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The antiferromagnetism of polycrystalline and single crystal samples of
disordered y Fe-Mn alloys containing between 20 to 50 at% Mn was investi-
gated by means of a magnetic balance, a sensitive torque magnetometer and
neutron diffraction. The alloys with 20 to 27 at% Mn exhibited e~y trans-
formation in the same temperature range as the magnetic transformation.
The relation between the magnetic and the crystallographic transformations
was investigated and a phase diagram of Fe-Mn alloys in this composition
region was obtained. A neutron diffraction study of single crystal samples
confirmed the generalized antiferromagnetic spin structure proposed by the
powder neutron diffraction study of Kouvel and Kasper. The torque
measurements, made on single crystals which had been cooled through the
Néel point in a strong magnetic field, indicated that the spin structure is
intrinsically cubic, the spins on the four sublattices being directed toward
the different cube diagonals. The results are discussed from the viewpoint
of a molecular field theory based on the localized electron model. However,
the temperature dependence of the susceptibility below and above the Néel
point cannot be interpreted on the basis of a localized electron model, although
the latter can account for the proposed spin structure.
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§1. Introduction

The difference in the magnetic proparties of
a-Fe (b.c.c.) and r-Fe (f.c.c.) is very significant in
understanding the mangnetism of the 3d transition
metals and alloys. In contrast with a-Fe, the
magnetic properties of y-Fe have not yet been
fully investigated because it is unstable at the low
temperatures where any magnetic order takes
place. In view of this situation, a detailed
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investigation of y Fe-Mn alloys is very desirable,
as at the solubility limit the y phase in these alloys
is richer in Fe than in any other magnetically
ordered binary alloy of Fe.

The paramagnetic susceptibility behavior of
polycrystalline specimens of several y Fe-Mn
alloys has been measured by Sedov? and Shiga
and Nakamura.? They observed discontiunities
in the susceptibility versus temperature curve
(x-T curve). One of the striking features of the
x-T curves is that they are almost temperature
independent at high temperatures. Kouvel and
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Kasper® carried out powder neutron diffraction
measurements on an alloy with 25 at9; Mn both
above and below the temperature of the discon-
tinuity in the y-T curve, and showed that below
this point, the alloy became antiferromagnetic.
The average atomic magnetic moment at 0°K
estimated from the coherent magnetic peaks was
about 1.7 5. Nathans and Pickart® measured
the paramagnetic neutron scattering from the 12
aty Mn-Fe alloy above the Néel point and
obtained a much smaller moment of approxi-
mately 0.5 #pz. These facts suggest that most of
the localized moment which exists in the anti-
ferromagnetic state is lost above the Néel tem-
perature.

The present authors have made susceptibility
measurements on polycrystalline specimens over
a wide range of composition (18.2 at% to 49.2
at% Mn) and on single crystal specimens contain-
ing 30.9% Mn. The magnetic anisotropy of
single crystals cooled through the Néel tem-
peratur has been measured in a magnetic field up
to 57.4 kOe. The result of a preliminary neutron
diffraction measurement on the single crystals at
room temperature with and without an external
magnetic field is also reported in the paper. The
results are discussed in the light of the various
existing models.

§2. Preparation of Alloys
(a) Poly-crystal

Poly-crystal Fe-Mn alloys were made from
99.995 pure electrolytic iron and 99.9% pure
electrolytic manganese. Appropriate mixtures
of the metals were melted several times in
corundum crucibles in an induction furnance
under argon at roughly one atmosphere pressure.

For susceptibility measurements the ingots were
shaped into rough cylinders weighing about
700mg. The latter were sealed in fused silica
tubes about 7mm in diameter and 45 mm in
length containing argon at a pressure of approxi-
mately 15mm Hg, and were kept at 1040°C for
about20hours. The susceptibility measurements
at high temperature were carried out with these
sealed samples, as the alloys are easily oxidized
above 300°C, even in a vacuum of 2x10-°
mmHg. For the measurements at low tem-
peratures the samples were removed from the
silica tubes.

The chemical composition of each sample was
determined by colorimetric analysis on monitor
alloys which were taken from the same ingots
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and underwent the same heat treatments as the
samples.

(b) Single crystal

A single crystal of the Fe-Mn alloys was grown
from the melt of a polycrystalline ingot by the
Bridgman type method in an induction furnance
under argon at roughly one atmosphere pressure.
A polycrystalline ingot was put into a corundum
crucible, which in turn was inserted into a
graphite cylinder. These two were then placed
in an outer corundum crucible. The ingot was
thus heated indirectly by the graphite cylinder,
whose shape and position relative to the inner
corundum crucible were chosen so that the tem-
perature gradient at the sample was as great as
possible. The estimated maximum temperature
of the sample was 1550°C and it was kept for
about 30 minutes at that temperature, and then
lowered at the rate of 3.2 cm/hour. The resulting
specimen, which contained several large grains,
was etched in a saturated solution of FeCl; and
cut so as to give several single crystals of varying
sizes. As these showed a rather noticeable
skeleton structure and gave diffuse Laue spots,
they were sealed in fused silica tubes under argon
at 15 mmHg and annealed at 1040° for 48 hours.
As a result of this the Laue spots became sharper
and the skeleton structure largely, but not
completely, disappeared. The crystallographic
orientations of the single crystals were determined
by the Laue method.

For susceptibility measurements a single crystal
specimen was prepared in the shape of a rough
parallelopiped with dimensions of 3.0x3.0x4.8
mm and with surfaces parallel to (100), (011) and
(017) (No. 8a in Table I). For the torque
magnetometer measurements a disk, 5.7mm in
diameter and 0.5mm in the thickness, and with
the main surface parallel to (100), was used (No.
8b).

