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The emission spectra of YH and YD molecules have been investigated in the 3600-12 000 cm™!
region using a Fourier transform spectrometer. Molecules were formed in an yttrium hollow cath-
ode lamp operated with a continuous flow of a mixture of Ne and Ar gases, and YH and YD were
observed together in the same spectra. A group of bands observed near 1 um have been identi-
fied as 0-0 and 1-1 bands of the A!A-X!S* and B'TI-X' T+ transitions of YH and the 0-0 bands
of the same two transitions for YD. The A'A and B'IT states of YH are separated by only about
12 cm™! and are involved in strong interactions. A perturbation analysis has been performed using
the PGOPHER program to fit the two interacting electronic states and spectroscopic parameters for
the A'A and B!IT states, including the interaction matrix elements, have been obtained for the first
time. © 2011 American Institute of Physics. [doi:10.1063/1.3659295]

. INTRODUCTION

In recent years, there has been considerable interest in the
theoretical and experimental studies of transition metal con-
taining molecules in order to unravel their complex spectra.
These studies are also important to further our understand-
ing of the role of d electrons in chemical bond formation. Di-
atomic transition metal hydrides provide the simplest model
for the study of the metal-hydrogen bond in solid transition
metal hydrides such as YH and LaH, (x = 2,3), which are
useful in modern technology due to their switchable opti-
cal properties."? These metal hydrides have the potential for
technological utilization, for example, in solar cells.’ Many
transition metal elements are known to occur in S-type and M-
type stars in the form of metal monoxides and mono-hydrides.
Among yttrium containing molecules, YO has been identified
in the spectra of S-type stars®> and there is a possibility that
YH may also be found.

The electronic spectra of YH and YD are known since
1977 when Bernard and Bacis® observed numerous bands in
the 380-900 nm region and classified them into several elec-
tronic transitions involving singlet and triplet states. In the
absence of singlet-triplet inter-combination transitions and re-
liable theoretical calculations, they assumed that the ground
state of YH was a 3A state, by analogy with the then avail-
able erroneous assignments for ScH (Ref. 7) and LaH.® It
has now been experimentally established that ScH (Refs. 9
and 10) and LaH (Ref. 11) have ' X% ground states. The as-
signment of YH ground state as a >A state was contradicted
by subsequent theoretical calculations by Langhoff et al.,'?
which predicted a ' £+ ground state. A more recent extensive
complete active space self-consistent field (CASSCEF) calcula-
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tion taking into account the second order configuration inter-
action (SOCI) and relativistic configuration interaction (RCI)
was carried out by Balasubramanian and Wang.'? This work
also predicted a ' ©* ground state for YH and a *IT state as the
first excited state. A number of higher-lying excited electronic
states were also predicted by this study.'? These ab initio pre-
dictions for the ground and low-lying electronic states were
later confirmed by experimental studies by Simard et al.'* and
Ram and Bernath'> !¢ in which a number of low-lying excited
electronic states (e.g., a*A, C'= T, dO*, and e’®) were ob-
served and characterized.'

Matrix infrared spectra of MHy (M = Sc, Y, La, and
x = 1,2,3) produced by the reaction of laser-ablated atoms
with molecular hydrogen were studied by Wang et al.!
The observed spectra were interpreted using density func-
tional theory calculations. The fundamental frequency of YH
in Ar and Ne matrices was observed at 1470.4 cm~! and
1496.1 cm™!, respectively, compared to the gas phase value of
1491.6995 cm~! from Ram and Bernath.'>

In the most recent studies Jakubek et al.'®!° have inves-
tigated the complex spectra of YH and YD in the green and
blue regions. In particular, a number of bands located in the 19
300-19 900 cm™~! region were studied by laser-induced fluo-
rescence in a molecular beam source. In order to obtain rota-
tional and 2 assignments, Stark measurements were obtained
for the ground and four excited states using bands located
in the green region. The electronic assignments for the ob-
served states at 19 381.352 cm™'(f3I1}), 19 573 cm™! (D'I1),
19 574 cm™! (f3I1,), and 19 742.734 cm™! (f'1) were pro-
posed on the basis of these studies. Two further higher-
lying electronic states, EO* (23 213.3 cm™!) and F1
(23 426.5 cm™!), having transitions to the ground state were
also identified from the study of the blue region bands.

