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On the basis of considerations such as allowing or discarding
c-centering symmetry or doubling the unit cell along the e-direction,
which according to Choh and Stager (1970) are the likely changes to
occur in the unit cell and symmetry necessary to describe the magnetic
structure, it is possible to construct 35 formally non-equivalent,
colinear anti-ferromagnetic arrangements of the spins. Structure
factor calculations are described only for two groups of arrangements.
One such group enumerated as (a), (b), (c) and (d) is reproduced in
figure (X) from Choh and Stager (1970). Only two of these structures,
namely (b) and (c), give a strong reflection respectively at 6,9° and
7.1°, In all of these, the unit cell is doubled along the c¢-axis, but
the ones marked with a prime have a unit cell of the same size as
the chemical unit cell., Some of the arrangements in the second group
consist of different combinations of the above mentioned arrangements
and are also shown in the same figure. These configurations give a
reflection one-quarter the intensity at 6.9° or 7.1° at these angles
whichever is allowed. Simplified expressions for Fﬁagnetic with the
appropriate conditions imposed on h,k,1 for all these arrangements
are given in the appendix. It is clear from the appendix that it is
mainly in the models VIII to XIII there are somewhat cumbersome condi-
tions imposed on h,k,1 for the presence or absence of a particular line,

Actual values for F obtained from all 'the models, are presented

magnetic
in table I.
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VII OBSERVATIONS AND DISCUSSION

The pattern (fig. VI) obtained at 77°K is what was expected
on the basis of room temperature X-ray structure determination. The
lines predicted at 18,93°, 19.58° and 19.86° are not resolved due to
their close proximity, since the resolution of the spectrometer was
about 0,7° full width at half height.

As mentioned in an earlier section, extra lines appear in the
pattern at 7.1°, 11.2°, 15.65°, etc., on cooling the specimen down to
4,2°Kk, There is no change in the nuclear peaks except that the ones
at 13.7° and 14.2° are reSOIVed. It can also be noticed in fig., (VII)
that the curve obtained at 4.,2°K lies, except around the strong extra
peaks, below the one at 77°K. This slight decrease in intensity at
liquid He temperature can be attributed to the disappearance of
contributions to scattering due to two phenomena, namely:

a) Diffuse paramagnetic scattering

b) ‘Thermal diffuse scaftering .

Both these effects show angular dependence, The former i.e, diffuse
paramagnetic scattering diminishes with increase in Bragg angle, where-
as, thermal contribution increases with increase in the angle.

The magnetic character of the extra lines appearing at L,2°K
is confirmed by the plot (fig. IX) of intensity versus rise in
temperature, There is a decrease in the number of neutrons reflected
at 7.1° as the temperature rises, Eventually the extra lines disappear.

Allowing for the background scattering, one can roughly estimate the
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transition or Neel temperature to be around (13 + 3)°K; a value found

by earlier workers from susceptibility measurements.

It was stated earlier that 35 spin configurations, which were

non-equivalent, colinear and antiferromagnetic, were possible, Twenty-

two of these did not predict a strong line either at 6.9° or at 7.1°.

This leaves us with 13 arrangements, Of these 13, six, which are

depicted in fig, (X) as (a',c'), etc., can be discarded just by inspec-

tion of table I, For example, a strong line is predicted at 10,46° on

(Q), but there is no indication of its presence at all. Of the remaining

seven, only two, namely (b) and (c')predict a strong line at 6,9° and

7.1° respectively., A closer examination of the available data, however,

reveals overwhelming evidence for (c') as described in the following:

a)

b)

According to the changes occurring in the lattice parameters
at low temperatures, there should be a slight shift to the
right in the pattern. From fig.(VIII) it is clear that

lines predicted on (c') show such a consistent shift. Both
the intense peaks (010) and (0ll) appear approximately at

the expected angles with the shift to the right.

In the case of (c') all the predicted lines can either be
clearly observed or there is some indication of their presence
where overlap takes place. On the other hand, lines expected
on (b) at 12,64°, 14,65°, 18,67° are not observed., On the
basis of structure factor (table I) and q2 (table IA) cal-
culations, one could argue that the first two peaks are very
weak and hence unobservable, The remaining two lines
respectively at 18,67° and 20,74° are, however, strong and

should be detectable even after making allowance for decrease
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in intensity due to k not lying in the reflecting planes.

