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Ref inement  of the Structure  of LiMnPO~ 

:BY S. GELLEt¢ AND J .  L. DU~A~D 

Bell Telephone Laboratories, Incorporated, Murray Hill, _New Jersey, U.S.A. 

(Received 25 August 1959) 

The least-squares technique applied to three-dimensional X-ray diffraction data  has been used to 
refine the structure of LiMnPO~. The crystal belongs to space group D~g-Pmnb; the unit cell with 

a=6 .10+0 .02 ,  b=10.46+0.03,  c=4-744+0.010 Jk 

contains four formula tmits. The structure is closely related to that  of olivine (Mg2SiO~). I t  consists 
of discrete PO4 tetrahedral complexes and highly distorted oxygen octahedra about the Li + and Mn 2+ 
ions. The average P-O distance is 1.54 A with no significant differences among the three non- 
equivalent P-O distances. The PO4 tetrahedron is not regular, however, there being two significantly 
different sets of O-O distances or O-P-O angles. 

For this structure, neglect of off-diagonal terms of the normal equations matr ix of the least-squares 
calculation does not significantly affect the results. Furthermore the least-squares calculation with 
use of only the [001], [010], and [100] zonal da ta  and neglect of the off-diagonal terms of the normal 
equations matrix gives results differing in only a minor way from those obtained by use of three- 
dimensional da ta  and inclusion of the off-diagonal terms of the normal equations matrix.  

Introduction 

The observations of second-nearest-neighbor nuclear  
magnet ic  resonance shifts in iron group phosphates  
have  recently been reported by Mays (1957). Crystals  
of LiMnP04 become ant i fer romagnet ic  a t  34.8 °K. 
(Mays, 1959). A mineral  specimen had a somewhat  
higher N6el t empera tu re :  approx imate ly  42 °K. 
(Bozorth & Kramer ,  1959). In  the ant i fer romagnet ic  
s ta te  the size of the  pal  shift indicates t h a t  the 
magnet iza t ion of the Mn e+ is being felt by the P a tom 
which is a second-nearest-neighbor (Mays, 1957). 

Mays made  his original measurements  on mineral  
specimens of lithiophilite, which always,  apparent ly ,  
contain some Fe 2+ ion. Nielsen synthesized some pure 
LiMnP04 crystals  by  the method  of Zambonini  & 
Malossi (1931). These crystals  are isostructural  with 
the  mineral.  Mays '  subsequent  measurements  and  
those described in this paper  were made  on specimens 
of the synthet ic  LiMnP04.  

Certain of the nuclear magnet ic  resonance observa- 
tions are very  sensitive to atomic positions. Thus the 

(Mnz Fel_x)PO4 atomic parameters of heterosite, 3+ a+ 
(BjSrling & Westgren (1938)) as suggested by BystrSm 
(1943) for lithiophilite were not of adequate accuracy. 
The refinement of the LiMnPO4 structure was under- 
taken mainly for the purpose of aiding in an ultimate 
understanding of the magnetic interactions in this 
crystal. 

The mineral triphylite, which is LiFePO4 containing 
varying amounts of Mn 2+ ion, is also isostructural 
with LiMnP04. An X-ray structural investigation was 
made on a triphylite specimen by Destenay (1950). 
Some of the distances found by I)estenay in triphylite 

are not  in accord with  analogous distances found in 
the  present  s tudy.  

Experimental 

Powder photographs of samples from the specimens 
synthesized by Nielsen indicated that the LiMnP04 
was isostructural with the lithiophilite mineral. Using 
the lithiophilite cell dimensions (Gossner & Strunz, 
1932),* crystals were aligned by means of a single 
crystal spectrometer and (100) and (001) plates were 
cut. These were polished to thicknesses of 0.10 and 
0.12 ram. respectively. The plates were very nearly 
square of about 2 mm. on the side. 

The Buerger precession camera was used to obtain 
the intensity data. With Me Kc¢ radiation the 0th, 
Ist and 2nd layers about [100] and 0th and Ist layers 
about  [001] were accessible. The largest  values ob- 
served for h, k, 1 were 8, 14, 6 respectively. The to ta l  
number  of independent  observable reflections is 329. 
Of these 61 were too weak to be observed. 

The s y m m e t r y  of the  X - r a y  diffraction effects is 
D2~,--mmm. Reflections hkO are present  only for k even, 
and hO1 only for h + l  even. Thus the probable space 

,s C~v-P21nb. I t  will be shown groups are D2h-Pmnb or 
subsequent ly  t ha t  the d a t a  are compatible with Pmnb, 
which m a y  therefore be t aken  as the most  probable  
space group. F rom the Buerger  precession camera  
photographs,  the  cell dimensions of the  synthet ic  
LiMnP04 are 

* These  are  a---- 6-05, b = 10.37, c---- 4.72 A. T h e  a a n d  c d i m e n -  
s ions were  close e n o u g h  to  t h o s e  of t he  s y n t h e t i c  so t h a t  no  
a m b i g u i t y  occu r red .  A d j u s t m e n t s  to  t h e  co r r ec t  ang les  w e r e ,  
of course ,  nece s sa ry .  
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a =  6-10_+ 0.02, b = 10.46 __ 0"03, c = 4.744_+ 0.010 A . 