In the present paper we report on the first observation
of two lowest-lying singlet excited states, A' A and B'IT,

© 2011 American Institute of Physics
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which have transitions to the ground state near 1 um. These
two states have been predicted to be located at 10 992 and
12 685 cm™! by Balasubramanian and Wang,'* but were not
observed to date. These two states have been found to inter-
act strongly with each other and a perturbation analysis was
performed to obtain spectroscopic constants.

Il. EXPERIMENT

The new bands near 1 um were observed in two spec-
tra [#13 and #14, November 17, 1988] recorded by Sveneric
Johansson at the National Solar Observatory at Kitt Peak. A
careful inspection and analysis of bands near 10 000 cm ™~ in-
dicates that these bands belong to YH and YD, which were
simultaneously observed in Johansson’s spectra. The hollow
cathode lamp, made by inserting yttrium foil in a hole in a
copper block, was operated at 124 mA current and 220 V with
a flowing mixture of 1.4 Torr of Ar and Ne. No additional
H; or D, was required to make YH and YD. Presumably, the
H; and D; required to form YH and YD were present in the
lamp from previous experiments intended to make BiH/BiD
and HoH/HoD molecules. The spectra were recorded using
the 1-m Fourier transform spectrometer associated with the
McMath-Pierce Solar Telescope of the National Solar Ob-
servatory. The spectra in the 3600-38 000 cm™! spectral re-
gion were recorded in two parts. The 3600-12 000 cm~! re-
gion was recorded at a resolution of 0.012 cm~! by coadding
four scans in about 60 min of integration. For this region the
spectrometer was equipped with a UV beam splitter, GaAs
filters, and InSb detectors. The 9000-38 000 cm~' region
was recorded at a resolution of 0.038 cm~! by coadding four
scans. This time the spectrometer was equipped with the UV
beam splitter and mid-range Si diode detectors. As the YH
and YD bands are located near 10 000 cm~! where the sensi-
tivity of the Si-diode detectors is low, the YH and YD bands
are quite weak compared to those observed to shorter wave-
lengths. Therefore, we decided to use the measurements of the
lines from the first spectrum in our final analysis. The spec-
tral line positions were extracted from the observed spectra
using a data reduction program called PC-DECOMP developed
by J. Brault. The peak positions were determined by fitting a
Voigt line shape function to each spectral feature. In addition
to the YH and YD bands, the spectra also contained Y and Ne
atomic lines. The spectra were calibrated using the measure-
ments of Ne atomic lines made by Palmer and Engleman.?°
The absolute accuracy of the wavenumber scale is expected
to be better than +0.003 cm™!.

lll. OBSERVATIONS AND ANALYSIS

In our previous investigation of YH (Ref. 15) and
YD (Ref. 16) we had recorded the spectra in the 3500—
14 500 cm~! region. In these spectra we did not observe any
bands near 1 um because of the poor response of our optical
system. The higher wavenumber region (>14 500 cm™') was
not covered in our previous experiments. The spectra recorded
by Johansson showed the presence of additional molecular
features near 10 000 cm~! and 19 600 cm~". The 19 600 cm~!
region has recently been characterized by Jakubek et al.'® !
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A detailed investigation of the 1 um bands was carried out by
comparing the combination differences from these bands to
the values for the known electronic states of YH and YD. It
was found that the 1 wm bands consist of two transitions hav-
ing the ground state as their lower state. With the assistance
of theoretical calculations of Balasubramanian and Wang,'?
these two transitions were assigned as A' A-X'~+ and B'II-
X!'%*. Although the A' A-X!' 2™ transition is forbidden, the
A'A state mixes with the B'IT state and the transition be-
comes allowed. The band origins of the two transitions are

separated only by ~12 cm™!.

