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Atomic disorder and phase transformation in intermetallic compounds
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The structural development of the ordered intermetallic compounds 73X, (T=Ni,Fe,Mn; X=Sn,Ge)
upon mechanical milling was investigated by x-ray diffraction, magnetic measurements, and subsequent-
ly by differential scanning calorimetry (DSC). It is found that the magnetization at 4.2 K increases con-
tinuously with increasing milling time in ferromagnetic Ni;Sn, and Fe;Ge,. In contrast, in ferrimagnetic
Mn;Sn, it decreases. The unit-cell volume of both Mn;Sn, and Fe;Ge, continuously increases. These re-
sults are explained well in terms of a special type of atomic disorder: redistribution of transition-metal
atoms over two different types of transition-metal sites, induced by ball milling. Exothermic heat effects
corresponding to atomic reordering are observed in the DSC scans of Mn;Sn, and Fe;Ge, as well as
Ni;Sn, after various periods of milling. The heat evolved in the atomic reordering process increases
gradually with milling time. After long-time milling all physical parameters tend to become constant.
After prolonged periods of milling, a phase transformation in Ni;Sn, from the orthorhombic-structure
low-temperature phase (LTP) to the hexagonal-structure high-temperature phase (HTP) is observed ac-
companied by a sharp increase in magnetization. Mn;Sn, and Fe;Ge, remain in the hexagonal structure.
The exothermic heat effect corresponding to the phase restoration of the ball-milled metastable HTP to
the original equilibrium LTP is evident from DSC scans of Ni;Sn, after long milling periods. The oc-
currence of the ball-milling-induced phase transformation in Ni,;Sn, is also confirmed by a comparison of
the ball-milled phase to the high-temperature phase obtained by rapid quenching. The excellent agree-
ment of all experimental results obtained by different techniques proves that by mechanical milling well-
defined metastable states are generated in these B8-like compounds and that atomic disorder is the main
source of energy storage during ball milling of intermetallic compounds. The particular type of atomic
disorder in these B8-like compounds cannot be obtained by rapid quenching from high temperatures.
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I. INTRODUCTION

Mechanical milling of initially ordered intermetallic
compounds may transform the compound to amor-
phous' ™ or to a solid solution.’ Since those states have a
higher free energy than the starting material, defects in-
troduced during milling must be responsible for raising
the free energy. What type of defects can provide the re-
quired increase in free energy is still a subject of debate
and investigation. In most theoretical work it is stated
that atomic (chemical) disorder is the main source of en-
ergy storage.5”® Atomic disorder during the early stage
of ball milling was really detected in NiTi, by differential
scanning calorimetry,’ in Ni;Al by x-ray diffraction,' in
A 15 compounds by following the degradation of the su-
perconducting transition temperature,'"!? and in B2
CoGa and CoAl by an increase of the magnetization and
a decrease of the lattice parameter.!*!* The type of atom-
ic disorder turned out to be characteristic of the specific
compound. Antisite disorder was found in the 415 com-
pounds and triple-defect disorder in CoGa and CoAl. It
was assessed that in these compounds the effect of ball
milling is similar to that of irradiation or of high temper-
ature.

In the present paper, we report a systematic study of
the behavior of the intermetallic compounds Ni;Sn,,
Fe;Ge,, and Mn;Sn, with a B8-like structure. The com-
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pounds Fe;Ge, and Mn;Sn, and the high-temperature
phase (HTP) of Ni;Sn, are B8, type. This structure is
hexagonal and is shown in Fig. 1. The large filled circles
represent the atoms of the nontransition element,
whereas the small open and filled circles represent two
different types of interstitial positions that can be occu-
pied by transition-metal atoms: octahedral (I) and
tetrahedral (II) interstices. The octahedral sites are fully
occupied, whereas the tetrahedral sites are only half oc-
cupied. The as-prepared Ni;Sn, [low-temperature phase
(LTP)] crystallizes in an orthorhombic structure, which
exists from room temperature up to 873 K. At this tem-
perature the orthorhombic LTP transforms to the hexag-
onal HTP by a slight shift in the positions of atoms. In
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FIG. 1. Hexagonal B8, structure: large filled circles are the
non-transition-metal atoms (NT); small open circles are type-I
sites; and small filled circles are type-II sites.
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our previous investigations,'>!® it was found by x-ray

diffraction and magnetic measurements that in all com-
pounds mechanical milling redistributes the transition-
metal atoms over I and II sites. This means a so far un-
known type of atomic disorder. Moreover, it turned out
that after prolonged milling of Ni;Sn, a phase transfor-
mation from the orthorhombic structure to the B8,-type
hexagonal structure occurs. We now present results
mainly obtained by differential scanning calorimetry
(DSC). These results provide further evidence for the
atomic disorder and phase transformations. Moreover,
an explanation of the variation of Curie temperature dur-
ing ball milling is given. A comparison is made with pre-
vious results.

