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Mossbauer studies of ferromagnetic metallic glasses under high pressure
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An investigation of the Mossbauer effect in several ferromagnetic metalhc glasses at high pres-
sure is reported. The amorphous alloys studied were of the form (Fe„Ni& „)M, where M is a com-
bination of the metalloids P, 8, Si, or Al, and x varies from 0.34 to 0.47. In these materials the Cu-
rie temperatures were observed to decrease with pressure at a rate varying from —0.16 to —0.50
K/kbar. Such behavior is consistent with the simpler itinerant models of ferromagnetism at low
pressures, but deviates at the higher pressures, possibly due to inhoxnogeneities. The magnetic hy-
perfine spectra were analyzed by decomposing them into hyperfine field distributions, P(H). The
average hyperfine fields and their pressure derivatives, qualitatively, behave similar to crystalline
Fe-Ni alloys. Prom the behavior of the pressure dependence of the width of the distributions, one is
able to draw some conclusions as to the short-range —versus —long-range nature of the magnetic in-
teractions. The volume dependence of the isomer shifts in these materials suggests an inference as
to the near-neighbor coordination of the iron atoms.

I. INTRODUCTION

Recently, metallic glasses containing iron have been the
object of considerable attention. This interest has cer-
tainly reflected the great technological importance of
these materials as well as their theoretical significance.
Their unusual properties are a serious challenge to one' s
microscopic picture. That these materials are ferromag-
netic adds yet another dimension. In fact, such systems
appear to be good examples of weak itinerant ferromagne-
tism. 2 For example, magnetic studies of some amorphous
alloy systems appear to exhibit Invar-like characteristics
such as low thermal expansion and large volume magne-
tostriction. 3

Although a clear picture of the chemical and structural
disorder, especially the short-range order, is still lacking,
Mossbauer investigations have begun to shed some light as
to the influence of amorphous structure on the magnetic
properties. Similarly, high-pressure experiments have
been shown to be important in this area. In particular, the
pressure dependences of the Curie temperature and the
magnetization (or hyperflne field) provide measures of
fundamental quantities related to the exchange interac-
tions, bandwidth, and its fine structure. Furthermore,
the influence of the structural disorder on the local sur-
rounding of the iron nucleus may be examined under pres-
sure by the Mossbauer technique.

Here, we report the effects of high pressure on the Cu-
rie temperatures Tc, hyperfine field H, and velocity
shifts S in several metallic glasses. Quadrupole splittings
and their distribution are reported for atmospheric pres-
sure.

The four metallic glasses studied were chosen for their
relative Curie temperature Tc and their relative iron to
nickel concentration, as well as their metalloid content.

Here, we summarize the composition of these materials,
They are classified according to iron concentration, metal-
loid concentration M, and by x= [Fe]/[Fe + Ni]:

32
30
29
27

Fe32»36«I4P~2B6
Fe3ONi45P I686A13
Fe29Ni49P I486Si2

Fe27»53PI&B6

0A7
0.40
0.37
0.34

0.18
0.25
0.22
0.20

II. EXPERIMENTAL AND DATA ANALYSIS
CONSIDERATIONS

Mossbauer data were taken for absorbers of alloys 30,
29, and 27 at different temperatures (up to 440 K) and
pressures up to 100 kbar. For alloy 32, the low-
temperature data were previously taken by I.iu et al. in a
different experimental system. 9 Here that data have been
given further analysis. The Mossbauer source was 25 mC
of '7Co in Rh at room temperature.