Two cylindrical single crystals were made for
the purpose of the neutron diffraction measure-
ments with diameters of 3.00mm (No. 8c) and
2.35mm (No. 8a), both having a length of 6.30
mm parallel to [110]. The larger sample was
also used for the torque magnetometer measure-
ments.

All the samples used in this investigation are
listed in Table I. The sample number, the
manganese content, the crystal structures at room
temperature, the type of sample and the measured
Néel temperature of the y-phase are also tabulated
there.
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§3. Experimental

(a) Susceptibility measurement

An automatic recording magnetic balance
utilizing the Faraday method was used for the
measurement of magnetic susceptibility. The
pole faces of the electromagnet producing an
inhomogeneous magnetic field were designed to
give a constant field gradient in the vertical
direction over a wide range of about +2.5cm
from the sample position, thus assuring excellent
reproducibility of the data in different settings of
the sample. The values of the field intensity H
and field gradient dH/dz necessary for calculating
the susceptibility were measured directly by a
known small coil and a Cioffi type recording
fluxmeter. The value of the saturation mag-
netization of a nickel sphere at room temperature
measured by this balance agreed with the
literature value to within 194. The diamagnetic
contributions of the sample holder and silica
tubes were 109 of the total value at most and
were subtracted by making a blank test.

Temperature of the sample was measured with
a Pt-139 Rh in Pt thermocouple above room
temperature and with a Cu-2% Co in Au thermo-
couple below.

The measurement of the temperature depend-
ence of the susceptibility was mainly carried out
at a fixed magnetic field. The temperature was
varied continuously at rates of 1-3 degree/min.
above room temperature and about 4 degree/min.
below. At several fixed temperatures full
magnetization-field curves were measured,
particularly above room temperature.

(b) Anisotropy measurement

The anisotropy of the susceptibility in the
single crystals was also measured by a sensitive
automatic torque magnetometer originally de-
signed for thin film measurements. The maxi-
mum torque which could be measured accurately
by the torque meter was 1x10-2 dyne cm.

The anisotropy was measured before and after
the field cooling treatment which was carried out
as follows. The samples were sealed in a silica
tube, heated to about 250°C (well above the Néel
temperature 162°C), and finally cooled to room
temperature in 30 to 40 minutes in a magnetic
field applied along the direction of one of the
principal crystallographic axes. Two types of
experiment were tried. In the first, the field
cooling process was performed in a strong
magnetic field applied either with a large electro-
magnet (45 kOe) or with a Bitter type solenoid
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magnet at the Central Laboratory of Hitachi Ltd.
(90kOe). The sample was then placed in the
sensitive torque meter for anisotropy measure-
ments. Inthe other the sample was first placed
in the torque meter and both the field cooling
process (in a magnetic field of 15 kOe) and the
measurement of the anisotropy were carried out
in the same position.

The torque curves obtained were analyzed into
Fourier components of ¢, 26 and 46.

(¢) Neutron diffraction measurement

A preliminary neutron diffraction study of the
cylindrical single crystals No. 8c and No. 8d was
carried out at room temperature with the neutron
diffractometer of I.S.S.P. at the Japan Atomic
Energy Research Institute.® The thermal neutron
beam was monochromatized to a wave-length of
1.075A by the Bragg reflection from the (311)
plane of lead.

§4. Experimental Results

(a) 7-¢ transformation in low manganese alloys

An x-ray diffraction pattern of sample No. I
showed peaks from both the 7 and e phases
together with a trace of the « phase. This alloy
was found to be ferromagnetic at room tempera-
ture, and further investigation was therefore not
attempted.

The other alloys were all paramagnetic and
the magnetization curves were linear within
experimental error at all temperatures up to a
maximum. field strength of 10 kOe.

In the alloys No. 2 to No. 5, an x-ray exami-
nation revealed that the y and ¢ phases coexist at
room temperature. Their representative x-7
curves above room temperature are shown in Fig.
1, in which the y-T curves can be seen to exhibit
complicated behavior around 400°K such as
thermal hysteresis and discontinuities. The
extent of thermal hystersis was rather variable
from cycle to cycle on heating and cooling, and
accordingly the values of y at room temperature
were different after each cycle. The temperatures.
where the breaks occur, however, were very
reproducible. The amount of thermal hysteresis.
is thought to be sensitively dependent on the
cooling rate of the sample. The thermal hysteresis
itself is considered to arise from the reported
matensitic transformation® between the y and e
phases of the alloy. In order to find any possible
correlation between this transformation and the
magnetic transformation which is expected to
occur in the same temperature range, detailed
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Fig. 1. Magnetic susceptibility versus temperature of Fe-Mn alloys with 20 to 26 at % Mn. Numbers
attached to curves indicate sample numbers as listed in Table I.

crystallographic and magnetic studies were carried
out on samples No. 6 and No. 7, both of which
have almost the same manganese content.
Although ordinary heat treatment’gave a single
7 phase, the ¢ phase appeared when the samples
were stressed at room temperature. Figure 2
gives the changes in the main peaks of the x-ray
diffraction pattern of the y and ¢ phases when the
surface of the sample was polished with emery
paper. The two-phase state was also realized by
«cooling sample No. 7 from 800°C under a shearing
stress of about 10 g/cm?. The temperature varia-
tion of the main peaks of both phases was studied

28-3 at, % Mn-Fe
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Fig. 2. Changes in x-ray diffraction patterns when
the sample was polished with emery paper.

by means of a high temperature x-ray diffracto-
meter and the results are shown in Fig. 3. The
integrated intensities of the y (111) peak relative
to the total intensity of the peaks 7(111) and
€(00.2) and the lattice constant of the y phase
calculated from Fig. 3 are plotted as a function
of temperature in Figs. 4(c) and (b) respectively.
When heated, the ¢ phase begins to transform
into the 7 phase at about 170°C and disappears
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Fig.3. Temperature variation of x-ray diffraction
patterns.
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at about 270°C. The y phase is then stable even
if it is cooled to room temperature. The lattice
-constant of the y phase is found to have a break
at about 150°C. The temperature dependence of
‘the magnetic susceptibility of sample No. 6 was
measured in the stable y phase during subsequent
heating and cooling and is shown in Fig. 4(a).