II. EXPERIMENTAL PROCEDURE

The starting compounds 73X, were prepared by arc
melting of weighted amounts of pure transition metal (7T')
and nontransition metal (X) in a purified argon atmo-
sphere. In order to obtain a homogeneous single-phase
sample, the arc-melted button was wrapped in tantalum
foil, then sealed in a quartz tube under argon atmosphere,
and annealed at 600°C for 10 days in the case of Mn,Sn,,
at 800°C for 5 days in the case of Fe;Ge,, and at 500°C
for 4 days in the case of Ni;Sn,. The x-ray-diffraction
patterns of the annealed samples show single phases. The
compound Ni;Sn, for the quenching experiment was ob-
tained in the same way as described above. Rapid
quenching of the Ni;Sn, from various temperatures rang-
ing from 700 to 900°C was performed in a self-designed
low-temperature powder-quenching device!” to obtain the
high-temperature phase of Ni;Sn,. The cooling rate is
about 10* K/s. The ball milling was carried out in a har-
dened steel vial and, in order to prevent reactions with
oxygen or nitrogen, in a vacuum of about 10~ Torr.!
The starting amount of material was a few grams.
Powders for x-ray diffraction and magnetic measure-
ments were taken from the samples milled for different
periods under argon atmosphere in a glovebox and after
that the powder was used for DSC measurement. X-ray-
diffraction patterns were taken at room temperature by
means of a Philips diffractometer with vertical goniome-
ter using Cu K a radiation. For an accurate measurement
of the lattice parameters the powder sample was mounted
on the sample holder with silicon as a standard. The
temperature dependence of the magnetization was mea-
sured from room temperature to liquid-helium tempera-
ture in a self-constructed magnetometer. The sensitivity
of this magnetometer is better than 107° A m?. The
high-field magnetization measurements at 4.2 K were
performed in the Amsterdam High Field Installation'® in
which magnetic fields up to 40 T can be generated in a
semicontinuous way. A stepwise field profile up to 21 T
(one up to 35 T) was used. The sensitivity of this installa-
tion is about 107° Am? Differential scanning
calorimetry measurements were carried out in a Perkin-
Elmer DSC-7 in argon gas flux at a speed of 30 cm®/min
to protect the sample against oxidation. A heating rate
of 10 K/min was used in the DSC scan. The scan was re-
peated twice for each sample. The temperature and the
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reaction heat were calibrated by pure indium and zinc
standards.

III. EXPERIMENTAL RESULTS

A. Milling of hexagonal Mn;Sn,

It was derived from the x-ray-diffraction pattern that
the as-prepared Mn;Sn, belongs to the B8,-type hexago-
nal structure having the space group P6;/mmc with
some superlattice reflections. The superlattice reflections
are attributed to the long-range-ordered arrangement of
the holes and Mn atoms on the II sites of the B8, struc-
ture. During ball milling, the intensity of all superlattice
reflections decreases and these reflections as well as two
“fundamental” peaks eventually disappear. Details of
the change of the x-ray-diffraction patterns during ball
milling have been reported in Ref. 16. The lattice param-
eters were derived from the x-ray-diffraction patterns of
Mn,Sn, after various periods of milling. Figure 2 gives
the unit-cell volume of Mn;Sn, as a function of milling
time. It is clear that the unit-cell volume of Mn;Sn, in-
creases continuously with increasing milling time and be-
comes nearly constant after 60 h of milling. The relative
increase is about 1.3%. Due to the refinement of crystal-
lite size and the development of stresses, the Bragg peaks
become broader upon milling. Based on the width of the
Bragg peaks, the crystallite size is estimated after correc-
tion for internal-strain broadening (using Langford’s
Voigt-deconvolution method) and is plotted in Fig. 3 as a
function of milling time. The crystallite size of Mn;Sn,
decreases with increasing milling time. The final value of
the average crystallite size is about 5—-6 nm. This means
that a nanocrystalline structure is also formed during the
late stage of milling.

The field dependence (up to 21 T) of the magnetization
at 4.2 K of Mn;Sn, after various periods of milling is
shown in Fig. 4. For a sample milled for 80 h an external
magnetic field up to 35 T was applied. The magnetiza-
tion at 21 T taken from the various magnetization curves
is plotted in Fig. 5 as a function of milling time. The
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FIG. 2. Unit-cell volume of Mn;Sn, as a function of milling
time.
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FIG. 3. Average crystallite size of Mn;Sn, as a function of
milling time.
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FIG. 4. High-field magnetization curves at 4.2 K of Mn;Sn,
after various periods of milling.
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FIG. 5. Magnetization at 4.2 K of Mn;Sn, at 21 T as a func-
tion of milling time.
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magnetization decreases continuously with increasing
milling time for milling periods shorter than 60 h. Upon
further milling the magnetization decreases gradually and
tends to become constant. After 120 h of milling, the
magnetization drops again. The temperature dependence
of the Mn;Sn, after various periods of milling was mea-
sured in an external field of 0.5 T. The Curie temperature
T, derived from the corresponding M*-T curves is plot-
ted in Fig. 6 as a function of milling time. Arrot pots
were used to confirm the transition temperature. It is
clearly seen that in the early stage of milling the T~ value
decreases gradually with increasing time. After 60 h of
milling, the T value tends to become constant.

The DSC scans of all ball-milled Mn;Sn, samples show
at least two pronounced exothermic transitions. In most
samples even three exothermic heat effects are observed.
Figure 7 shows three typical DSC scans of Mn;Sn, at a
heating rate of 10 K/min after 10, 30, and 40 h of mil-
ling. These exothermic transitions are irreversible, which
means that after heating to high temperature the exoth-
ermic peaks do not appear upon reheating. The total
heat evolved in these transitions is plotted in Fig. 8 as a
function of milling time. It is clear that the transition
heat increases gradually with increasing milling time.
After 60 h of milling it tends to become constant at a
value of about 4 kJ/mol.

