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Formation and research activities

rnd I m Student of Chemistry at Marburg and Bielefeld, Germany

activities m 1984, Diplom, thesis “The hydrogenic Stark effect”

History of H." m 1988, Doctorate, thesis “Photoionisation of hydrogen in a strong magnetic
Creation field”

Reactions

m 1996, Habilitation, thesis “Dynamics and spectra of triatomic molecules with

Th fHT . . . . . .
. strong coupling between rotation, vibration and electronic motion”
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History of Hj

Discovery by J. J. Thomson, Phil. Mag. 21, 225 (1911)

Presence in plasmas, A. J. Dempster, Phil. Mag. 31, 438 (1916)
Formation via HY + H, = HJ +H,

T. R. Hogness & E. G. Lunn, Phys. Rev. 26, 44 (1925)

Prediction of D3y, structure, r = 1.6 a9, (modern value: r = 1.65 ap),
C. A. Coulson, Proc. Camb. Phil. Soc. 31, 244 (1935)

Prediction of non-symmetric triangular structure,

J. O. Hirschfelder, H. Eyring & N. Rosen, J. Chem. Phys. 4, 130 (1936)
Confirmation of D3y, equilibrium structure,

H. Conroy, J. Chem. Phys. 40, 603 (1964)

R. E. Christofferson, S. Hagstrom & F. Prosser, ibid. 40, 236 (1964)
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Some work since the seventies

Introduction _____ m Potential energy surface,

i G. D. Carney & R. E. Porter, J. Chem. Phys. 60, 4251 (1974)
Of i m Calculation of vibrational spectrum,

Reactions G. D. Carney & R. E. Porter, J. Chem. Phys. 65, 3547 (1976)
Theory of HF m Detection of HJ spectrum,

Eleciare sk s T. Oka, Phys. Rev. Lett. 45, 531 (1980)

Electronic triplet state m  Spectrum near dissociation,

SUmmary ente A. Carrington & R. A. Kennedy, J. Chem. Phys. 81, 91 (1984)
& Further Reading m Potential energy surface and ro-vibrational calculations,

W. Meyer, P. Botschwina & P. G. Burton,
J. Chem. Phys. 84, 891 (1986)

m First extensive ro-vibrational calculations,
S. Miller & J. Tennyson, J. Molec. Spectr. 136, 223 (1989)
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Some recent work

ntroduction m Potential energy surface with near spectroscopic accuracy,
tivities W. Cencek, J. Rychlewski, R. Jaquet & W. Kutzelnigg,

T J. Chem. Phys. 108, 2831 (1997)

Reactions m  Comprehensive evaluation and compilation of HJ spectroscopy,
Theory of H C. M. Lindsay & B. J. McCall, J. Molec. Spectr. 210, 60 (2001)
Electronic singlet state m  Above barrier spectroscopy,

Elesiemis gl s J. B. Gottfried, B. J. McCall & T. Oka,

UMY, ments J. Chem. Phys. 118, 10890 (2003)

& Further Reading m Extended ro-vibrational calculations,

P. Schiffels, A. Alijah & J. Hinze, Mol. Phys. 101, 189 (2003)
m Vibrational states near dissociation,

J. Tennyson, P. Barletta, J. J. Munro & B. C. Silva,

Phil. Trans. R. Soc. A. 364, 2903 (2006)
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H3:

excited electronic states

Excited electronic states, prediction of stable 3ZJL,

L. J. Schaad & W. V. Hicks, J. Chem. Phys. 61, 1934 (1974)
Triplet HJ in hydrogen plasmas?

|. McNab, Adv. Chem. Phys. 89, 1 (1995)

J. Tennyson, Rep. Prog. Phys. 57, 421 (1995)

First complete triplet potential energy surfaces and ro-vib. calculations,
C. Sanz, O. Roncero, C. Tablero, A. Aguado & M. Paniagua,

J. Chem. Phys. 114, 2182 (2001)

O. Friedrich, A. Alijah, Z. R. Xu & A. J. C. Varandas,

Phys. Rev. Lett. 86, 1183 (2001)

Excited triplet states,

L. P. Viegas, A. Alijah & A. J. C. Varandas,

J. Phys. Chem. A 109, 3307 (2005)

Excited singlet states,

L. P. Viegas, A. Alijah & A. J. C. Varandas, J. Chem. Phys. in press
Electronic states in magnetic fields,

A. V. Turbiner, N. L. Guevara & J. C. Lépez Vieyra,

2007, in press
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Extraterrestrial H3

Introduction
Formation and research

m  Detection of laboratory HI spectrum

fH+ T. Oka, Phys. Rev. Lett. 45, 531 (1980)

