
I' HVSI CAL REVI E% VOLUM E 131, NUMBER 4 15 AUGUST 1963
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The magnetic structures of tetragonal chromium-modified Mn2Sb have been determined by neutron-
diffraction studies of single crystals. Compositions of Mn2, Cr, Sb for x from 0.023 to 0.10 were examined.
Three magnetic structures have been. observed, depending upon composition and temperature. These all
have antiferromagnetic coupling between manganese atoms Mn(I) in (a) sites of (0,0,0), (rm, rs,0), and
Mn(II) in (c) sites of (O, ~s,s), (-'„O,z). The high-temperature structure is that of ferrimagnetic MnsSb where
there is ferromagnetic couphng between successive layers of Mn(I) plus adjacent Mn(II) atoms. With
decreasing temperature there is an exchange inversion to an antiferromagnetic coupling between successive
layers giving a magnetic unit cell with a tetragonal axis twice that of the x-ray cell. For x=0.03 a new
weakly ferrimagnetic state exists between the ferrimagnetic and antiferromagnetic states. The magnetic
unit cell of this structure has a tetragonal axis three times that of the x-ray cell. The spins are perpendicular
to the c axis in this intermediate ferrimagnetic structure and in the antiferromagnetic state of the composi-
tions studied.

INTRODUCTION

HROMIUM-MODIFIED MnsSb exhibits a trans-~ formation with decreasing temperature from a
ferrimagnetic to an antiferromagnetic state. ' ' The
magnetic states with their temperature and composition
ranges are described elsewhere. ' This exchange inversion
is a first-order transformation and the temperature at
which it occurs T, increases with increasing chromium
content. Ferrimagnetic' Mn2Sb has an anisotropy
change at T~ =240'K with the magnetic moments
arranged parallel to the c axis at higher temperatures
and perpendicular at lower temperatures. The anisot-
ropy temperature T& decreases with increasing
chromium content. Therefore, depending upon chro-
mium content, T, Inay be either above or below T~. An
intermediate state between the ferrimagnetic and anti-
ferromagnetic states has been found for compositions
Mn2, Cr,Sb with x(0.035. This intermediate state is
weakly ferrimagnetic and the transitions from it to the
higher temperature ferrimagnetic and the lower tem-
perature antiferromagnetic states are first order. The
initial paper' reported that the intermediate state was
a spiral spin configuration. The structure of this state
has been studied in detail by neutron diffraction. It was
found that the structure is not strictly a spiral
configuration.

This paper reports on neutron diGraction studies of

' T. J. Swoboda, W. H. Cloud, T. A. Bither, M. S. Sadler, and
H. S. Jarrett, Phys. Rev. Letters 4, 509 (1960).

~ W. H. Cloud, H. S. Jarrett, A. E. Austin, and E. Adelson,
Phys. Rev. 120, 969 (1960).

3 W. H. Cloud, T. A. Bither, and T.J.Swoboda, Suppl. J. Appl.
Phys. 32, 55 (1961).

4 F.J.Darnell, W. H. Cloud, and H. S. Jarrett, Phys. Rev. 130,
647 (1963).

'M. K. Wilkinson, N. S. Gingrich, and C. G. Shull, J. Phys,
Chem. Solids 2, 289 (1957).

'P. E. Bierstedt, F. J. Darnell, W. H. Cloud, R. B. Flippen,
and H. S. Jarrett Phys. Rev. Letters 8, 15 (1962).

the magnetic states of Mn2 Cr,Sb for x=0.10„0.05,
0.03, and 0.023.

CRYSTALLOGRAPHY

The structure of the chromium-modified compositions
is that of MnsSb, namely, tetragonal, P4/emmy. The
manganese atoms in (a) positions, (0,0,0), (s,s,0), are
denoted as Mn (I), while those in (c) positions, (O, s,z),
(s,0,z), are denoted as Mn (II) and the antimony atoms
are also in (c) positions. The parameters zM =0.295 and
2'Sb= —0.280 have been determined. " The neutron
intensities of nuclear (00l) reflections for 7 orders for
the composition x= 0.10 agreed with these parameters.
Temperature factors were calculated for the Debye
temperature of 300'K of Heaton and Gingrich. ~ The
relative neutron intensities of (hh0) reflections at room
temperature indicated a Debye temperature of about
280'K, in reasonable agreement with the x-ray data.

