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The Crystal Structure of UMoC2* 
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University of California, Los Alamos Scientific Laboratory, Los Alamos, New Mexico, U.S .A .  
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The structure of I.J'MoC~ has been determined from single-crystal X-ray data. The orthorhombic 
unit  cell has the dimensions a = 5-625, b = 3.249 and c = 10.980 A. There are four formula units per 
unit  cell and all atoms are on the mirror planes in set 4(c) of space group Pnma. In the least-squares 
refinement of the structure a secondary extinction parameter and the real and imaginary portions 
of the anomalous dispersion corrections were used. The correction of Fourier coefficients for struc- 
tures with anomalous scatters is discussed. There are no short C-C distances and this compound is 
not an acetylene type carbide. 

Introduction 

A specimen of UMoC2 was given to us by  Dr J o h n  
Fa r r  of this  laboratory.  Although the crystal  s tructure 
of this  compound was p resumab ly  known (Nowotny, 
Kieffer,  Benesovsky & Laube, 1958), we decided to 
collect in tens i ty  da ta  and  refine the structure in the 
hope tha t  more accurate carbon positions could be 
obtained.  I t  was found tha t  the structure given in the 
l i tera ture  is in  error. We f ind tha t  the molybdenum 
atom and one of the carbon atoms are in  quite dif- 
ferent  positions from those previously  reported. The 
ref inement  of this  s t ructure was also of par t icular  
interest  because, in  order to obta in  reasonable thermal  
parameters ,  i t  was desirable to add a secondary 
ext inct ion parameter  in  the least-squares ref inement  
and also to include in the calculated s tructure factors 
the imaginary  port ion of the anomalous dispersion 
correction to the form factors. 

Crystallographic data 

UMoC2 is orthorhombic,  space group Pnma as shown 
by  the sys temat ic  ext inct ions and the s tructure 
determinat ion.  Lat t ice constants  were measured on 
a carefully al igned General Electric Co. single-crystal  
orienter  wi th  Mo radia t ion  (2 Ka1=0.70926 ~)  and  
found to be a = 5.625 + 0.004, b = 3"249 + 0.004 and  
c=10 .980+0 .006  ~ in  good agreement  wi th  the  
values given by  Nowotny et al. (1958). The calculated 
densi ty  with Z = 4  is 11.85 g.cm-8. All atoms lie on 
the  mirror  planes of Pnma in  set 4(c), x, ¼, z. 

Experimental 

Intensi t ies  were measured wi th  the single-crystal  
orienter and No Kc~ radia t ion  by  using the s ta t ionary  
crystal  and  counter technique.  The intensi t ies  and  
background corrections were measured with balanced 

* Work performed under the auspices of the United States 
Atomic Energy Commission. 

filters, one f i l ter  consisting of zirconium foil and  the  
other consisting of y t t r i u m  foil plus a smal l  amount  
of a luminum foil. In  addi t ion a background dependent  
on 20 was also subtracted.  This background,  also 
measured with the balanced filters, arises because of 
the small  amount  of K a  radia t ion  scat tered by  air  
and by  the glass f iber on which the crystal  is moun ted  
and also, perhaps, from slight unbalance  of the f i l ter  
pair.  

The crystal  used was quite small  wi th  a m a x i m u m  
dimension of about  0.020 m m  and was mounted  on 
the a axis. Ini t ia l ly ,  intensi t ies  for reflections wi th  
20 _< 45 ° were measured.  Only  the asymmet r i c  
quadrant  of the reciprocal lat t ice was invest igated 
and 123 reflections were observed out of a possible 156. 
After  difficulties arose in the ref inement  the intensi t ies  
were remeasured.  The entire hemisphere  of the  
reciprocal lat t ice with 20 _< 55 ° was invest igated.  
There were 191 non-equivalent  reflections observed 
out of 271 possible. Absorpt ion corrections were 
appl ied to both da ta  sets by  the Busing & Levy (1957) 
method. A program to calculate these corrections, 
which had  been wr i t ten  by  B u r n h a m  (1962) for 
Weissenberg geometry, was modified for single-crystal  
orienter geometry and  incorporated into our da ta  
processing program for the IBM 7090. The crystal  
f ragment  did not have well defined boundary  planes 
but  its shape was approximated  by  a set of 13 planes. 
One's ab i l i ty  to measure and define the shape of a 
crystal  by  a small  number  of planes is the l imi t ing  
factor ia making proper absorption corrections. 
Transmission factors for this  crystal  var ied  from 
0.20 to 0.27. 