Wi th  four formula units per cell, the X-ray  densi ty  
is 3.44 g.cm. -3.  

The photographed  plate  specimens were both con- 
s iderably larger t han  the impinging X-ray  beam, thus 
yielding da ta  which were quite uniform in in tens i ty  
(Donnay & Donnay,  1954). This was not  quite the  
case for the  very  weak intensities. 

Intensi t ies  were measured with a Leeds-Nor thrup  
photodensi tometer .  A simple modif icat ion was made, 
however,  which permi t ted  efficient measurement  of 
even the weakest  intensities. When the long th in  slit 
is used as a viewing aperture,  a very noisy background 
is obtained.  This occurs because the grain size of the 
X-ray  film (Eas tman  Kodak  old Type K and new No 
Screen) emulsion is large : because the small slit sees only 
a small number  of grains at  any  ins tant ,  it necessarily 
sees a nonrandom dis t r ibut ion which results in noise. 

This noise is great ly  reduced by subst i tut ing for the  
slit a circular hole of d iameter  smaller t han  the length 
of the  originally used slit. The original l ight source is 
a sharply focused image of a single s t ra ight  wire 
f i lament.  In  order to i l luminate  the entire area of the 
hole, the diameter  of which is about  one hundred  times 
the  thickness of the focused f i lament  image, the fil- 
ament  is s imply moved back to cause the blurred 
f i lament  image to be wider t han  the diameter  of the 
hole. In  this way an area at  least ten  t imes larger 
t han  the former slit area is used, with propor t ional ly  
less var ia t ion  of densi ty  due to the  larger number  of 
grains under  observation. Exper iments  show tha t  the 
two methods  give closely the same results, but  t h a t  
the  new method  makes de terminat ion  of the back- 
ground much easier and cuts in half the t ime needed 
to measure a film. Previously each spot was scanned, 
and  a visual ly in tegrated peak height  was used as the  
densi ty  of the spot. Now, with the absence of noise, 
the  viewing hole can be moved into the center of the 
spot, and the peak densi ty  read at  once. Scanning is 
needed only for the  background,  where, even though 
much reduced, there is still some residual noise. 

Usual ly exposures of the  layers were t aken  as 
follows: 8, 4, 2, l ,  ½ hours. In  a few cases, X- ray  tube 
current  and both  voltage and current  were decreased 
in order to obta in  measures of the strongest  intensities. 

After obtaining the intensities, the relat ive [F~z[ 2 
were obtained by applying the Lorentz-polarizat ion 
corrections as obta ined from Waser (1951, 1952) and 
Grenville-Wells & Abrahams (1952) charts, t Because, 
with the above described method of pho tography  the 
absorpt ion correction is constant  for each layer (Don- 
nay  & Donnay,  1954), no absorpt ion correction was 
needed and the  IF~zcz[ were put  on the same scale by 
the  method  of cross-comparison of values common to 
more t han  one layer. 

* The range of densities for triphylites measured by 
Destenay (1950) is 3.42-3.56 g.cm. -3. 

These charts are supplied by Nies. 

R e f i n e m e n t  of the  s t r u c t u r e  

The parameters  given by Bj6rling & Westgren (1938) 
for heterosite and by Destenay for t r iphyl i te  are listed 
in Table 1. Some re-estimates were made (Table 1) 
and h/c0 and Okl structure ampli tudes  calculated.* 
The comparison with observed s tructure ampl i tudes  
indicated the correctness of the structure.  Signs were 
applied to the observed ampli tudes,  and the (100) and 
(001) projections of relat ive electron densi ty were 
calculated.~ These gave convincing evidence t ha t  the  
general features of the s t ructure were correct but  also 
t ha t  some significant changes in oxygen parameters  
were indicated.  Also because of overlap, the para- 
meters of the oxygens in the 4c positions could not  be 
accurately  determined.  

Table 1. Initial atomic parameters of LiMnPOa compared 
with those of Bjb'rling & Westgren for heterosite and of 

Destenay for triphylite 
Parameters 

Posi- ~ B Refer- 
Atom tion x y z (A ~') ence 

Li 4a 0 0 0 B &~" 
0 0 0 D 
0 0 0 1.5 Initial 

1V[n 4c 0 - 2 5 0  0.278 -- 0.028 B&~ r 
Fe 0.250 0.282 -- 0.023 D 
Mn 0.250 0-278 -- 0-028 0.5 Initial 

P 4c 0 " 2 5 0  0"097 0.417 B&~'V 
0"250 0-095 0.418 D 
0"250 0"097 0"417 0"8 Initial 

O 4c 0 " 2 5 0  0.056 -- 0.250 B &W 
0.250 0 . 1 0 7  --0.268 D 
0.250 0.056 -- 0.268 1-2 Initial 

0 4c 0 - 2 5 0  0.444 0-250 B&W 
0-250 0.460 0.208 D 
0.250 0.444 0.232 1.2 Initial 

O 8d 0 . 0 2 8  0.167 0.194 B&W 
0.043 0.165 0-288 D 
0.046 0.167 0.268 1.2 Initial 