EXPERIMENTAL TECHNIQUES

The neutron-diffraction data were obtained from
single crystals in the form of plates 0.5 cmX0. 15 cm or
of a cylinder 0.7-cm diam. The experiments were carried
out on neutron spectrometers at the Battelle Research
Reactor. A lead monochromating crystal gave an
effective neutron wavelength of 1.12 A. The crystals
were heated or cooled by a gas stream or by mounting
in a liquid-nitrogen cryostat with a temperature-
controlled heater. An iron-constantan thermocouple at
the base of the crystal was used for temperature
measurements.

The crystals were rather imperfect, with a mosaic
spread estimated to be about 30 min, according to back-
reflection Laue x-ray patterns. For the largest crystal,
estimates of the minimum mosaic spread to satisfy the

' L. Heaton and N. S. Gingrich, Acta Cryst. 8, 207 (1955).
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thin-crystal criterion of Bacon' were 2 to 6 min. Com-
parison of strong and weak nuclear reRections with
calculated structure factors showed a linear relation-
ship; therefore, the effects of secondary extinction for
these crystals were assumed negligible.

The neutron diffraction intensities of magnetic
rejections for the ferrimagnetic states were obtained by
subtraction of the nuclear contribution. The nuclear
intensities were obtained by measurements either above
the Curie temperature, or in the antiferromagnetic
state. The nuclear contributions of the (00l) reflections
were also measured at temperatures above l~ where
the magnetic moments are parallel to the c axis and
there is no magnetic contribution. The intensities were
corrected for geometrical and temperature factors. The
ratio of the nuclear intensities to the calculated struc-
ture factors ~F„~' was used to convert the magnetic
intensities to magnetic structure factors. The magnetic
form factors used were the same as those given for
Mn~Sb. 5 Recent studies' of Mn~Sb using polarized
neutrons show small differences between the form
factors of Mn(I) and Mn(II), but give essential agree-
ment with the results of Ref. 5. The nuclear structure
factors were calculated on the basis of chromium
substitution at random in the Mn(I) sites, as discussed
in Appendix A.

The compositions Mny. gCrp. y and Mn~. g5Crp. pgSb had
exchange inversion temperatures of 40 and —100'C,
respectively. The composition Mny. gyCrp. p3Sb had
transition temperatures of —140'C from the high
temperature ferrimagnetic to the intermediate weakly
ferrimagnetic state and —160'C to the antiferro-
magnetic state. This composition also showed a definite
ferrimagnetic anisotropy change at —55 to —60'C. The
composition Mn~. g7~Crp. p23Sb remained in the inter-
mediate weakly ferrimagnetic state below its transition
temperature of —190'C.

MAGNETIC STRUCTURE ANALYSIS

The neutron-diffraction patterns of these crystals
have revealed three different magnetic structures. First
there is the normal ferrimagnetic structure the same as
that of Mn~Sb, ' where the magnetic unit cell is identical
with the chemical one. The magnetic moments switch
with decreasing temperature from parallel to perpen-
dicular orientation with respect to the tetragonal axis.
In the parallel orientation there is no magnetic-scatter-
ing contribution to the (00l) reflections.

The antiferromagnetic structure has a magnetic unit
cell doubled along the c axis, as indicated by the addi-
tional (00l) and (hhl) reflections. The normal (00t) and
(hhl) reflections were solely nuclear. As reported pre-
viously, ' ' the antiferromagne tie coupling between
adjacent Mn (I) and Mn (II) atoms is maintained as

G. E. Bacon, Neutron Digraction (Oxford University Press,
New York, 1955).

9 H. A. Alperin, J. P. Brown, and R. Nathans, Suppl. J. Appl.
Phys. 34, 1201 (1963).
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FIG. 1, Temperature dependence of ferrimagnetic reflections
through the intermediate state of Mn1.97Crp. 03Sb.

in the ferrimagnetic state. There is antiferromagnetic
coupling between successive ferrimagnetic layers of
Mn (I) plus adjacent Mn (II) atoms. The magnetic
moments were found to be perpendicular to the c axis.