In constrast, although the lines predicted on (c') at 17.06°
20,2°, 20.73° and 21,37° do not stand out unambigously, but
a close scrutiny of the pattern indicates their presence,

It should be borne in mind that the lines at 17.06° and
21.37° are weak ones.

It has not been possible to index the line observed at 11.2°,

None of the models predicts a line at this angle, It may have originated
either as a result of some spurious scattering or due to small distortions
taking place in the cell at low temperature. The latter phenomenon is
known to occur in other pyrophosphates.

The magnetic unit cell of the chosen model i.e, (c') is drawn in
figure (XI) and the observed and calcultaed intensities of the lines are
tabulated in table II, There is reasonable agreement between the two, -
Only the observed intensity of the (010) line is not within error, and
is presumably due to extinction effects in the peak. It should also be
noticed that the magnetic unit cell is the same size as the chemical
unit cell, and is not doubled along the c-axis, The c-centering symmetry,
a possibility that seemed to exist on the basis of the NMR studies, is
lost,

In conclusion it can be said that anPZO

7

which consists of ferromagnetic sheets of atoms lying approximately in

has a magnetic structure

the a-c plane, The moments in each sheet are aligned antiferromagnetic-
ally to the moments in the adjoining sheets., As far as the direction of
the spins is concerned, neutron data is consistent with the spins being

at an angle of 23° from the a-axis in the a-c plane as found by Atkinson

and Stager,
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While calculating expected intensities, use was made of the
expression, q2= ]r(§.5)2 (Section II) which takes the direction of
spins into account., As said earlier, the agreement between observed
and calculated intensities was reasonable and hence the consistency

with the neutron data,

To confirm the angle with some precision, more work, probably

with a single crystal, will be required.,



22

Reflection plane

\

e
Incident
neutron

/

Scattered neutron

k
Magnetisation vector

€

-

Scattering vector

Figure 1: Identification of the unit vectors € and k used in
the discussion of magnetic scattering. The magnetic interaction
vector q is defined as €(€.k)-k, so that q lies in the plane of
€, k and is perpendicular to€. (Bacon: page 161),
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Projection of the chemical unit cell on the (a,b) plane.

Fractional distances of different atoms are also shown.

Figure II:
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Figure III: An outline of the cryostat showing its various components.
(1) Removable Rod (RR): (2) Copper Constantan thermocouple:

(3) Vacuum/Relief Valve: (4) Liquid Helium tank: (5) Thinly machined
Aluminium section of the tail assembly: (6) Diffuser: (7) Sample
container (details in figure IV): (8) Liquid Nitrogen .tank: (9) Valve
to let 1liquid Helium into the section containing the sample container.
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Figure IV: (a) A sketch of the sample holder showing the dimensions

of the Aluminium container along with the 2 in. long threaded brass rod
(BR) attached to it. _

(b) The container is shown attached to the removable rod (RR) in the
cryostat. (1) RR: (2) Cadmium Shielding.
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Figure V: A layout of the McMaster University triple axis spectrometer.

(1) Collimator: (2) Monochromator Crystal: (3) Reactor face: (4) Con-
crete and Water Shielding: (5) Water tank, Cadmium Sheet and Wax Shielding:
(6) Neutron beam tube: (7) Sample (powder): (8) Spectrometer table:

(9) Detector counter: (10) Spectrometer base: (11) Straight-through
position: (12) Angle of Scattering 20(°).
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%—ray structure determination.
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Figure VII: Neutron powder pattern from MnEPZO at 4,2°K, The extra lines
relative to the 77°K pattern indicate the preseZce of an ordered antiferro-
magnetic structure.
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Figure VIII: Neutron powder patterns from MnyP707 77°K (4) and 4.2°K (e@).
A direct comparison of the two patterns indicates the ordering at 4.2°K
that has taken place in the structure.
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Figure IX: Determination of transition temperature. The sample was cooled
down to 4.2°K. The counter was placed at an angle of 7.1°., Temperature
was allowed to rise and a plot of number of neutrons scattered vs. tempera-
ture was obtained. The horizontal line is the average level of background
counts. The transition temperature = (13 * 3)°K.
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Figure X: Possible antiferromagnetic spin arrangements in Mn2P,07.