X x10° a-murg (a) 28-lat. % Mn-Fe

2:0f

lattice constant of y—. phase (b) 28-3at, % Mn-Fe

A

. 362

© heating
© cooling

1 " 1 1 L

relative intensity of y(il) (c) 28-3at. % Mn-Fe

% fo y(111)+ €©0-2)
100
gsfress
increased
@ heating
50 o cooling

stressed state

R

Fig. 4. Temperature variations of a) susceptibility
of 7 phase of sample No. 6, b) lattice constant of
7 phase, and c) relative intensity of y(111) to 7(111)
and ¢(00.2) of sample No. 7, which was stress
cooled from 800°C.

1 1 L
200 300 °c

"The curve exhibits no thermal hysteresis and has
-a break at 147°C similar to that reported at the
antiferromagnetic Néel temperature. The tem-
perature of the break is different from the tem-
peratures at the beginning and the end of the ¢y
‘transformation in Fig. 4(c) but coincides with the
‘temperature of the break in Fig. 4(b). It is
«concluded therefore that there is no correlation
‘between the magnetic and ey crystallographic
transformations in the alloy and that, although
‘the latter transformation shows thermal hyster-
-«esis, the former, like most magnetic transforma-
-tisons, does not. ‘

In the light of the above results, the y-T curves
in Fig. 1 can be explained in the way illustrated
for sample No. 4 in the inset to Fig. 1. The
‘break corresponding to the Néel temperature
appears at the same temperature on heating and
«ooling. In the heating curve there are two more
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breaks corresponding to the beginning and the
end of the ¢e—y transformation. In the cooling
curve there is one more break which corresponds
to the beginning of the y—e¢ transformation. The
end of the y—e transformation cannot be attained
even below room temperature so that the two-
phase state is realized at room temperature.

The temperatures of the e«<y transformation
determined in this way are plotted as a function
of manganese composition in Fig. 5 together with
the previous results summarized in Hansen.®
The results obtained for No. 7 (28.3 at%) are
connected by dotted lines, because the ¢ phase of
No. 7 was realized by stress cooling. The trans-
formation temperatures of this sample are not
necessary the same as those of the normal ¢ phase.
The Néel temperature determined in the present
study are also shown in the figure.

o«

500+

400

L 1 1

10 20 30 40

300

5IO at. % Mn
Fig. 5. Phase diagram of Fe-Mn alloys.
beginning of e—y transformation

-@- authors’, —— Hansen’s
end of ¢—7y transformation
-A- authors’, Hansen’s

© and A are respectively biginning and end of
¢—7 transformation of ¢ phase realized by stress

cooling
beginning of y—e transformation
-.-X--— authors’, --- Hansen’s
Néel temperature ~ -O- author’s

The above experiments also show that the e
phase of Fe-Mn alloys is not ferromagnetic and
has a susceptibility smaller than that of the y
phase and that the thermal expansion coefficient
of the alloy in the 7 phase changes discontinuously
at Ty, for example from 1.3 x10-%/deg below Ty
Ty to 1.8x10-%/deg above Ty in sample No. 7.
(b) Susceptibility in y phase

Samples No. 6 to No. 13 are single phase with
the 7 structure in the temperature range 77°K to
1050°K. The representative yx-T curves are
shown in Fig. 6. For sample No. 6 the measure-
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ment was extended to liquid He temperature.
The susceptibility increases with increase of tem-
perature at low temperatures, shows a break at
Tx and becomes almost temperature independent
above Ty, with a slight tendency to increase at
higher temperatures.

xx10° ena./g

20

6

//ﬁ/;

F

3 L
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Fig. 6. Magnetic susceptibility versus temperature
of Fe-Mn alloys with the f.c.c. structure.

From the figure, it can be seen that the sus-
ceptibility above Ty does not follow the Curie-
Weiss law, so that the main contribution is
probably the Pauli paramagnetism of collective
electrons. The value of y above Ty is approxi-
mately 1x10-% e.m.u./g, which is very large for
Pauli paramagnetism, even larger than the
known maximum value of 7.5x10-%e.m.u./g
for Pd. The values of y for the various samples
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at 800°K in the roughly constant susceptibility
region above Ty are plotted as a function of
manganese content in Fig. 7, where the composi-
tion dependence of the electronic specific heat
coefficient y* of the same alloys obtained by
Gupta et al.” is also shown. The figure indicates.
that the composition dependences of y and y are
very similar to each other, which favors the
hypothesis that the susceptibility arises mainly
from the collective electrons. The behavior of
the susceptibility below Ty is more or less similar
to that of the usual ionic antiferromagnets where:
the localized electron model is valid.® However,
we shall show in a later section that this behavior

Xx 10° emu./g rxidt
(at 800°K) cal/mol dsg®
(from Gupta et al)|

40

1

30

20

o

76 36 30 50 gr% Mn

Fig. 7. Composition dependence of magnetic
susceptibilities at 800°K and comparison with
electronic specific heats obtained by Gupta et al..?

Table I. Fe-Mn alloys used in this investigation.