The composition x=0.03 exhibits a third structure
intermediate between the low-temperature Mn2Sb
ferrimagnetic state and the antiferromagnetic state
existing at still lower temperatures. This is a weakly
ferrimagnetic structure. 4' The (00l) and (hhl) reflections
indicate a tripling of the periodicity along the c axis.
There are magnetic contributions to both the (001) and
(hh&) nuclear reflections, with the relative ratios remain-
ing as in the low-temperature Mn2Sb ferrimagnetic
state. This indicates that the magnetic moments remain
perpendicular to the c axis.

All three magnetic states were studied in a crystal
with composition Mny g7Crp p3Sb. Figure 1 shows the
changes of intensity of rejections which indicate these
transitions. All rejections are indexed in terms of the
chemical unit cell. The magnetic-moment reorientation
in the ferrimagnetic state occurs between —55 and—60'C, as shown by the increase of (002) and decrease
of (110) reflections. The transition from the Mn, Sb
ferrimagnetic state to the intermediate state takes
place at —138'C during cooling. Here the new rejec-
tions for the triple cell appear and the intensities of the
normal rejections decrease. This intermediate ferri-
magnetic state exists down to about —155'C. Below—159'C the triple-index rejections disappear, those of
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reflection contributions ~Fe~'q' for this crystal in the
three states. The values were calculated from the ob-
served intensities relative to the nuclear intensities and
were corrected for form, temperature, and geometrical
factors. The values for the intermediate state at
—145'C are averages of repeated measurements in the
temperature range of —140 to —150'C over which the
intensities remained essentially constant. The (1 1 s)
and (1 1 —-', ) reflections were observed to be equal and,
therefore, they were averaged together.

The crystal with @=0.023 was examined at room
temperature and in liquid nitrogen, —196'C. At room
temperature, it has the Mn2Sb ferrimagnetic structure.
At —196'C, its magnetic structure is essentially the
same as that observed for the intermediate state of
Mn1.97Crp. p3Sb. Intensity measurements were not as
accurate as for the x=0.03 crystal because of the
background scattering of the liquid nitrogen.

0
T 8 9 iO

-0

the antiferromagnetic state with doubled cell appear,
and the intensities of the normal ones, (110) and (002),
decrease to their nuclear values. Figure 2 shows the
(001) reflection changes indicative of the ferrimagnetic,
intermediate, and antiferromagnetic states. The (001)
and (002) reflections at 19'C are solely nuclear. In the
intermediate state at —138'C there is still a magnetic
contribution to the intensities of the (001) and (002)
reflections which disappears in the antiferromagnetic
state at —169'C. Table I lists values of magnetic-

TABLE I. Observed magnetic contributions
I Fo Isa of Mnr. orCro. opSb.

Index

(0 0 2/3)
(00 1)
(0 0 4/3)
(0 0 3/2)
(0 0 5/3}
(002)
(0 0 7/3)
(0 0 5/2)
(0 0 8/3)
(1 1 0)
(1 1 1/3)
(1 1 1/2)
(1 1 2/3)

Nuclear'
F02

0.475

1.141

1.07

Ferri-
magnetic,—135'C

0
2.381

0
0
0

7.458
0
0
0

4.670
0
0
0

Magnetic
I Foll

intermediate
state, —145'C

0
0.229
2.49

0
3.46
0.582
1.00

0
0

0.456
1.30b

0
0.510

Antiferro-
magnetic,—169'C

0
0
0

7.371
0
0
0

1.124
0
0
0

2.307
0

a Calculated values.
b Average of both (1 1 )) and (1 1 —$).

DEGREES e
Fro. 2. (00l) reffections from Mnf. o7Crp ppSb at 19, —138, and—169 C for the ferrimagnetic, intermediate, and antiferro-

magnetic states, respectively. Scale values X16'10' gives
measured neutrons per minute.