For a better understanding of these exothermic transi-
tions Mn;Sn, milled for 30 h was heated in the DSC at a
heating rate of 10 K/min to different temperatures and
subsequently cooled down to room temperature at a
speed of 200 K/min. The corresponding x-ray-diffraction
patterns are given in Fig. 9. The pattern labeled 433 K,
the peak temperature of the first exothermic transition,
shows a few extra diffraction peaks and sharper peaks in
comparison to the pattern of the ball-milled Mn;Sn,. For
the sample heated to 553 K, the end of the second transi-
tion peak, an increase of the intensity of the x-ray-
diffraction patterns of the long-range-ordered Mn;Sn, (as
prepared) is observed. Upon further heating to 603 K,
the end of the third transition peak, all the peaks in x-
ray-diffraction pattern become somewhat sharper than
those in the sample heated up to 553 K. A number of
heating rates, 5, 10, and 20 K/min, were applied to mea-
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FIG. 6. Curie temperature of Mn;Sn, as a function of milling
time.
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FIG. 7. Typical DSC scans of Mn;Sn, after 10, 30, and 40 h
of milling.

sure the dependence of the peak temperatures on heating
rate. The Kissinger!? plots are displayed in Fig. 10. The
activation energies for the first and second peaks are 174
and 102 kJ/mol, respectively.

B. Milling of hexagonal Fe;Ge,

The x-ray-diffraction pattern of the as-prepared Fe;Ge,
is also characteristic of the B8,-type hexagonal structure.
During milling the intensity of all the Bragg peaks de-
creases and some peaks eventually disappear. Values of
the lattice parameters were derived from the x-ray-
diffraction patterns. Figure 11 displays the unit-cell
volume of Fe;Ge, as a function of milling time. It is clear
that the unit-cell volume of Fe;Ge, increases gradually
and becomes constant after 140 h. The relative increase
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FIG. 8. Total heat evolved in the exothermic reaction (the
sum of the three exothermic peaks) in Mn;Sn, as a function of
milling time.
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FIG. 9. X-ray-diffraction patterns of Mn;Sn, milled for 30 h
after heating in the DSC to 433, 553, and 603 K and subsequent-
ly cooling to room temperature with a cooling rate of 200
K/min.

is about 1.2%, the same magnitude as in Mn;Sn,. The
crystallite size of Fe;Ge, decreases with milling time in
the early stage and reaches a constant value of approxi-
mately 14 nm after milling longer than 140 h.

The magnetization at 21 T as a function of milling time
is shown in Fig. 12. The values of the magnetization
were taken from the various high-field magnetization
curves at 4.2 K as in Mn;Sn,. It is clear that the magne-
tization of Fe;Ge, increases continuously with milling
time up to 140 h. Upon further milling the magnetiza-
tion tends to become constant.

As for Mn;Sn,, three exothermic heat effects are ob-
served in the DSC scans after various periods of milling.
The total heat evolved in the exothermic transitions is
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FIG. 10. Kissinger plots of the first (squares) and second (cir-
cles) exothermic peaks in Mn;Sn, milled for 30 h in DSC. ¢ is
the heating rate and T, the peak temperature.
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FIG. 11. Unit-cell volume of Fe;Ge, as a function of milling
time.

given in Fig. 13 as a function of milling time. It is seen
that the heat released in the exothermic transitions in-
creases with milling time. After 140 h of milling, it tends
to become constant with a value of about 4 kJ/mol. The
Curie temperature of the starting material was obtained
from DSC. It is about 430 K. This is in good agreement
with the value reported in the literature.’’ The fact that
the ferromagnetic-paramagnetic transition overlaps with
the atomic reordering peak makes an accurate determina-
tion of the Curie temperature difficult. Therefore, high-
temperature dc magnetic-susceptibility measurements in
a Faraday balance are currently being undertaken.

C. Milling of orthorhombic Ni;Sn,

Figure 14 shows the x-ray-diffraction patterns of
Ni;Sn, after 0 and 100 h of milling as well as of Ni;Sn,
quenched from 1073 K (HTP). In agreement with Ref.
21, all peaks in the x-ray-diffraction pattern of as-
prepared Ni;Sn, (0 h) can be identified as belonging to the
low-temperature phase (LTP) with the Ni;Sn,-type ortho-
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FIG. 12. Magnetization at 4.2 K of Fe;Ge, at 21 T as a func-
tion of milling time.
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FIG. 13. Total heat evolved in the exothermic reactions (the
sum of the three exothermic peaks) in Fe;Ge, as a function of
milling time.

rhombic structure (space group Pnma ). The x-ray pat-
tern of Ni;Sn, quenched from 1073 K is characteristic of
the high-temperature phase with B8,-type hexagonal
structure, which exists in the phase diagram above 873
K.2 This structure is the same as that of Mn,Sn, and
Fe;Ge,. For milling periods up to 32 h, the material
remains in the orthorhombic structure of the LTP. How-
ever, the x-ray-diffraction patterns of Ni;Sn, milled for
periods from 40 to 100 h show the characteristics of the
B8,-type hexagonal structure of the HTP. Details of the
change of the x-ray-diffraction pattern of Ni;Sn, during
ball milling have been reported in Ref. 15. It is clear
from Fig. 14 that Ni;Sn, after 100 h of milling has the
same structure as quenched Ni;Sn,. This means that ball
milling induces a phase transformation from the ortho-
rhombic structure to the hexagonal structure as expected
from the phase diagram. The absence of (100) and (203)
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FIG. 14. X-ray-diffraction patterns of Ni;Sn, after 0 and 100
h of milling as well as of Ni;Sn, quenched from 1073 K (HTP).
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reflections in the ball-milled HTP indicates that the HTP
obtained by ball milling is atomically disordered. The
broad character of the diffraction peaks in the ball-milled
HTP is attributed to the refinement of crystallite size and
the development of strains during ball milling.

