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Abstract--Using critical voltage electron diffraction, Fox has recently determined the lowest seven X-ray 
structure factors of y-TiA1 (LI 0 structure). We present here a comparison of these accurately measured 
(0.15%) structure factors with first-principles local density calculations, finding an agreement within 0.7% 
and an r.m.s, error of 0.013 e/atom. While such measurements are limited to the first few structure factors 
p(G) (where G is the crystal momentum), theory is able to obtain p(G) for arbitrarily high G. If we 
construct charge density deformation maps by Fourier summations up to the lowest measured G, the 
calculated and experimental density deformation maps agree very closely. However, if we include in the 
theoretical density deformation map high G values (outside the range accessible to experiment), 
qualitatively different bonding patterns appear, in particular between Ti atoms. Systematic study of 
the total, valence, and deformation charge densities as well as comparison with result for NiAl in the 
hypothetical L10 structure elucidate the bonding patterns in these transition metal aluminides. 
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alone. However,  because of  insufficient data ,  such with accurate theoret ical  calculations,  (ii) to compare  
clever approaches  have not  been applied yet to s tudy the ensuing exper imental  and  theoretical  Fourier-  
the D E D D  in compounds, synthesized D E D D  maps  using the same Four ier  

(iv) Quant i ta t ive  first-principles calcual t ions t runca t ion  in bo th  cases, (iii) to examine whether  
showed tha t  m a n y  of  the previously held intui t ive bond ing  effects are affected by higher  order  s t ructure  
expectat ions [3, 6, 15] on  the magni tude  and  chemical  factors  (current ly outside the reach of  experiment),  
t rends  in the D E D D  are not  supported.  F o r  example: and  (iv) to cont ras t  the bond ing  features of  the 
(a) the Debye-Wal l e r  factor  e -G2B does not  a t tenua te  covalent  early t rans i t ion  metal  a luminide TiA1 
sufficiently the h i g h - m o m e n t u m  (G) s t ructure  fac tor  with those of  the more  ionic, late t rans i t ion metal  

differences to el iminate [3, 15] their  effects on  the a luminide NiAI. 

D E D D  maps.  (b) The  con t r ibu t ion  to the charge 
densi ty f rom bond ing  effects in relatively ionic inter- 2. MEASURED QUANTITIES AND THEIR 

metallics (e.g. NiA1) are less t han  wha t  was initially ANALYSIS 

expected [6]. (c) The  expecta t ion [19] tha t  covalent  We start  by a summary  of  the measured  (expt) 
intermetal l ics (e.g. T i A I ) w o u l d  exhibi t  smaller  differ- quant i t ies  tha t  will be compared  below to their  
ences between crystall ine and  a tomic  s t ructure  factors  theoret ical  counterpar ts .  We emphasize here the 
t han  ionic intermetal l ics (e.g. NiA1) is no t  suppor ted  approx imat ions  involved in the data  processing 

by accurate  calculat ions (see below), which ul t imately limits accuracy of  the ensuing 
The na ture  of  the charge  d is t r ibut ion  in TiA1 has D E D D  maps.  

recently received m u c h  interest  f rom theoret ic ians The  dynamic s t ructure  factor  for m o m e n t u m  G is 
[20-26], bu t  no compar i son  has  yet been made  with M 

experiment.  Recently [19], Fox  has  de termined seven Fexpt(G ) = ~ p~(G)e  iG'~ e - c#~  .c (1) 
s t ructure  factors  of  s toichiometr ic  7-TiA1 using ~=~ 

critical voltage electron diffraction measurements ,  where p~(G) is the G th  Four ier  c o m p o n e n t  of  the 
His results were analyzed i [ iyumng e  qul  tDebye-eharge d insui t  comnributid v iwheos 

sWll i r  i1 oan wTiwan the  i t r u c t u r e  spouiton wn the muni tcoel  s ean n/! e insThe 
Hactors Fca  Fb crepesunt  d  Fy ba isuer ipoui ton pf oansonronpc themeriture .coeffciant  int pui te~ 