I m  First non-terrestrial spectrum: Jupiter

Reactions L. Trafton, D. F. Lester & K. Thompson, Astrophys. J. 343, L73 (1989)
Theory of H' P. Drossart (and 11 others), Nature 340, 539 (1989)

Electronic singlet state Assignment to HJ by J. K. G. Watson

Electronic triplet state m  First spectrum from interstellar space: interstellar clouds

f\imm&gemem T. R. Geballe & T. Oka, Nature 384, 334 (1996)

& Further Reading m  Spectrum from diffuse interstellar medium

B. J. McCall, T. R. Geballe, K. H. Hinkle & T. Oka,
Science 279, 1910 (1998)

m  Spectrum from the Central Molecular Zone of our galaxy, high T
M. Goto, B. J. McCall, T. R. Geballe, T. Usuda, N. Kobayashi,
H. Terada & T. Oka, Publ. Astron. Soc. Jpn. 54, 951 (2002)

m  Towards an external galaxy: extragalactic Hy ?
T. R. Geballe, M. Goto, T. Usuda, T. Oka & B. J. McCall,
Astrophys. J. 644, 907 (2006)

m  HI on neutron stars?
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Where does H; come from?

Introduction .

Fc;crr(’;atizcnoand research Wh IS there SO mUCh H+?
y 3

activities

History of H;’ 1 H2 N H;— + o™

Reactions H;_ + H2 — H:_)i_ —I— H

Theory of Hj’

Electronic singlet state 2 H — H+ + e

Electronic triplet state H+ —1— H2(V Z 4) — H;_ _|_ H

Summary, =+ -+

Acknowl}édgements H2 —1_ H2 — H3 _|_ H

& Further Reading

3. Result: n(Hf) > n(H)), n(HT)
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What does it do?

Introduction !
Formation and research InterStel |ar Chem ISt ry
activities C.H.
History of Hé" t )
Creation CH,
: CH.e tH,
CH,
THz AH/2 C4
Theory of H}i’ CH' te
_ tc
Electronic singlet state C3H2'\e ,_e~CH
C.H,
Electronic triplet state Cf:li HC,..N
Summary, CO. o tc 1
Acknowledgements : CH, HoN S~ HCN
& Further Reading H,C,0~c0 te "L HCN
C H o on TC‘ CH
T cH
FLCO, te CH,CN
CszoH, CH y 2l1s
CH30H'\9 CHsocI:|3 'CHEO{ 5 y CHCNH } CHSCN
CH.OH, i Ih )CN»CH CNH'
CHCO . o i CHNH*/' CHNH
CH co/ cH  Ino HCN' e ? T CH,NH,
CH,] HCN
Hzo‘\ " I ,9’ NH3
L : LN,
3 H.0 o CH . NH,
OH ,{ Cy NH2
HCO™ @ [H >N
H,
Tcosmicray
H,
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v e
' | ﬁ Ultrahigh deuterium fractionation in pre-stellar cores

Introduction__ m Formation of deuterated species

activities

History of H;’ |:| H;_ + HD — H2D+ —|— H2

Creation |:| H D+ —1— HD — HD+ —1— H2

rt 4+

Theoryoij’ D HD2 —1_ HD — D3 _'_ H2

Electronic singlet state m Situation in extreme cases:

:Iectromc triplet state n(H;—) S n(H2D+) S n(HD;_) S n(D;_)
ummary,

Acknowledgements
& Further Reading

H. Roberts, E. Herbst & T. J. Millar, Astrophys. J. 591, L41 (2003)
C. M. Walmsley, D. R. Flower & G. P. Pineau de Foréts,
Astron. Astrophys. 418, 1035 (2004)

m Laboratory spectroscopy:
T. Amano, Phil. Trans. Roy. Soc. A 364, 2943 (2006)
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H;: the challenge

Introduction

H3 is the most simple polyatomic

Theory of Hj_ .

m demand for high accuracy
allenge

Electronic energy m test system for development of theoretical methods
Hyperspherical method

Orbitals and states

Electronic singlet state [ | electronica”y Simp|e
Electronic triplet state m light molecule, performs large amplitude vibrations
Summary,

Acknowledgements
& Further Reading
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Introduction

" H3 in a singlet state:
Theory of H,

Challenge
Standard methods:
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m Hartree-Fock:

Electronic singlet state '

Electronic triplet state q) ( 1 2) _
’ —

Summary,
Acknowledgements
& Further Reading

S

¢(1,2):%'

accuracy: ~ 0.2mE, =50cm™

Magnetic fields and neutron star surface

a(l)
p(1)

a(l)
p(1)

a(2)
b(2)

a(2)
b(2)

1

Calculation of electronic energy

p1(1)p1(2)