Diagrams (a), (b), (c) and (d) show a magnetic unit cell double the size of
the chemical unit cell. The cell is doubled along the c-axis. (a',c')
(c',d'), etc. show the other possible spin configurations. Prime indicates
an arrangement in which c-axis is not doubled. The open circles are
Manganese atoms with their spins pointing in a direction opposite to that on
the atoms shown as solid circles.
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Figure XI: The antiferromagnetic spin arrangement of P.0.. Manganese
atoms marked with open circles have spins which point at a%oZt 23° to the
a axis in the a,c plane. Manganese atoms marked with filled circles have
spins pointing in opposite directioms to the atoms marked with open circles.
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TABLE I

Calculated values of d interplanar spacing, corresponding Bragg angle 26(°), magnetic and nuclear

hkl
structure factors for various (hkl) planes.

]
Magnetic structure factor = 8p x the value given in the table.

p is as defined in Section II, equation (iii).

EXPECTED STRUCTURE FACTOR

BRAGG MAGNETIC
INDEX L ANGLE MODEL
h k1l (a°) (26°) (a) (a') (v) () (c") (a) (a*) NUCLEAR
00% 8.8535 6.88 0 0 1,00 0 0 0 0 0
010 8.5793 7412 0 o) 0 0 0.927 0 0.374 0
100 6.4608 9.42 0 0 0 0 0 0 1,000 0
01% 6.1§1o 9.94 0 0 0 0.927 0 0,374 0 0
10%  5.8350 10,46 0 0 0 0 0 1,00 0 0
110 5.1610 11.86 0 0.927 ) 0 0 ) 0 1,05
1113 4,82u46 12,64 0.927 0 0.374 0 0 0 0 0
10% L, 7644 12,80 0 0 0 0 0 1,00 0 0
001 4, 4271 13.78 0 0 0 0 0 0 0 4,23
020 4,2895 14,24 0 0.695 0 0 0 0 0 5.26
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TABLE I (Continued)

%1

(A°)
L4.1651

L,0723
3.9342
3.8604
3.6789
3.5736
3.L4563
3.3400
3.2765
3.2299
3.1879
3.1122
2,0806
3.0501
3.0232

2.9533

EXPZCTED

BRAGG
ANGLE

(26°)

14,65
14,97
15.50
15.80
16,60
17.06
17.66
18,30
18,67
18.93
19.10
19.58
19.86
20,03
20,20

20.73

STRUCTURE FACTOR

MAGNETIC
MODEL
(c)

o

o O O o o

0.695

0
0 1.000
0 1,000
0 )

0 0
0 0.72

0,72 0
0 1.00
0 0
0 0

0,72 0
0 0
0 0

0.374 0
0 0,374
0 0.72

NUCLEAR

6.42

1. 11
2,68
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TABLE I (Continued)

INDEX 4
hkil (4°)
00 3/2 2,9513
1.0 3/é 2.9268
030 2.8596

EXPECTED

BRAGG
ANGLE
20°

20,7k

20,90

21,37

(a)

STRUCTURE FACTOR

MAGNETIC
MODEL

(b) (e)
1,00 0
0 0

0 0

(e")

0,407

(d)

1,00

(a*)

0.913

NUCLEAR

0

0



*In the following Magnetic Structure factor values are to be multiplied by 4P, P is as defined earlier.

Predicted
. Benge Magnetic Structure factor

hk1l dhkl ' Angle Model

A° (20)° (a',c') (c,d") (a',c) (c',d) Q) (R)
004% 8.8535 6.88 0 o ) 0 1 1
010 8.5793 7.12 0 (0,374=,927i) «927 «374-.9271 «927 374
100 6.4608 9,42 0 1 0 0 0 0
01#% 6.1610 9.94 0 «927(1-1) .927 «927(1+1) o374 0
10% | 5.8350 | 10.46 0 0 0 i 1 0
110 5.1610 11.86 0 0 2927 0 .927 1.854
11% 4,8246 12.64 1.854 0 .927 0 374 J37h
10% L, 7644 12.80 0 0 0 1 1 0
001 L, 427 13,78 0 o] 0 (o} 0 o
020 4,2895 14,24 0 0 .695 ) .695 1.390
11% | 42650 | 14.65  [1.390 0 927 0 374 374
101 L,0723 14,97 0 0 0 1 0 0
011 3.9342 15,50 0 .927(1-1) .927 «927(1+i) .927 o}
02% 3.8604 15.80 1.390 0 .695 0 «719 .695
111 3,6789 16,60 0 0 927 0 .927 1.854
120 3.5736 17.06 0 .695(1-i) .695 «695(1+1) 695 0
1273 3.4563 | 17.66 0 695(1+i) .695 «719-,6951 719 0
101 3,3400 18.30 o] (o] (0] 1 0 0
20% | 3.2765 | 18.67 0 0 0 0 1 !