A. Pressure cell

High pressures were generated in a pressure cell dis-
cussed previously. A gasket 0.5 mm thick with a central
hole 0.8 mm in diameter containing the sample, plus
epoxy was sandwiched between two Bridgman-type anvils,
with a boron-carbide tip 2.5 mm in diameter flat. Typical
samples of alloys 30, 29, and 27, roughly circular and
etched to a thickness of about 25 pm, were subjected to
pressures up to 100 kbar. pressure calibration was done
with the use of the ruby fluorescence technique. " The
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two fluorescence lines, 81=6942 A and 82=6928 A,
eIMtted by a ruby c1Hp» shift linearly %'1th pressures«The
ruby chip is placed in the hole of 8 gasket and squeezed
between two anvils of identical flat size, one of which has
a transparent diamond tip, in order to optically excite, via
8 laser, the ruby crystal under pressure. The shift of the
fluoicscciicc 1111cs is rERordcd, glv111g 8 prcssuI'c rcadiilg.
The quite reproducible, sample-pressure —versus—
applied-force relationship obtained above, for a given gas-
ket type, was used for the actual Mossbauer experiment.
The accuracy of this pressure calibration is estimated to
be better than 5%, up to 70 kbar. Between 70 and 100
kbar, the accuracy reduces to perhaps 10% at the highest
press Qres.

B. Curie temperature

The Curie temperatures Tc were determined by the
thermal scanning method. ' In such a method, the sample
temperature is varied as the source-absorber relative velo-
city is kept constant, usually at zero velocity. An abrupt
increase in the transmitted y-ray counting rate, or de-
crease in the Mossbauer absorption, is observed when the
system changes from the paramagnetic to the ferromag-
netic state due to the onset of the magnetic order (Fig. 1).
For alloys 27 and 29, one sample is used for only one tem-
perature scan at a given pressure to avoid annealing ef-
fects wlilcll arc kilown to 1'81sc Tc. ' Foi' alloy 30, thc
same sample was used for all runs, with no changes of Tc
observed. The temperature was controlled to better than
0.5 K.

C. Hyperfine fields

The broad Mossbauer spectra due to the range of struc-
trally and magnetically inequivalent sites of iron present
in an amorphous metallic glass' ' are well characterized
by a distribution of hyperfine fields P(H) defined by its
peak value H~I„ its maximum value H,„,its half width
at half height ~, and its average value or effective value

JP(H)H dH

JP(H)dH

This type of analysis follows a method due to Window, '7

and includes optimizing an additional parameter, b, the
intensity of the second or fifth line of the six Mossbauer
lines. '5 The parameter b depends on the angle 8 between
the magnetization direction and the y rays. For the 14.4-
keV state of Fe, the six-line pattern has an expected in-
tensity ratio for 3:b:1:1:b:3,where b =4 sin 8/(1+cos 8)
varies from 0 (all moments are parallel to the y-ray direc-
tion) to 4 (all moments are perpendicular to the y-ray
direction). Polarization methods, using a small laboratory
magnet, were used to check the qualitative consisten'cy of
the b values obtained from the fit. In general, reasonably
good fits were obtained for a constant linewidth 8'=0.30
mm/s. The electric quadrupole sphtting below Tc was
neglected due to the averaging over angular variations"
between magnetization direction and quadrupolar axes.

III. RESULTS

The dependence of Tc upon pressure is shown in Fig. 2,
where we have included the previous results for alloy 32.s

In general, Tc decreases linearly with pressure up to 40
kbar. At low pressures, this decrease is well described by
the weak-itinerant-electron model' of ferromagnetism,
where it is found that

alloy p7
———ex perImental fIt

theoretical fit

4 0

0 4 *
+ ~0 0

0

348 555 558 56'5 568 575 378
temperature (K)

FIG. I. Thcrm$1 scRQ rcsUlts Rt severs, 1 pressures for Silo/ 27.

FIG. 2. Prcssure dependence of the Cur1c temperatures oZ the
8,Boats stgdicd in this %York. Thc solid 11Ilc 18 prcdlt tcd ffQBl Sim-
ple itincra, nt theo~.
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Ol