Sample No. at% Mn Phase at 25°C Type Ty of r-phase (°K)

1 18.8 a,7s¢ poly

2 20.1 7€ poly 360

3 21.8 7€ poly 390

4 25.9 7> € poly 401

5 26.5 7, € poly 403

6 28.1 T poly 420

7 28.3 7(e) poly ) 421

8a single (parallelepiped) 435

8b 30.9 7 single (disk)

8c single (cylinder)

8d single (cylinder)

9 32.7 7 poly 450
10 37.0 7 poly 458
11 39.5 7 poly 465
12 43.4 T poly 485
13 49.2 T poly 502

* Stable in the stressed state.

* This 7 should not be confused with the 7 used in connection with the crystal structure.
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<annot in fact be interpreted on the basis of a
localized electron model.

Shiga and Nakamura? have reported a rather
sharp rise in y at low temperatures for alloys
<ontaining 35 to 55 at% Mn. This phenomenon
could not be observed in the present study. A
measurement was carried out by the present
authors on samples taken from the same ingot
used by Shiga and Nakamura in order to check
this disagreement. The results revealed that the
phenomenon was not intrinsic to Fe-Mn alloys
but was due to materials stuck to the inside walls
of the silica tubes containing the samples.

The Néel temperatures of the Fe-Mn alloys
determined from the y-T curves are listed in
‘Table I and are plotted as a function of manganese
content in Fig. 5. 1n the alloys with 30 to 50
atg Mn, the values of Ty are in good agreement
with those of Sedov? and Shiga and Nakamura?
but in the alloys with a smaller manganese
content, the values are considerably larger than
those of Sedov, the difference amounting to 70°K
for the alloy with 20 at% manganese.

Although extrapolation of the T curve to the
point corresponding to pure p-iron cannot be
made with accuracy, at least it can be said that
Ty for y-iron is below 100°K, which does not
<conflict with the reports of other investigators.?.1?

(c) Anisotropy of the susceptibility

The anisotropy of the susceptibility was
measured on the single crystal samples No. 8a to
No. 8c. For sample No. 8a, y-T curves were
measured in the [100] and [011] directions. The
curves coincided with each other within experi-
mental error and the shapes of the curves were
quite similar to those of polycrystalline samples.
No anisotropy was detected either when the
magnet was rotated about a vertical axis corres-
ponding to rotation of the applied field within
the (100) and (011) planes.

Similar measurements in the (100) plane were
also made after the specimen was cooled through
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the Néel temperature with an applied magnetic
field to 49kOe in the [010] direction, but no
change was observed however.

More sensitive measurements of the anisotropy
were performed with the torque magnetometer.
The measured torque was found to be very sen-
sitive to the position of the specimen, so that the
reproducibility of the measurements was not
particularly good. This is because the force
acting on the specimen due to small inhomoge-
neities in the magnetic field produces an appearent
torque of the same order of magnitude as that of
the expected anisotropy. Inspite of this diffiulty,
however, an estimate of the order of magnitude
of the maximum anisotropy of the specimen could
be made.

The torque curves obtained consist mainly of
a2¢ Fourier component. A smaller but apprecia-
ble amount of the § component and a negligible
amount of the 40 component were also found.
The magnitude of the 26 component for each
sample in a magnetic field of 4.9kOe is summa-
rized in Table II. It is noted that in the case of
sample No. 8a, which is in the shape of a
parallelepiped, the shape anisotropy gives a torque
of the same order of magnitude as the observed
one. In the case of sample No. 8c, the direction
of the field applied in the cooling process was not
along a principal axis so that the effective field
strength was only 57.4 kOe.

As can be seen in the table, the 20 components
of the torque |Lz| have similar orders of magni-
tude regardless of the strength and the direction
of the field cooling and of the weight of the
sample. The value is about 5x 10~ dyne-cm/g
at the greatest.

The torque per gram L caused by the anisotropy
of the susceptibility y(e.m.u./g) in the measured
plane is expressed as follows:

_ B oy

where H is the measuring field and @ is the angle

Table II. Results of torque measurement at 4.9 kOe.

SampleNo. | Welght | Measwred | Pl | Feld (ko) | taymenemns | asmemonrs!
No. 8a 0.296 (100) 5.6x1072 1.9x10-1
(100) [010] 15 5.6x10—2 1.9%x10-1
(011) [100] 49 4.4%10-2 1.5x10-t
No. 8b 0.094 (160) 3.5x102 3.7x10~t
(100) [010] 15 3.8x10-2 4,0x10-1
No. 8¢ 0.321 (110) [110] 81 3.1x1072 1.0x10—1
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between H and a fixed reference direction in the
measured plane of the crystal. As will be seen
later, neutron diffraction reveals that Fe-Mn
alloys are magnetically tetragonal (or cubic in a
special case). Therefore the susceptibility can be
expressed by two components y., (the suscepti-
bility parallel to the tetragonal ¢ axis) and y.
(the susceptibility perpendicular to the ¢ axis).
Furthermore, single crystal sample are generally
considered to have many antiferromagnetic
domains with tetragonal axis parallel to the
different cubic axes. If we write the volume
fractions of the x, y and z domains (domains with
the tetragonal ¢ axis parallel to cubic [100], [010]
and [001] axes respectively) as v, vy, and v,
respectively, the net susceptibilities in the (100)
and (110) planes are expressed as follows:

(22)

(2)

X(a)(IOO):UxXa+UZXE+Uch +AUAX cos?d ,
with
szvy‘_‘vz and AX:Z(Z—XC )
and

20110y = %(xu—!—xc—kvzdx)JrAvAx cos?d, (3a)
with

Ay = % (Va+0y)—0s - (3b)

In both equations the angle ¢ is measured with
reference to the [001] axis. From egs. (1), (2a),
and (3a), the torque Ly is given by

(4)

Then the fractional anisotropy of the suscepti-
bility is calculated from the equation
%:211}2{92|max. (5)
X X
The maximum fractional anisotropy estimated
using eq. (5) and substituting the greatest observed
value obtained for the torque is only 0.49%,
which suggests that the sample has practically no
anisotropy. Since this value is affected very little
by the field cooling treatment up to an effective
field of 57.4kOe, it seems most likely that Ay
and not 4y is responsible for the smallness of the
observed effect.

