supports the above thesis that all
the compositions in series I are weak itinerant ferromag-
nets.

The observation (ii} stated above, far from implying a
transition from localized- to itinerant-electron behavior
at x =60 at. %, indicates that the magnon-magnon in-
teractions, in the context of the itinerant-electron model
[Eq. (14)], weaken with increasing x; so much so that

where p is the moment per alloy atom at 0 K in units of
pii and N'(EF) [N"(Et;)] is the first [second] energy
derivative of the density of states (DOS), N(E), at
E=E~. Equation (19) permits a calculation of N(EF)
provided the value of the function f [Eq. (20}] is known;
the values for the quantities p and A have already been
determined. This requires a complete knowledge about
the actual shape of the DOS curve, which is lacking at
present for the alloys in question. If we assume that the
DOS curve near Ez (around the peak} can be approxi-
mated by a Gaussian probability density function, the
function f can be expressed as
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magnon-SP interactions show up with ease for x ~ 60
at. %. It is now well known ' ' that the near-neighbor
(NN) configuration of atoms (short-range order) in the
Fe-Ni amorphous alloys of present interest is similar to
that found in their crystalline counterparts. In view of
this result, the finding that D5'2 exhibits the same (within
the uncertainty limits} variation with x regardless of
whether the Fe-Ni alloys are in the crystalline state or in
the amorphous state and irrespective of whether the
metalloids are present or not suggests that the observed
functional dependence of D5&2 on x (and hence the reduc-
tion in the strength of magnon-magnon interactions with
increasing x) is primarily dictated by the alteration in the
NN coordination (both type and number) brought about
by the change in Fe concentration. Considering that
even the slightest change in the NN coordination has a
marked influence on the creation or annihilation of
short-wavelength magnons, magnon-magnon interactions
involving short-wavelength magnons play a decisive role
in the temperature renormalization of spin-wave energies.
In view of this argument and the finding that the quanti-
ties M(0) and D(0) have drastically reduced values in
the amorphous state compared to those in the crystalline
state (Fig. 6), it is not surprising that the values of (r )
calculated from Eq. (17) (Tables I and II) underestimate
the range of exchange interactions and hence tend to give
the misleading impression that such interactions for the
glassy alloys with x in the range OSx &60 at. %%uoare
confined to the nearest neighbors only. By contrast, the
values of ( r ) computed from the D (0)/Tc ratio via Eq.
(18) (Tables I and II) provide a better handle on the range
of exchange interactions because both D(0) and Tc are
directly related to the exchange integral through the ex-
pressions given, respectively, by the numerator and
denominator in Eq. (18).

Considering that P donates roughly twice as many
electrons per atom to the transition metal d bands as B
does, the shift in the M(T =O, x) vs x curves [i.e., the ob-
servation (iv) above] can be understood in terms of the
simple but crude rigid-band model. A steep drop in
M(T=O, x), D(T=O, x), and T~(x) for x &60 at. % in
c-Fe„Ni,~ „alloys is a manifestation of the Invar effect
[i.e., the coexistence of antiferromagnetically coupled
(low-spin state) and ferromagnetically coupled (high-spin
state) spin pairs]. Alternatively, the antiferromagnetic
(AF) interactions build up at the expense of the ferromag-
netic interactions in these alloys as x is increased beyond
60 at. %%uoan d, as aconsequenc e, arapi ddeclin e in these
quantities occurs. In view of these arguments, progres-
sive reduction in the slope dM( T =O,x)ldx and negative
values for dD(T=O, x}ldx and dTC(x}/dx for x &60
at. % in the alloy systems of present interest indicate that
the competing (AF plus FM} interactions, more prom-
inent in a-Fe8pB2p than in a-Fespp i4B6, are present in the
alloys with x in the range 60 5x + 80. This inference is
consistent not only with the finding that the ratio D/Tz

O

for a-FegpB2p possesses a value ( =0.14 meV A /K, Table
I) characteristic ' of amorphous ferromagnets with
competing interactions, but also with the fact that a-
FC8pB2p does exhibit Invar behavior. Competing in-

teractions, in turn, give rise to a canted spin arrangement
in such ferromagnets. Mossbauer measurements and
spin-polarized neutron scattering experiments per-
formed on amorphous Fe-rich (Fe,Ni)-metalloid (M)
and/or Fe-M alloys do support the existence of noncol-
linear (canted) spin structure in the alloys with Fe con-
centration higher than 60 at. %.