STRUCTURE CALCULATIONS OF THE
INTERMEDIATE STATE

The intermediate state in Mn1.97Crp. p3Sb has a
magnetization per gram slightly less than one-third that
of the normal ferrimagnetic structure. The magnetic
contribution to the neutron diffraction intensities of the
regular reflections is about 9% of that of the normal
ferrimagnetic state, Table I. This also indicates a net
moment of slightly less than one-third that of the Mn2Sb
ferrimagnetic state. The agreement of both types of
data eliminates the possibility of a mixture of ferri-
magnetic and antiferromagnetic phases.

The antiparallel alignment of adjacent Mn (I) and
Mn (II) moments in ferrimagnetic layers is maintained
in both the ferrimagnetic and antiferromagnetic
states. '' lt, therefore, seems reasonable to assume that
the Mn (I) and Mn (II) moments within a layer are
also antiparallel in the intermediate state, and the
discussion that follows is based upon this assumption.
Furthermore, it is shown in Appendix 8 that if the
angle between Mn (I) and Mn (II) moments is assumed
to differ from x within a layer, the calculated relative
intensities of the (00l) satellite rejections (l=X&s)
do not agree with observed values.

The neutron diffraction pattern of the intermediate
state contains a ferromagnetic component of k=2or/c
and an antiferromagnetic component of k=2or/3c. A
helical structure of the type discussed by Koehler"
appeared to be a possible structure. In the present case
the structure would be a spiral arrangement of the
ferrimagnetic layers with a common angle P between
the moments and helix axis. The data of Table I for the
intermediate state do not 6t this type of structure. For
example, calculated intensities for a simple antiferro-
magnetic helix /=90', with axis parallel or perpen-
dicular to c, are shown in Table II. Average values of the
moments from the ferrimagnetic and antiferrornagnetic

'o W. C. Koehler, Acta Cryst, 14, 535 (1961).
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TABLE II. Calculation of
~

Fs
~ q of the intermediate state.

Index

[Fs)'g'
) Fo )'q' Calculated

Observed Helix with axis

(—145 C) ii to c J to c

Triple ferri-
magnetic cell'

P =O' P =18'

(0 0 1/3)
(0 0 2/3)
(0 0 1)
(0 0 4/3)
(0 0 5/3)
(00 2)
(0 0 7/3)
(o o 8/3)
(1 1 0)
(1 1 1/3)
(1 1 2/3)

~ ~ ~

0
0.229
2.49
3.46
0.582
1.00

0
0.450
1.30
0.510

0.232 0.116
0.042 0.021

0 0
3.12 1.56
4.26 2.13

0 0
1.45 0.725
0.123 0.061

0 0
1.68 2.46
0,666 0.92

0.206 0.186
0.038 0.034
0.247 0.222
2.78 2.50
3.80 3.42
0.756 0.680
1.29 1.16
0.11 0.10
0.475 0.428
1.49 1.34
0.60 0.540

a FOr 4& =~ Or 47. =7r/2.

states were used in the calculation. The calculated
intensities of the (I=N+ s) reflections for the helix with
axis parallel to c are greater than the observed values
but agree relatively. A decrease in the inclination angle

P would decrease the satellite intensities but would
yield only a magnetic contribution to the (hN) reflec-
tions and none to the (001) reflection. The relative
intensities of the (l=N) reflections are the same as
those observed for the ferrimagnetic state (see Table I).
Thus, the axis of the 2~/3c component is parallel to c,
but the ferromagnetic component 2~/c is perpendicular
to c. The net moments of each layer must, therefore, lie
in the basal plane perpendicular to c.

The magnetization of a layer can be represented by
vectors of constant magnitude having phase angles C.„
in the basal plane, where n=0, 1, 2. Without loss of
generality 4 0 can be chosen to be zero. Since the neutron
diffraction contains k =2'/c and k =2'/3c components,
the magnetization of a layer can also be expressed as"

M(n) = D+ U cos(27m/3)+ V sin(27m/3), (1)

where U and V are perpendicular and n takes the values
0, 1, 2. In order to make ~3f(n)~ the same for each
layer, D V=O and 4D U= V' —O'. It follows that
M(0) M(1) =M(0).M(2). Thus, either Cz ——4's or
C»= —4». Denoting these two cases by 4,=4~=42 and
4', =Cz= —Cs the intensities of the (00l) and (1U)
reQections will be