A. The 1 um spectrum of YH

Two bands with origins near 9848 cm™! and 9859 cm™!

have been assigned as the 0-0 bands of the A!A-X'Z+ and
B'TI-X' =+ transitions, respectively. The A' A-X' T+ transi-
tion has a weaker R-head near 9853 cm™!, while the B'II-
X!2* transition has strong Q- and R-heads near 9896 cm™!
and 10 046 cm~!. Corresponding 1-1 bands are located near
9695 and 9697 cm~!, respectively. The spectrum of each band
consists of P, Q, and R branches with the Q branch being the
most intense. The R and P branches have almost equal inten-
sity in the bands of both transitions. The spectrum is com-
plex because of unusual spacing in the R, Q, and P branches
and the assignment was possible only by finding a match be-
tween the lower state combination differences with those of
the X' X+ state. The A! A-X' £+ bands are somewhat weaker
in intensity than the B'TT-X! £+ bands. We have identified ro-
tational lines up to R(29), Q(34), and P(26) in the A' A-X' 2+
0-0 band and R(34), Q(37), and P(29) in the B'TT-X' =+ 0-0
band. The 1-1 band of both transitions is much weaker in in-
tensity than the 0-0 bands and we have assigned the rotational
lines up to R(18), Q(20), P(17) and R(16), Q(30), P(18) in the
1-1 bands of these two transitions, respectively.

B. The 1 um spectrum of YD

The YD spectrum is about 30% of the intensity of the
YH bands present in the same region. For YD, we were able
to identify only the 0-0 bands of the A'A-X! %+ and B'II-
X!¥+ transitions, and the 1-1 bands could not be seen be-
cause of weak intensity. The vibrational assignment of the
two 0-0 bands was made by comparing the lower state com-
bination differences with the previously known values from
Ram and Bernath.'® The observed YH-YD isotope shifts for
the 0-0 bands of the A'A-X'E+ and B'TT1-X' £+ transitions
of the two isotopologues are 33 and 22 cm™!, respectively,
which compares well with corresponding values from other
transitions. For example, a shift of about 27 cm™! was ob-
served for the 0-0 bands of the C! 2 *-X' X+ transition of YH
(Ref. 15) and YD.' We have identified rotational lines up to
R(20), Q(28), and P(19) and R(22), Q(28), and P(23) in the
0-0 bands of the A'A-X'=+ and B!TI-X! =™ transitions, re-
spectively. A portion of the 0-0 band of the B'TT-X! =7 transi-
tion is presented in Figure 1, in which some rotational lines of
the head-forming R branch of YH and YD have been marked.

After obtaining the correct J assignment in the P, Q, and
R branches of different bands, attempts were made to fit the
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FIG. 1. A portion of the 0-0 band of the B!TI-X' = transition, with some rotational lines in the R branches of YH and YD marked.

observed lines using the PGOPHER program, for convenience.
The energy levels of the observed states are represented by
the following expressions:

For the X! 27 state,

F.(J) = T, + BJJ + 1) = D,[JJ + D]
+H, 00+ DPF + L3 + 11t (1)
and for the B'TT and A' A states,

F,() =T, +BJJ + 1) =D,[JJ + D* £ %{qVJ(J + 1)

+qov[I3 + DI* + quy I3 + DI} 2

Initial attempts were unsuccessful because of strong in-
teraction between the close-lying A'A and B'IT excited
states. In order to take into account the interactions, a pertur-
bation analysis was performed, details of which is provided in
Sec. III C.

C. Perturbation analysis

The rotational (H,,) and spin-orbit (Hgo) Hamiltoni-
ans in the molecular coordinate system are expressed as
follows:!

H, =B®R)’=BJ—-L-8)
= (2= J)+B(S* = $) +B(L* - L?)
—BUJTL 4+ J LYH—-BWUJTS +J°8hH
+B(LTS™ 4+ LS,

1
Hso = AL-S = AL:S. + SA (LTS + L757),

where J*, L*, and S* are raising and lowering operators; J.,
L., S, are the respective projections of J, L, S onto the inter-
nuclear axis; and all other constants have their usual mean-
ings. Within the Born-Oppenheimer approximation, three
terms in the rotational part of the Hamiltonian, H,,, are
neglected:??