1/2

Tc(P)=Tc(0) 1—
Po

Fits to the experimental data were carried out using the
above expression for Tc(P). Good fits are seen up to 40
kbar for alloys 30 and 32 and up to 70 kbar for the other
alloys. The factor 8 above, which depends in a complex
way' upon single-particle interactions, bandwidth, and
density of states, as well as many-body correlation effects,
is here in the range 60—127 KI/kbar. Comparatively, this
factor for the crystalline Fe-Ni alloys is much larger, be-
ing of the order of 2000 K /kbar. At higher pressures
(P &40 kbar for alloys 30 and 32 and P & 70 kbar for al-
loys 29 and 27), we note that the decrease of Tc is not as
rapid as the itinerant model predicts. This might suggest
that 8 varies (or decreases) under volume change due to
changes in the bandwidth and exchange interaction. The
smaller dccI'case ln Tc can also bc explained by assum1ng
that the magnetization is not homogeneous due to spatial
fluctuations of the concentration in the amorphous alloys.
In that case, Wohlfarth ' has shown from simple assump-
tions and the use of the Landau-Ginzburg model, that
the Tc dependence 1s written

de —AI'

dI'
= —A Tc or Tc(P)=Tc(0)c

The parameter A in our four alloys is of order 10
kbar '. However, the Landau-Ginzburg model is still not
satisfactory, at least for the amorphous alloys where Tc
for the heterogeneous system (assumed amorphous) is
found to increase relative to the homogeneous ones (as-
sumed pure crystalline), in contrast to observations.

At low pressures, the change of Tc, de/dP, and
d lnTcldP is concentration dependent, being larger (in ab-
solute value) for the lower percentages of Ni, although it
has been shown that Ni itself is probably nonmagnetic in
metalhc glasses. "' Even though most properties of the
amorphous alloys (Fe-Ni)M have a monotonic dependence
on metalloid concentration, the changes of Tc with pres-
sure is apparently not influenced by the size and/or
charge-transfer effect of the metalloid. The larger change
of Tc for M=0.25 can be explained by the relative de-
crease lIl thc Ni pcrccIltagc.

We have used the volume magnetostriction (dao/dH) of
amorphous Fe-M alloys of high Tc, reported in Ref. 3,
alld Rlllorpllolls Fc7sBIgsis, wltll data fl'0111 Rcf. 27, to
estimate de ldP from the expressionzs

modulus, respectively. The results are shown in Fig. 3
and Table I and are compared with amorphous Fe-Ni
(Ref. 29) and crystalline FC-Ni. ~o M sl

Comparison of the results of both phases (crystalline
Rlld Rlllorpllolls) allows slmilarltlcs wllcII dTC/dP Is plot-
ted versus Tc. The change of Tc with pressure follows
the same typical behavior in both phases. However, Invar
behavior exists in the amorphous alloys with high iron
content (when x & 0.80), in contrast to the crystalline case
{0.55 &x & 0.71). There is no positive value of dTcldP in
the amorphous phase with high nickel content as in the
crystalhne Fe-Ni alloys. In the Invar region of amor-
phous Fe-Ni alloys, the pressure shift of Tc is proportion-
al to 8/T—c, with 8=2640 Kz/kbar (solid circles in Fig.
3). Rcccllt IIlcaslllcIIlcnts 111 anlorpllous Fc90Zrlo, wllcl'c

dTC/dP is as large as —3.8 K/kbar, have confirmed the
Invar behavior in amorphous Fe-M with high iron con-
tent.

Representative Mossbauer data are shown in Fig. 4 (also
see Ref. 8). Hyperfine-field distribution data obtained for
the present alloys is shown in Fig. 5. At atInospheric
pressure, this distribution P {H) is symmetric for alloys 29
and 27, but asymmetric for the other alloys, 30 and 32.
The distribution of P{H) of alloy 32 is bimodal and ex-
tends to very low fields, in accordance with previous re-
sults. Consequently, the half-width is unusually large
[~(P=0)=110kOC].

Under pressure, the general behavior is a shift of P(H)
to lower fields. That is, the width of the whole Mossbauer
spectrum decreases, implying that H,f~ decreases. For ex-
ample, for alloy 30, the half-width of the whole spectrum
is reduced by 24% for an applied pressure of 68 kbar.

