
!"#$%&'()*+,$%+-"./'%$0&/+1'%2/'2%.+34"/2"4'&$0*+&0+5.4"+164/.

74%#.+1/4".+8%$209+1'4'.+34"/2"4'&$0* :&#(+;%9.%+<$%/.+34"/2"4'&$0*

!"#"$%&'()$#"$*++,)$-"."$/0+1')$2"3"$4&5607'897:)$;&:9"$35<"$="$>?)$@AABC$D"$*E&'F056,)$2"3"$4&5607'897:)$#"$*++,)$4'GH"$;&:9"$4'GG"$!IJ)$?K>$L@A!@M"$
@"N"$*"$O'PP0QQ)$D"$*E&'F056,)$4"$.5R+)$2"$3"$4&5607'897:)$;&:90E+6$4&5G09QS:$4&5G0E+6$;&:90E9)$@A!T)$UVWX$!A"!AJKY4T4;A@TB!4$
J"/$*&0G+R'(E&0"$/+P659$'F$G'65E(6+S$<0PS+Q0'R+6$FS5Z(5RE059$E'R9'60,+Q5,"$<'6(G5$W"$/5E&R0E+6$S5H'SQ)$U/W4$U'E(G5RQ)$!K>@

/&5$8+<5$F(REQ0'R$09$+HHS'[0G+Q5,$'R$0RQ5SG5,0+Q5$H'0RQ9$P:$95<5S+6$&01&$'S,5S$/+:6'S$
95S059"$$
!
4'GP0R0R1$ 80Q&$ +$ F0R0Q5$ ,0FF5S5RE5$ 9E&5G5$ HS'<0,59$ +$ 9G''Q&$ +HHS'[0G+Q0'R$ 'F$ Q&5$
8+<5$F(REQ0'R"$$
!
\$@A$H'0RQ$D+(990+R$Z(+,S+Q(S5$S(65$09$+HH605,$F'S$Q&5$0RQ51S+Q0'R"

D'+69X$$;S'<0,5$F+9Q$+R,$+EE(S+Q5$!"#$%$&$'$
E'GH(Q+Q0'R+6$G5Q&',9$F'S$,5901R0R1$+R,$HS5,0EQ0R1$
R58$5R5S1:$S56+Q5,$G+Q5S0+69"$$]5$8+RQ$Q'$S560+P6:$
+HH6:$+$G+990<56:$H+S+6656$QS5+QG5RQ$'F$
H95(,'H'Q5RQ0+6^,5R90Q:$F(REQ0'R+6$Q&5'S:$Q'$E'GH65[$
9:9Q5G9$0R$Q&5$!AA)AAA_$+Q'G$S+R15"$$
!
`Q060a0R1$G+990<56:$H+S+6656$E'GH(Q5S9$+Q$N=3*4)$85$
E+R$R'8$&+R,65$9:9Q5G9$80Q&$'<5S$!A)AAA$+Q'G9$
5GH6':0R1$+61'S0Q&G9$P+95,$'R$9(P9H+E5$F06Q5S0R1$b!c"$$$
!
=[+GH65$9&'8R$&5S5X$$.+S15$9060E'R$R+R'ES:9Q+6$
H+990<+Q5,$80Q&$&:,S'15R$+Q'G9"$$/&5$R+R'ES:9Q+6$
,5R90Q:$'F$9Q+Q5$&+9$E'R<5S15,$Q'$Q&+Q$5[H5EQ5,$F'S$+$
P(67$ES:9Q+6"$$

;S'P65G$Q'$+,,S599X$$]5$8066$0RES5+95$Q&5$E(SS5RQ$H+S+665609G$0R$Q&5$3+:6501&^30Qa$9Q5H)$8&0E&$09$
'(S$P'QQ65R5E7"$$/&09$9Q5H$S5Z(0S59$QS5+QG5RQ$'F$+$6+S15$,5R95$G+QS0["$/&5$90a5$'F$Q&5$G+QS0[$9E+659$
80Q&$Q&5$R(GP5S$'F$,590S5,$5015R<+6(59"$/&09$HS'P65G$E+R$P5$+,,S5995,$P:$9H5EQS(G$960E0R1)$0"5")$
P:$E'GH(Q0R1$5015R<+6(59$80Q&0R$+$9H5E0F05,$S+R15)$+R,$,5E'GH'90R1$Q&5$G+QS0[$b!c"$