The magnetization at 21 T as a function of milling time
is shown in Fig. 15. The filled circle at zero hour of mil-
ling is for Ni;Sn, quenched from 1073 K. The magneti-
zation of the HTP is larger than that of the as-prepared
LTP and the magnetization of the LTP increases continu-
ously with milling time up to 32 h. A drastic increase in
magnetization is observed after 40 h of milling. Upon
further milling the magnetization tends to become con-
stant. The magnetization of the ball-milled HTP is much
larger than that of the HTP obtained by quenching. The
Curie temperatures T of various samples were derived
from ac and dc magnetic susceptibility measurements.
T, values of both as-prepared Ni;Sn, (LTP) and
quenched Ni;Sn, (HTP) are approximately 5 K. Hardly
any influence of ball milling on the Curie temperature is
found.

The thermal stability of Ni;Sn, after various periods of
milling was studied by DSC. Typical DSC scans after
various periods of milling are given in Fig. 16, where the
scan of the quenched material is also shown. The DSC
scan of the starting compound (0 h) exhibits an endoth-
ermic peak at 786 K. This corresponds to the equilibri-
um phase transition to the HTP. The transition tempera-
ture of 786 K is lower than the 873 K expected from the
phase diagram.?? This endothermic peak also appears in
all ball-milled samples. The heat consumed in the en-
dothermic transition is plotted in Fig. 17 (open circles) as
a function of milling time. The heat involved in this tran-
sition decreases with milling time in the early stage of
milling. After milling for periods longer than 50 h it
tends to become constant with a heat content of about 2
kJ/mol. The peak temperature of this transition de-
creases from 786 to 766 K after milling from O to 100 h
(Fig. 18, open circles). Furthermore a broad exothermic
peak in the temperature range 400-600 K is detectable
after milling periods from 8 to 100 h. This peak becomes
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FIG. 15. Magnetization at 4.2 K of Ni,;Sn, at 21 T as a func-
tion of milling time. The filled circle at zero hour of milling
denotes the magnetization of the high-temperature phase of
Ni;Sn, quenched from 1073 K.
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FIG. 16. Typical DSC scans of Ni;Sn, after milling for vari-
ous periods, as well as that of the high-temperature phase
Ni;Sn, quenched from 1073 K (top curve marked as HTP).

more pronounced with increasing milling time. The heat
content increases to about 4 kJ/mol for milling periods
longer than 40 h. Another exothermic peak at about 620
K is also detectable after milling for 8 h. This peak be-
comes much more pronounced after 40 h of milling. The
heat evolved in this transition is also plotted in Fig. 17
(open squares). The heat increases with milling time. A
drastic increase is found after 40 h of milling. The heat
effect tends to saturate upon further milling and becomes
1.36 kJ/mol after 50 h, up to 100 h of milling. The peak
temperature increases with milling time as can be seen in
Fig. 18 (open squares). The shape of this peak is very
similar to the exothermic peak appearing in the quenched
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FIG. 17. Heat content in the endothermic transition (open
circles) and in the exothermic transition of the phase restoration
(open squares) in Ni;Sn, as a function of milling time. The filled
symbols at zero hour of milling denote the heat content in the
respective transitions of the Ni;Sn, quenched from 1073 K
(HTP).
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FIG. 18. Endothermic transition temperature (7T ) in vari-
ous ball-milled Ni;Sn, samples (open circles) and the transition
temperature (T, ) of phase restoration (HTP to LTP) (open
squares) as a function of milling time. The filled symbols at zero
hour of milling denote the peak temperatures in the respective
transitions of Ni;Sn, quenched from 1073 K (HTP).

HTP (top curve in Fig. 16). It should also be noted that
starting from the sample milled for 8 h another exoth-
ermic peak is observed at 720 K. It becomes more pro-
nounced upon further milling. The heat evolved in this
transition is estimated as 1.1 kJ/mol for samples milled
for 40 and 50 h. The DSC scan of the HTP quenched
from 1073 K (top curve in Fig. 16) shows similar
behavior as in the samples milled for a long time. Here,
only one single exothermic peak at a temperature of 620
K and one endothermic peak at a temperature of about
784 K are observed. The exothermic peak corresponds to
the transformation of the metastable HTP to the equilib-
rium LTP (phase restoration). The peak temperature of
the exothermic transition is lower than that of the second
exothermic transition in the samples after long periods of
milling (see Fig. 18). The heat evolved in the exothermic
transition is derived as 1.32 kJ/mol (filled square at zero
hour of milling in Fig. 17), which is almost the same as
that in the second exothermic transition of the materials
milled longer than 32 h (open squares in Fig. 17). In con-
trast, the temperature of the endothermic transition
(filled circle at zero hour of milling in Fig. 18) is higher
than that for the samples milled for long periods and the
transition heat (filled circle at zero hour of milling in Fig.
17) is larger. Moreover, for the quenched sample the
transition temperature and transition heat are quite close
to the original transition peak for the starting material.
Figure 19 shows the x-ray-diffraction patterns of
Ni;Sn, milled for 100 h after heating to different tempera-
tures. The pattern indicated by 380 K, the starting tem-
perature of the broad exothermic transition, does not
show any change. The pattern marked 593 K, the end
temperature of the broad exothermic peak, is still charac-
teristic of the hexagonal HTP but has two extra
reflections, i.e., (100) and (203), and sharper Bragg peaks.
The pattern labeled 693 K, the end of the second exoth-
ermic peak, is characteristic of the orthorhombic LTP.
After further heating to 753 K, the pattern is still charac-
teristic of the LTP, but the peaks are much sharper than
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FIG. 19. X-ray-diffraction patterns of Ni;Sn, milled for 100 h
after heating in the DSC to various temperatures and subse-
quently cooling to room temperature at a cooling rate of 200
K/min.

those of the sample heated to 693 K. The temperature of
753 K is below the equilibrium transition temperature
and in the last exothermic peak. Kissinger'® plots (5, 10,
20, and 40 K/min) are displayed in Fig. 20 for the first
and second exothermic peaks after 100 h of milling. The
activation energies are 112 kJ/mol for the first and 156
kJ/mol for the second peak.