At the end of Sec. III, it has already been stated that
the present results unambiguously demonstrate that
D„&&D is a characteristic property of the amorphous
ferromagnets with competing interactions and/or of
amorphous ferromagnetic alloys that exhibit Invar
behavior (e.g., a-FespBzp in Table I). According to Con-
tinentino and Rivier, the observed discrepancy between
D (magnetization) and D„(inelastic neutron scattering)
in such systems can be justified on the following grounds.
The difFusive modes originating from the longitudinal
spin fluctuations, make as significant a contribution to
the T ~ decrease of magnetization in amorphous canted
ferromagnets (i.e., the glassy ferromagnets with a noncol-
linear ground-state arrangement of spins) as the trans-
verse spin fluctuations (magnons} do, but these difFusions
do not give rise to any propagating features in the
constant-q INS intensity versus energy scans. Recent
triple-axis polarized inelastic neutron scattering data on
amorphous Fes&B&4 (Invar system) and Fe~Ni~P, 4B6
(non-Invar system) alloys provide strong evidence for the
existence of longitudinal spin fluctuations, which, far
from being nonpropapating modes (as envisaged by Con-
tinentino and Rivier ), appear as propagating excitations
at energies close to the spin-wave peaks in constant-q
scans taken at temperatures well below Tc in both the
systems studied. Moreover, these longitudinal propaga-
ting excitations, like magnons, follow the dispersion rela-
tion E(T)=D(T)q and hence give rise to an additional
T decrease of magnetization while leaving D„unal-
tered from its spin-wave-only value. The possibility of a
coupling between transverse (spin-wave) and longitudinal
spin fluctuations that leads to propagating longitudinal
excitations which peak at spin-wave energies was earlier
suggested by several workers. Another important
observation made by Lynn, Rosov, and Fish is that the
intensity of the longitudinal mode peaks is very weak in
a-Fe+Ni+P, 4B~ compared to that in a-Fes6B,4. This re-
sult is in concurrence with our finding (Tables I and II)
that the discrepancy between D and D„ is more pro-
nounced for a-FespB2p [D„lD =1.85(32)] than for a-
Fe~Niz&P, 4B6 [D„/D =1.13(2)]. However, none of the
theoretica1 models proposed hitherto ' explains why
the peaks in the INS spectra belonging to the longitudi-
nal spin fluctuations are more intense in Invar alloys than
in non-Invar systems. We attempt an explanation of this
finding in terms of the three-dimensional (3D) ferromag-
netic matrix plus finite FM spin clusters model,
which is applicable to amorphous ferromagnetic alloys
only and whose details are given elsewhere. ' Accord-
ing to this model, microscopic regions of low density ex-
ist in an otherwise high-density bulk, such that the aver-
age nearest-neighbor distance between Fe atoms (and/or
Ni atoms that carry negligibly small moment in the
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glassy alloys in question) in these "low-density pockets"
is appreciably greater than that in the remaining bulk.
As a consequence, the ferromagnetic coupling between
spins within the finite clusters (low-density regions) is
much stronger than that between spins in the FM matrix
(high-density bulk). Large quenched-in local stresses ex-
ist in the zones that separate these microscopic regions
from the bulk, due to considerable mismatch in the NN
interatomic spacings within such zones. Wild fluctua-
tions in the NN distance (ri4i4 }within these zones around
the critical distance (t, ) at which the exchange integral
changes sign in the Bethe-Slater curve give rise to corn-
peting interactions which, in turn, result in noncollinear
arrangement of spins in the 3D FM matrix in amorphous
spin systems. In Invar systems, an additional contribu-
tion to the competing interactions arises from strong
magnetostrictive coupling between the local quenched-in
stresses and spins in the buffer zones surrounding the
low-density regions (finite spin clusters). Thus the longi-
tudinal spin fluctuations are more prominent in Invar
systems than in non-Invar ones. As the concentration of
the moment-bearing (Fe} atoms in the amorphous alloys
under consideration increases, the total density decreases
(Tables I and II) such that the average NN distance
(ri4i4) between spins in both the FM matrix and the finite

spin clusters increases progressively beyond r, for x ~ 60
at. %, whereas for x &60 at. % the low-density regions
grow at the expense of the bulk, with the result that ri4~
between spins in the finite clusters greatly exceeds r, but

r~t4 is lowered towards r, for spins in the FM matrix.
This process leads to an increase in the average NN (posi-
tive) exchange coupling Ji4i4 between spins in the FM
matrix [and hence in D(T =0,x} and Tc(x)] for Fe con-
centrations up to 60 at. %, but as x is increased beyond
60 at. % J,4~ decreases and so do D(T =0,x) and Tc(x)