For alloys 32, 29, and 27, we find the second hne inten-
sity (parameter b), which is fitted, to be roughly constant
under pressure, implying that thc magnetization direction
docs not change, although onc cxpccts anlsotloplc stI'csscs.
For alloy 30, the parameter b fluctuates around 1.8, in-
creasing, on the average, at higher pressures. The reason
for this is possibly due to the presence of competing ex-

de dTC

Tc dT dP

where M, is the saturation magnetization. Here, a and P
are the thermal expansion coefficient and the bulk

400
Tc (K)

FIG. 3. C01rClRt1011 be%'CCB 6TC /AP 811d Tc fI'Om thC
PI'CSCHt %VOX'k 8Qd SCVCrSI 1C18tCd 878tCIS.
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T Rnd 1ts pressure depeIldence.TABI.E I. Curie temperature T~ an
'

p

Sample

Alloy 32
Alloy 29
Alloy 30
Alloy 27
Crystalbne

CompOSition

Fe29Nig9P1486Si2

Fe30Nig5P1686A13

Fez7»s3P14B6
Fe36Ni64

Tc(P =0)

254
393
344
373
873

—0.50
—0.23
—0.32
—0.16
—0.40

d 1nTg

dP
O bar-')

—2 &10
—5.8~10-'
—9.3~10-'
—4.3g10-'
—4.5~10-'

8
This work
This %'olk
Th1s work

20

60' 10-" (Ref. 3)
45&10 ' (Ref, 3)
25&&10 ' (Ref. 3)
24&10 ' (Ref. 26)

Fe86BI4
Fe84B16

Fe80B20
Fe78BI@Si8

n Rt 1oom temperRture.Forced volume IIlagnetosfnct1on R

Tc(P =0) cgTc
dP

(K/kbar)

—5.5
—4.3
—3.7
—2.8

d IBTC

dP
(kbar ')

—10.5 Y, 10-'
—7.5~10-'
—5.5g 10
—4.0~10-'

Calculated
Calculated
Calculated
CRlculated

1ns. Once an average
h h ld fo

iOQS bCt%'CCIl SP1QS.

value of b was determrlmncd~ lt %'as t cn c
COU1d bc observedeach alloy so t a eh t the effects of pressure cou

at different pressures, we then summa-
'

ns
' H (P) (effective field),rtze our observationsQS CGQCermng

H,„P),Hv„q(P), and ~(P), whic are e
'

II C.

2. Effective field versus pressure

P follows the general pattern inThe effective field H, tq(P o o in
rvhich it decreases rapi yidl at low pressures

s bet%'ccn 20 and 60
as h' h r pressures (Fig. 6).

t intcrTDcdiatc pfcssUrcs bet%'ccn
kbar and then decreas g

'
r pascs a aln af, 1g cr p

hcr rcssUrcs 1s c car y aThis decrease at higher p
'

a
lo s 29 and 27), where

a . . 32 it is small, T/Tc(P) being of the

n
'

b
'

d endence on T/Tc a
r arameter =AH(P)/H, ft(P). H, tt(T) can
n be ex lained y tts ep

0)f(T/Tc, 5). Thus the pres-be written as H,tr(T) =H, tq 0

sure dependence of Hett T) is

d lnH, tt( T) d lnH, tt(0) d inH, tt(T) dTc
dI' Tc dl'dP

d lnH, qq(T) gg+
d Q dp

us calculate the correction due to the changesOne can thus ca cu a e e e chan es
of T~ under pressure, p1c cx rcssc y c
of the order or of 0.1)&10 kbar . In a oy

kbar. The changes of 5 also en ance i
press Urcs.

llew kbar

4.0 —Z.O O.O 2.0 4.
velocity (mm s ~)

FIG, 4. Mossbauer spectla of alloy 29.

allay, 27

hyperfine f ield (kOe)

tion at love and high pressureFIG. 5. HypelfiIlc-field distribution R
foI' eacI1 of tlM Rlloys studied.
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pressure {kbar)
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FIG. 6. Pressure dependence of the reduced effective hyper-
fine field for the alloys studied.