|
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*In the following Magnetic Structure factor values are to be multiplied by 4P,

P is as defined earligr.

Predicted| Magnetic Structure factor

Bragg
hkl dhkl Angle Model

A° (20)° (a',c') (c,a") (a',c) (c',d) Q) (R)

200 3.2299 18.93 0 0 ) ) 0 0
123 3,1879 19.10 0 .695(1+i) +695 «719+,695i .695 0
111 3.1122 19.58 0 0 .927 0 «927 1.854
021 3,0806 19,86 0 o] .695 0 «695 1.390
21% | 3.0500 | 20.03 0 .927(1-1) 927 374=-,927i .927 0
210 3,0232 20,20 0 .927(1-1) «927 <374+,927i «927 0
121 2.9533 20,73 0 «695(1+i) «695 «719-.927i .695 0
00 g 2.9513 | 20,74 0 0 0 0 1 1
10 g 2.9268 20,90 o o} 0 1 1 o}
030 2.8596 21,37 0 L407(1+i) 407 «913+,407i 407 0




TABLE IA

Calculated Values of q2.

q is the magnetic interaction vector defined in figure I,

Index h,k,1 - o° = 1-(e.k)°
o o % 0,84
0 1 O 1.00
1 0 O 0.17
o 1 1% 1,00
1 o % 0.60
1 1 o 0. 7k
1 1 % 0.88
1 o % 0,00
o 0 1 0.83
0 2 o 1.00
1 1 % 0.62
1 0o 1 0.87
o 1 1 0,98
o 2 1% 1.00
1 1 1 0.97
1 2 0 0. 94
1 2 7 0.98
1 0 1 0.13
2 o % 0.62
2 0 o0 0.17

Continued



TABLE IA (Continued)

Index h,k,1 ® = 1-(€.k)°
1 2 % 0.90
1 1 1 0.57
0o 2 1 1,00
2 1 % 0.62
2 1 o0 0.47
1 2 1 1,00
5]
0 /s 0.83

(0]
1 0 3/2 0.97
3

¢} 1,00
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Table II,

Observed and calculated intensities
of powder lines from manganese pyrophosphate.

Peak Type Observed Calculated
Intensity Intensity

010 M 35 % 7 53

110 N 6.3+ 3 3.3

001 N 48 + 8 53

020 N 82 + 12 82

011 M 39 + 10 37

111 N 12 + 7 9

120 M CRAPRE 13

N represents a nuclear reflection and M a magnetic
' one

The calculated intensities are normalised to the
observed intensity of the (020)peak. The observed
intensities quoted are the areas of the peaks
multiplied by the geometric factor Sin226 (Bacon

1962, p. 96).



APPENDIX

In the following, simplified expressions have been derived
for Fﬁagnetic for all the possible magnetic models of Mn2P207,
mentioned in section VI,

i) Structure (a):
P = Py = 'P3 i R
m= -1

= 8p Sin 7l cos n (h + k) Sin 2n ky
2

With 1 half-integral, (h + k) even,

1;Imagne‘lzic

ii) Structure (a'):
Py = Py = “Py = ~P = P
m=1

F . = 8p cos nl cos = (h + k) Sin 2n ky
magnetic iy

n

With 1 integral, (h + k) even.

iii) Structure (b):

F :
magnetic

= 8p Sin nl cos 2t ky Cos n (h + k)
2

With 1 half-integral, (h + k) even,
iv) Structure (c¢):
Py = P, = <Py = Py =P
m=1