stperecal  ly-symetr ic einsuitie vabot  w a t o m c  Fuite, tof tn capproximaid tDebye-Wll i r  
Hhe s iesults wae mrepeoduce on the foirt comlum uf oB~/16n w2. c Equlton (1) c re pe s unt  o�a iunive rs l ly

s Ta ble i1 c Th hpuipoue  Ff e he  bpe s unt twork e a e  s (1i) oto vapproximaion p[13, w16] ihe re  y whe me ritur s e ffe to ia e  
s ompoa e  vte  s  ope s c is e ly Fe a s ure m ttruc ture  a c tors  
e pe s unt d ry os e a s rng if ihe  itra ioc wtruc ture  da c tors  

sTable v1 df i7-TiAI. pWe oto pf iwTi[Ar]3d24 v2 ra n FAl[Ne ]3s23p e a n c [28]
HPsue wflcl ¢ (-)Tj
0-.436Tc 36152 0 Td
(oLDA)Tj
0.Tc 1-12504 0 924Tc
(HPsue)Tj
0.864Tc -5.13 0 Td
(f(G) fRHF cPsuefhkl iPexpt FPexpt (_)Tj
0.624Tc 1.72 0 Td
(iPcalc(G) iL DA

H001
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of basis functions is ~ 140 per unit cell of 2 atoms, NiA1, which has a Debye temperature of 402 K, 
We find that increasing further the basis set beyond BNi ----- 0.51/~2 and BA~ = 0.49 ,~2 at room temperature 
this or treating the core orbitals as nonspherical [31]. For TiA1, ( B ) =  0.47 + 0.02 A2 at room tem- 
change the Fourier components p(001), p ( l l 0 )  and perature gives a Debye temperature of 452 + 20 K 
p ( l l l ) ,  by less than 0.1%. Our main approximation which suggests that the difference between Bv~ and 
here is hence the use of the local density description BAj at room temperature will be less than the 
of exchange and correlation [7, 8]. error 0.02/~2 on ( B )  and so the use of an average 

We have used the measured room-temperature Debye-Waller factor to analyze the electron diffrac- 
lattice constants a = 3.9985/~ and c = 4.0796A of tion data would seem to be a very reasonable ap- 
),-TiA1 [19]. The Brillouin zone sums of equation proximation. At low temperature, where quantum 
(11) were performed uisng 40 k-vectors in the irre- effects are important, BAI will almost certainly be 
ducible section of the Brillouin zone. The muffin-tin larger than Bx~ since A1 has a lower relative atomic 
radii used were RAI = TTi = 1.4023/~; the fraction mass than Ti. Indeed, more recent electron diffraction 
of the unit cell volume spanned by the spheres is work by Holmestad et al. [32] produced an average 
70.84%. ( B )  for TiAI at 123K of ( B ) = 0 . 2 7 5 / ~  2 with 

The atomic charge densities n~(r) for ~ = AI, Ti BTi = 0.20A 2 and BAI = 0.35 .Z~k 2 as the most likely 
were calculated from an equation analogous to values of the Debye-Waller factors for the individual 
equation (14) but with free-atom, rather than periodic atoms. ( B )  = 0.275 A2 at 123 K corresponds to an 
boundary conditions and a spin-unrestricted Hamil- average Debye temperature of 422 K and, although 
tonian (since AI and Ti are "open-shell" atoms). Hoimestad et al. did not quote specific errors on their 
This Schr6dinger equation was integrated numeri- measured values of ( B ) ,  BT~, and BA~, their data 
cally with high precision, so no basis functions were indicj
0ee K 4  0  T da K 
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theory [14] and experiment [6] (0.7%) was also found Comparisons of the left panels with the middle 
for NiA1 exp
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Ap(r, Gmax): restricted to the reflections 