Z CoqPp(1)Pq(2); Cpg = Cqp

p.q
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N e
' _ ﬁ Calculation of electronic energy

Introduction Specialized methods:
Theory of Hj_

Challenge | C|—I’12Z
1

Hyperspherical method

a(l) a(2)
rbitals and states CD ]_, 2 — _
Elel::trc:nic scilnglet state ( ) \/i /8( 1) /6(2)

Electronic triplet state
Summary, X corizp(1,2) + Z CoqPp(1)0q(2); Cpg = Cqp

Acknowledgements
P.q

& Further Reading
Rohse, Kutzelnigg, Jaquet & Klopper, J. Chem. Phys. 101, 2231 (1994)
69 points, accuracy: ~ 1 uE, =0.2cm™!
O(1,2) = —

m  Gaussian Geminals:
a(l) «2) ‘ZC ;
\/§ 6(1) 5(2) - n%n
&n — (]_ —|— P12)e_a1i|rl_Ai|2_a2i|r2_Bi|2—Blr122

Cencek, Rychlewski, Jaquet & Kutzelnigg, J. Chem. Phys. 108, 2831 (1998)
69 points, accuracy: ~ 0.1 uE, = 0.02cm™?!

1
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Coordinate systems for triatomic molecules

Introduction m Jacobi coordinates: ry, Ry
Theory of Hj_ 3 3 3

Challenge O% 04/4 Q\io
Electronic energy o

Hyperspherical method 2 2 2

Orbitals and states k=1 k=2 k=3

—_
—
—_

Electronic singlet state

m Hyperspherical coordinates:
internal coordinates: p,6,¢ , Euler angles: a, 3,y

Electronic triplet state

Summary,
Acknowledgements
& Further Reading
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Hyperspherical method: harmonics

Three-particle case:

1 9 50 N(Q)
Tp.82) = 2u0° 0p” Bp T 2002
Q=a,0,7,0,0

Hyperspherical harmonics:

N (QVics(Q2) = K(K + 4)Vics(Q)

—IQ\UKVS(Q) =

a¢ KVS(Q)

L. Wolniewicz, J. Chem. Phys. 90,
371 (1988)

Magnetic fields and neutron star surface

Two-particle case:

1 020 (6, ¢)
2ur? or  Or 2112

T(r.0,¢)=—

Spherical harmonics:

1(0,0) Yim(0, ¢) = I(I + 1) Yim(0, ¢)

0

—'— Yim(0, ¢) = mYim(6, ¢)
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Hyperspherical method: Schrodinger equation

Schrodinger equation:

{T(p, )+ V(p,0,¢) — Ex} Pu(p,2) =0

Expansion of wave function:

P(p Q)= Y Wi(Q) RpkaSg)

i=(Kvs)er

System of radial equations:

- 2pp® 0p? 24p°

i

Magnetic fields and neutron star surface

Z {( 1 9? + K(K +4)+ 4 Ek> dij + <\U,"V(p,9,gb)|\|fj>} Rik(p) =0
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HJ: Molecular orbitals and electronic states

ntroduction config. states

+
Theory of H3 D3h Others
Challenge /2 1 A/
Electronic e.nergy @ o a/l ) X 3A]} o S
Hyperspherical method a,e aE — da Zu & 2°A
A ALY & 3

Electronic singlet state

Electronic triplet state

Acknowledgements >

& Further Reading
\ of
/\/—v—\ﬂ
al o

D3, Doon
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HJ: Cuts through potential energy surfaces

Introduction r/ao
Theory of Hf
=)
Challenge 10
Electronic energy 9
Hyperspherical method B
Orbitals and states 8 | N
Electronic singlet state
2 +
Electronic triplet state 7 F 2H("S)+H" -
Summary, ‘_1/'\
Acknowledgements ' 6 F -
& Further Reading E
vo
o5 T
\am
-
e :
P
v RAR
g 3 B + 1.° .
= Hi(1'A) r
2 = -
[H—H— H]*
SR A '
| R
0 | . | | | | | |
0 2 4 6
R/a,
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Results Hi (X!A}): CRIJK surface

Schiffels, Alijah & Hinze, Molec. Phys. 101, 175 (2003), ibid., 101, 189 (2003)

Ro-vibrational states:
Comparison between theoretical and experimental results

T T S T S T S T S T T T (T T T T (S T A I M NI It} "
Maj94(Watson's semi-empirical PES, NU23-mass) ° [ Our blue results