In i t ia l ly  an IBM 704 least-squares program devised 
by Busing & Levy (1959) was used. The weighting 
used was simply in accord with the mult ipl ic i ty  except 
for those ampli tudes  of reflections too weak to be 
observed. These were put  into the calculation as half  
the threshold value and given extremely low weights. 
As indicated (Table 1), isotropic tempera ture  factors 
were used, and in the init ial  calculation these were 
held constant .  These calculations also permi t ted  us to  
make ext inct ion corrections as described elsewhere 
(Geller & Booth,  1959). The reflections for which these 
corrections were made and the values before and af ter  
correction are listed in Table 2. Including these cor- 

* The IBM 704 programs used in these calculations were 
devised by Dr 1%. G. Treuting. 

t The atomic scattering factors used were as follows: 
Li +, James & Brindley, 1931; Mn 2+, Thomas & Umeda, 1957; 
P, Viervoll & Qgrim, 1949; and O, Berghuis et al., 1955. 
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rect ions ,  t he  R va lue  was  12% for the  329 a m p l i t u d e s  
i nc luded  in  the  ca lcu la t ion  a n d  m u l t i p l i c i t y  ignored  
( t ha t  is, each a m p l i t u d e  is coun ted  e x a c t l y  once). 
The  p a r a m e t e r s  o b t a i n e d  in  th i s  ca lcu la t ion  are l i s ted 
in  Tab le  3, 1. I t  should  be m e n t i o n e d  t h a t  w h e n  th i s  
ca lcu la t ion  was s topped,  some s ign i f ican t  changes  h a d  
st i l l  t a k e n  place in oxygen  coordinates ,  e.g., - 0 . 0 0 5  
in  zol, b u t  i t  appea red  sensible a t  th i s  po in t  to a l low 
the  t e m p e r a t u r e  fac tors  of al l  b u t  t he  Li+ a toms  to 
va ry .  Af te r  one cycle t he  t e m p e r a t u r e  fac tor  of t he  P 
became  nega t ive  a n d  the  ca lcu la t ion  s topped .*  Fo r  
i n t e re s t  these  p a r a m e t e r s  are also l is ted in  Tab le  3, 2. 
This  t ime  the  la rges t  change  was aga in  t h a t  of the  zol 
which  was +0 .006 .  

0 0  0 0  0 0  0 0  0 0 0  
0 0  0 0  0 0  0 0  0 0 0  

0 0  0 0 ~  0 0 0 0 0 0 0  
6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6  

I I I I I 

~ ° -  ~ ~ , o  ~ - ~  
0 0  ~ 0 0  0 0 0  

0 0  0 0  ~ 0 0  0 0 0  
0 0  0 0 ~  ~ 0 0 ~ 0 0 0 ~  

I I i I 

¢ o ~ o ° ~  2 °  2 o ° o °  
0 0  0 0 0 0 0  0 0  0 0 0 ~  
6 6 5  6 6 ~  & 6 6  ~ 6 5  6 & 5 6  

Table  2. Extinction corrected amplitudes 
(after first refinements) 

hlcl IFol IFol w 
020 42.7 47.5 0.20 
120 37.5 40.2 0.50 
140 59.5 6 6 . 1  0.45 
160 81.8 95 -0  0.40 
200 86.2 136.0 0.10 
260 77.0 86.8 0.45 
340 69.8 77.0 0.50 
360 65.6 75.4 0.40 
400 95.0 118.6 0.15 
011 48.2 56.4 0.40 
031 55.4 64.4 0.40 
041 50.6 55-9 0.50 
051 23.4 24.0 0"50 

]/~'o[ = corrected JFoJ. 

hlcl IFol IF'I w 
071 62.7 68.8 0.50 
131 76.3 90.0 0.80 
151 33.2 35.8 1.00 
271 56.3 64 -7  0.80 
331 55.4 71.2 0"70 
012 49.1 53.0 0.50 
022 53.6 58.8 0"50 
042 61.2 68.1 0.45 
142 59.6 65-4 1.00 
202 35.2 49.7 0.10 
212 22-2 23.3 1.00 
222 68-0 95 -7  0.20 

w=weight  in L.S. calculation. 

W e  t h e n  decided to  use Sayre ' s  NYXl%2 least-  
squares  r e f i n e m e n t  p r o g r a m  on the  da ta .  E x c e p t  for 
the  amp l i t udes  corrected for e x t i n c t i o n  (Table  2) the  
we igh t ing  scheme was the  same.  Fo r  the  ex t i nc t i on  
corrected ampl i tudes ,  the  we igh t ing  was  t a k e n  in 
accord  w i th  the  pe rcen tage  correct ion (Table 2) a n d  
superposed  on the  m u l t i p l i c i t y  weight .$  

I n  the  f i rs t  ca lcu la t ion  w i th  Sayre ' s  p rogram,  t he  
s t a r t i n g  p a r a m e t e r s  were those  in  Tab le  3, 1, a n d  on ly  
100, 010, a n d  001 p inaco ida l  d a t a  were used. Af te r  f ive  
i te ra t ions ,  the  R va lue  decreased  to  9 %  for these  da ta .  
Aga in  th i s  R va lue  inc ludes  all  unobse rved  d a t a  a n d  
ignores  mul t ip l i c i ty .  The  resu l t ing  p a r a m e t e r s  are 
l i s ted in  Tab le  3, 3. 