)Fo)'qs(00l)
= 4/9 (Pz —Pzz cos2~ls)'

XL(1+2 cosC; cos2m.l)'+ (2 sinC, cos27rt)']
=4/9(Pz —Pzz cos27rls)'

XL(1+2 cosC; cos2~l)'+ (2 sinC, sin2vrl)'$, (2)

~
p, ~s&s(1u)
=2/9(1+cos'0) (Pz+Pzz cos2vrls)'

X$(1+2 cosC; cos2m I)'+ (2 sinC, cos2ml)s]
=2/9(1+cos'0) (Pz+Pzz cos2mla)s

XL(1+2 cosC; cos2m l)s+ (2 sinC; sin27rl)s),
» D. H. Lyons, Y. A. Kaplaa, K. Dwight, and N. Menyuk,

Phys. Rev. 126, 540 (1962).
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Fzo. 3. (a) Single-
spin-axis structure
and (b) double-spin-
axis structure.

where I is the index based on the x-ray unit cell, 0 is the
angle between the scattering vector and the c axis, I'~
and Pzz are the magnetic scattering lengths of Mn (I)
and Mn (II) sites, respectively, and s is the position
parameter of Mn (II) in the x-ray unit cell. For the
case 4~, =2m/3 the structure is a simple helix with axis
parallel to c, and the equations become identical with
those of Koehler. "

Using an average of the values for I'z and I'I~ deter-
mined for the ferrimagnetic and antiferromagnetic
states, respectively, the observed intensities of the inter-
mediate state listed in Table I were substituted into
Eqs. (2) to obtain values for 4; and 4;. For L=N and
i=X&3 the values for cosC; were —1.03 and —0.735,
respectively, and these for cosC, were —0.970 or —0.03
and 0.177, respectively.

These solutions did not yield unique values of 4; and

4;, but suggested values of x or ~/2. The best agreement
of relative calculated intensities were obtained for
4', =m or C~, =m-/2 as given in Table II. The calculated
intensities were too great and any variation in C; or C,
to decrease the intensities of 1=%&—', reflections causes
an increase for those with /=X. This indicated that
the neutron diRraction intensities were due to a net
component of cos'P times ~Fe~'q' of Eqs. (2). The net
component may be produced by an oscillation angle p
of the moments of each layer or by a spiral with a
propagation vector r in the basal plane with a cone
angle p.

Calculations of the observed intensity data gave
cosP =0.95&0.01 (P= 18'),cosC, = —1.00&0.01 (4;=~),
and cosC;= —1.00 or 0&0.01 (C~;=x or —,'~). The mag-
netic structure corresponding to the case C,=C,.=m is
the single-spin-axis structure of Fig. 3(a) and that for
4, =x/2 is the two-spin-axis structure of Fig. 3(b). The
sequence of phase angles for successive layers of Mn (I)
plus adjacent Mn (II) moments is 0, m, ~, 0 for single-
spin-axis model and 0, 7r/2, —~/2, 0 for the two-spin-
axis model.
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A spiral structure with v in the basal plane should
produce additional neutron diffraction satellites lying
along a reciprocal lattice row Lh00] or Lhh0j. According
to Koehler's equations, " the ts sin'P would make the
intensities of such satellites very weak, about 2.5'Po of
the triple ferrimagnetic cell rejections. Evidence of such
satellites was sought by scans along L100j and L110]
reciprocal lattice rows from the strongest ferrimagnetic
reflections, (110), (002), and (00 —', ). No satellites were
detected within the order of 0.5% of the intensities of
the ferrimagnetic intensities. This may be due possibly
to a nonperiodicity of the propagation vector 7. be-
tween successive layers.

If the possibility of disorder within a layer is con-
sidered, then the angle p in Eqs. (B1) and (B2) in
Appendix 8 would vary randomly between positive and
negative values. Only the terms in cosy would remain.
The net result would be the same as reducing the PI~
by the factor cosy. A value of p=25' would bring
observed and calculated intensities into agreement.