An R index formed b y  comparing equiva lent  
observed reflections was 13.I% based on F e and  6.8% 
based on F.  In  this  R index the numera to r  was the  
sum of the indiv idual  deviat ions from the mean  of 
the observed equivalent  values of F or F 2 and  the  
denominator  the sum of the observed values. I t  m a y  
be argued tha t  our f inal  R index, which is less t h a n  
6.8%, is meaningless.  Nevertheless,  we have refined 
to an  R of about  4% and present  the results.  
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A t o m  A B 

U 44.51 2.316 

Mo 18.97 1.854 

C 1-455 1.462 

Table 1. Coefficients of form factor functions 
C D E Reference 

17.14 22.78 15.05 Coefficients calculated f rom tables in 
International Tables for X-ray Crys- 
tallography (1962) 

13.65 19.89 7.203 F o r s y t h  & Wells (1959) 

3.775 22.49 0.724 F o r s y t h  & Wells (1959) 

D e t e r m i n a t i o n  of the  s t r u c t u r e  

In all least-squares calculations, the function min- 
imized was ~ww(/iF)2. Form factors were used in 
functional form as follows: 

f =  A exp ( - Bs ~) + C exp ( - Ds ~) + E ,  

where s = sin 0/2. The coefficients are given in Table 1. 
The real part of the anomalous dispersion was applied 
by changing the value of E. Zero weight was given to 
unobserved reflections. When other than unit weights 
were used, weights were determined by the counting 
statistics according to the method derived by Evans 
(1961). All R indices quoted include only observed 
reflections. 

Table 2. Atom positions for UMoC~ given by 
lYowotny et al. (1958) 

A t o m  x y z 

U 0.083 ~ 0.143 
Mo 0.350 ¼ 0.860 
c(1) 0.50 ~ 0.04 
C(2) 0.72 ¼ 0.00 

A least-squares refinement with unit weights was 
made with the first set of data by using the starting 
parameters given in Table 2. The uranium atom 
appeared to be properly located, but the molybdenum 
atom moved about 0.6 A. The carbon atoms did not 
converge at all. A three-dimensional Patterson func- 
tion was then computed and the approximate positions 
of all atoms, including the carbon atoms, were readily 
found. These positions were used as starting para- 
meters in a second least-square refinement with unit 
weights and the atom positions converged to about 
the same values as were later obtained after more 
extensive calculations. 

Although the position parameters converged, and 
the agreement between calculated and observed 
structure factors was reasonably good, (R=10%), 
the temperature factors of some or all of the atoms 

tended to become negative, in spite of the fact that  
values of Afro = - 1 . 7  electrons and of /if~ ranging 
from - 8  to -19 .5  electrons were used. Negative 
temperature factors represent a physically impossible 
situation. Data strongly affected by absorption might 
result in negative temperature factors but these 
intensities had been corrected as well as possible for 
absorption. 

At this point the second, more extensive, set of 
intensities was measured and the least-squares cal- 
culations continued. Again, some or all of the tem- 
perature factors tended to become negative regardless 
of the value of Af~ that  was used. If Af~ were made 
small enough for Bu to remain positive, other B's 
became negative. 

Two changes were then made in the least-squares 
program. One was the addition of a secondary extinc- 
tion correction, g, as a least-squares parameter, and 
the other was the inclusion of / i f" ,  the imaginary 
portion of the anomalous dispersion correction in the 
calculation of the structure factors. Later, a further 
modification was made so that  /If '  and ~If" could 
be included as least-squares parameters. The observa- 
tion equations were of the form 

where 

KIFcI 
d E =  IFo I - ]/(1 +gLplF~[ 2) (1) 

K--  scale factor 
g = secondary extinction parameter 

Lp = Lorentz-polarization factor 

[Eel = ]/{[X(fl + Aft)T, cos ~]2 + [Z/If~'T, cos ~0,]2} 
T~=exp ( -B~ sin 2 0/22) 

q:i = 2 z  (hx~ + ky~ + lz~) 

and the other terms have the usual meanings. 
Except for the final calculations, in which the 

dispersion terms were treated as parameters, values 
used were / ifv=13-0 (Roof, 1961), /ifMo=0"9 and 
/if~o = --1.7 (Dauben & Templeton, 1955). 