1. —B('L™ +J L"), which is the L-uncoupling operator.

2. —BW*S™ +J~S8T),which is the S-uncoupling operator.

3. B(L*S™ + L~S8T), which causes spin-electronic homo-
geneous (A2 = 0) perturbation.

For the B'TI-A! A interaction, all interaction terms van-
ish except for the L-uncoupling operator, —B(JTL™ +J~L™).
In addition, approximate wavefunctions for the 16220 '15!
A'A state and the 16220' 17! BT state can be constructed
as linear combinations of Slater determinants:

! 8a) = —=lloas” I - ol

1
1) = —sllowr fl - lofrall
8c2) = —=lloasp| - ool
ML) = slloarp) = lopa”all

It is only necessary to consider the positive €2 values. Thus,
the B!TI-A' A perturbation is characterized by the following
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matrix element:
(BT, vg|H'|A' Ay, va)

= (B'Ty, vg] = B(R)JTLT|A' Az, va)

= (vg]| —BR) |vp){JQ2 = IM|JTIQ =2M)

x Y (T Ag)
=—[Jd+1)—2]"2(vg|BR)|v,)

X ZZ %{(Ja8+ﬂ|llf|aan+ﬁ) + (0ﬁ8+a|llf|a,3n+a)}

=—[UAd+1D=21"2(vgB(R)|vy) x b
nAd+1)—2]"2

where b= (ztall"|§Ta) = (xTB|I"|6TB), n = —(vg|B
(R)[va) x b.

The PGOPHER program was used to accomplish the per-
turbation analysis using the above matrix element. Firstly,
line positions of the 0-0 band of the A'A-X'S+ and B'IT-
X!'2* transitions of YH and YD, together with their J assign-
ments were inserted into the PGOPHER program. Since the
lower state combination differences from the two transitions
agree well with the corresponding values for the ground state
from our previous studies,'> !¢ the lower state spectroscopic
constants were held fixed to our published values for YH
(Ref. 15) and YD (Ref. 16) in the final fit. One perturbation
matrix element, (B'TT;, vg|JTL™|A! A, vA), was included in
the fit. A least-squares fit was obtained by varying spectro-
scopic constants for the A' A and B'IT states and the pertur-
bation matrix element. However, the average unweighted fit-
ting error was around 0.05 cm~!, which is about an order of
magnitude larger than the experimental line position accuracy,
0.005 cm™!. Trying to add more diagonal terms did not im-
prove the fit. In order to improve the fit, the centrifugal dis-

J. Chem. Phys. 135, 194308 (2011)

tortion of the perturbation matrix element was introduced in
the fit:

(B'T1y, ve| Hip A Az, va)
= (B'I1;, vg[D(R) N2JTL™|A' Ay, va)
= (B'T;, veID(R)(J — S)*JTL™|A' Ay, va)
=JJ+ D(B'TI, vg|D(R) JTLT|A A5, va)
=JJ+ DI +1)—2]"> (vgID(R) [va)

> %{(0a8+ﬂllflow+ﬂ) + (0B all o a))

=J0+ DA +1) =2 (vgID(R) |vy) x b
=npJd+DHIJ+1)—2]"

where b = (wta|l7|6Ta) = #TTBIIT1STB), np = (vB
ID(R)[va) x b.

After including the centrifugal distortion of the pertur-
bation, the average unweighted fitting error was reduced to
0.006 cm™!. To summarize, the following 2 x 2 matrix was
used to model the B'TI-A' A interaction:

ey (B
? - We/f EO ’
21 It
1
Eg =Ta +Bax — Dsz + HAX3 + E(q(A)x + qD(A)xz),

Eol-l = Tn + an — anz + an3 + L]'[)C4

1
+ E(Q(r{)x + QD(H)X2 + QH(I'[)X3 + QL(H>X4),
Wsy = (1 + nf0)Vx =2 Wi = (n + nhov/x =2,

wherex =J(J+1);n and np/ njg are perturbation matrix
element coefficients.