"= 8 pcosnl Sinn (h + k) Sin 2n ky

F 2
magnetic >

With 1 integral, (h + k) odd,

41



v) Structure (c'):
p1=pu=-p2=-p3=p
m=1

= 8p cos nl Sin  (h + k) Sin 2n ky

l.matgnet:ic >

1 integral, (h + k) odd.
vi) Structure (d):
P =Py =P, =P, =D
m= -1

= 8p Sin nl cos 2n ky Sin n (h + k)
2

]F :
magnetic
1 half-integral. (h + k) odd.
vii) Structure (d'):
-pl=-p3=p2=p4=p
m=1

= 8p cos nl cos 2n ky Sin n (h + k)

F :
magnetic

n

with 1 integral, (h + k) odd.
viii) Structure (a',c'):

Z

|
e

]

o

Pl = p2 = “P3 = -P4 =
-pl = p2 = p3 = -ph =p; &= 1
For 1 helf integral, (h + k) even

= 8p Sin nl cos w(2ky + 1) cos m h + k
2

F 2
magnetic
ix) Structure (c',d'):

-pl=p2=p3=-pu=p; Z=O

P) = "P, =Py =P, =p; Z2=1
Fﬁagnetic = 4p Sin 2n ky =i cos n(2ky + h ; k) Sin % (h + k)

i.e. k integral or half-integral; (h + k) odd,
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x)  Structure (a',c):

By =Py Py a=p =P 4s0

Pp =P, = “P; =P, =Pp;i Z=1
[

Fﬁagnetic = bp cos © (2ky + 1) Sin nl

- for 1 half integral; (h + k) even or odd

Fhagnetic = bp Sin n (2ky + 1) cos =l

xi) Structure (c',d):

Py TP, =Py =P, =p; 242=0

p &

-p1=p2=-p3=p4=p; Z

i h +k ) h + k
= + +
Fhagnetic Lp [Sln n (2ky > ) + i cos n (2ky ._7?__4

1 integral or half-integral; (h + k) odd.

The following two structures are not a combination of the ones
mentioned previously, These give lines at both 6,9° and 7.1° and

are denoted as Q or R,

xii) Structure (Q):

n
o

Py =P, =Py =P, =P 2
Py =P, =Py =P, =P Z2=1
1 half integral; (h + k) even or odd

|Fhagnetic = bp Sin vl Sin n (2ky + 1)

For 1 integral; (h + k) even or odd

= bp Sin 2n ky cos wl

F .
magnretic




xiii) Structure (R):

P1=P2=P3='P;+=p; Z =0

Py =P =Pyr P =P Z=1

i ; h + k
Fhagnetic = bp Sin v (2ky + 1) Sin n (1 + = )

i.e. 1 half-integral; (h + k) even

h + k
2

= 4p Sin n (2ky + 1 + ) sin x (1 + B2

I;'mamgne'l:ic

i.e. 1 integral; (h + k) odd

h +k
5

Fﬁagnetic = 8p Sinn (2ky + 1) cos nl cos =«

i,e. 1 integral; (h + k) even,

Ly



k5

BIBLIOGRAPHY

Anderson, P, W, In, Magnetism Vol, I, P, 25, Acad, Press, 1963,
Atkinson, R, J, & Stager, C, V., 1969, Can. J. Phys. 47, 1557,

Bacon, G, E,, 1962, Neutron Diffraction (Oxford University Press, Oxford)
Second Edition.

Brockhouse, B, N,, Dewit, G, A,, Hallman, E, D, and Rowe, J. M., 1968,
Neutron Inelastic Scattering, Vol., II, IAEA, Vienna, P, 259,

Calvo, C, V., Tondon, V., K,, Private Communication,

Chambers, J, G., Datars, W, R, and Calvo, C, 1964, J. Chem. Phys, 41, 806,
Choh, S. G, and Stager, C. V, 1970, Can, J. Phys., 48, 521,

de Gennes, P, G, Magnetism Vol III, P, 115, Acad. Press, 1963,

Fowlis, D, C., and Stager, C. V., 1969, Can, J. Phys., 47, 371.

Lukaszewicz, K. and Smajkiewicz, R., 1961, Roczniki Chem., 35, 74l.
Nagamiya, T., Yosida, K., Kubo, R., 1955, Phil, Marg. Suppl. 4,1,

Shull, C, G. and Smart, J. S., Phys., Rev, 76, 1949, 1256,