NMT(DPT semi-empirical PES, NU23-mass) L

Din95 @b initio RKJK + adiabatic, NU-mass) r

2.5

% .
2_02 g%%:;:%gagggmﬁ))) g - m accuracy of_ Eotential energy sur-
vl mEmtesy e gf  wr o face ~ 107 E, = 0.02em
g o g Cencek et. al., J. Chem. Phys.
) 108, 2831 (1998)
: m diagonal adiabatic and relativis-
o SRR s : tic corrections included
05 R “eu, ‘M‘; u’%::,,w '“t,.,}‘a;\““"’«L.f,Q ' m Errors of theoretical results:
T LR T < 1lem™!. Why?
S Lt S

1000 2000 3000 4000 5000 6000 7000 8000 9000
Energy (cm)

(from M. Lindsay & B.J. McCall,
J. Mol. Spectrosc. 210, 60 (2001))
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& Further Reading

Simulation of non-adiabatic effects: HJ

Schiffels, Alijah & Hinze, Molec. Phys. 101, 175 (2003), ibid. 101, 189 (2003)

Determination of parameters

-1
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Above barrier calculations

Introduction A. Alijah, work in progress

Theory of Hj_

Electronic singlet state Calculations above barrier to linearity, i.e. E > 10000 cm™!:

CRJK surface

to assist ongoing experimental work by the Oka group (Chicago)

Global surfaces

Singlet states

hyperspherical method well suited
extrapolated off-diagonal adiabatic corrections included
spectroscopic assignments

Electronic triplet state

Summary,
Acknowledgements
& Further Reading
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Above barrier experiment

Introduction from J. Gottfried, Oka group (Chicago)

Theory of Hf
=]

Electronic singlet state
CRJK surface

Global surfaces Energy (cm'1)
Singlet states 14000 [~
L 3vy+2v,
Electronic triplet state _ 2V1+3V2
Summary, 12000 [ -
Acknowledgements 5v,3 ] 3vit+v,
& Further Reading 4 —
10000 [~ I & e 7 72 A R
4v22 — 3v,
8000 [, 4
6000 [~
20 new lines
4000 [~
above the
2000 barrier!
0 - [manuscript in preparation]
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Predictions for highly excited states

Introduction J. Gottfried, Phil. Trans. R. Soc. A, 364, 2917 (2006)

Theory of H
ry 3 2.0 3 x
. 1.5
Electronic singlet state E X
CRJK surface 1'0_5 . o o " g L N :( PY
x .
Non-adiabatic effects gz 50 . 5 ¢ P ¢ LI £4 N +
Global surfaces e ¥ + x* *x +
: ~ 059 * + a2 A
Singlet states - - A A a I + X
§ 103 & A4 A & Ia X X
Electronic triplet state 2 153 AT
ng "~ ++ +
Summary, '§ -2.0 3 "
Acknowledgements w253 + NMT (DPT)
& Further Reading _30_5 X AHW (RKJK)
R % A SAH (CRJK)
-3.53 X x ¢ SAH (Corrected)
4043 = Jaq03 (Jaq02)
4.5
5.0

11200 11400 11600 11800 112000 12200 12400
Energy Level (cm™)

Figure 3.7: Observed minus calculated energy levels for H; (see Table 3.6 for ref-
erences). The empirically corrected calculations of SAH most accurately match the
experimental data, although their deviation from the observed values increases at
higher energies.

m  most accurate predictions
m non-adiabatic effects over-estimated at high energies

Magnetic fields and neutron star surface
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Introduction

Theory of Hf
=]

Electronic singlet state
CRJK surface

Non-adiabatic effects

Global surfaces

Singlet states

Electronic triplet state

Summary,
Acknowledgements
& Further Reading

Magnetic fields and neutron star surface

Viegas, Alijah & Varandas, J. Chem. Phys. (2007)

Method: Diatomics In Molecules, DIM (Ellison, 1963)
no three-body interactions in the Hamiltonian!

E(1) + (2, 3) A(3) A(2)
H= ( A(3) E(2) + €(3,1) A(1) )

A(2) A(1) E(3) + (1,2)
E(i) = Vi q(R)
: 1
Gk = 5 [V R+ VL (R)+ VE) (R + Vi) (RO —2En
17
AK) = 5 VD (R = VE) (R

Inclusion of three-body terms respecting permutational symmetry:
IH — Al| = |P;jH — Ml

Hi — Hi + VO(R),  Hy — H; — [\7(3)(R)}2
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Introduction

m  Conical intersection (A'EX" / 31A")

Theory of Hf
=]

Electronic singlet state 100
CRJK surface

Non-adiabatic effects

-1

80 r
Global surfaces

Singlet states

Energy/1000 cm’

60 r
Electronic triplet state

Summary,
Acknowledgements 40 ¢
& Further Reading

0 2 4 6 8 10

m  Avoided crossing (X 'A] / A'LT)