The  n e x t  ca lcu la t ion  was  m a d e  wi th  Sayre ' s  p r o g r a m  
inc lud ing  all  t he  da ta .  The  t e m p e r a t u r e  fac tor  for Li+ 
was held  cons t an t  a t  1 . 0 / ~ .  The  resu l t s  of th i s  calcula- 
t i on  are l i s ted in  Tab le  3, 4. The  R va lue  ca lcu la ted  
as before is 9%. 

The  f ina l  ca lcu la t ion  was m a d e  wi th  the  B u s i n g -  
L e v y  p r o g r a m  wi th  a modi f i ca t ion  i n t roduced  b y  us. 
This  is a l r e a d y  p a r t  of t he  Sayre  p r o g r a m  a n d  is con- 
cerned w i th  the  t e m p e r a t u r e  fac tor  re f inement .  The  

* This stop is built into the Busing & Levy program we 
used. 

When the correction was greater than 10% , w=  
~tp(2]Yol-[Fol)/I Fo]to the nearest 0.05, where p is the mul- 
tiplicity. 
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Table 4. Calculated and observed amplitudes 

,6,=,0 ,6=1 ,6=1 ,6,=2 

h k Fo Fc h k Fo Fc h k Fo Fc h k Fo Fc 

0 2 48 .8  -4b,.. 4 0 1 58 .0  - 5 8 . 4  b, 1 33.11 - 3 6 . 2  0 0 11.1 14.9 
0 b, 5 . 5  - .2 0 2 40.7  - 3 6 . 9  It 2 10.1 - 8 .6  0 1 54 .5  52.3  
0 6 3 9 . 0  - 3 6 . 4  0 3 66 .2  61 .4  4 3 37 .3  3 6 . 4  0 2 60 .5  - 5 8 . 5  
0 8 10.0 - 1 2 . 0  0 h 57 .5  58 .0  4 h 17.9 17.h 0 3 < 8 .4  3 . 4  
0 10 33 .2  29 .5  0 5 24 .7  -25 .1  )4 5 l i t . 8  - 1 5 . ~  0 4 7 0 . 0  62.3 
0 12 <10 .9  1.2 0 6 12.5 9 .6  4 6 < 8 .8  3 . 4  0 5 < 8 .6  1.5 
0 114" 18.5 17.1 0 7 70 .7  721 6 4 7 52 .3  57 .7  0 6 39 .9  - 4 0 . 7  

41.3  - 3 6 . 0  0 8 < 9 .0  :4 4 8 8 .9  14.3 0 7 24 .3  - 2 2 . 5  
68 .0  - 6 9 . 4  0 9 46.7  - 5 0 . 0  4 9 ~0.3 -44 .1  0 8 12.1 7 .8  

6 97 .7  95 .9  0 10 12.0 11.9 4 10 <10 .9  3 .8  0 9 24 .7  - 2 4 . 2  
8 7 .9  - 9 . 0  0 11 15.8 12.9 4 11 12.6 10.7 0 10 39 .5  35 .7  

10 61.3  60.1 0 12 <10 .9  6 .8  b, 12 <11.1 2 . 4  0 11 <10 .9  3 .7  
12 47 .9  - 4 4 . 4  0 13 22 .9  - 2 2 . 7  4 13 13.5 -19 .1  0 12 24.1 -25 .1  
14 22 .5  - 1 9 . 7  0 144 . 24 .8  - 2 2 . 5  5 0 27 .2  - 2 7 . 4  0 13 12.1 10.4 

2 0 140. -128  1 3 92 .5  96 .5  5 1 3 0 . 9  - 3 0 . 9  0 14 35 .3  31 .7  
2 2 17.8 2 0 . 6  1 4 6 .3  6 .7  5 2 ! 1 . 6  - 1 0 . 0  1 1 3 4 . 4  32.1 
2 )4 3 3 . 6  - 3 3 . 3  1 5 3 6 . 8  - 3 4 . 9  5 3 5l$.8 60 .2  1 2 34 .2  3 1 . 0  
2 6 89.2  91 .3  I 6 1 0 , 7  - 7 .2  5 4 16.3 15.9 1 3 13.4 11.1 
2 8 11.7 5 9 1 7 16.2 - 1 4 . 4  5 5 22 .7  -22  ~ 1 b, 67 .2  - 6 2 . 3  

46 .4  - 4 9 : 4  1 8 10.4 5 6 12.6 - 1 1 :  1 5 ~42.4 - 4 1 . 0  2 10 13.7 
2 12 2 4 . 6  2 1 . 8  9 14.8 - 1 2 . 2  5 7 8 .2  - 1 0 . 2  ! 6 37 .2  34 .5  
2 14 16.3 - 1 6 . 3  10 12,4 10,0 5 8 8 .5  9.1 1 7 < 8 .2  1.6 
3 2 14.9 -12.4 I 1 21.6 -21.2 5 9 8.9 - 9.4 I 8 44.2 -}43.4 
3 4 79.2 814-.I 12 10,1 - 8.1 5 10 8,9 12.8 1 9 9.5 - 9.4 
3 6 77 .5  - 7 3 . 9  13 46.3  46.3  5 11 19.7 - 1 8 . 4  1 10 34.1 32.1 
3 8 15.2 - 1 3 . 6  14 15.2 8 .6  5 12 13.1 - 1 3 . 4  1 11 29.1 26 .9  
3 10 45 .9  - 4 4 . 0  2 2 34 .9  - 3 5 . 9  6 1 31 .7  30 .4  1 12 2 3 . 0  - 2 2 . 8  