IV. GENERAL DISCUSSION

First, let us discuss the change in magnetization. As
mentioned earlier, in the equilibrium hexagonal HTP of
Ni;Sn,, Fe;Ge,, and Mn;Sn, all of the I sites and only
half of the II sites are occupied. The LTP of Ni,Sn, is
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FIG. 20. Kissinger plots for the first (broad) exothermic tran-
sition (squares) and the second exothermic peak (circles) in
Ni;Sn, milled for 100 h in DSC. ¢ is the heating rate and T,
the peak temperature.
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very similar to the HTP, only the atoms are shifted some-
what from their positions to form an orthorhombic struc-
ture. In the equilibrium state, the total magnetization of
these compounds is

M=12M +1Mpy) , 1)

where M is the spin moment per T (transition-metal)
atom on I sites and My is the spin moment per T atom
on II sites. The factors 2 and 1 account for the occupan-
cies of the respective sites. The plus sign on the right-
hand side is for the ferromagnetic compounds, whereas
the minus sign holds for ferrimagnetic compounds. If
during ball milling the transition-metal atoms jump from
I sites to II sites, the magnetization changes as follows,

M=2[(1—C)Mp(1 +C)Mpy] , 2)

where C is the fraction of T atoms transferred. By neu-
tron diffraction on B8,-structure Fe-Ge and Mn-Ge?? and
in similar orthorhombic compounds®* it was found that
the magnetic moment of atoms on II sites is always larger
than of atoms on I sites. The reason is a difference in in-
teratomic distances and nearest-neighbor configuration.
Moreover, the Ni;Sn, and Fe;Ge, are ferromagnetic'>?°
(parallel spin moments on I and II sites), whereas Mn;Sn,
is ferrimagnetic 2% (antiparallel spin moments). Thus,
the plus sign in the right-hand side of Egs. (1) and (2)
holds for Ni;Sn, and Fe;Ge,, whereas the minus sign
holds for Mn,Sn, If during ball milling an increasing
fraction C of atoms is transferred from I to II sites, the
magnetization of Ni;Sn, and Fe;Ge, will increase,
whereas it will decrease in Mn;Sn,. This is corroborated
by the experiment. Milling Ni;Sn, longer than 40 h,
Fe;Ge, longer than 140 h, and Mn;Sn, longer than 60 h
results in a constant magnetization as a function of mil-
ling time. Then apparently the net transfer of atoms
stops and a stationary state is reached. However, the
crystallite size of Mn;Sn, is still being refined upon fur-
ther milling. The drop of the magnetization of Mn;Sn,
after 120 h of milling may be due to this effect. The
abrupt increase in magnetization in LTP Ni;Sn, after 40
h of milling (Fig. 15) is due to a mechanically induced
phase transformation from the orthorhombic LTP to the
B8,-type hexagonal HTP. (Evidence for such a phase
transformation was obtained from the x-ray-diffraction
patterns as shown in Fig. 14. Further evidence came
from the analysis of the DSC scans of ball-milled Ni;Sn,
in comparison with the HTP obtained by rapid quench-
ing.) The filled circle at zero hour of milling in Fig. 15
denotes the magnetization of the HTP quenched from
1073 K. The value is higher than that of the ordered
LTP (open square at zero hour of milling). So an increase
of the magnetization is expected during the LTP—>HTP
transformation. It is interesting that the magnetization
of the HTP obtained by ball milling is much higher than
that of the HTP obtained by quenching. This is ex-
plained as follows: the atoms transferred from I sites to II
sites during ball milling of the LTP remain there after the
phase transformation and these atoms have in both
phases a higher magnetic moment. In order to check if
disordering between I and II sites also occurs at higher
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temperatures, we quenched Ni;Sn, from various high
temperatures (973, 1073, and 1173 K). It turned out that
in all the quenched samples the magnetization behavior
did not change. Either our quenching rate is too low (10*
K/s) or there is no such disorder at high temperature.

The increase of unit-cell volume of these compounds is
compatible with the atomic transfer of the transition-
metal atoms from I to II sites. The volume of octahedral
interstices (I) is larger than that of tetrahedral interstices
(IT). If the atoms on I sites really jump to II sites during
ball milling, a volume expansion is expected, for the fol-
lowing reason. When an atom jumps from a I site to a II
site, a I site is emptied, whereas a II site is filled. Stress
relaxation around the vacant I site will lead to a decrease
of the unit-cell volume (AV,). However filling of a II site
will probably lead to a stronger increase of the unit-cell
volume (AV;). This means an increase in unit-cell
volume since AV=AV;—AV, is then positive. This is
what is experimentally observed. This is another indica-
tion that transition-metal atoms are really displaced. It
was found by us'’ that the unit-cell volume of ball-milled
HTP Ni;Sn, is about 1% larger than that of quenched
HTP Ni;Sn,. This supports the conclusion that the Ni
atoms transferred during ball milling of the LTP remain
on the II sites after the phase transformation, whereas in
the quenched HTP such a redistribution does not exist.