A t o m  

U 
Mo 
C(1) 
c(2) 

Table 3. Final least-squares parameters for UiV[oC2 
The dispersion terms were held cons tan t  

x z B 

0.0819 _+ 0.0003 0.1421 _+ 0.0001 0.20_+ 0.03 A 2 
0.4191 _+ 0.0007 0.8986_+ 0.0002 0.39 -+ 0.05 
0-153 ___0.006 0.752 _+0.003 0.61_+0.47 
0.751 +0.005 0.005 _+0.002 0.00_+0.42 

g = 7.36_+ 0.20 × 10 -~ 

Af' zl:" 
--15.0 13.0 

--1.7 0"9 
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I t  was found tha t  if the  secondary ext inct ion 
parameter  were used, convergence with al l  temper-  
ature factors posit ive could be achieved wi th  values 
o f / l f ~  ranging at  least from - 8.0 to - 19.5 electrons. 
Calculations were made both wi th  uni t  weights and 
wi th  Evans ' s  weights. Wi thou t  g as a parameter  all  
posit ive tempera ture  factors could not be obtained 
wi th  ~If" included for any  value of Afu. Using the 
value of the s tandard  devia t ion of the x parameter  
of u ran ium as a somewhat  a rb i t ra ry  criterion we 
concluded tha t  the best results were obtained with 
/ i f ~ = - 1 5 . 0  electrons and with Evans ' s  weights. 
These weights gave s l ight ly  lower s tandard  deviat ions 
t han  did uni t  weights a l though the improvement  was 
ha rd ly  significant.  The f inal  parameters  obtained in  
this  way are given in Table 3. The f inal  changes as 
fractions of their  s tandard  deviat ions were < 10-~ for 
position parameters ,  < 10 -~ for tempera ture  factors 
and  0.6 for g. Observed and calculated s tructure 
factors, for which R = 4 . 1 % ,  are given in Table 4. 

The y =  } section of the difference Fourier  synthesis,  
wi th  the u ran ium and molybdenum removed by using 
the  parameters  of Table  3, is shown in Fig. 1. The 

y=0"25 
z=O Z=' 

x=O "" " ",.~. " .... ":':" ." I~ ", "" ( ( "~ : 

::..kC@I/.. ...... 

'.,, -.. ~ ",~,_~,.'..,~,x .,:., .... ... :. "--.'o.~ ./,~,,/ ':..:-;"i. !. 
@)..::: 

,., ...... -.- °."5: ;--:"..:> 

Fig ,  I .  C a r b o n - o n l y  d i f f e r ence  F o u r i e r  s y n t h e s i s  w i t h  U a n d  
Mo s u b t r a c t e d ,  u s i n g  t h e  p a r a m e t e r s  g i v e n  in T a b l e  3. 
T h e  c o n t o u r  i n t e r v a l  is 2.0 e , A  -a.  T h e  d o t t e d  l ine  is t h e  
ze ro  c o n t o u r  a n d  t h e  l i g h t e r  l ines  a r e  n e g a t i v e .  

carbon atoms show up clearly. The molybdenum atom 
has disappeared nicely but  a peak somewhat  bigger 
t h a n  the carbon atom remains  at the u ran ium position. 
Clearly the u ran ium tempera ture  factor or the u ran ium 
dispersion terms in  Table 3 are not correct. 

Some comments  on the calculat ion of Fig. 1 are 
in order.* In  the computat ion of a Fourier  series for 
a crystal  containing anomalous scatterers the observed 
coefficients mus t  be corrected for effects of these 
anomalous scatterers, because what  is usual ly  desired 
is the true electron densi ty  and  not  the electron 
dens i ty  as seen by  the X-rays.  For the centric case, 
as we have at present,  let  

* W e  h a v e  b e e n  g u i d e d  in o u r  t h o u g h t s  o n  th i s  s u b j e c t  
b y  D r  A,  L .  P a t t e r s o n  w h o  k i n d l y  s e n t  t o  us  a p r e p r i n t  of  
a p a p e r  on t h e  c o r r e c t i o n  of F o u r i e r  coe f f i c i en t s  fo r  a n o m a l o u s  
d i spe r s ion .  