V. SUMMARY AND CONCLUSIONS

The following inferences can be drawn from a detailed
analysis and discussion of highly precise magnetization
data taken on amorphous (Fe Ni, )sp(B,Si)2p (series I)
and (Fe~Ni, )spP]4B6 (series II) alloys.

(i} In series I, the contribution to thermal demagneti-
zation due to single-particle excitations of the weak
itinerant type is completely dominated by that arising
from spin-wave excitations in the temperature range
0 & t( = T/Tc ) & t '(p) for all p, but the reverse is true for
all the compositions and for temperatures exceeding
t*(p). By contrast, in series II, the SW contribution
tends to overshadow a feeble contribution from SP exci-
tations of weak itinerant type in the range of tempera-
tures 3.8 K & T & 0.9Tc(3.8 & T & 300 K) for Fe concen-
trations p &0.25 (0.375&p &0.625), but for T& 300 K
and p «0.75 a significant contribution from SP excita-
tions of the strong itinerant type accompanies a dominant
SW contribution. This result indicates that all the com-
positions in the a-(Fe~Ni, ~ }Bp(B,Si)zp alloy series behave
as weak itinerant ferromagnets while a transition from
weak itinerant to strong itinerant ferromagnetism occurs

at a concentration p =0.75 in the a-(Fe Nii )spP, 486 al-
loy series.

(ii) In both the alloy series, the spin-wave stiff'ness
coefficient D varies with temperature as T for Fe con-
centrations up to p =0.625 whereas D(T) is best de-
scribed by the T power law in the concentration range
0.75 p 1.0. The crossover from T dependence of
D ( T) to T dependence at p =0.75 (or x =60 at. %) con-
stitutes a property which the glassy alloys in question
share with the fcc Fe, Ni&oo „crystalline alloys. Within
the framework of the itinerant-electron model, this obser-
vation implies that the magnon-magnon interactions
(especially the ones that involve short-wavelength mag-
nons) weaken with increasing p; so much so that
magnon-SP interactions show up with ease for p «0.75.

(iii) The present results unambiguously demonstrate
that D„(the value of D determined from either inelastic
neutron scattering or Brillouin scattering experiments)
»D (the value of D deduced from the magnetization
measurements) is a characteristic property of the amor-
phous ferromagnets with competing interactions and/or
of amorphous ferromagnetic alloys that exhibit Invar
behavior. Based on the observed Fe concentration depen-
dence of M(T=0,p), D(T=Op), and Tc(p) in the in-
vestigated amorphous alloys, it is argued that the com-
peting interactions present in the alloys with p in the
range 0.75&p & 1.0 give rise to a noncollinear (canted)
arrangement of spins in the ground state. The property
D„&&D of the amorphous alloys with p &0.75 is a
consequence of the fact that, owing to the canted spin
structure, longitudinal spin fluctuations make as
significant a contribution to the T decrease of magneti-
zation as the transverse spin fluctuations (spin waves) do
but leave D„unaltered from its spin-wave-only value.

(iv) The direct exchange interactions extend beyond
the second nearest-neighbor distance for compositions
close to, but above, the critical concentration for the ap-
pearance of long-range ferromagnetic order, whereas the
competing interactions in the amorphous alloys with

p &0.75 confine them (direct d dexchange int-eractions)
to the nearest neighbors only.

(v) The composition dependence of D and Tc observed
in this work as well as the recent finding that the peaks in
the INS spectra due to the longitudinal spin fluctuations
are more intense in Invar alloys than in non-Invar sys-
tems find a straightforward explanation in terms of the
model of three-dimensional (infinite) ferromagnetic ma-
trix plus finite FM spin clusters.
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