(d) Neutron diffraction

In the present experiment, six nuclear peaks
(111, 002, 220, 113, 222 and 004), three magnetic
peaks (110, 112, and 221), and two “forbidden ”
peaks (3 £ 0) and (001) from samples No. 8c and
No. 8d were examined. Typical examples of
both nuclear and magnetic peaks are shown in
Fig. 8. It should be noted that the half width

Log= %szvzlx-sin 20 .
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of the magnetic peak (110) is almost the same as.
that of the nuclear peak (220), indicating that
proper long-range magnetic order is established
in the sample. The observed integrated in-
tensites are listed in Table III. The integrated
nuclear and magnetic intensities In(kkl) and
Iy(hkl) are expressed as follows:

Ay sin2 fp
Iy = —2B
Y= sin 205 eXP( 2 )

{36 exp 2milhxi+kyi -1z} ,
i=:

nuclear peak (220) magnetic psak (70"

i

counts
- counts
per per

Imn. L3000 7 min.

+2,000

j 1 -+ 1,000
{ e
49° 50° 51°

23° 24° 25°

o0%0

26° 20

Fig. 8. Neutron diffraction patterns of nuclear peak
(220) and magnetic peak (110).

Table 1. Integrated intensities of neutron dif-
fraction. contribution from /2 contamination
have been subtracted.

Peak If,g; ?( &f I (counts/min)
No. 8¢ No. 8d

330 0>50

001 0<50

110 M 3,562 2,685
171 N 38,512 26,815
111 N 39,478

002 N 34,729 21,590
112 M 134 114
112 M 209

220 N 24,084 15,393
221 M 144

221 M 133

1713 N 18,249

222 N 17,594 15,900
004 N 13,811 10,463
@ N: nuclear peak

M: magnetic peak
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and

Av sin2 0p\ / e?r \?
Iy=—"— —2B>— Z\( =L
M= sin20 B exp < B 22 )( mc2>

ngf‘z[F]z, (7)

with
F= zj:l {oti—n(ain} exp 2ri(hx;+kyi+z), (8)

where a;, n, v and A are respectively a unit
vector parallel to the i-th spin in Fig, 9, a unit
vector normal to the reflection plane, the volume
of the sample and a scale factor. All other
symbols have the conventional meanings. For
a spin structure with the magnetic tetragonal axis
parallel to the cubic [001] as described in Fig. 9,
the magnetic structurs factor F in eq. (8) is
calculated in a straightforward way to be

—N

O

I @-= 0 —
2D &
@, ‘“2
AN

Fig. 9. Spin configuration compatible with neutron
diffraction results.

for &, k; even [; odd
h, k; odd, I; even

for 4,1; even k; odd
h, 1; odd, k; even
(or interchange
between £ and k)

for other 4, k, [ combinations

2
|F|2=16<1-— 1—2) sinz @,
s

1F|2:8(1_1‘23) cos 6,
S

[F*=0,

with

s=VETRAIE,
where 6 is defined as illustrated in Fig. 9.
The angular dependence of the integrated
intensities of the nuclear peaks per unit volume
of the sample is shown in Fig. 10. As is seen in
the figure, the curve for No. 8c falls anomalously
rapidly, though the other curve has a normal
form. The situation was not improved when the
slit in front of the BF; counter was replaced by a
wider one. Possible secondary extinction effects
would reduce the intensities of low angle peaks
most severely and thus cannot explain the

(9)
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experimental observations. Both curve can be
extrapolated to approximately the same value at
03=0, however, and the reason for their different
angular dependence is not known. In the present
study, the integrated intensities (both nuclear and
magnetic) of sample No. 8c were scaled to those
of sample No. 8d as far as possible.

sin2;counts/min-cc

® 2:35mm ¢ No 8d
10* O 3-00mm¢ No 8¢
x

|

(i) (002) (220) _ (222) (004)
(i13)

ol o2 03 04 O!5 06 07 xlg;;_‘ sing
A

Fig. 10. Angular dependence of integrated intensi-
ties of nuclear peaks per unit volume multiplied
by sin 26 for both samples No. 8c and No. 8d.

The Debye parameter determined from the
angular dependence of the nuclear peaks is about
0.35A2, which corresponds to a Debye tempera-
ture of 425°K. This value agrees fairly well with
value 405°K obtained by Gupta et al.” for an
alloy with the composition 30.9 at% Mn-2.5 at%;
C-66.6 aty; Fe. '

All the magnetic peaks expected from the spin
structure of Fig. 9 were observed with the proper
intensity ratios and neither (3 {0) nor (001) was
observed. The absence of any satellite peaks.
was also confirmed.

The angle # could not be determined in the
present study because of the lack of knowledge
about the antiferromagnetic domain distribution.
If the distribution of domains with magnetic
tetragonal axes parallel to the cubic [100], [010}
and [001] axes is defined as before as v,, vy, and
v. respectively, the average structure factors of
the main magnetic peaks are calculated easily
using eq. (9).

|Faul 02 = 16(1;, sin? 6+ ’% cos? o)
|Fanl 1212 = %(vz sin® 6 ’“;—”" cos? 0)

[Fan221|? = 1—;8<vz sin% 6+ ?ilz_ﬂ cos? 0)
(10)

As is apparent in eq. (10), there is a common
factor containing the volume fractions vs, vy, v
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and the spin direction ¢ in the intensity expres-
sion, and it is therefore not possible to determine
these quantities from the neutron diffraction
study.