The spectroscopic constants including the interaction
terms for YH and YD are provided in Tables I and II, respec-
tively. A list of observed lines for YH and YD are deposited as

TABLE I. Spectroscopic constants (in cm™!) and interaction parameters for the A' A and B'IT states of YH.

AlA B'II

Constants v=0 v=1 v=0 v=1
T, 9847.93880(459) 11187.1291(116) 9859.44265(452) 11201.3750(114)
B, 4.08215(231) 4. 04880(232) 4.30866(231) 4.14664(232)
D, x 10* 1.52721(231) 1.4596(126) 1.71023(232) 1.7175(121)
H, x 10° 5.2826(488) 2.8805(666)
L, x 10'3 —4.016(162)
qv x 10° -0.0016750(936) -0.00784(146) 1.49763(818) 1.538(47)
qpv x 10° 0.5883(112) 1.013(131)
quy x 107 1.6007(606)
quy x 1012 1.0927(344)

A'A (v = 0)/B!I (v = 0) Interaction A'A (v =1)/ BT (v = 1) Interaction
% —0.0011921(223) % —0.0005341(185)
n 7.57276(178) n 7.23057(209)
nh —0.0012374(344) nl —0.0006181(194)
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TABLE II. Spectroscopic constants (in cm~!) and interaction parameters
for the A' A and B'IT states of YD.

A'A B'I
Constants v=0 v=0
T, 9880.4094(316) 9880.9563(319)
B, 2.0500(124) 2.2165(124)
D, x 10° 3.584(219) 4.682(220)
H, x 10'0 7.566(644)
qv x 10* 3.47(13)
qpy x 107 4.49(30)
A'A (v =0)/ B'TI (v = 0) Interaction

né —0.000899(268)

n 3.84480(145)

nb —0.000904(267)

supplementary material®® in the form of the final output of the
PGOPHER program. A fit of the observed line intensities us-
ing the PGOPHER program provides a rotational temperature
of 1309 % 51 K for the YH molecule.

IV. DISCUSSION

In an extensive calculation of the spectroscopic proper-
ties of the low-lying electronic states of YH, Balasubrama-
nian and Wang'® have predicted the electronic states aris-
ing from the [core]4d'5s® configuration of Y and 1s' con-
figuration of H using the CASSCF with the SOCI and RCI
calculations. This calculation agrees well with experimental
observations.>™! According to this calculation the ground
state of YH arises from the electron configuration, 152202,
Some of the other very low-lying electronic states arising
from the 20— 16, 20— 1z, and 20 —30 electron promo-
tions are given as follows:

16226118"  A'A, a3A, ()
16226 17! B'M, BT, (i)
16%20'30! ClxTt, 3=t (iii)

The other higher-lying electronic states correlate with the
higher energy configurations 5s°, 5s4d, and 4d*> of the Y™
atom.>* Most of the higher-lying electronic states located up
to 26 000 cm™! have now been assigned.’>!'° Among the
very low-lying electronic states, only the X' X+ and a> A elec-
tronic states have been experimentally observed so far and
the B3I, A=+, A'A, and B!'II states remained unobserved
(prior to the present work). The two new electronic transi-
tions located near 1 um have been assigned as A'A-X!Z+
and B'TI-X! X *. Although the transition from the A'A state
to the ground state is forbidden, this state acquires some 'T1
character because of strong interaction with the close-lying
B'IT state and becomes allowed. The A-doublet splitting in
v = 0 vibrational levels of the A! A and B'IT states was cal-
culated using their term values. The excited state term val-
ues were calculated by adding the ground state (X' X %) term
values to the R or P branch lines [for the F./(J) levels] and
Q branch lines [for the F;’(J) levels] in the two 0-0 bands.
In general, A-doublet splitting in a ' A state is much smaller

J. Chem. Phys. 135, 194308 (2011)
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FIG. 2. A plot of A-doublet splitting for the A' A and B'IT states with re-
spect to J. The A-doublet splitting for the A A state is marked on the left
side and that for the B! IT state is marked on the right side of the y axis.

than that in a 'TT state and varies as [J(J+1)]?, while that in a
11 state varies as [J(J4-1)]. The observed splitting in the A' A
state is in the range of 0.0-0.15 cm™! (up to J = 30) and that
in the B'IT state lies in the range of 0.0-14.17 cm~' (up to
J = 36), but has an unusual J-dependence because of the per-
turbations. The A-doublet splitting in the two states is plot-
ted with respect to J in Figure 2. In this figure the A-doublet
splitting in the A'A state is marked on the left y axis, while
that in the B'IT state is marked on the right y axis. The elec-
tronic assignment of the A' A and B'IT states is supported by
the observed A-doublet splitting in the two states as shown in
Figure 2.