100 charge transfer H,+H™ = HI +H:
a non-adiabatic process
Tg 80 |
? 60
g
40
0 2 4 6 8 10
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Theory of Hf
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Electronic singlet state
CRJK surface

Non-adiabatic effects

Global surfaces

Singlet states

Electronic triplet state

Summary,
Acknowledgements
& Further Reading

Magnetic fields and neutron star surface

Singlet states of Hj

3IA"

0 dissociation channel: 2H (°S) + H™, —1.0000 E,
O energy minimum: —1.000097 Ey,, 21.36 cm ™! below dissociation
[0 Dsn configuration, r = 11.49 ag

LA

0 dissociation channel: H (X°%]) + H(®S), —1.1026 E,

[1 energy minimum: —1.102894 E;,, 57.07 cm ™! below dissociation
[1 Ceoov configuration, n = 1.99ag, »n = 7.54a9, 1 = 9.53ag

[l supports one D;r vibrational state

1tA

0 dissociation channel: Hy (X'Z}) + HT), —1.174475E,
0 energy minimum: —1.343833 Ey,, 37169.71cm ™! below dissociation
1  Dsn configuration, r = 1.65 ag
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Theory of Hj_
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Electronic singlet state

Electronic triplet state

Triplet state

Surface

Ro-vib. states
HY (a o)
HoDV (a3
Frequencies

234/

Geometrical phase

Resonance states

Summary,
Acknowledgements
& Further Reading
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Theory of Hf
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Electronic triplet state

Triplet state

Surface

Ro-vib. states
HY (a o)
HoDV (a3%])
Frequencies

234/

Geometrical phase

Resonance states

Summary,
Acknowledgements
& Further Reading

Triplet H] : motivation

m  “No accurate calculations of vibration-rotation levels ... have been
published, and no spectroscopic observations have been reported,
which involve the 3¥ " state. Such calculation and observations
would be extremely interesting.”
|. McNab, Adv. Chem. Phys. 89, 1 (1995)

m It is possible that amongst the many HgL lines that have been
observed in hydrogen plasmas, some will belong to the 3% state
of Hy. But in the absence of a full potential energy surface for this
state and sophisticated ro-vibrational calculations, these transitions
will remain among the many that have yet to be assigned.”

J. Tennyson, Rep. Prog. Phys. 57, 421 (1995)
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Triplet H3: formation

Introduction

" Triplet H;r may be formed by electron impact excitation
Theory of H

Electronic singlet state —

Hi (XTAY) — Hi(a %))

Electronic triplet state

Triplet state
Surface

Ro-vib. states
HY (a o)
HoDV (a3%])
Frequencies

234/

Geometrical phase

Resonance states

Summary,
Acknowledgements
& Further Reading
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states of HJ: view of surfaces

Introduction

Theory of Hj_
=]

Electronic singlet state

Electronic triplet state

Triplet state

Surface
Ro-vib. states
Hgf a3z

HoDV (a3%])
Frequencies

2347

Geometrical phase

Resonance states

Summary,
Acknowledgements
& Further Reading
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H;: Characterisation of the 3E’ surface

Introduction - upper Sheet:
rv of HT . ..
e dissociation channel: 2H (°S) + H™*, —1.0000 E,
e S S energy minimum: (Dsp): —1.034590E,,, r = 3.610 3¢
Electronic triplet state
Triplet state m |ower sheet:
' P : _
Sute dissociation channel: H (°Z}) + H(3S), —1.1026 Ej,
Ro-vib. states L g
HT @35)) energy minimum: (Doop): —1.11610627 E;,, r = 2.454 3
HoDV (a3%]) .
Ff;-quencies -1.0900 —— depth: 2947 cm™
2°A -L - 234177, : . _1
-1.0950 —— .
st e oot barrier height: 2598 cm
Sesonance states :ilggg _ 1_(3,2)
ummary, -1.1050 ——
Acknowl};dgeme.nts _ii(l)gg - van der Waals com pIeX
& Further Reading 11195 — H
-1.1150 — y
H...... |@

| 3 4 H

£ /g\ ;_‘6

1I | | | (1,I2)_I_3 | | | ] _8

8 6 4 -2 0 2 4 6 8

X
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< Global representation of the 3E’ surface

Introduction Cernei, Alijah & Varandas, J. Chem. Phys. 118, 2637 (2003)
Theory of Hy Viegas, Cernei, Alijah & Varandas, J. Chem. Phys. 120, 253 (2004)

Electronic singlet state Varandas, Alijah & Cernei, Chem. Phys. 308, 285 (2005)

Electronic triplet state

Triplet state

Ro-vib. states
HY (a o)