On the other hand, the magnetic form factor
fin eq. (7) can be deduced irrespective of the
domain distribution of the sample by virtue of
the same reasoning. A preliminary magnetic
form factor calculated in this way is shown in
Fig. 11 together with some available theoretical
and experimental form factors of Fe and Mn. In
the figure, the form factor is normalized to the
value of (170) for convenience. With the calcu-
lated form factor of the Fe 3d®4s? configuration,
which seems to give the best fit to the experi-
mental points, the average magnetic moment
was found to be about 1.5+0.1pxp at room
temperature. The temperature variation of the
average moment determined by neutron diffrac-
tion suggests that the moment at 0°K is 1.9 zp .1V

——— Fe exp.
~——=Fe 3d’4s' cal.
———Fe 3d°4s* cal.
———Mn?* exp,

5 I

Relative Value of Magnstic Form Factor
o - R
@ o

o
&

o
-

o
n

) ol o2 o3 06 x10°® —j:":

Fig. 11. Magnetic form factor reduced by the value
of (170) and comparison with available magnetic
form factors relating to Fe and Mn.

The effect of an applied field on the crystal
was checked by neutron diffraction on sample
No. 8c at room temperature. This experiment
is important in the interpretation of the results of
magnetic anisotropy measurements because any
change in domain distribution caused by the
magnetic field used to make the measurement
must be taken into account. No change in
intensity of the (170) reflection was observed
when the field of 13 kOe was applied in the [170]
direction.

§5. Discussion

(a) Spin structure
The neutron diffraction study of single crystal
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samples is in agreement with the generalized spin
structure proposed by Kouvel et al.® althought ¢
cannot be determined. The field cooling experi-
ment described in § 4c strongly suggests
that the anisotropy of the susceptibility is very
small indicating that the crystal is magnetically
cubic. The only cubic structure compatible with
the neutron diffraction results is that in which
6 = cos—11/2/3 such that each of the spins is
directed along a different (111> direction. This
conclusion is also consistent with the x-ray results
by Kouvel et al.® namely that the estimated
deviation of the c/a ratio from unity is less than
10-3.

This cubic spin structure can be shown to be
one of this possible spin structures expected from
consideration of nearest neighbor exchange inter-
actions between the localized moments and the
cubic anisotropy in the f.c.c. lattice as follows.

First we discuss the general spin configuration
obtained by minimizing the nearest neighbor
exchange energy, assuming that the magnitudes
of the four spins located on different sublattices
are identically S. If the directional cosines of a
spin on the i-th sublattice are ais, @iz, and ai.,
the exchange energy density of the system is

Eo=—2J 3 8:S;=—2NJS* S e, (11)
5>

>3
where J and N are the exchange integral and the
number of atoms per unit volume respectively.
2“)is the summation over the six nearest neighbor
(2
];zjlirs in Fig. 9. The minimization of the energy
E,; under the condition

a?a; + a%y + a%zzl s (12)
can be carried out by the method of Lagrangian
multipliers as shown in the Appendix. The
results of the calculation are illustrated in Fig.
12 and the angles between spins in this configu-

Fig. 12. Spin configuration minimizing the nearest
neighbor exchange interactions in f.c.c. lattice
with identical spins.
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Table IV. Angles between spins.
) ] Sy \ Ss Sy
S 0 @ ¢ ¢
Se ® 0 ¢ ¢
Ss ¢ ¢ 0 ®
Ss g ¢ ® 0

ration are tabulated in Table IV.
The following condition is imposed upon the
three angles ¢, ¢ and ¢’ in the table.
COs p+4-cos p+-cos ' =—1. (13)
The results can be understood as follows.
Consider two spin pairs, say (Sy, Sz) and (Ss, Sy),
with an intra pair angle ¢ and with their bisector
common (segment OO’ in Fig. 12). Then those
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pairs have freedom of rotation around the bisector
so long as the angles ¢ and ¢’ determining the
inter pair angles satisfy the condition (13). Thus,
as far as the exchange interaction between nearest’
neighbors is concerned, two degrees of freedom
are left unknown.

Next we consider the effect of the cubic
anisotropy energy density up to terms of the sixth
order.

4
Eon=K; Z (azxa%y + a%ya%z + a%za%x
=1
(14)

The condition minimizing this energy can be
found in standard texts!® and is tabulated in the
left part of Table V. The stable spin configura-

4
2 2 2
+K2i—21 aizaiya,iz :

Table V. Easy Directions and Inter-spin Angles.

E Inter-spin angles
Case No. K K direer
: irection o P &
1 Ki>0 K> —%Kz <1003 0 180° 180°
2 K <0 K> —g—Kz <110} 180° 90° 90°
1 4 1 1 _, 1
3 ki< —31{2 K< ——9-1(2 111> cos™! 73 cos™1 73 cos~1 Vs

tions are determined so as to minimize the total
energy Ee;+E.». It can easily be found that the
inter-spin angles listed in the right part of Table
V minimize both E,, and E,,. Therefore the
spin configurations corresponding to these inter-
spin angles, which are illustrated in Fig. 13, are
the stable configurations of the system. The spin
configuration in the third case (Fig. 13 iii), which
has cubic symmetry, in the one believed to be
realized in Fe-Mn alloys in the present study.

(] (if) (i}

Q;

Fig. 13. Stable spin structures which minimize
exchange interaction energy and anisotropy energy
of the f.c.c. structure with identical spins.