A random deviation from the antiparallel alignment
of Mn (I) and Mn (II) moments within a layer does
not seem plausible for the intermediate state because
there is no such deviation in the ferrimagnetic and anti-
ferromagnetic states at temperatures just above and
below the temperature range over which the inter-
mediate state exists. A magnetic disorder in which the
angles between the net moments of the layers deviates
randomly from average values seems much more likely
because the interlayer exchange energy should be small
in the intermediate state. This exchange energy must
pass through zero during a ferrimagnetic to antiferro-
magnetic transition, and the intermediate state of the
x=0.03 crystal exists only in a narrow temperature
range between the ferrimagnetic and antiferromagnetic
states.

MAGNETIC-MOMENT CALCULATIONS

The magnetic moments of the two sublattices for the
ferrimagnetic and antiferromagnetic states were calcu-

TABLE III. Magnetic moments of the ferrimagnetic
state of Mn2 Cr Sb.

Temperature
('C)

54
75

110
154
200

23—16—33

—135

Magnetic moments in pg
Mn (I) Mn (II)

For MnI. QCrQ. ISb
1.69~0.07 2.19~0.08
1.65%0.07 2.06&0.08
1.46%0.07 1.88&0.08
1.22%0.1 1.46&0.10
0.77%0.1 0.94~0.1.0

Fol Mnl. ggCrp, pgSb

1.57&0.07 2.92&0.10
1.64+0,07 3.06~0.10
1.63+0.07 3.23~0.10

For Mn1. gzCrQ. Q3Sb

1.82%0.07 3.85&0.12

Net moment
per Mn atom

0.25
0.21
0.21
0.12
0.08

0.67
0.71
0.80

1.01

lated from neutron-diffraction data. Those for the
Mn2Sb ferrimagnetic state above the anisotropy change
were calculated from the (110), (111), and (101)
rejections, while those for the lower Mn2Sb ferri-
magnetic state were calculated from the (001), (002),
(003), and (110) reflections. The values are given in
Table III. For the antiferromagnetic state, the (001)
series of reflections and the (11ts) reflections were used.
Table IV lists the calculated moments. The Mn2Sb form
factors agreed with values obtained from simultaneous
solutions of the five (003) antiferromagnetic reflections
measured out to sin8/X of 0.42 at room temperature for
Mn~. gCrp. ~Sb. Figure 4 shows the temperature depend-
ence of the moments in both the ferrimagnetic and anti-
ferromagnetic states. The apparent increase in the
moment of Mn (II) and in the net moment per atom at
the ferrimagnetic to antiferromagnetic transition in
Mny. g Crp. ySb is not consistent with the Hall effect
measurements of Bierstedt" which show no change in
the number of carriers at the transition. Also the net
moment per atom in the ferrimagnetic state is lower
than that obtained by Darnel1. et ul. 4 from saturation

4.2

Cl

3.0-
K

CO+ 2.4-

8
& le=i
I-
X
4J lg

X
0.6-

I

50 l00
I

M0
oK

Mn y
of MniCro, isb

& MnH

E MnE
h Mn &

of Mnl. gICro, ossb

of MnigzCrpogsb
d Mng

Temperature
{'C)

24—15—100—195K

—99—116

—169—196.

Magnetic moments in p~
Mn (I) Mn (II)

For Mn1.gCr Q.ISb
1.70+0.07 2.50+0.10
1.87&0.07 2.67&0.10
1.88&0.07 3,03&0.10
1.84&0.10 2.84&0.15

For Mn1. g5Crp. 05Sb

1.75~0.07 3.58&0.12
1.83&0.07 3.55&0.12

For Mn1. gzCrQ. Q3Sb

1.70&0.07 3.59&0.12
1.76&0.10 3.68&0.15

Net moment
per Mn atom

0.40
0.40
0.57
0.50

0.86
0,91

0.95
0.96

TABLE IV. Magnetic moments of the antiferromagnetic
state of Mn2, Cr, Sb.

Fro. 4. Plot of magnetic moments versus temperature: open
symbols denote ferrimagnetic state; solid symbols deno+ anti-
ferromagnetic state.

a From measurements of crystal in liquid nitrogen.