HoDV (a3%])
Frequencies

234/

Geometrical phase

Resonance states

Summary,
Acknowledgements
& Further Reading

Double many-body expansion (DMBE), Varandas (1988)

V,/i(R) Z v 4 Z V(R + VI(R)

Special form of three-body term: (I'; Jahn-Teller coordinate)

VENR) = Pi(R) = T2Py(R)
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Introduction

Theory of Hf
=]

Electronic singlet state

Electronic triplet state

Triplet state
Surface

HY (a S
HoDV (a3%])
Frequencies

234/

Geometrical phase
Resonance states

Summary,
Acknowledgements
& Further Reading

Delocalized ro-vibrational states

Friedrich, Alijah, Xu & Varandas, Phys. Rev. Lett. 86, 1183 (2001)
Alijah, Viegas, Cernei & Varandas, J. Mol. Spectrosc. 221, 163 (2003)
H,D™: Alijah & Varandas, J. Phys. Chem. A 110, 110 (2006)

-1.0900 —
-1.0925 ——
-1.0950 —
-1.0975

-1.1000

-1.1025 ——
-1.1050 —
-1.1076 ——
-1.1100 —
-1.11256 —
-1.1150 —

W) o~ )+ W)+ (V)
+ + + +
Wee) ~ Vi) +w Vi) +w?|W)

VE,) ~ WD)+ Vi) +w Vi) 0 w=eT
1

) = %rvlvg'“m (INE) £ [N — £))
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Vibrational structure

'"trOd“Ct‘°"+ Alijah, Viegas, Cernei & Varandas, J. Mol. Spectrosc. 221, 163 (2003)
Theory of Hy 560 ro-vibrational states identified (J < 10)

Electronic singlet state

Electronic triplet state

2000 e

Triplet state — TEEE

Surface

Ro.vib_states _________ (T
H;’ (8323_) e e SRR

1500 — e — e = e

HoDT (a35h)
Frequencies SO - (1,0%1)
234/

Geometrical phase

Resonance states

Summary,
Acknowledgements
& Further Reading

Enelz'g‘y/cm'1

—t

)
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o

|
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|

|
2l

500 - —

0,0°,0)

Ro-vibrational states
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Rotational structure

Introduction

Theory of H;_ H3+(a 3Zu+)
Electronic singlet state 3000 ~ 1 1
0,1,0)-
Electronic triplet state - (0’ 1 ’0)+ ( T )
Triplet state
Surface 2900 ~ \
Ro-vib. states | N=10 I—doubling
HY (3%) N
HoDt (a3x7) 28004 T
Frequencies |
2347
Geometrical phase TE 2700 4
Resonance states \g‘ _____________
o) 4
Summary, o
Acknowledgements c
& Further Reading 2600 -
2500 -
Az E -—N=4 ~a A £’
1 A N=3 !
j, """"""" E - . A'z' E
2400 - A E™ —N=2 L Al E-
A, T A “N={ —> Ay E
A E A E
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+~ H,D": ro-vibrational structure
.

Introduction

Alijah & Varandas, J. Phys. Chem. A 110, 5499 (2006)

Theory of Hf
=]

Electronic singlet state Isomers- H DH+
Electronic triplet state HH D+ (H 1) H 2] D+ and H 2] H 1) D+)
Triplet state
Surface
Ro-vib. states HHD+ HDH+
+ (. 35+
Hy (a°Z)) 1000 - - — -
HoDT (a 3Zj) - 0-- ":’
Frequencies (1,0%,0) (1,0°,0)
234/ 800 |- = o=
Geometrical phase = = = = (0,0 .
Resonance states — 0,1,0)+ (0,11,0)- — =
Summary, E 600 - _0
Acknowledgements L = =0,0%D
& Further Reading a (0,11,0)+1
0,1°,0)-

i

S 400 |

=

€a)

200
0 _—
0 L 00,0 =
(0,0%,0)

Ro-vibrational states
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= Transition frequencies: (far IR)