12 50 .7  46 .9  2 3 28 .9  - 3 2 . 3  6 2 7 .6  8 .0  1 13 <10 .5  - 1.7 
o 122. 133 2 4 < ~3.9 1 .4  6 3 23.1 - 2 4 . 6  1 14 10.7 12.5 

4 2 25.1 - 2 6 . 0  2 5 25 .9  25 .5  6 tl 9,78 - 9 .9  2 0 51.1 - 6 8 . 9  
4 13.5 10.7 2 6 < 6 .6  1.9 6 5 14. 12.6 2 1 24 .0  - 2 7 . 8  
6 45.3  - 4 5 . 5  2 7 66 .5  - 6 8 . 5  6 6 <10 .5  - 2 .3  2 2 98. l l  83 .8  

4 8 < 9 . 0  - 6 . 7  2 8 3 6 . 8  - 3 8 . 0  6 7 4 2 . 2  - 4 5 . 0  2 3 < 5 . 6  - 2 .  b, 
4 10 36 .6  32 .7  2 9 53.3  56 .0  6 8 13.5 - 1 2 . 9  2 4 15.7 - 1 9 . 0  
.b.. 12 6 .6  - 6 .7  2 10 < 8 .6  7 . 0  6 9 38 .9  3 8 . 0  2 5 18.5 - 1 7 . 6  
5 2 3 2 . 0  - 3 0 . 5  2 11 9 .7  - 1 1 . 3  6 10 <11.1 - 2 .7  2 6 8 .2  3 .9  
5 )4 41.7  - 3 5 . 6  2 12 <10.1  3 .3  6 1t 8 .9  - 8 .8  2 7 31 .0  30 .8  
5 6 61 .5  63 .6  2 13 21 .6  19.7 7 0 <10 .5  - 5 .2  2 8 < 9 .4  3 .2  
5 8 13.8 - 1 5 . 3  2 1if' <10 .9  2 .3  7 1 26.1 26 .2  2 9 24 .8  26.5 
5 10 54 .2  51 .9  3 0 23.1 - 2 0 . 9  7 2 19.0 18.6 2 10 l h . 2  - 1 2 . 8  
5 12 29.1  - 3 3 . 0  3 1 5 0 . 0  53.3  7 3 44.7  -46 .1  2 11 11.8 - 1 2 . 0  
6 0 78 .7  - 8 9 . 5  3 2 3 5 . 9  37 .5  7 h <10 .5  1.6 2 12 9 .7  6.3 
6 2 2 6 . 4  21 .7  3 3 73 .2  - 7 7 . 2  7 5 14.2 13.6 2 13 <10 .9  - 6.1 
6 4 7 .9  - 5 .2  3 4 13.3 11.2 7 6 16.3 - 1 3 . 3  2 114. 27 .6  - 2 9 . 9  
6 6 42 .9  39 .2  3 5 24 .3  2 3 . 6  7 7 12.6 10.8 
6 8 8 .8  6 .5  3 6 21 .3  - 2 0 . 8  7 8 <11.,1 - 2 .5  
6 1 0  30.1 - 2 7 . 2  3 7 17.3 16.2 7 9 9q.. 8 .6  
7 2 < 9 .0  0 . 5  3 8 < 9 . 7  - 4 2 8 I 2 0 . 2  - 2 0 . 9  
7 )4 50.0 b,8.0 3 9 14.9 12: b, 8 2 <11.1 4.0 
7 6 4b..9 - 4 4 . 4  3 10 <10 .5  4.1 8 3 19.3 18.0 
7 8 12.6 - 6 .9  3 11 15.4 16.8 8 4 <11.1 - 2 .3  
8 0 58.1 55 .5  3 12 <11 .5  - 4 .5  8 5 <11.1 - 8 .6  
8 2 9.3 - 1 0 . 3  3 13 41 .4  - 4 2 . 2  8 6 < 1 1 . 1  - 0 .8  
8 4 15.4 12.6 3 14 <1 I .  1 - 7 . 9  