Table 4. Observed and calc. structure factors for UMoCe 
I f  [Fol is n e g a t i v e  t h e  m i n u s  s ign  m e a n s  ' l ess  t h a n ' .  

T h e  c o l u m n s  h e a d e d  A a n d  B a re  r e s p e c t i v e l y  (A-t-An) 
a n d  Ba as  e x p l a i n e d  in  the  t e x t  

h k L Irol Ir~I A ~ h k ~ {Fol Irol A 

o o 85 ~5 ~ 0 i0 70 69 -65 -2~ 

o . ~  ' ~ ~ .~ -.~ 
o 1 

o 2 0 ~5 N8 -~} -5~ -27 

o ~ 6 5~ -~ -~8 ~ i 9 -~ ~9 -~ 6 

o ° ~o ~ ~ ~ - ~  -~ ~ 1 ~° -g 
o,~.~ g ~ ~, ~21~.~-,~ ~ o~ -i 0 ~ 76 ~7 
0 o~ ~ ~.~.~ ~ ~ .d 
o I 

o ~ o ~1o 199 19} 51 -}7 

1 o 8~ ~ ) 1 151 15~ 1~9 ~) 

io~ lO8 -io7 - ~°~ 
. . . . .  . 

~0 ~ 0 ~ -~l  
i i 11~ ~ ~ ,,, ~ -", .~ ~ ~ , ~ ..... ~ ~ .~, 

i ~ ~ ~ "~ " ~  ~ I , 85 8, -80-~, 

75 
1 ~ 7 17~ 165 -Z~9 -~ ~ I I0 155 15~ I~9 

1o3 

i ~ 12 -85 -~  ~ ~ ~ 116 119 I17 

5 o 9 70 10 
o ~ ~o~ ~o~ -~oo -~z o zo - ~  

-18 
l ~  187 ~ 

-1o 
i ~ ~ 9~ 85 ~7 

81 -76 -~7 -51 -12 
9 i0~ I0~ -i01 -~6 

t 1 170 168 165 ~5 6 0 -~  15 - I~ -~ 

o~ ~ ~ ~ 
; ~ .~ ~ -_~ :~ ! o o ~ :.~ , 

~ 9 85 
.... ~ i~5 ~ 61o 81~ 1 

75 6 ~ ~ 158 157 -zSz -~6 
~ o 88 86 8~ 

1o 7 0 ~ 8~ 87 78 ~7 

i !  - - z~7 I ~  zSo 
o o ~, o 51~ 



A t o m  

U 
Mo 
c ( 1 )  
0 ( 2 )  
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Table 5. Least-squares parameters for UMoC~. without Af" terms 

x z B A f" 
0.0819 + 0.0003 0.1421 + 0.0001 0 .04_  0.03/ix 2 -- 15.0 
0.4195 ± 0"0007 0.8986 + 0.0006 0.61 _+ 0.05 -- 1.7 
0.156 +0.006 0.752 --+0.003 1.05-+0.52 
0"755 _+0"006 0"006 _+0"003 0.38--+0.47 

g = 7 . 5 8 ± 0 . 2 2 x  10 -~ 
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A =Zf~ cos ~ 

A~,=I/I f~  cos ~ 
.Ba=~'/If~' cos ~ 

where f is the normal scattering factor uncorrected 
for the dispersion terms /If '  and /If".  Then 

IFol~= [(A +A~)2+BI] .  (2) 

The coefficient that  one should use in a Fourier 
series to obtain the true electron density is 

Ao= (Sign of Ac) 7[[FoP- 2AA~ -A~-B~a] . (3) 

A Fourier synthesis calculated with uncorrected co- 
efficients will usually have smaller peaks than one 
computed with coefficients given by equation (3), 
because Af '  is usually negative. 

For a difference Fourier synthesis in which the 
contributions of the anomalous scatters are to be 
removed, as in Fig. 1, it follows from (2) that  the 
coefficients are 

C = - A - A ~ + ( S i g n  of A)I/{]Fo)2-B~} , (4) 

where A, A a and Ba contain only contributions from 
the anomalous scatterers, uranium and molybdenum 
in the present case. 