At low pressures one can neglect changes of 5(P), and
the above equation reduces to

d lnH, tt(T) d lnH, tt(0)
dP dP

T d lnH, rt(T) dTc

Tc dP dP

which can be used to calculate d 1nH, ti(0)/dP. Results
are shown in Table II. The changes of dH, tt(T)/dP and
d 1nH, tt(T)/dP are concentration dependent. The devia-
tion observed for alloy 32 is clearly explained by the above
discussion, and changes of hyperfine fields should be com-
pared for similar values of T/Tc(P). However,
d InHeff(0)/dP vs x shows the same deviation from the
linear dependence on x (for alloy 32), caused by the
chromium which, as seen earlier, strongly influences the
distribution of hyperfine fields.

The ratio R of the logarithmic pressure derivative of
H ff( T) to that of Tc,

d 1nH, tt( T)/dPR=
d lnTc/dP

is plotted as a function of T/Tc (Fig. 7). In the
itinerant-electron model, it was shown that the ratio of

d IN'lf(T)ldP
d lnTc/dP

is proportional to

T
—1

1—
Tc

Since H,rr(T) is expected to have the same temperature
dependence as M(T), one then expects that R behaves as
o. However, as seen in Fig. 7, R deviates from o, varying
somewhat as A (T/Tc)+B. This large deviation may be
due to inhomogeneities (the constants A and B) not intro-
duced in the above derivation, where a special shape of

'0 0.2 0.4 0.6 0.8 t.o
T/ Tc

FIG. 7. Comparison of the logarithmic pressure derivative
ratio R ={dlnH, ff/dp)/(d lnT~/dp) with the function
o =[1—(T/Tc)2]

M(T)=M(0)f(TITc) was used. The disorder parameter
5 also has to be introduced in M(T) to improve agreement
with the amorphous case or M( T)=M (0)f ( T/T„5).

3. Half width ~(P)-
In alloy 32, where Cr is present, hH (0) is large

[EH (0)=110kOe] and shows the large broadening influ-
ence of Cr atoms. However, for the other alloys EH(0) is
close to 50 kOe, being 58, 50, and 47 kOe for alloys 30,
29, and 27, respectively. ~(0) varies linearly with M or

2. Pressure dependence ofHm» and H

The parameter H,„represents the largest hyperfine
field present in the amorphous alloy, while H, z is the
most probable field. We find that both decrease with
pressure (Figs. 8 and 9). H,„decreases linearly for all
pressure runs. Although this decrease is large, it cannot
explain the even larger reduction of the whole width of
the Mossbauer spectra. For example, in alloy 30 the de-
crease in H,„accounts for roughly one-half of the de-
crease of the width of the Mossbauer spectrum observed
at an applied pressure of 68 kbar. Changes of H~, q might
account for these differences. When the distribution P (H)
is not too broad, as in alloys 29 and 27, H~,k is well de-
fined and decreases linearly with pressures, correlating
well with dH, „/dP. The lower decrease of H~, k with
pressures relative to that of H,„ is an indication of the
more asymmetric P(H) observed under pressure. In alloy
32, however, both components (see Fig. 5) of the P(H)
distribution move to lower fields at low pressures (P (35
kbar) then remain constant, while H,„continues to de-
crease linearly up to high pressures.

dK,„/dPdH, g/dP

{kOe)(kOe/kbar)Sample

TABLE II. Results of the hyperfine-field determinations and their pressure dependence for the four amorphous alloys.

d 1nH, ff(T) d lnK, g(T =0)
dp dP

{kOe) (kbar ') 5(P =0) (kbar ') (at. %)
Alloy 32
Alloy 30
Alloy 29
Alloy 27

147
103
165
156

—1.50
—1.42
—1.22
—0.46

—10 ~10-'
—13 &&10-'
—7.3X 10-'
—2.9~ 10-'

112.0
58.0
50.0
47.0

0.76
0.58
0.30
0.28

—0.83
—0.35
—0.28
—0.29

—9.88 X 10-'
—11 X 10
—6.8 X10-'
—2.5 X10-'