=

Introduction L. . 1
rve rve
Theory of HH molecule | initial state Mve(w) | final state [ve(w) | w/cm
- HZ N=0, (0,0°,0) A)(4) | N=1, (0,1',0)—  AY(4) | 665.89
Electronic singlet state E/(2) N = 1, (O, 11, O)— E//(2) 665.89
Elt.ectronic triplet state H;)f' N:O, (O, OO, O) A£(4) N = 11 (O, OO, 1) A;l (4) 749 71
;“F;'et state E'(2) | N=1, (0,0°1) E"(2) | 749.72
urface + o 0 o 0
b, statee H N=0, (0,0°,0) E’(2) | N=1, (1,0%0) E”(2) | 984.12
HE (232
H3D+ 3ot HDH™ N=0, (0,0°0) By(3) | N=1, (0,1},0)—  Bi(3) | 551.46
e HDH* N=0, (0,0°,0) B»3) | N=1, (0,0° 1) Bi(3) | 628.32
2347
Geometrical phase HHD™ N=0, (07 OO' O) Al(l) N=1, (01 11' O)_ A2(1) 638.23
Resonance states 82(3) N = 1, (0, 11, 0)— 81(3) 638.23
Summary, HHD™ N=0, (0,0°,0) A (1) | N=1, (0,0%1) Ax(1) | 712.13
Acknouledgements B>(3) | N=1, (0,0%1) Bi(3) | 712.13
P e HHD™ N=0, (0,0°0) A (1) | N=1, (1,0°0) Ax(1) | 879.64
B(3) | N=1, (1,0°0) Bi(3) | 879.64
+ + . / 1/ / 1/ / 1/
Selection rules: Hy, Dy AJ=0,+1 AL = AL A = Ay B < E

H,D', DoHT AJ=0,4+1 A; < Ay, By — B,
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Electronic singlet state
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Triplet state
Surface
Ro-vib. states
Hgf a3z

HoDV (a3%])
Frequencies

Geometrical phase

Resonance states

Summary,
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. Geometrical or Berry phase

lisicducion Longuet-Higgins, Adv. Spectrosc. 2, 429 (1961)

Theory of Hj_
=]
Electronic singlet state

Electronic triplet state

s A
. » <
Triplet state S
Surface A
Q, A W
A & i \ .
= Y A
7/6 wid w2 2

Ro-vib. states

/\ 4
A . _ox v

HY (a o) $ =0 2m/3.  Su/e

HoDV (a3%]) ’ ) , i'
Frequencies ‘ _ i*ﬁi i_,_ &E
2 3 A/ 2} '.':’Ie -~ K 7 .

Geometrical phase

AN A

Acknowledgements
& Further Reading

m adiabatic electronic wave functions :
2w

%dgbgo(Ql, Q,¢r)=m

0
m  boundary conditions for rovibrational wave functions ©:

O(Q1, @2, ¢ =0) = —O(Q1, Q2, ¢ = 2m)
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Electronic singlet state

Electronic triplet state

Triplet state
Surface

Ro-vib. states
HY (a o)
HoDV (a3%])
Frequencies

234/

Geometrical phase

Resonance states

Summary,
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Stonczewski resonances
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(=3
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(=)

5500

Energy/cm

5000

4500
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Viegas, Alijah & Varandas, J. Phys. Chem. A 109, 3307 (2005)

@0
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@ity 61

(2,1',3/2)
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(4,0°,1/2)
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NGP/GP: geometrical phase effect neglected / included; correlation

NGP: ¢ T(¢) GP: ()
0 Al 1/2  FE’
1 FE 3/2 1/ A,
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Classification of states: a novel quantum number

ooy Alijah & Varandas, Phys. Rev. Lett. 93, 243003 (2004)

Theory of Hf
=]

Electronic singlet state

Electronic triplet state G=1/2 - A2

Triplet state
Surface
Ro-vib. states o
H (a3x]) L —— G=3/2
LLMICRE o ——G=3/2
Frequencies
234/

Geometrical phase

Resonance states

Summary,
Acknowledgements
& Further Reading

L ——G=5/2- . —— 2 F

’JII ’/} »’I /«’/‘

n
el ) - O

Energy/arbitrary units
S = e
>

G G
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0n 00
nm
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Z

GP GP
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Theory of Hf
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Alijah & Varandas, Phys. Rev. Lett. 93, 243003 (2004)

Electronic singlet state

Electronic triplet state

Triplet state
Surface

Ro-vib. states
HY (a o)
HoDV (a3%])
Frequencies

234/

Geometrical phase

Resonance states

Summary,
Acknowledgements
& Further Reading

G=0
J=1
G=1

J=0 G=0

Energy/arbitrary units

A2"l,

AI”,/

,E:) —4
E G=1/2
S /’Al» G=3/2
<Ay
E G=1/2

=0
v1=0,v2=0

NGP

Gnep = 0 & Ggp = 2

2

GP

Classification of states: a novel quantum number

3

Gnep = |k| =1 Gop = Gnep £ 5 = 3, 5

Rotational structure as a tool for the detection of conical intersections!!
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Electronic singlet state

Electronic triplet state

Summary,
Acknowledgements
& Further Reading

Adiabatic appoach
Non-adiabatic effects

Summary

m HJ is ubiquitous in

[0 the atmospheres of hydrogen-rich giant planets
[0 interstellar clouds

[0 star-forming regions

[1 neutron stars?

m [ heoretical description

O difficult due to high accuracy demand

[0 requires development of specialized, non-standard methods
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Further reading

Introduction Discussion meetings of the Royal Society London on “Physics,
Theory of Hj_ . +n
3 chemistry and astronomy of H3

Electronic triplet state m 2000 meeting: Phil. Trans. R. Soc. A, 358 2363-2559 (2000)
Summary, m 2006 meeting: Phil. Trans. R. Soc. A, 364 2845-3151 (2006)
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The adiabatic approach |

Introduction Schrodinger equation:
Theory of Hj_

Electronic singlet state
Electronic triplet state 2m E :v _|_ E v/ _|_ V(R r) o
e .