,6---3 ,6=4 .~=5 ,6=6 

0 1 24 .3  18.7 0 0 54 .6  50 .3  0 I <10 .9  - 0 . 9  0 0 17.2 - 1 3 . 8  
0 2 37 .7  - 3 6 . 8  0 1 39 .5  36.1 0 2 19.4 -19 .1  0 I 29 .6  30.3 
0 3 25 .7  21 .8  0 2 3 6 . 9  - 3 9 . 0  0 3 20 .8  18.1 0 2 21 .0  -21 .3  
0 4 36.1  - 3 4 ,  b, - 0 3 <10 .9  4 .0  0 4 30 .5  29 .2  0 3 37 .8  - 3 6 . 6  
0 5 3 8 . 4  - 3 8 . 2  0 4 28 .8  24 .7  0 5 39 .8  - 4 2 . 0  0 4 33.1  31 .5  
0 6 2 2 . 4  - 1 9 . 7  0 5 3 8 . 6  38 .5  0 6 22 .7  - 2 2 . 9  0 5 < 7 .6  - 1.7 
0 7 43.7  40.3  0 9 20 .3  - 2 0 . 4  0 7 8 .9  5 .9  0 6 14.2 10.4 
0 8 57 .5  64,3 0 10 < 9 .7  - 6 . 0  0 8 2 t , 3  19.0 I 1 <10 .7  - 6 .6  
0 9 3 9 . 4  - 4 0 . 7  0 11 22 .3  22 .0  0 9 < 7 .6  0 .8  1 2 33 .8  30 .4  
0 10 15.0 - 1 4 . 4  i 1 < 9 .2  4 .0  0 30 ,2  26 ,4  1 3 19.4 18.7 
0 11 29 .5  26 .2  1 2 24 .8  21.1  1 35 .2  - 3 4 , 5  I 4 <10 .5  4 .6  
0 12 10.7 - 9 . 6  1 3 14.0 10.5 2 30 .3  - 2 8 . 2  1 5 14.4 - 1 1 . 6  
0 13 10.3 -II.5 1 4 < 9.5 - 9.1 3 <10.3 - 4.2 1 6 <10.5 5.7 

0 < 7 .8  2 .1  1 5 52.3  - 4 8 . 0  4 22 .8  20 .5  2 0 <11 .7  3 . 6  
1 56 .7  - 5 6 . 8  I 6 34.1 31 .5  5 29 .6  - 2 6 . 9  2 1 14.5 - 1 3 . 6  
2 41 .8  - 3 9 , 5  I 7 14.3 12.9 6 13.8 - 1 1 , 8  2 2 26 .4  26 .0  
3 3 9 . 4  37 .9  1 8 38 .5  - 3 7 , 8  7 17.3 13.7 2 3 36 .9  37.3  
4 50 .2  47 .9  1 9 <10 .3  - 5 . 5  8 <10 .5  1.9 2 4 20 .5  - 2 3 . 6  
5 17.6 -14.5 1 I0 23.2 20.3 9 18.3 16.3 2 5 14.9 -14.7 
6 33.}$ 30.5 I 11 41.4 37.5 10 15.3 12.3 2 6 20.0 -18.6 
7 19.5 16.9 1 12 11.7 - 1 1 . 0  2 1 ( 1 0 . 9  - 8 .9  
8 < 9 .4  - 4 .2  2 0 13.8 - 1 6 . 2  2 2 <10 .9  3 . 4  
9 15,6 15,2 2 1 52 .7  - 5 3 . 2  2 3 < 9 .7  3 . 7  

10 29 .2  - 2 6 . 1  2 2 3 1 . 0  28 .6  2 }l 16.1 - 1 5 . 5  
11 19.o - 1 5 . 9  2 3 < 9 .9  - 6 ,2  2 5 3 l t ,7  3 5 . 4  
12 2 8 . 4  - 3 1 . 5  2 4 3 5 . 0  - 3 6 . 0  2 6 25 .5  25 .3  
13 15.7 15.2 2 5 18.9 - 1 8 . 3  2 7 15.7 - 1 6 . 6  

2 1 < 7 .8  1.5 2 6 14.2 11.9 2 8 31.1  - 3 1 . 3  
2 2 61 .6  69 .8  2 7 12.2 9 . 4  2 9 16.1 14.3 
2 3 34 .2  - 3 7 . 4  2 8 <10.1 - 0 . 9  2 10 2 1 . 6  22.1 
2 4 < 7 .8  4 .2  2 9 17.7 15.0 
2 5 41t.9 45 .8  2 10 <10 .9  - 5 . 8  
2 6 12.5 11.8 2 11 <10 .9  - 8 .5  
2 7 22 .4  - 2 4 . 5  2 12 32 .7  3 1 . 5  
2 8 36 .2  - 3 7 . 3  
2 9 28 .7  27 .7  
2 10 <10.1 0 . 6  
2 11 2 2 . 0  - 2 3 . 0  
2 12 <10 .9  1.8 
2 13 2 2 . 0  19.8 
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PO 4 t e t r ahed ron  

LiOs oc tahedron  

Table 5. Interatomic distances and standard deviations 

A t o m  pair  (no.) Dis tance  a 

P-O~ 1.545 A 0.010 A 
P - O  2 1.526 0.010 
1)-O3 (2) 1.547 0.007 
O1-O 2 2.558 0-014 
O1-O 3 (2) 2.573 0.011 
02-O 3 (2) 2.469 0.012 
O3-0s  2.450 0.018 

Li-O~ (2) 2-224/~  0.010 /~ 
Li-Og. (2) 2.113 0-009 
L i -O  3 (2) 2.160 0.007 
O1-O ~ (2) 3.034 0.014 
O1-O 2 (2) 3.102 0.014 
O1-O z (2) 2-936 0.011 
O1-O 3 (2) 3.244 0.011 
02 -03  (2) 2.469 0.012 
O2-O a (2) 3.133 0.012 

iVIn O ~ oc tahedron  

A t o m  pair  (no.) Dis tance  a 

~Vln-O 1 2.240 /~ 0.010 A 
Mn-O~. 2.139 0.010 
M n - O  a (2) 2.283 0.007 
M n - O  a (2) 2.130 0.007 
O1-O a (2) 2.936 0.011 
0 1 - 0  a (2) 3.135 0.011 
Oe-O a (2) 2.996 0.012 
O2-O a (2) 3.339 0.012 
O3-O a (2) 3.076 0.018 
O3-O a 3.650 0.018 
Oa-O a 2.450 0.018 