The Curie temperature T of Mn;Sn, shown in Fig. 6
decreases continuously with milling time. After 60 h of
milling, the T, value tends to become constant. The
change of T results mainly from atomic displacements.
This can be explained as follows: For the transition-
metal-tin intermetallics with B8,-type structure it has
been pointed out that, among the exchange interactions
of two transition-metal atoms on I sites J;;, on a I site
and a II site J,, and on two II sites J,,, the exchange in-
teraction J,, is predominant, and that the Curie tempera-
ture is determined by this quantity.”* Judged by the su-
perlattice reflections, the Mn;; atoms and holes are distri-
buted in a long-range-ordered (LRO) way over the II po-
sitions. The superexchange interaction between Mn
atoms on I sites and on II sites may play an important
role in determining the Curie temperature of Mn;Sn,. In
the early state of milling the intensity of the superlattice
reflections decreases sharply and they disappear after 30
h of milling. Apparently this LRO is lost. At the same
time T decreases sharply. This is naturally attributed to
a decrease of J,, by loss of LRO. On further milling T'¢
is still decreasing. For the explanation let us express T
in the mean-field approximation as

3kBTC=a”+a22+[(a“"'022)2'{'4012021]1/2 . (3)

a,, represents the magnetic energy between the x and y
spins (1 stands for I and 2 stands for II) and kp is the
Boltzmann constant. Neglecting here the relatively weak

T-Ty, Ty-Ty exchange energies,
3kpTe=(4a,,a,5,)"?%, @)

where
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N, N
alzazl = —1\71"7221222‘31(31 + 1 )Sz(S2 + 1 )J%z . (5)
t t

N, is the total number of atoms per formula unit
T3X,(N,=5N), N; the number of transition metal atoms
on i sites, and Z;; the number of their nearest neighbors
on j sites. S; is the so-called pseudospin for the 3d elec-
trons obtained via the observed atomic 3d magnetic mo-
ment M;=grugS; (gr is the Landé factor, ug the Bohr
magneton); and J;; the exchange interaction constant be-
tween i and j sublattices.

In T;X,, N;=2N, N,=N, Ny=2N, and Z,=3,
whereas Z,,=6. If during ball milling n atoms are
transferred from I sites to II sites then N,=2N—n,
N,=N+n, Z;=6(++n/2N), and Z, =6(1—n/2N).
Let

S(S+1)=18,(S,+1)S,(S,+1) . (6)

Substituting N,;, N,, Z,, and Z,;, Eq. (5) becomes

_(@QN—n) (N+n)

1 n
= S+
a)2a; 5N 5N

2 2N

6

X6 [S(S+1)J,,17. (7N

n
1— "
2N

Combining Egs. (4) and (7), we obtain

2
3k, TC=1—52-

n n
1+ 2 IN

o~ [S(S+1)J,].  ®

Let C=n /2N be the fraction of I atoms transferred to II
sites; then we obtain

_— 4J,(1+C—2C2)S(S+1)

c 5k, , 9
where S is obtained from Eq. (6) as
S=[1+4V8,S,(S, +1)(S,+1)]"/?—1. (10)

Thus, T after ball milling is determined by Eq. (9). Due
to the atomic displacements from I sites to II sites upon
further milling, the fraction of Mn atoms going from I
sites to II sites is increasing. This will lead to an increase
of the term (1+C—2C?) in Eq. (9) because 0<C <0.5.
If we assume that the value of Jy, \, does not change
any more upon milling, there will be an increase in T,
value. However, it was experimentally observed that the
T'¢ value of Mn;Sn, still decreases gradually upon further
milling, which means that, in fact, the exchange interac-
tion constant Jy, u, is decreasing with increasing milling
time in the later stage of milling. In Ni;Sn, the Curie
temperature is constant. This is also due to the decrease
of the Ni-Ni exchange interaction constant J,,. The
effect of increase of the C value is apparently compensat-
ed by a decrease of J,,. The gradual decrease of the Cu-
rie temperature of Mn;Sn, in the later stage of milling in-
dicates that the decrease of the exchange interaction con-
stant J,, in Mn;Sn, is stronger than in Ni;Sn,.