Table 5 gives the results from a least-square cal- 
culation without a n y / I f "  terms but wi th/ I f~--  - 15.0 
and A f r o = - 1 . 7  electrons and with an extinction 
parameter. For this calculation R = 4 . 3 %  and the 
standard deviations are all about 5% greater than 
those in Table 3. Fig. 2 shows a difference Fourier 
synthesis with uranium and molybdenum removed. 
Again the carbon atoms show up well. There are no 
peaks remaining at the uranium and molybdenum 

y=0"25 
z=O z= l  

x=O ( ' " ' ~ ' 2 . . .  . , -  " ...... ~-. .".. ' .  "i • :; $ 

. . . . . . . . . . .  . / " .  ' .  : : .' i ' .  ..... k . J  " ' '  . 

' 0 "* ' ' ~'/ I- 
. .  

' ' ? ~ " ' " , ' "  ,... '--.-.~, :: i ".. , / '  . . . . . . . . . . . . . .  ... " 0 1  , r ...... ...., ¢> . , .  ...... 
I." ': ,":-. -" t \, ~t_.,w '-.....,." ) ~ ..".. ,.', o'" LTj' I 
I'... -...., c~ ;. ,~..,r'~.D ":. ...... • ....... .-.. ". " .... J ~/~".... "I 
k ' . . " :  ' : .... . ........ ° ' " " / ' >  ,,' I :_ ;  ] / z ' x (  I / / : g /  
.m./: • ,, .' .."" , .......... ". ~...'"" 0 ! ./='. .,'Y~'~]~ " IU'..~-xl 

"" ( i ..... " :..'.,, "'"? ........... , ...... C) ..... :.. 
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. , L  )~ ,.;7 / " . . / . :  ....... ".,  '-., i c . ) : . ~  ::..o,/... o~. . .  ,;~ 
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Fig. 2. Carbon-only difference Four ie r  synthes is  wi th  U and  
]Vie subt rac ted ,  using the  pa ramete r s  given in Table 5. 
Contours  as in Fig. 1. 

positions, indicating that  these atoms have been 
more accurately accounted for than in Fig. 1. 

Finally, an attempt was made to least-square with 
the dispersion terms as parameters. When the molyb- 
denum terms were held constant at ~ i f ' = -  1.7 and 
A f "  = 0.9, Afb converged to - 10-6 and df~ converged 
to zero, a value completely contrary to theory and 
to Roof's (1961) experimental results but in agreement 
with the difference Fourier synthesis of Fig. 2. When 
all four dispersion terms were allowed to vary, the 
calculations did not converge at all. I t  might be 
pointed out that  the program was tested with synthetic 
data and found to work perfectly so that  even though 
some correlation terms are large, with accurate enough 
data these parameters can be refined by least-squares. 

I t  is concluded that  our data are not accurate 
enough to determine dispersion corrections experimen- 
tally and that  very accurate data indeed are required 
for this purpose. Further, for meaningful results it is 
probably necessary to obtain data on an absolute scale 
because of the high correlation between scale factor, 
temperature factor and dispersion corrections. 

In any event, except for the uranium and molyb- 
denum temperature factors, parameter differences 
were at most about one-half a standard deviation so 
that  there is no doubt about the determination of the 
structure itself, which was the main objective of 
the work. 

D i s c u s s i o n  of the  s t r u c t u r e  

The interatomic distances between neighbors are 
given in Table 6. Two atoms are defined as neighbors 
if the midpoint between them is closer to those two 
atoms than to any other atom. This definition is 
similar to but not necessarily the same as that  given 
by Frank & Kasper (1958). The two definitions are 
the same if the line between two atoms which are 
neighbors passes through the common domain sur- 
face.* 

The standard deviations in Table 6 have been 
computed with all correlation terms included, but 
neglecting errors in unit-cell dimensions. The inclusion 
of correlation terms can be quite important though 
usually it is not. The extreme cases are the C(1)-C(1) 
distances of 2.813_+0.001 J~ with correlation terms 
and _+ 0.047 A without, and the C(2)-C(2) distance 