's P. E. Bierstedt (to be published).
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'3 Reference 9 gives values of the atomic moments of Mn2Sb at
room temperature that are lower than those of Ref. 5 but does not
give values at low temperature.

magnetization measurements. It is suspected that the
values of Mn (II) moment for the ferrimagnetic state
of Mn&. gCrp. &Sb given in Table III may be too low,
although a source of error in the neutron-diffraction
data that might lead to the low values has not been
found. The transition in Mny. g5Crp. p5Sb was quite broad,
extending from about —50 to —90'C, and involved a
partial anisotropy change in the ferrimagnetic state as
evidenced by a small increase in the normal (00l)
reflections within this temperature range.

In Fig. 5 the temperature dependence of the Mn (I)
and Mn (II) moments for the compositions x=0.05 and
x=0.1 is compared with the molecular field solutions
discussed in Ref. 4. The neutron-diffraction results show
the different temperature dependence of the two sub-
lattices predicted by the molecular-field solutions.

The magnetic moment of Mn (II) decreases with
increasing chromium content from that reported for
Mn2Sb, while that of Mn (I) appears to undergo an
initial decrease followed by a slight increase over the
range of compositions studied. Figure 6 is a plot of the
magnetic moments of the antiferromagnetic structure
extrapolated to O'K compared with those of Mn~Sb. '"
Magnetization data' have given evidence of a decrease
of net moment with addition of chromium. This is con-
firmed by the present data for the highest chromium
content. However, for the lower chromium composi-
tions, the net moment is about the same within the
range of error.

The possibility was considered that the antimony
atoms possess some magnetic moment. Calculations
were made from the data of the Mn&. gCrp &Sb crystal
in the ferrimagnetic state. An identical form factor was
assumed. The solutions of the structure factor equations
gave the manganese values essentially unchanged and
antimony moments of 0.019%0.10 y~ at 200'C. These
results are in agreement with those of Wilkinson' on
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FIG. 6. Variation of magnetic moments with chromium content
in Mn~ Cr Sb extrapolated to O'K.

Mn2Sb and indicate that the antimony atoms do not
have a magnetic moment.

CONCLUSIONS

Chromium-modified Mn~ Cr Sb can exist in three
magnetic states depending upon temperature and
chromium content. With decreasing temperature, the
order changes from the ferrimagnetic Mn2Sb structure
to a weakly ferrimagnetic structure and than to an anti-
ferromagnetic state. In all of these structures there is
antiferromagnetic coupling between layers of Mn (I)
atoms and the adjacent Mn (II) atoms.

In the Mn2Sb ferrimagnetic structure, the magnetic
unit cell is identical with the nuclear or chemical unit
cell, with ferromagnetic coupling between successive
ferrimagnetic layers. In this structure the spins are
parallel to the c axis at high temperatures and perpen-
dicular at low temperatures. The antiferromagnetic
structure has a unit cell doubled along the c axis, result-
ing from antiferromagnetic coupling between successive
ferrimagnetic layers. For the compositions studied the
spins were perpendicular to the c axis, even though the
transition may be from either the high- or low-tempera-
ture spin orientation of the ferrimagnetic state depend-
ing upon the chromium content. The weakly ferri-
rnagnetic state exists for compositions with @=0.023
and x= 0.03. This intermediate structure has a magnetic
unit cell with a c axis three times that of the chemical
unit cell. It has two possible structures that are in-
distinguishable by unpolarized neutron diffraction. The
angles between moment directions in successive ferri-
rnagnetic layers go in the sequence m, 0, x or -', m, m, —2~.
There appears to be some magnetic disorder in the
structure consisting of a small random deviation in the
angle between successive layers. The deviation angle
was found to be about 18 degrees.
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APPENDIX A. CHROMIUM DISTRIBUTION

The chromium could possibly substitute for the
manganese either at random or preferentially in one of
the two manganese equivalent sites. No nuclear super-
lattice reflections were detected, thus, there is no
evidence of ordering of chromium in either the Mn (I)
or Mn (II) sites. Therefore, calculations were made for
the composition with highest chromium content for
comparison with observed nuclear intensities at 24'C.
At this temperature the crystal was in the antiferro-
magnetic state and there were no magnetic contribu-
tions to the normal nuclear reflections. The neutron
scattering amplitudes in 10 "cm units were —0.37 for
manganese, 0.35 for chromium, and 0.54 for antimony.
Table V lists observed and calculated relative inten-

TABLE V. Comparison of calculated and observed neutron-
di8raction reflections for Mn1.9Cr0.ISb at 24'C.