0.47
0.40
0.37
0.34
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FIG, 8. Pressure dependence of H,„.

the fractional concentration of metalloids.
The apparent variation with x is probably not signifi-

cant, since M is also changing. In fact, Mossbauer studies
of amorphous Fe4oNi4oMzo and FesoMzo, where the
metalloids are not varied, have found the widths of the
P(H) distribution to be the same, apart from a shift to
lower fields in the case of the first sample. The linear
dependence of LM(0) on M is then a clear indication that
the width of the P(H) distribution is correlated with the

I&G I

~ high peak
l60"-~ $ a low peak —60 ~

IQG— of joy 32 —p 0 ~
I I I I I I I

I I
I

I
I

I
I

I
I

I

f PQil-
olloy 30

metalloid concentration.
The pressure dependence of the width bH(P) is influ-

enced by the range of the magnetic interactions, In the
amorphous ferromagnets, the width of the hyperfine-field
distribution reflects the great difference between low- and
high-field environments. In the case of long-range corre-
lations, each individual magnetic moment would follow
the same magnetization curve (i.e., the average magnetiza-
tion) as a function of temperature or pressure. The distri-
bution of hyperfine fields or the half-width bH(P) should
then decrease monotonically under pressure or tempera-
ture change.

In the cases where the short-range order is dominant,
however, the fluctuating environment is associated with a
distribution of exchange interactions, characterized by the
disorder parameter 5=5H/H, tt. In that case, the smaller
magnetic moments would be less correlated with the aver-
age, and therefore, decrease more rapidly than the higher
moments under pressure. The half-width hH(P) would
then be first constant (or increasing slowly), since the dis-
tribution of high fields overlaps the low fields in the
P(H). It would then decrease at a pressure sufficiently
high to affect the high fields.

Figure 10 shows bH(P) vs P for alloys 27, 29, and 30.
All samples depict the above importance of the short-
range interaction except alloy 30, where the monotonic de-
crease of 6H(P) expresses perhaps a longer-range interac-
tion behavior. This is consistent with results of
Fe3oNi4s(pb, A1)25, where the range of the Fe-Fe interac-
tion was estimated to be very large due to the presence of
stI'ongly coupled sp1ns.

4. Ratio 5=~(P)/H, ff versus pressure

Although bH(P)/H, tt is a measure of the disorder in
amorphous systems, it is not necessarily equal to
hJ/(J), where b,J and (J) are the distribution and
average value of the exchange interaction. Metalloids are
not merely glass formers; they can undergo specific bond-
ing with certain transition-metal atoms, and they influ-
ence both the hyperfine field at the nucleus and the Fe-Fe
exchange 1ntcI'action, but not necessarily 1n a slHlplc
manner. For example, it has been inferred that iron atoms
couple strongly with phosphorus, but that nickel atoms

I
'

I
'

1
'

I I 1

I I I I

l70l "&

alloy 29—

130 I I I I I

l80$
alloy 27

I 60—

I 4O I I I I

20 40 60 80 I OO

pressure (k bar)

FIG. 9. Pressure dependence of H~ k.

4.0
alloy 5O

P Q I I I I I I I I I

I
I

I
I

I
I

I
1

I

50 —
z,

alloy $7
gG. i I i I i I i I

0 20 40 60 80 1 OO

pressure (kbar)

FIG. 10. Pressure dependence of the width of the hyperfine-

field distributions.
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have a stronger interaction with boron.
Here, however, the percent of boron is constant in all

samples. The phosphorus content varies from 12 to 16
at. %, which should equally affect the distribution of
fields and the distribution of interactions.

At atmospheric pressure, 5 is measured to be 0.30 for
alloy 29 and 0.28 for alloy 27. In the other samples, 5 is
larger and might be overestimated since it is evaluated ei-
ther nearer T~ or at low temperature.

We find that the parameter 5 is not constant under
pressures, but increases for alloys 29 and 27 (Fig. 11) and
is relatively constant for alloy 30. However, in alloy 32, 5
decreases at high pressures above 70 kbar. These differ-
ences in the high-pressure behavior of 5(P) correlate with
the enhanced decrease of H, rr at high pressures in alloys
30, 29, and 27.