We proceed to the DSC results. From the x-ray-
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diffraction patterns shown in Fig. 9, it is clear that the
first exothermic transition in the ball-milled Mn;Sn, cor-
responds to the release of internal stresses and an increase
of the short-range ordering (SRO). The second peak in
the DSC scans corresponds to the development of atomic
reordering from the short-range-ordered state to the orig-
inally long-range-ordered state. As already mentioned, in
the perfect compound there is a long-range-ordered ar-
rangement of the holes and Mn atoms on II sites. The
third exothermic peak is due to the growth of nanocrys-
tallites. The same conclusions apply to Fe;Ge,. The heat
evolved in the atomic reordering process increases with
milling time. The tendency is consistent with the varia-
tion of unit-cell volume and magnetization. The activa-
tion energies for the atomic reordering are 174 kJ/mol
for the first peak and 102 kJ/mol for the second peak in
ball-milled Mn;Sn,. The activation energy for ball-milled
Fe;Ge, is about 103 kJ/mol, which is quite close to that
in Mn;Sn, (second peak). The total heat evolved in the
exothermic transitions in both Mn;Sn, and Fe;Ge, milled
for a long time is approximately 4 kJ/mol. From the x-
ray-diffraction patterns shown in Fig. 19, it is clear that
the broad exothermic transition (first exothermic peak) in
Ni;Sn, milled for various periods corresponds to the in-
crease of atomic ordering and the release of internal
stresses. This provides further evidence that the ball-
milled LTP as well as the ball-milled HTP is atomically
disordered. The broad character of this transition
reflects a similar process of atomic reordering in Ni;Sn,
to that in Mn;Sn, and Fe;Ge,. In fact it includes two
overlapping peaks as can be seen in Fig. 16, especially for
the sample milled for 100 h. The total heat evolved in
this peak is also about 4 kJ/mol after long periods of mil-
ling. The activation energy is calculated as 112 kJ/mol
for the peak at about 500 K. The absence of such an ex-
othermic transition in the quenched HTP again proves
that the particular type of atomic disorder cannot be gen-
erated by quenching from high temperatures. The
second exothermic transition in the DSC scans of Ni;Sn,
after milling longer than 8 h corresponds to the phase
restoration of the metastable HTP to the original equilib-
rium LTP, the same type of exothermic transition as in
the quenched HTP. The heat evolved in the transition is
about 1.36 kJ/mol for Ni;Sn, milled longer than 40 h,
which is almost the same as in the quenched HTP for the
same type of transition. The last exothermic peak is re-
sponsible for the growth of the crystallites. This gives
evidence that the ball-milled HTP has nanometer-scale
crystallites. The heat evolved in the transition is about
1.1 kJ/mol for the samples after long periods of milling.
Theoretically, when a fully disordered intermetallic
compound is heated, three major exothermic heat effects
are expected: the relaxation of lattice defect and stresses
and development of short-range order; the increase of
long-range order; and crystallite growth from the nano-
crystalline state to a microcrystalline state. In view of
the required diffusion distances, these processes are ex-
pected to occur in the following sequence: SRO, LRO,
and crystallite growth. The observation of three exoth-
ermic peaks in the heating process of the ball-milled
Mn;Sn,, and Fe;Ge, nicely illustrates the three stages de-
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scribed above. Baro et al.”’ and Yavari et al.”® have also
observed three separate peaks in the DSC scans of ball-
milled Ni;Al. Furthermore, the observation of the third
exothermic heat effect in Mn;Sn, and Fe;Ge, is similar to
that measured by Eckert et al.?’ during nanograin
growth in ball-milled nickel. However the third stage is
not always observable. Since the transition temperatures
of these transitions are too close to be separated, we can
only derive the total heat evolved in the exothermic tran-
sitions. As already mentioned, the broad character of the
first exothermic transition in ball-milled Ni;Sn, reflects a
similar process of atomic reordering to that in Mn;Sn,
and Fe;Ge,. The method of atomic reordering in these
ball-milled 73X, compounds is as follows: during heat-
ing, T atoms, which were transferred from I to II sites,
will jump back to their original sublattice. The total heat
released in the reordering process increases with milling
time due to an increased transfer of atoms from I to II
sites. The total energies stored in Mn;Sn, and Fe;Ge, are
approximately 4 kJ/mol, whereas the total energy stored
in Ni3Sn, is about 6.5 kJ/mol (the sum of the heat
released during atomic reordering, phase restoration, and
nanocrystallite growth). Estimates of differences of for-
mation enthalpies between amorphous and crystalline
material for Ni;Sn,, Mn;Sn,, and Fe;Ge, are 13, 13, and
2.6 kJ/mol, respectively.’>3! Apparently, the total ener-
gy stored in Ni;Sn, and Mn;Sn, is too low to drive the
respective compounds from the crystalline state to the
amorphous state. On the other hand, we have argued in
Ref. 32 that antisite disorder may be the precondition for
the formation of a solid solution or an amorphous state
during ball milling. In these B8-like compounds, during
ball milling only the transition-metal atoms redistribute
over their own sublattice sites and there is no position ex-
change between transition-metal atoms and non-
transition-element atoms. Such a redistribution of the
transition-metal atoms does not destroy the “frame” of
the structure. So, although the energy stored in Fe;Ge,
(4 kJ/mol) is higher than that required for the transfor-
mation from the crystalline to the amorphous state, the
material remains in the crystalline state with disordered
structure. This argument is also valid for Ni;Sn, and
Mn;Sn,.

Further support for the possibility of jumping of
transition-metal atoms between I and II sites is obtained
from tracer-diffusion experiments in B8 compounds.’*3*
The main diffusion mechanism that is inferred from those
measurements involves jumping between I and II sites.
The activation energy for tracer diffusion in various com-
pounds of this type amounts to about 200 kJ/mol. This
is twice the energy (102 kJ/mol in Mn;Sn,, 103 kJ/mol in
Fe;Ge,, and 112 kJ/mol in Ni;Sn,) we attribute to the
reordering process. In tracer diffusion the most difficult
jumps in a sequence of jumps, i.e., the jumps with the
highest activation energy, determine the diffusion speed.
These are no doubt the I-to-II jumps. In contrast, in a
reordering process we deal with II-to-I jumps, leading to
a higher degree of atomic order. Combining our results
with those from Refs. 33 and 34, a tentative conclusion
could be that I—-II jumps have an activation energy of
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about 200 kJ/mol and II—1I jumps have an activation en-
ergy of 100 kJ/mol.