Averages  

P O  4 t e t r ahed ron  P - O  1.54 A 
0 - 0  2.52 

MnO s oc tahedron  Yln-O 2.20 
0 - 0  3.09 

LiOs oc tahedron  L i -O  2.17 
0 - 0  2-99 

computed least-squares correction on the temperature 
factor is recorded but only half of it is applied to the 
old value. However, no correction is ever allowed to 
be greater than 0.5 in absolute value. Furthermore 
(and this is not in Sayre's program), the temperature 
factor is never permitted to go negative. If the cor- 
rection indicates that  it should, it is automatically set 
equal to + 0.01. This calculation also gave an R value 
of 9% calculated as before. The parameters are listed 
in Table 3, 5. The differences in geometric coordinates 
(Table 3) obtained by the last two calculations are not 
significant as can be seen from the listed (Table 3) 
standard deviations. The largest difference is equiv- 
alent to 0.004 J~ in Yol. Thus the off-diagonal terms 
(used in the Busing-Levy but not in the Sayre pro- 
gram) in the least-squares matr ix  are not important  
in the adjustment  of atomic coordinates for this struc- 
ture. 

As to the temperature factors, even though the crys- 
tals are hard, these appear to be low. For the oxygens, 
the differences obtained are within one standard 
deviation of each other, for Mne+ and P, two standard 
deviations. It  is noteworthy that  the B's for the three 
nonequivalent oxygens as calculated by either of the 
last two methods are not significantly different. In 
both methods all the changes in parameters in the final 
iteration were very much less than a standard devia- 
tion (Table 3). 

Actually, it is clear that  convergence was simple for 
this structure and the data obtained. The largest dif- 
ference for all five calculations is equivalent to only 
0.035 A in Zoo, and we know that  the first three were 
only approximate. Especially noteworthy is the fact 
that  the Okl, hk0, and hO1 data alone gave results 
differing almost insignificantly from those obtained 
with the three-dimensional data. The largest difference 
in atomic coordinate between the results of this cal- 

A C 1 3 -  22 

culation and the final one is equivalent to 0.014 /~ 
in Zol. 

The calculated and observed amplitudes obtained 
from the Busing-Levy program are given in Table 4. 
(These are on an absolute scale.) The discrepancy fac- 
tor calculated with the inclusion of the multiplici ty 
but excluding amplitudes for reflections to weak to be 
observed is 7.6%. Although all calculated amplitudes 
for the unobserved reflections are less than the thresh- 
old values, if these are compared with half the thresh- 
old values and included, the discrepancy factor then is 
9.0%. The higher value results in this case from the 
situation that  the calculated values of amplitudes 
corresponding to the weak reflections are almost all 
very low. 

Interatomic  d is tances  

The estimated standard deviations of the positions of 
the atoms are (from the Busing-Levy program calcula- 
tion): 0.001, 0"003, 0.010, 0.009 and 0.007 • for 
Mn 2+, P, O1, 02 and O3 respectively. The standard 
deviations for Li+-O distances will be those of the 
oxygen atoms. For Mn2+-O, P-O and 0 - 0  distances 
within a given mirror plane (~(d12)=[(~2(xl)+ ~2(x2)]½. 
For equivalent oxygen atoms a(dll,)=2a(Xl). This 
result is obtained by considering that  the variance of 
two dependent variables is given by: 

~2(x + y) = ~2(x) + ~2(y) + 2 ~ ( x ) ~ ( y ) ,  

where ~ is the correlation coefficient, which ap- 
parently in this case is + 1. For a distance between 
an atom constrained to lie in the mirror plane and an 
oxygen in 8d; the variance is less than the sum of the 
estimated variances of position. The contribution from 
the atom lying in the plane will be a component 
properly depending on the angle the distance makes 
with the plane. However, because calculations of such 
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angles are tedious (especially as compared with what 
is to be gained from them) we shall take the conserva- 
tive estimate that  ag(d19)= ag(xl)+ ag(x2). The inter- 
atomic distances and standard deviations are given 
in Table 5. 

To facilitate later discussion the O-P-O angles in 
the P04 tetrahedron are given in Table 6. 

Table 6. O-P-O angles in P04 tetrahedron 
Atoms  involved Angle a (') 

O1-P-O9. 112 ° 48' 40 
O1-P-O a 112 ° 37' 32 
O2-P-O ~ 106 ° 53" 34 
O3-P-O 3 104 ° 44' 41 

D i s c u s s i o n  

As is now known (e.g., see Bystr5m, 1943) the struc- 
ture of LiMnP04 (Fig. 1) is closely related to that  of 
olivine, essentially Mgg.Si04 (Bragg & Brown, 1926; 
Belov et al., 1951). There are apparently independent 
tetrahedral (P04) 3+ complexes in the structure. The 
Li + and Mn 9+ ions are ordered and each is surrounded 
by a highly distorted octahedron of oxygens. Two of 
the twelve edges of an octahedron about a Li + ion are 
shared with two different P04 tetrahedra. The octa- 
hedron of oxygens about an Mn ~-+ ion shares only one 
edge of a PO4 tetrahedron. 