/

V,(R,r)=0

Summary,
Acknowledgements
& Further Reading

Adiabatic appoach

Non-adiabatic effects

Adiabatic approach:

Wa(R 1) = ®4(R;r) Ona(R)

Electronic Schrodinger equation:

[ 5 Zv + V(R r)en(R)]<b (R,r)=0

Nuclear Schrodinger equation:

Z { [ 27;'\41 V/ + Gn(R) —

n

Onn + Corn(R) + Doy n(R)} ©na(R) =0
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' | ﬁ The adiabatic approach ||

Introduction Nuclear Schrodinger equation:

Theory of HE,,F

Electronic singlet state F'

Electronic triplet state Z { [ 2M/ VI _|_ Gn(R) T a 5n/n _|_ Cn/n(R) _|_ Dn/n(R)} ena(R) — O
Summary, n

Acknowledgements
& Further Reading

2
Non-adiabatic effects
Con(R) = _Z S (6w (R 1) Vign(R;¥)).
Dwa(R) = —Elj S — (6 RN T10n(Ri1)), ¥
For a single surface:
7:-72
— WV, + Gn(R) + Cnn(R) — Ea @na(R) f— 0

m Diagonal correction C,,(R) very important
m  Can the effect of C,/,, & D,/, be simulated by a constant empirical mass?
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E Simulation of non-adiabatic effects: H§L

Introduction Schiffels, Alijah & Hinze, Molec. Phys. 101, 175 (2003), ibid. 101, 189 (2003)

Theory of Hf
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Electronic singlet state m Determination of parameters
1.2 T T T T
Electronic triplet state . . . AE = Eca/c — Eobs
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Summary, . E L = at+aJU+1)+aG
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Non-adiabatic corrections: H,

Introduction Alijah & Hinze, Phil. Trans. R. Soc. A, 364, 2877 (2006)

Theory of Hf
=]

Electronic singlet state

Electronic triplet state nme dVJ ( R)
AE =c—— ( ——
Summary, MN dR

Acknowledgements
& Further Reading

Adiabatic appoach

(R—=R.)

c = 0.11, a universal parameter

Non-adiabatic effects
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g B Wolniewicz (1995) ——— ]
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© 20t
5 2
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S 30F
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T 40
" I
'-_a -5.0
% - —
_6'0 1 1 1 1 1 1 1 1
0 5 10 15 20 2 30 35
E/10% cm™
At high energies AE ~ 0 because lim dV/dR =0

R— o0
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E Non-adiabatic corrections: H,

Introducti o .
pirocuetion A. Alijah, work in progress
Theory of Hf
=]
Electronic singlet state - 0.0 = I l l l | | |
Electronic triplet state E i WOlnieWﬁlziS(]\-}?gflz I l
S g Lo mass scaling —*— i
ummary, 8 i
Acknowledgements =
& Further Reading S -2.0
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Non-adiabatic effects 8 30 L
< a
<
o
T 40
®
bb -
% 5.0
t -
° _6.0 1 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35

E/ 103 cm'1

Comparison of two approaches:

m present approach: x°> =0.30cm™!
m  atomic masses approach: Y% = 0.49cm™!
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Non-adiabatic effects

Decay of Stonczewski resonances

Alijah & Nikitin Molec. Phys. 96, 1399 (1999)
Model study
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Time evolution of a wave packet on two surfaces

— Wave packet maintains its form during decay
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Classification of states: a novel quantum number

Alijah & Varandas, Phys. Rev. Lett. 93, 243003 (2004)

1 N
lvivaGN) 1+ = E(!vm,ﬁ%—a)]Nk):l:(—l) |v1vz,—€—oz>]N,—k>)

= L (Jvvel) INK) £ (<1)"|vave, € — 2a) [N, —k)) &

V2

generalized G quantum number:
G=lk—l—af=|k—j| ; ll=W{+a ; a=01/2

NGP/GP correlation:

m for / =0 (special case)

1
Gnep =0 & GGP:§
1
Gnep = |k| #0 & GGP:GNGPjZE
m forl#0
1
GGPZGNGP—i—E
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