G, e—
)Pl

0.6 fr
alloy 3Q—

l I t I I

1
'

I

~i'-

&E T)l» ..
.&qadi

Gg)L alloy pcI—

Q.4Q

Ik
G35—

II
hl

Q )Q: —a lioy P7
G P5-.- I I I I I I I I I

2Q 40 6G 8G lOG

pressure ( kbar)
FIG. 11. Pressure dependence of the reduced width of the hy-

perfine distribution.

C. Velocity shifts versus pressures

Because of the inequivalent sites of iron present in
amorphous metallic glasses, one expects a distribution of
isomer shifts. However, this distribution was found to be
small in amorphous (Fe-Ni)M. Therefore, here we mere-
ly discuss the average velocity shift S defined as the cen-
troid of the Mossbauer spectra.

Under pressure, the average velocity shift in each case
decreases with pressure (Fig. 12, Table III) as expected,
since the s-electron density at the nucleus increases. By
taking a reasonable value of the bulk modulus equal to
16X10 kg/mm, one can calculate the relative change
of the velocity shift dS/d lnV. This decrease of the velo-
city shift for alloys 29 and 27 is found to be considerably
lower than the decrease observed in the other alloys.
dS/d lnV&1. 5 mm/s for alloys 30 and 32, whereas for
ai»ys 29 Rnd 27, dS/d» V & 1.0 mm/s.

This general behavior may be related to the average
number of nearest neighbors (z). In crystalhne alloys, it
is known that metals with close-packed structure (fcc or

f I f

alloys'1~
0 l

I
f

7=78 K

0.3

lg~
I

alloy
I

T=295 K

JL

0.5 l

0.2 ..—..

I ) I /
I

I
I

alloy 29 T=P95 K

0 l
I I I

0.4
alloy 27

T=P95 K0.3 .—,

OP I I I l 1 I

PG &0 6G 80 lOO l20
pyqssoy'e (kbor)

FIG. 12. Pressure dependence of the isomer shifts.

hcp) have a lower decrease of isomer shift with pressure
(dS/d lnV&1. 0 mms ') than bcc alloys (dS/d lnV&1.0
mms '). Therefore, a possible conclusion from our re-
sults is that (z), in the amorphous alloys with the higher
iron content, is bcc-like, or (z)=8, and in alloys with
lower iron concentration, it is fcc-like, or (z) =12. The
relative decrease of the Curie temperature with increasing
iron content is also consistent with less dense packing, or
lower (z ), since the exchange interaction is itself likely to
be unchanged.

The interesting short-range atomic configuration in Fe-
Ni metallic glasses has been examined in binary amor-
phous Fe-8 alloys containing 12—25 at. % of boron by
Mossbauer spectroscopy. Amorphous alloys with boron
content below 20 at. % exhibited well-developed short-
range order. with a bcc-like nearest-neighbor configura-
tion, while amorphous Fe—25 at. % 8 showed a consider-
able fraction of chemical order of the crystalline FeIB
type, for which each iron atom has 10 iron nearest neigh-
bors.

The behavior of the isomer shift with pressure may also
be associated with a small fractional change in the 4s-
electron component on the iron atom, starting from a con-
fllgui'Rtloil eqlllvRlellt to RpploxlIIlately 3d 4$. Ill crystal-
hne metals, this has led to an interpretation of the smaller
volume dependence of the isomer shift in closed-packed
structures, namely a possible enhancement of s to d
transfer. ' In amorphous metallic glasses, metalloids
are expected to transfer some electrons to the common d
band of the transition metals. At atmospheric pressure,
the large isomer shift indeed indicates that some s-p elec-
trons are transferred to the d band of the iron atoms. The
amount of electrons per transition metal (e/TM)
transferred can be calculated using data of Mitera et ch. ,
showing (sec Table III) that this amount is lower in alloys
27 and 29 than in alloy 30 (alloy 32 contains chromium
which can strongly influence dS/dlnV). " The s to d
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TABLE III. Results of the pressure dependence of the velocity shifts.