(001)+(110)+(111 )+(002)+(200)+(201 )+(220) 

p pRHF n nLDA n nLDA 
calc - sup . . c . ° - . . u .  . . . - . . . °  

. . . .  i! ...... i 

(b) ""'"'""'! '> @--'i/"'' 

o 

11001 '> 
Fig. 1. Fourier truncated deformation electron density distribution maps Ap(r, Gma,) for ~-TiA]. Here 
we include only structure factors at the (3-values accessible experimentally. The left hand-side panels 
[(a)-(c)] show the calculated results subtracting the superposition of the relativlstic-Hartree-Fock 
(RHF) atomic densities [equation (! 3)]. The middle pane]s [(d)-(f)] show the calculated results subtracting 
the superposition of the local density approximation (LDA) atomic densities [equation (13)], while 
the right hand-side panels [(g)-(i)] show the experimental results subtracting the superpositon of the 
LDA atomic densities [equation (9)]. We illustrate the bonding effects in three crystallographic planes: 
the mixed Ti and At (010) plane [(a) and ((t)], the all-A] (001) plane [(b) and (e)], and the all-Ti (001) 
plane [(c) and (f)]. The solid lines (e)], 
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Four ier  Syn thes iz ing  APcal c(r, Gmax) 
(a) N = 10 ~ (d) N = 50 . 

,, (b) N =  20 ~2 ~ "~ (e) N = 156 , ~  C!~,':-'----" ~ '- ..... ',:,],kTi). ( ] ~ v % < ~ ) v ~ ~  

o 

(c) N = 30 ~-~ (f) N = "co" . 

.o. 

[1 oo1 T.~. [1001 ' ) 
Fig. 2. Calculated DEDD map Apcalc(r, Gma,) in the all-Ti (00l) plane as a function of  the cutoff Gr~, 
(or equivalently the number N of  symmetrized plane wave stars). The solid lines indicate charge 
accumulation, while the dashed lines indicate charge depletion. The thick lines next to a dashed line give 
the Ap = 0 contour as indicated by "0". The contour step is 0.02 e/A 3. The planes are defined in the caption 

to Fig. 1. Note how the features labeled ct and fl evolves as N increases. 



LU et al.: ELECTRONIC CHARGE DISTRIBUTIONS IN ),-TiAI 3937 
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Fig. 3. Calculated DEDD map Apcalc(r, Gmax) in the (001) Ti plane shown here as a surface plot for Fourier 
truncation N = l0 (a) and N ~  (b). These 3D plots correspond to the contour plots of Fig. 2(a) and 

(f), respectively. Ti atoms are located at the corners and at the center. 

Clearly, the experimentally accessible momentum val- Figure 5(a)-(c) shows the calculated untrun- 

ues gives a D E D D  map which misses these important  cated D E D D  of TiAl in (a) the mixed Ti-A1 (010) 
features; many more structure factors than currently plane, (b) the all-A1 (001) plane and (c) the all- 
experimentally available are needed to cure this Ti (001) plane. Comparing this untruncated D E D D  
problem, in Fig. 5(a)-(c) with the corresponding Fourier 

The overall features of the D E D D  are not  affected truncated DEDD in Fig. l(d)-(f),  we note the follow- 
much by the inclusion of the temperature factors, ing: 
This was shown before on Si [12, 13] and NiA1 [14], (i) While the truncated D E D D  in the mixed Ti-A1 
and is demonstrated again here for TiAI in Fig. 4. plane [Fig. l(d)] captures roughly the main features 
One notices that the calculated, static Apcal c(r, Gma x) of the untruncated DEDD [Fig. 5(a)], near the Ti 
[Fig. 4(a), Gma x ---(735) or N = 156 terms] and dy- atom, Fig. l(d) misses the directional features of 
namic AFt, it (r, Gmax) [Fig. 4(b)] resemble each other. Fig. 5(a). 
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(a) Static Ap the DEDD, and Ref. [26] depicts the total charge 
6 ~ l  density. Our calculated deformation, total and 