Let us discuss the phase transformation in Ni;Sn,.
Measurement of the exothermic heat effect evolved dur-
ing phase restoration from the metastable HTP to the
equilibrium LTP provides important information on the
detailed process of phase transformation from the LTP to
the HTP during ball milling. The appearance of this heat
effect in the sample milled for 8 h indicates that the phase
transformation starts at a milling time of 8 h. However,
it develops very slowly during milling periods up to 32 h,
as can be seen in Figs. 16 and 17. The transition heat in-
creases slowly for milling periods up to 32 h and a drastic
increase is observed after a milling time of 40 h. Then it
tends to become constant upon further milling. This
drastic increase at 40 h of milling is consistent with the
abrupt increase of magnetization which also occurs at a
milling time of 40 h. The fact that the heat effect in the
sample after 32 h of milling is 37% of that in the sample
milled for 40 h indicates that the phase transformation
occurs mainly at a milling time of 40 h (the x-ray-
diffraction pattern has the characteristics of the
hexagonal-structure HTP at a milling time of 40 h). The
material is a mixture of LTP and HTP in the milling
periods from 8 to 32 h although the x-ray-diffraction pat-
tern is still characteristic of the orthorhombic-structure
LTP. The fact that the transition heat as well as the
magnetization tends to become constant upon further
milling indicates that the phase transformation is comp-
leted and the material is homogenized in the late stage of
milling.

It is very interesting to note that the temperature of
the endothermic transition from orthorhombic structure
to hexagonal structure in the ball-milled LTP is lower
than that in as-prepared Ni;Sn, and the heat consumed in
the transition in the ball-milled LTP is smaller than that
in the original LTP (see Figs. 17 and 18). This reflects
the fact that the disordered LTP is less stable than the or-
der LTP. In contrast, the metastable disordered HTP ob-
tained by ball milling is more stable than the metastable
ordered HTP obtained by quenching. This is observed in
Fig. 18, which shows that the temperature of the phase
restoration from the metastable HTP to the equilibrium
LTP in the ball-milled HTP is higher than that in the
quenched HTP. So, we can conclude that atomic disor-
der induced by ball milling increases the stability of the
hexagonal HTP and decreases the stability of the ortho-
rhombic LTP. A peculiarity is that the special type of
atomic disorder in the B8, structure cannot be generated
by rapid quenching. Ball milling offers a unique tech-
nique to obtain the atomically disordered state.

Finally, it should be emphasized that the ball milling
was carried out under continuous pumping in a vacuum
of about 107° Torr. In this way reactions with nitrogen
or oxygen were avoided. However, the milling was per-
formed in a stainless-steel vial with a stainless-steel ball
(but a tungsten carbide bottom). So iron impurities may
be introduced. In order to check the quality of the sam-
ples, we annealed the long-time-milled samples and
remeasured the physical properties, especially the magne-
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tization. It turned out that the magnetization behavior
and the value of the magnetization of the annealed sam-
ples are quite close to those of the initial compounds.
The impurity iron content is less than 0.1 wt %.

Furthermore, it is noticed that the crystallite size of all
the compounds studied decreases with increasing milling
time and that nanocrystallites are formed in the late stage
of milling. Crystallite size may influence the magnetiza-
tion when the size is reduced to a few nanometers (5-6
nm). This is suggested as an explanation for the lower
magnetization in Mn;Sn, after 120 h of milling. Howev-
er, the major changes in all physical parameters during
milling occur in the early stage of milling, where the crys-
tallite size is larger than 20-40 nm. These changes cer-
tainly result from the rearrangement of atoms in the crys-
talline structure induced by ball milling.

V. CONCLUSIONS

Starting from ordered Mn;Sn, and Fe;Ge, compounds
with B8,-type hexagonal structure, mechanical milling
generates well-defined atomic disorder of the type “redis-
tribution of interstitials.” This leads to an increase in
magnetization in ferromagnetic Fe,Ge,, whereas it leads
to a decrease in ferrimagnetic Mn;Sn,. These disordered
materials remain in the B8, structure, but values of all
physical parameters are far from those of the starting or-
dered compounds. The heat evolved in the atomic reor-
dering process of both Mn;Sn, and Fe;Ge, after long-
time milling is approximately 4 kJ/mol and the activa-
tion energy is about 100 kJ/mol. The volume expansion
is 1.3% in Mn;Sn, and 1.2% in Fe;Ge, after long-time
milling.
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Starting from ordered Ni;Sn, compounds with Ni;Sn,-
type orthorhombic structure (LTP) mechanical milling
also generates atomic disorder of the type “redistribution
of interstitials” in the early stage of milling. The heat
evolved in the atomic reordering process and activation
energy is 4 and 112 kJ/mol, respectively. After long mil-
ling times the compound transforms to the B8,-type hex-
agonal structure (HTP) as at higher temperature in the
phase diagram. The magnetization of the HTP obtained
by ball milling is much higher than that obtained by
quenching. This is due to atomic disorder in the ball-
milled HTP. The Ni atoms which were redistributed
over the two different interstices during ball milling of
the LTP remain there after the phase transformation.
The heat evolved in the phase restoration of the metasta-
ble disordered HTP to the equilibrium ordered LTP and
the activation energy are 1.36 and 156 kJ/mol, respec-
tively.

The particular type of atomic disorder induced by ball
milling cannot be generated by rapid quenching from
high temperature. The disorder increases the stability of
HTP Ni;Sn, and decreases the stability of LTP Ni;Sn,.
It is also clear that atomic disorder is the main source of
energy storage during ball milling of intermetallic com-
pounds. The energy stored in the grain boundaries is
much lower than that stored in atomic disorder.
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