* In  m a n y  previous papers  on intermetal l ic  s t ruc tures  we 
have  s ta ted  t h a t  the  a toms  listed as neighbors sa t is fy  the  
F r a n k  & Kasper  definit ion when in fact  the  present  defini t ion 
was the  one t h a t  was satisfied. 
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Table 6. Interatomic distances in UMoC~ 

U - 2  C(1) 2.40 ± 0 . 0 2 5 1  Mo-C(1) 2.11 ___0-034,k 
-2  c(1) 2.51 +0.026 -c( ,)  2 .20 +0.034 
-C(2) 2.39 ___0.029 -2  C(2) 2.16 ___0.019 
-2  C(2) 2.48 _0"020 -C(2) 2.20 ±0.029 
-2  Mo 3.274 _ 0.004 -2  ]Ylo 2.903 ± 0.004 
-Mo 3.279 ± 0.003 -2  U 3.274 ± 0.004 
-2  U 3.249 ± 0.005 - U  3.279 ± 0.003 

C(I)-2 C(1) 2"813+0"001 C(2)-C(I) 2.88 ±0"04 
-2  C(1) 3.249+0.005 -2  C(2) 3.24 ±0 .05  
-C(2) 2.87 ±0-04 - 2 M o  2.16 ±0.018 
-Mo 2.11 ±0.034 -Mo 2.20 ±0.029 
-Mo 2.20 ±0.034 - U  2.39 ±0.029 
-2  U 2.40 ± 0.025 -2  U 2.48 + 0.020 
-2  U 2.51 +0.026 

Addi t ional  distances < 3"5/~ 

U - 2  Mo 3.251/~ C(1)-2 C(2) 3.17 .~ 
-2  l~Io 3.283 

C(2)-2 C(1) 3.17 
1~Io-2 U 3.251 -2  C(2) 3.249 

-2  U 3,283 -2  C(2) 3,26 
- 2  Mo 3.249 

of 3.24 _+ 0.053 ~ with correlation terms and _+ 0-037/~ 
without. 

Fig. 3 shows the structure in projection down the 
b axis. The carbon atoms all lie in planes at  z _~ 0, ¼, ½ 
and ~ although they are not required to do so by 

i 
/ ,. . . . . .  ~ !  ..... 

r 

! 

Fig. 3. Project ion of UMoC~ down the  b axis. The large 
circles are U, the  m e d i u m  circles Mo and  the  small circles 
C atoms.  The solid circles are at  y = ~  and  the  dashed 
circles at  y =  ¼. 

symmetry.  These planes result because zcl ~ ~ and 
zc~ ~0 .  In  between these carbon atom planes are 
s]ightly puckered planes containing the U and Mo 
atoms. 

An interesting view 0f the structure is shown in 
Fig. 4. The C(2) atoms at  z_~0 form a hexagonal 
network and the C(1) atoms at  z_~ ~ form a nearly 
square network. The U atoms at  z=0.142 lie above 
the center of a triangle of C(2) atoms and below the 
center of a square formed by C(1) atoms. The Mo 
atoms at  z--0.101 lie above the center of a triangle 

Fig. 4. A por t ion of UMoC 2 projected down the  c axis. Atoms  
lying between z = 0 and  ¼ are shown. The solid small circles 
are C a toms at  z _  ¼ and the  small open circles C a toms  
at  z_~0. The large circles are U a toms a t  z--0.142 and  
the  m e d i u m  circles are Mo a toms at  z=0.101.  

of C(2) atoms and beneath the midpoint of a pair of 
C(1) atoms. The U and Mo atoms together form a 
slightly puckered hexagonal array and all the C atoms 
are either above or below the approximate centers of 
triangles of this hexagonal array. 

The principal difference between the present results 
and the structure proposed by  Nowotny et al. is in 
the location of C(1). There now is no very short 
C--C distance of 1.31 /k and tlfis compound cannot 
be an acetylene type carbide. The same is probably 
true for UCrC2 and UWC2. 

All computations were made with an IBM 7090 
using programs written by the authors. Figs. 1 and 2 
were plotted with an SC 4020 cathode ray  plotter 
using a magnetic tape input prepared on the 7090. 

Note added in proof.-- The paper by Dr A. L. Pat- 
terson referred to in a footnote has since been publi- 
shed (Patterson, 1963). 
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