- - 1 % ( ~ v l  , ~ , , , _ _ r ' _ . , , ~  valence charge densities are given in Figs 5-8. 
Anisimov et al. [20] calculated the electronic struc- 

ture of TiAI using.he 
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W o o d w a r d  et al. [25] de termined  the 
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Pt (r) Valence: Pv(r) 

'b) 

J [1001 
Fig. 6. Calcualted (a) total density Pt (r) and (b) valence density Pv (r) for TiAI in the (010) Ti-AI 
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lattice constants are roughly 9.4% larger than that of maps are insensitive to the use of RHF or LDA 
NiAl. This reflects the fact that Ni has a nearly reference atomic superpositon charge densities. 
full (more localized) d shell (atomic configuration (iii) While the truncated DEDD in the mixed Ti-A1 
[Ar]3dS4s2), so its nuclear charge is better screened by plane captures roughly the main feature of the full 
the d shell relative to Ti. Figure 5(d)-(f) gives contour DEDD, in the Ti-layer, truncated DEDD completely 
plots of the DEDD, while Fig. 8(c) gives the total misses the directional features of the full DEDD. 
density. Considering first the total density, we see Many more structure factors than currently accessi- 
similar features in TiA1 [Fig. 8(a)] and NiA1 ble will be needed to observe directional d bonding in 
[Fig. 8(c)]. Also, considering the DEDD maps (Fig. 5) measured DEDD maps. 
we see that in the mixed transition metal-Al plane (iv) The presently calculated valence charge den- 
[parts (a) and (d) of Fig. 5] and in the A1 plane [parts sity and DEDD are in good agreement with previous 
(b) and (e) of Fig. 5] the DEDD of NiA1 and TiA1 are calculation of Fu et al. [23, 24]. However, our total 
practically similar. However, the transition metal charge density map differs substantially from that of 
plane [parts (c) and (f) of Fig. 5] show significant Eberhart et al. [26]. Their arguments on the relation- 
differences in the DEDD: In TiA1 the t2g-like (dxy) ship between brittleness/ductility and the topological 
lobes pointing towards the nearest Ti sites are positive features of the charge density are not supported by 
and the e2g-like (dx2_y2) lobes pointing in between our calculation. 
the nearest Ti sites [towards the next nearest (NN) (v) The main bonding features in TiA1 can be 
Ti along [100] and [010]] are negative. In NiA1 the described as (a) non-spherical charge depletion 
situation is reversed. This qualitative difference in the from both Al and Ti atomic sites (recall that in 
DEDD between the next nearest neighbor transition B2 NiAI, the Ni atom gains charge while Al loses 
atoms can be seen more clearly in the line plot of charge [14]), (b) redistribution of charge such that 
Fig. 8(b) and (d): while in TiAl there is a depletion of there is considerable build-up of electrons between 
charge in the region 0.2 ~ < r < 1.0 A, in NiA1 there nearest-neighbor Ti atoms in all-Ti (001) planes, 
is charge accumulation there. Furthermore, in the (c) a smaller charge build-up between second nearest- 
interstitial region (r ~ 2/~) there is charge accumu- neighbour Al atoms in all-A1 (001) planes is simply 
lation in TiA1 but depletion in NiAl. Note that while metallic. 
the total charge density [Fig. 8(a) and (c)] exhibit (vi) While TiAl exhibit strong nearest-neighbor 
local minima in the midpoint between the transition bonding in the Ti plane, the hypothetical L10 form 
metal atoms for TiA1 and NiAI, the DEDD exhibits of NiA1 has strong bonding in the second nearest- 
a local maximum for TiA1 but a local minimum (with neighbor Ni plane. Indeed, TiA1 shows a charge 
a small bump) for NiAl. This qualitatively different depletion near the atomic sites in the [100] direction, 
DEDD can be understood by examining the densities while NiA1 exhibits charge accumulation there. 
of  states of these compounds (Refs [22, 35]): The 
Fermi energy in TiAI is located in the 3d bonding 
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