As can be noticed in Tables I and II, the spectroscopic
constants of the two excited state are not as well determined
as expected based on the quality of the present measurements.
The most probable reason for this is the use of interaction pa-
rameters to account for perturbations between the two states.
These extra constants are correlated with the other parame-
ters. The constants of Table I have been used to determine
the equilibrium constants for the A' A and B'IT states which
are provided in Table III. The spectrum of YH consists of
the 0-0 and 1-1 bands of the A'A-X'S* and B'TI-X'E=F
transitions and no bands belonging to the Av#0 sequences
were observed. Therefore, the equilibrium vibrational con-
stants for the two excited states could not be determined. The
present analysis provides AGy, intervals of 1339.1903(125)
and 1341.9324(123) cm™! for the A'A and B!'IT states, re-
spectively. These values compare reasonably well with the

TABLE III. Equilibrium constants (in cm~") for the A' A and B'IT states
of YH.

Constants AlA B'II

AG(1/2) 1339.1903(125) 1341.9324(123)

Be 4.09883(283) 4.38967(283)
e 0.03335(327) 0.16201(327)
re(A) 2.03153(70) 1.96308(63)
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194308-6 Ram, Li, and Bernath

respective theoretical vibrational frequencies (w.) of 1366
cm™' and 1380 cm™'. The rotational constants for the
v = 0 and 1 vibrational levels of the two states provide the
equilibrium rotational constants (B,) of 4.09883(283) cm™!
and 4.38967(283) cm™! for the A' A and B'IT states, respec-
tively. These values result in the equilibrium bond lengths
of 2.03153(70) A for the A'A state and 1.96308(63) A for
the B'IT states compared to the theoretical values of 1.95 A
and 1.944 A, respectively. Although the observed values are
somewhat larger than the theoretical values, the small differ-
ence is understandable based on the nature of calculation. For
YD only the 0-0 bands were observed for the two transitions,
and therefore no equilibrium parameters could be obtained for
the two excited states of YD.

The rotational constants for the A' A and B'IT states of
YH and YD have been used in the traditional isotopic rela-
tion, p> = [B/B'] to check for consistency, where p? = u/u'.
The values of p? = 1.9913 and 1.9439 were derived using the
rotational constants for the A'A and B!IT states of the two
isotopologues, while the calculated value is 1.9763.

We have observed small local perturbations in the
v = 0 vibrational level of the B'IT state of YH and
v = 0 vibrational level of the A! A state of YD. The observed-
calculated differences show that the F.(21) and F¢(21) rota-
tional levels of the B'IT (v = 0) state of YH and the F.(10)
and F; (13) rotational levels of the A A(v = 0) state of YD
are affected by interactions.

V. CONCLUSION

The emission spectra of YH and YD near 1 pum have
been reinvestigated using the Fourier transform spectrometer
of the National Solar Observatory at Kitt Peak. The bands ob-
served have been assigned to two new overlapping electronic
transitions, A'A-X! =+ and B!TI-X!=*. The A!A and B!II
states are about 12 cm™! apart and are affected by strong in-
teractions between the two states. A rotational analysis of the
0-0 and 1-1 bands of YH and 0-0 bands of the YD transi-
tions has been carried out and spectroscopic constants includ-
ing the interaction parameters have been determined for the
two new excited states. These observations are consistent with
the ab initio predictions of Balasubramanian and Wang."?
A perturbation analysis has been carried out using the

J. Chem. Phys. 135, 194308 (2011)

PGOPHER program and spectroscopic constants for the A'A
and B'IT states, including the interaction parameters, have
been determined.
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