The P04 tetrahedron is a tightly bonded complex 

and there is indication that  the P-O bonds are largely 
covalent.* The differences in P-O distances are not 
significant (Cruickshank, 1949), the average being 
1.54 /~. There are two groups of 0 - 0  distances 
(Table 5) in the Pea tetrahedron which are reliably 
different. This is also true, of course, of the O-P-O 
angles. The two average 0 - 0  distances in the tetra- 
hedron are 2.46 and 2-57 A and the overall average 
0 - 0  distance in the tetrahedron is 2.52 /~. The two 
average O-P-O angles are 112.7 and 105.8 °. These 
dimensions are in striking agreement with those 
(Table 7) obtained in several recently determined 
structures containing discrete phosphate tetrahedra. 

The mineral triphylite, Li(Fe~Mnl_~)P04, in which 
the Fe e+ ion content predominates, is also isostructural 
with LiMnP04. An X-ray structural investigation 
was made on a triphylite specimen by Destenay (1950). 
I t  has turned out that  the parameters reported for tri- 
phylite are much closer to those of LiMnPOa reported 

* Wi th  regard to ob ta in ing  some idea abou t  the  bond type  
f rom Four ier  synthesis ,  i t  appears  t h a t  this  would  no t  prove 
too frui t ful .  The differences between the sca t te r ing  factors for 
ps+ and p0 occur on ly  for sin 0/it ~ 0.2. Several of the  inten- 
sities in this  region are ap t  to  be off because of ext inct ion 
effects and  because of the  error in the  es t ima te  of the  Lorentz-  
polar izat ion factors.  Fu r the rmore ,  the  P a t o m  which is so 
t igh t ly  bonded  to four  oxygens  m a y  have  a sca t te r ing  factor  
which differs subs tan t ia l ly  f rom those calculated for e i ther  
ps+ or p0. Thus  a difference synthesis  m a y  be misleading.  

0 C) @ ~ 0 

° l © © o 
© 

b 
OLL + • P 

0 Mo 2+ © o 

Fig. 1. P l an  of the  s t ruc tu re  of L iMnPO t. 
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Table 7. Average P04 tetrahedron dimensions in various 
recently determined structures 

Crystal d(P-O) d(O-O) O-P-O* 

LiMnPO 4 1.54 A 2.52 A 106 ° 
NH4H2PO 4 1-54 2.52 109 
KH2P0 a 1"54 2.52 109 
CaHPO 4. 2 H,O 1.53 2.51 

106 CaHP0 4 1"54 2.51 105 

0-P-0t Ref. 

113 ° 
111 1 
111 2 

110 3 
115 4 111 

1. Tenzer, Frazer & Pepinsky (1958). 
2. Bacon & Pease (1955). 
3. Beevers (1958). 
4. MacLennan & Beevers (1955). 

* Average of three smaller angles. 
Average of three larger angles. 

herein t han  those reported by BjSrling & Westgren  
for heterosite.  However ,  the  L i + - 0  and P04 group 
in tera tomic  distances found in t r iphyl i te  by  Des tenay  
are not  in accord with those found in LiMnP04,  unless 
it  is assumed t h a t  Des tenay ' s  limits of error are wide 
enough to allow overlapping with those of the present  
determinat ion.  In  any  case, the  purpose for the  refine- 
ment  of the  LiMnP04 s t ruc ture  appears  to be ad- 
equate ly  served. Highly  accurate  positions of the 
a toms mus t  be known for calculations of in ternal  
magnet ic  field to be compared with those observed by 
nuclear  magnet ic  resonance measurements .*  

Note added in proof - - In  the  writ ing of this paper  we 
inadver ten t ly  omit ted mentioning t h a t  we had  applied 
the correction for dispersion (Dauben and Templeton 
(1955)) to the atomic scattering factors of the M_u s+ ion. 

I t  will be noticed (Table 3) t h a t  the t empera ture  
factors obtained by  means of Sayre 's  p rogram are 
uniformly lower t han  those obtained by  the Busing- 
Levy program. In  a pr ivate  communicat ion to us from 
Dr  Busing, he surmised correctly t ha t  the  Sayre  
program refined a scale factor  applied directly to the 
Fo; the  Busing-Levy program does the inverse. This 
was independent ly  discovered by  Dr  Sayre  who men- 
t ioned this during the discussion following the oral 
presentat ion of this paper  a t  the Washington Meeting 
of the American Crystallographic Association ( J anua ry  
24-27, 1960). All agree with Dr  Busing tha t  the scale 
factor  should be applied to the Ft. 

* To be discussed in a paper on this work by J. M. Mays. 

The authors  wish to t h a n k  Miss D. C. Leagus for 
making  necessary p rogram changes and for her  aid in 
carrying out  the  calculations, Drs W. 1%. Busing and  
H. A. Levy  for supplying us with a copy of their  
p rogram deck and  instructions for its use, and Mr 
H. J .  Seuber t  for making  the  drawing.  
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