\Q'G0E$F'SE59$S5Z(0S5$+$F0R5S$1S0,$9H+E0R1$Q&+R$Q'Q+6$5R5S1:$E+6E(6+Q0'R9"$$/&5$
E'9Q$'F$Q&5$E'GH(Q+Q0'R$0RES5+959$S'(1&6:$+9$Q&5$E(P5$'F$Q&5$1S0,$9H+E0R1"$
!
]5$+HH6:$+R$0GHS'<5,$0RQ51S+Q0'R$Q5E&R0Z(5$Q'$Q&5$F'SE5$E+6E(6+Q0'R$+R,$
,5G'R9QS+Q5$Q&+Q$85$E+R$E+6E(6+Q5$+EE(S+Q5)$E'R<5S15,$F'SE59$(90R1$+$
E'+S95S$1S0,$9H+E0R1$80Q&$Q&09$R58$Q5E&R0Z(5$b@c"

=)6%$>&0#+=0'.#%4'&$0?+=)64/'

WRQ51S+Q0'R$8+9$'S010R+66:$,'R5$80Q&$+$305G+RR$9(G$'F$E(P59$+Q$
5+E&$1S0,$H'0RQ"

7$A+;%9.% 7$A+;%9.% :&#(+;%9.% -B6CD5.,CEF

()*+,- ()*+.* ()*+.* $
@?!T @JA! @?AA @J?K
!J?B GHGI GEEH !JJJ
B?@ BAJ B@I BB>
B?! BAJ B@I BB>

/&5$F'SE5$P5Q855R$Q8'$*0$+Q'G9$0R$+$E6(9Q5S$+9$+$F(REQ0'R$'F$1S0,$9H+E0R1"$]0Q&$Q&5$
&01&$'S,5S$0RQ51S+Q0'R$9E&5G5)$Q&5$F'SE5$09$E'R<5S15,$(H$Q'$1S0,$9H+E0R1$80Q&$&$d$
A"TA)$8&065$6'8$'S,5S$S59(6Q9$,0<5S15$+Q$&$d$A"JT"

.5FQX$ /&5$ 0GHS'<5,$ 0RQ51S+Q0'R$ 9E&5G5$ S5,(E59$
<+S0+Q0'R9$ 0R$ 5R5S1:$ +9$ +$ P5Ra5R5$ G'65E(65$ 09$
QS+R96+Q5,$Q&S'(1&$9H+E5"$
!
301&QX$ e0PS+Q0'R+6$ FS5Z(5RE059$ F'S$ 4V@"$ /&5$ &01&$
'S,5S$ S59(6Q$ +QQ+0R9$ E'GH+S+P65$ +EE(S+E:$ +9$ Q&5$
6'8$'S,5S$S59(6Q)$P(Q$(959$+$G(E&$E'+S95S$1S0,"$$

`90R1$Q&5$&01&$'S,5S$9E&5G5)$85$E+R$E'GH(Q5$Q&5$<0PS+Q0'R+6$
9H5EQS(G$'F$*0JTfJB$(90R1$+$1S0,$9H+E0R1$'F$&$d$A"?A$0R9Q5+,$'F$&$d$
A"@A$80Q&$Q&5$6'8$'S,5S$9E&5G5"

Charles Lena, N. Scott Bobbitt, Grady Schofield, James R. Chelikowsky 
University of Texas at Austin

@./(0&/4"+16./&,&/4'&$0*?+
DS0,$9H+E0R1$A"K$+"("$
*0a5$'F$G+QS0[$K)T@I)!@I$[$K)T@I)!@I$
N(GP5S$'F$E'S59$J)AAA$
/0G5$F'S$'R5$*4g$6''H$?A$G0R$
N(GP5S$'F$'EE(H05,$9Q+Q59X$!>)>B?

*0I?TJf!>!B$

Computational Savings

Units in a.u., cm-1

\E7R'865,1G5RQ9
We wish to acknowledge support provided by the Scientific Discovery through Advanced Computing (SciDAC) 
program funded by U.S. Department of Energy, Office of Science Advanced Scientific Computing Research  and 
Basic Energy Sciences under award number DESC0008877. This research used resources of the National Energy 
Research Scientific Computing Center

  35F5S5RE59

-B6CD5.,CEF:&#(+;%9.%7$A+;%9.%7$A+;%9.%

@J?K
!JJJ
BB>
BB>

()*+.*
@?AA
GEEH
B@I
B@I

()*+.*
@JA!
GHGI
BAJ
BAJ

()*+,-
@?!T

!J?B
B?@
B?!