Sample

Alloy 32
Alloy 30
Alloy 29
Alloy 27

S(P =0)
(mm/s)

0.15(+0.03)
0.25(+0.04)
0.22(+0.04)
0.32( +0.04)

ds
dP

{mm/s kbar)

—11 &&10-4
—9.6X 10
—6.7X10-4
—6.0X10-4

ds
d lnV

(mm/s)

1.75
1.52
1.06
0.95

dv
d lnV'
(mm/s)

1.59
1.46
1.00
0.89

e/TM

0.34
0.47
0.39
0.36

&12
&12

12
12

'Deduced relative to isomer-shift change with volume after correction of the Doppler-shift contribution.

transfer under pressure would then be more favorable in
alloys 27 and 29 than in alloy 30, since fewer e/TM have
been transferred to the common d band in these two sam-
ples. It must be emphasized that such an interpretation of
the different pressure dependences of the isomer shift be-
tween the alloys is not incompatible with the suggestion
that the nearest-neighbor configurations vary. In fact,
such a variation in structure may be responsible for the
variation in electron transfer.

IV. SUMMARY

The pressure-induced reduction of the Curie tempera-
ture of amorphous Fe-Ni at low pressures may be ex-
plained by the standard model of weak ferromagnetism.
At high pressures, however, deviations from this model, in
its simplest form, have been observed, which may possibly
be seen as due to inhomogeneities in the magnetization
caused by local fluctuations of the concentration. The
change of Tc with pressure, de/dP and d 1nTc/dP (at
low pressures), are linear with the iron concentration.

The change of ETc/bP with Tc in amorphous alloys
follows the same typical behavior as in the crystalline Fe-
Ni fcc alloys depicting the Invar behavior of amorphous
Fe-M alloys. However, nickel atoms in amorphous alloys
appear to have different magnetic behavior compared to
the high-nickel-content crystalline alloys.

The dependence of the effective hyperfine fields upon
pressure has a typical shape, as shown by 6 H(0)/ H(0) vs
P (Fig. 6). The enhanced decrease at high pressure is due
primarily to the Curie-temperature dependence on volume
changes. The ratio of the logarithmic pressure derivative
of H, rr to that of Tc is found to vary as Tc ', in contrast
to the expected theoretical ratio of (1—T /Tc) '. As
with Tc, the change of H,rr(T} with pressure is concentra-
tion dependent. Linearly extrapolated to low iron concen-
tration or low x, b, Tc/EP and bHcff(T)/~ approach
zero for essentially the same value, x =0.30. This value is

about the same as in the crystalline Fe-Ni fcc alloys for
which b, Tc/b, P=O, namely x =0,32. This critical con-
centration is then not dependent on structural arrange-
ments.

The observed differences in the half-widths of the P (H}
distribution of the samples containing only iron and nickel
are correlated with the presence of metalloids and their
chemical short-range influences, rather than the changes
of the ratio of [Fe]/[Ni]. Atoms associated with antifer-
romagnetism, such as chromium in alloy 32, have a dras-
tic influence on the hyperfine-field distribution. This dis-
tribution is quite broad and bimodal (Fig. 5) where the
distribution of small fields might be due to the clustering
of chromium atoms around iron atoms.

Behavior of the half-width ~(P) of the P(H) under
pressure indicates that not only is short-range magnetic
order (as in alloys 29 and 27) important, but that long-
range interactions are important as well (as in alloy 30),
even though amorphous alloys have no long-range
structural order.

The relative decrease of the velocity shift under pres-
sure may be related to two effects (nearest-neighbor con-
figuration and effect of s to d transfer). The relative im-
portance cannot be evaluated here although they are
presumably both present. Nonetheless, comparison with
the pressure effects on the transition metals shows that
metallic glasses with high iron content appear to have a
lower nearest-neighbor average number than the other
amorphous alloys, which are regarded as possessing a high
degree of short-range order.
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