E?a?, %o

o)

It is to be noted, however, that quite different
magnetic moments may reside on Fe and Mn
atoms, since the internal field acting on the Fes”
nuclei (30~50kOe) in the alloy is reported to be
much smaller than that expected from the average

moment obtained by neutron diffraction.1?.1®
The effect of a random distribution of different
magnetic moments on the spin configuration is
very complicated, but it can safely be said that the
directions of the spins may be distributed over
a small angle around the (111> direction by local
inhomogeneities in the magnetic interaction and
the anisotropy if we adopt a localized model.
Such a distribution would broaden the magnetic
diffraction peaks in comparison with the nuclear
peaks in contradiction to the experimental obser-
vations. Thus, it appears that the spin structure
of this alloy cannot be simply interpreted by
consideration of nearest neighbor interactions and
anisotropy based on a localized electron model.
(b) Susceptibility

The temperature dependence of the magnetic

" susceptibility below Ty was found to be similar

to that usually displayed by ionic antiferromag-
nets. However, in the case of the non-collinear
and isotropic spin structure shown in Fig. 13(tii),
the concept of parallel and perpendicular sus-
ceptibilities, y; and x, can no longer be adopted
and the temperuture dependence of this suscepti- -
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bility is not evident even if the discussion is
based upon a molecular field model with localized
moments. It turns out that the isotropic suscepti-
bility of the system is temperature independent
below Ty justlike y, of normal collinear antiferro-
magnetic substances as shown in the following
calculations.

The sublattice magnetization M; can be ex-
pressed according to the molecular field theory as

M;=M;e(Hs) , (15a)
N grsSH;

M;=N g psp,( £ 15b
L G B D

H;=H+1(M—M;) , (15¢)

M=3M:, (15d)
P

where H;, 2 and ¢(H;) are respectively the mole-
cular field acting on the spin §;, the negative
molecular field constant and a unit vector parallel
to H;. If we assume that the external field H is
in the z direction in Fig. 9, we obtain the relations
My, =—Myy, My=—M,y, My =M:; M=
—M4;.;, May :"‘MM/’ Maz :Mu; Ma: :My :09
M,=(M,,+ M), and also H;=H,, Hy=H, from
symmetry considerations. Then eq, (15a) may

be written
— M, H+2M,,+22Ms,
M= My, My,="—"""""""2"M,,
1 Hl 1 1 Hl 1
(16a)
M= = Moz g, pg, HE2 Mt ey
H3 H3
(16b)

From eqs. (15d) and (16) we obtain
H

Mz—:z(Mlz’f‘Msz):'_‘T 5 (17)
and the susceptibility is
1
r=—-= (18)

7
which is temperature independent.

The result of the above calculation is in con-
tradiction to the experimental results. Although
the possibility of a different spin structure is not
completely eliminated, this contradiction between
the theory and the experiment seems to suggest
that the observed behavior of the susceptibility
must be interpreted in terms of a different model,
such as a collective electron model. As was
mentioned in §4b, the susceptibility above Tn
is consistent with a collective electron model since
it is nearly temperature independent and its com-
position dependence is quite similar to that of the
electronic specific heat coefficient.
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According to simple band theory, the ratio of
the Pauli paramagnetic susceptibility at 0°K, yo,
to the electronic specific heat coefficient, 7, is
given by 3up?zr—2k—2 or 1.37 X 10-°deg? Oe—2
regardless of the band shape. Using the experi-
mental values of 7 found by Gupta et al.® and
those of y found in the present study, this ratio
for the various alloys around 9x10-? deg? Oe—2.
Since the effects of magnetic ordering and inter-
actions between electrons is neglected in the
theory, the agreement seems to be fairly good.
Moreover, the tendency for the observed sus-
ceptibility to increases slightly in the higher
temperature range can be explained semiquanti-
tatively by the usual band theory approach using
the band shape deduced from the composition
dependence of y or y. However, for a detailed
discussion, a more rigorous theory is necessary.

§6. Conclusions

The antiferromagnetism of Fe-Mn disordered
alloys has been investigated by means of a mag-
netic balance, a sensitive torque magnetometer
and a neutron diffractometer.

The alloys with 20~27 at% Mn exhibit an
ey martensitic transformation in the temperature
range around the Néel temperature of the y phase.
Measurements of the temperature dependence of
the susceptibility and x-ray diffraction powder
intensities revealed that the magnetic and
crystallographic transformations are independent
of each other. Thus the phase diagram of the
e~y transformation was deduced from suscepti-
bility measurements.

The generalized antiferromagnetic spin struc-
ture of the 7 Fe-Mn alloy proposed by Kouvel
et al. was confirmed by the present single crystal
neutron diffraction study. Theugh other possi-
bilities were not completely eliminated, it was
concluded that the most probable spin structure
of the alloy is one with cubic symmetry in which
the four different sublattice spins in the f.c.c.
structure are directed along the four different body
diagonals of the cubic lattice (see Fig. 13(iii)), as
field cooling treatment in effective fields of up
to 57.4kOe ‘did not produce any significant
anisotropy in the susceptibility of the alloys.

Calculations showed that the cubic spin struc-
ture described above is one of the possible spin
structures arising from nearest neighbor exchange
interactions and cubic anisotropy in a f.c.c. lattice
with identical spins. In reality, however, the Fe
and Mn atoms are thought to have different
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magnetic moments, in which case local fluctu-
ations of the spin direction are expected from the
localized electron model, which does not seem to
be in accordance with the observations.