ReAection

(110)
(220)
(330)
(200)
(400)
(101)
(202)
(303)
(001)
(002)
(003)
(004)
(005)
(006)

Observed

1.00
0.084
0.30
0.057
0.018
1.00
0.173
0.241
0,70
1.00
0.186
0.018
0.204
0.41

Calculated for chromium in
Random Mn (I) Mn (II)

1.00 1.00 1.00
0.027 0.036 0.020
0.29 0.29 0.29
0.046 0.060 0.035
0.017 0.023 0.013
1.00 1.00 1.00
0.208 0.142 0.28
0.197 0.185 0.19
0.75 0.74 0.815
1.00 1.00 1.00
0.183 0.22 0.16
0.015 0.008 0.021
0.24 0.27 0.225
0.41 0.41 0.32

sities. The comparison, particularly of the sensitive
(202) and (303) reflections, favors chromium substi-
tuted at random in the Mn (I) sites.

The magnitude of the magnetic structure factors is
dependent upon the nuclear structure factors used in
the intensity conversion. Moments were calculated from.
the magnetic structure factors of (110), (101),and (111)
reflections for the ferrimagnetic state at 50'C obtained
according to the varying nuclear values for the different
chromium distributions. The (101)magnetic component
came only from the Mn (II) atoms. The simultaneous
solutions of these reflections gave agreement in magnetic
moments only for chromium in Mn (I) sites. Table VI
lists the magnetic scattering amplitudes given by these
solutions for the three choices of chromium substitution.
Therefore, it was concluded that the chromium substi-
tuted preferentially in the Mn (I) sites.
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TAsLE VI. Magnetic scattering amplitude variation with
chromium distribution in Mn1 9Cr0. 1Sb at 50'C.

Chromium
distribution

In Mn (I)
At random
In Mn (II)

Mn (I)
(110) (110)

and (101) and (111)

0.44 0,45
0.64 0.49
0.81 0.56

Mn (II)
(110)

and (111) (101)

0.58 0.59
0.69 0.55
0.79 0.54

APPENDIX B

Calculated Intensities for Deviations
in Phase Angle

The deviation of phase angles from x between
adjacent Mn (I) and Mn (II) spins in the basal plane
can be expressed as vr&y. For a periodic lattice within
one domain the sign of y must be assigned with the s
parameter of the triple cell. This leads to sine terms in
the complex structure factor, F, and the equations for

~

F
~

' (00l) of the triple unit cell are as follows:
For the single-spin-axis system:

IF I'(00l)
= L4(Pz —Pzz cos2mls cosy)'+

~
2Pzz sin2zrls sing

~

'j
X/1 —2 cos(2zrl/3) j' (81)

and for the system of two perpendicular spin axes:

i
F i'(001) == L2(Pz —Pzz cos2~ls cosy)

—4Pzz sin(2ml/3) sin2~ls sing]'
+L4 sin(2zrl/3) (Pz —Pzz cos2mls cosy)

—2Pzz sin2zrls sing]'. (82)

In averaging over all domains this equation reduces
to

~

F
~

'(001)=- $1+4 sin'(2zrl/3) )
X/4(Pz —Pzz cos2zrls cosp)

+ (2Pzz sin2zrls sing)'1, (33)

where l and s are the index and parameter of the triple
cell. Calculations according to these equations indicate
increased intensity for nonobserved satellite reflections
such as (002) and (008). A deviation angle y of 25 deg
would be required to bring the

~

F
~

' values of the strong
satellites (004) and (005) into agreement with observed
ones. For this angle the calculated value of the normal
ferriznagnetic reflection (003) is increased and those of
(002) and (008) are equal to or greater than that of
the (003). If the deviation angle y were in a vertical
plane, then the sine terms for the (00l) reflections would
vanish, leaving just the cosine terms which would
decrease the calculated values to approximate agree-
ment. However, then there would be a corresponding
increase in the calculated values for the (hh/) reflections
which leads to greater disagreement with the observed
data.