The susceptibility of the y-phase was confirmed
to be almost temperature independent above Ty.
It was observed to decrease monotonically with
decreasing temperature below Ty to liquid He
temperature. The sharp rise of the susceptibility
below 200°K observed by Shiga and Nakamura®
was found to arise from impurities. On the basis
of cubic spin structure described above, the
temperature dependence of the susceptibility was
calculated from the molecular field theory of
localized spins. The result revealed that y should
be temperature independent below Ty. Above
Tx x should of course follow the Curie-Weiss
law. Thus below and above Ty experiment and
theory were found to be in serious contradiction,
indicating, therefore, that discussion of the spin
structure in terms of a localized model is not
valid in this alloy.

The composition dependence of the nearly
constant susceptibility above T was found to be
very similar to that of the electronic specific heat
coefficient y obtained by Gupta et al..” The ratio
of the susceptibility at 0°K to y and the tendency
of the susceptibility to increase at high tempera-
tures were found to be reasonably consistent with
a simple band model. These facts suggest that
the collective electron model is a better approxi-
mation in this alloy although a more rigorous
approach is needed for further discussion. One
of the interesting problems which remain to be
investigated is to find if any difference in the
magnetic behavior of Fe and Mn atoms in the
Fe-Mn alloy can be detected. This will be a
subject of a forthcoming paper.
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Appendix
Spin Configurations in a f.c.c. Lattice
If we choose the &, », and { axes so that Sy is
parallel to the & axis and S is in the { plane as is
shown in Fig. 14, the second summation of eq.

4

T
¢ %
Fig. 14. Definition of ¢, », and ¢ axes.
(11) can be written
Fl@)=as+ase+ase +agetss + ataoray +orseatss

+onan+asgotar + s mtasgasg 19y
and the conditions in eq. (12) as
a§§+a§n=1
e tag, +ag. =1 (20)

aig—}-ain—l-aig:l

We now introduce Lagrangian multipliers 2:, 2s
and 2, and define a function F(a) as
Fla)y=f(a)—2alaz+ag,—1) —Ao(az+az, +a5,—1)

—(agetai, +aj,—1). 21y
We set the partial derivatives of F(a) for all a’s
and 2’s equal to zero at the pole of f{a). The
derivatives for 2’s give eq. (20) and those for a’s
give the following set of equations.

—22 1 1 as\ =— ;1
< 1 =22 1 )(a?,e) <1) (22)
1 1 =22 O 1
—22; 1 1 o\ =0,
( 1 =22 1 ) (O(an ) 23)
1 1 =22 Uy
<—213 1 ) (Ofsg):o . 24
1 —24 oy

If we define the determinants of the left sides of
eq. (24) and eq. (22) (or eq. (23)) as D; and D,
respectively, we can divide the problem into
several categories, depending upon the values of
D, and D,.
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(A) Di=0.

We get asg=a,¢=0 immediately from eq. (24)
and all the spins must lie in the ¢ plane.
(A-1) D.=#+0

All spins are collinear in the & direction because
Qo= azy = a4y =0 from eq. (23). Furthermore,
from eq. (20) we get as, ase, aye==1 but obvi-
ously only antiferromagnetic alignment of the
spins gives the minimum exchange energy.
(A-2) D,=0

In order to solve eq. (22), 2, must be —3.
Then the conditions D,=0and D,=0 give 1=—1,
resulting in asn=as,=an=0 from eq. (23), which
is the same result as in the case of (A-1).
(B) D=0
{(B-1) D.=+0

From eq. (23) all spins must lie in the » plane
just as in the case of (A-1). As eq. (22) gives
the relation (14+229)X(1+as)=0 and 1+424,7+0
from the conditions D,=0 and D,=0, the relation
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azg;=—11is obtained. Then, the second equations
gives eq. (20) and eq. (24) gives ay=0. Thus,
all the spins are again in the £ direction.
(B-2) D,=0

The two conditions D;=D,=0 result in A3=214
=—3. Using these relations and combining egs.
(22) and (23), the relation 2;=-—3% is obtained.
Equations (22), (23) and (24) can be reduced to
the following three independent equations.

oz tagetae=—1

aZU+a3n+047:0 (25)

asg+ase=0
As we have only six egs. (20) and (25) for 8
unknown quantities, we can introduces two arbi-
trary parameters, say the angles ¢ between S
and S;, and ¢ between §; and S; (see Fig. 13).
Then the simultaneous egs. (20) and (25) can be
solved straight forwardly and the solution is listed
in Table VI. There, another parameter ¢’ is

Table VI. Solution of egs. (20) and (25).

’ as I an ‘ as
Si 1 0 0
S cos @ sin ¢ 0
S, cos ¢ _(1+COS€{J)(1+COS¢) _¢2(1+cos</z’)(lq}cos¢)(1+cos<p)
. sin ¢ sing
S, cos ¢/ _(1+cos¢?(1+cos¢’) }/2(1+cos¢’)(1{rcos¢)(1+cosga)
sin sin g
introduced as the angle between §; and S,. Itis References
apparent from the first equation in eq. (25) that 1) v L. Sedov: Soviet Physics-JETP 15 (1962) 88.
the condition (13) must be imposed among the  2) M. Shiga and Y. Nakamura: J. Phys. Soc.
angle ¢, ¢ and ¢'. The collinear result in the Japan 19 (1964) 1743. -
cases (A-1), (A-2) and (B-1) is included in this %) & Kouvel o3 5ag, > FaSper 3 Phys. Chem.
case, if we choose =0, ¢=180° (¢'=180°) or 4y R Nathans and S.J. Pickart: J. Phys. Chem.

©=180°, ¢=0° (¢'=180°) or ¢=180°, ¢=180°
(¢'=0°). All the inter-spin angle in Table IV
can be calculated easily from the direction cosines
in Table VI. It is easily proved that the spin
pairs (Si, S2) and (Ss, Ss) have a common bisector
since the following relation may be proved to
hold.

(atas)(@sta,)
|oy o] otz 4oty
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