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Fourier Transform Infrared Emission Spectroscopy
of a New b3II-a®A System of HfO

R. S. RAM AND P. F. BERNATH
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University of Waterloo, Waterloo, Ontario, Canada N21 3G 1

The emission spectrum of HfO has been investigated in the 400 nm to 5 um spectral region
with a Fourier transform spectrometer. The bands were excited in a hafnium hollow cathode
lamp in the presence of neon and a trace of oxygen. In the 6900-8000 cm™' region, four new
sequences of bands were observed with the 0-0 Q heads at 7060 cm ™', 7355.4cm™', 7376.8 cm™!,
and 7929.5 cm™'. These bands have been identified as the Ig«—34,, 3I14--34,, *I1,-3A; and
1,-3A, subbands of the #°I1-a>A transition. The rotational analysis of the 0-0 and I-1 bands
of each subband has been performed and the equilibrium rotational constants for each spin
component of the »°I1 and a>A states have been obtained. © 1995 Academic Press. Inc.

INTRODUCTION

Diatomic transition metal oxides have been the subject of numerous spectroscopic
investigations due to their important role in chemistry and astrophysics (/-3). Some
of these molecules, for example, TiO (4, 5) and YO (6-8), have been identified in
the atmospheres of cool stars and are being used by astronomers in stellar classification
(9). The transition metal oxides are also important for the theoretical understanding
of chemical bonding in simple metal systems.

Over the past decade a great deal of effort has been devoted to the study of transition
metal monoxides. As a result the ground states of all 34 transition metal monoxides
have been characterized. Many excited electronic states of the 3d oxides are now also
known (I, 10). Understanding of the 44 transition metal monoxides is more limited;
YO (10-13), ZrO (10, 14-18), NbO (10, 19), MoO (20, 21), RuO (10, 22), and
AgO (10) are relatively well characterized in this family.

The heavy 5d transition metal oxides suffer from an additional complication because
strong spin-orbit interactions limit the validity of the S, Z, and A quantum numbers.
The large number of unpaired electrons in these metals results in many low-lying
electronic states with large spin—orbit intervals. The different spin components of a
25*+1A term are split into widely separated Q-states with Hund’s case (¢) electronic
structure. The various electronic states and spin components interact with each other
and cause perturbations. This leads to difficulty in the interpretation of the observed
spectra as well as in the ab initio prediction of the molecular properties. Due to these
limitations there are essentially no ab initio predictions and only limited experimental
(10, 23-30) data are available for the 5d series of transition metal oxides.

The infrared electronic transitions of transition metal oxides are expected to be
relatively free of perturbations because of the lower density of states in this energy
range. Recently we have successfully applied Fourier transform emission spectroscopy
to the study of the near infrared spectra of some transition metal oxides such as PtO
(30), NiO (37), and CoO (32). These spectra were free from local perturbations. In
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FIG. 1, Energy-level diagram for the £>TI-4’A electronic transition of HfO.

this study we have applied this technique to the study of the near infrared spectra of
HfO. The new HfO bands in this region are free from local perturbations, as expected.

The HfO molecule has been known for several decades. This molecule was initially
observed by King (33) in 1929. Since then there have been several reports on the
electronic spectra of this molecule, mainly in the visible region (34-36). Gatterer et
al. (36) classified the HfO bands into nine electronic transitions and designated them
by the letters 4 to J. They noted that six of these transitions, 4, B, D, E, F, and G,
have the same common lower electronic state. In a later study of this molecule, Weltner
and McLeod (37) observed the same six electronic transitions in absorption in solid
neon and argon matrices and concluded that the ground state of this molecule is a
'3+ state. This conclusion was consistent with the results obtained for ZrO (10, 18).
The microwave spectra of HfO, along with those of YO, LaO, and ZrO, have been
obtained by Suenram et al. (24) by coupling a laser ablation source with a pulsed-
nozzle Fourier transform microwave spectrometer. In this work the electric dipole
moments and nuclear quadrupole coupling constants have been determined for the
ground electronic states. The ionization potential and other thermodynamic properties
of HfO have been determined by mass spectrometry (38, 39). The ionization potential
was measured to be 7.55 eV (38), while the dissociation energy is 188.9 kcal/mole (39).

Edvinsson and Nylén (40) have studied the spectra of HfO in the 230-1150 nm
spectral region at high resolution using a grating spectrograph and have reported the
rotational analysis of nine transitions in the visible region. Six of these transitions
have a common lower state, which is the ground state X 'Z*, The remaining three
transitions do not have any states in common with the known states. These transitions
were labelled as C — x,, J — x;, and H — x; by Huber and Herzberg ( /0). The bands
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FIG. 2. A part of the compressed spectrum of the infrared system of HfO showing the sequence structure
due to different subbands.

in these transitions do not have any observable Q-doubling. It was pointed out by
Edvinsson and Nylén (40) that these bands could be the subbands of a *®-*A transition
analogous to the 43®-X3A transition of TiO (4/) and the »3®-a’A transition of
ZrO (42).

In this paper we report the discovery of a new *I1-*A transition in the near infrared
in the 6800-8000 cm™' spectral region. These bands involve the same X,, x;, and x;
lower states as observed by Edvinsson and Nylén in their C — x;, H — xz, and J —
X, transitions (40). We have carried out a rotational analysis of the 0-0 and 1-1 bands
and have determined the effective equilibrium constants in each state. The a>A state
is the lowest triplet state and the b°II state is most probably the next excited triplet
state of HfO. The b°Il and a>A states of HfO are analogous to the E°II and X *A
states of TiO (43). The corresponding b°I1-a*A transition of ZrO has also been
observed by laser photoluminescence of ZrO trapped in neon at 4 K (44) and in the
gas phase (15).
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FiG. 3. A part of the spectrum showing the 0-0 band of the b*lg-—a’A, subband of HfO near the band
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The present analysis allows a comparison of the electronic structure and bonding
of TiO, ZrO, and HfO. For TiO and ZrO the leading configurations giving rise to the
3A and 311 states have been well established as %06 and w*ow (45-49). There are no
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TABLE 1

Observed Transition Wavenumbers (in cm™') of the 0-0 and !-1 Bands
of the b*I+—a’A, Subband of HfO

0-0 Band 1-1 Band

J Ree o-C Qef o-C Pee 0-C Ree 0-C Qef 0-C Pec O-C

3 T063.583 0009 - -

4 7064.347 0.002 - - T057.558 0.001 7051.579 0.001 - -

5 7065.098 0.002 - - 7056.811 0.010 7052.319 0.007 - - T044.067 D003

6 7065.851 0.003 - - 7056.054 0.009 TO53.008  -0.007 - - To43.308 0010

7 7066.601 0.002 - - 7055286  -0.002 7053815 -0.008 - - 7042.563 0,002

8 7067.351 0.002 - - 7054.525  -0.005 7054563 -0.008 - - 7041.805  0.007

9 7068.100  -0.000 - - 7053768 -0.005 7055312 0.007 - - 7041.048 0011
10 7068.852 0.003 - . 7053.013  -0.002 7056.054 0012 - - 7040.304 0,002
1 7069.600 0.001 - - 7052.253  -0.004 7050811 0001 - - 039,554 0.002
12 7070.351 0.004 - - 705149  -0.002 7057558 -0.001 - - T038.800 0.002
13 7071.098 0.002 - - 7050737 0.002 7058.307 0.002 - - T03R (45 0.001
14 7071843 -0.000 - . 7049974  -0.003 7059.0063 0014 - - T027.293 0.004
15 7072.591 0.001 - - 7049.209  -0.010 - - 7036.533 0,002
16 7073.340 0.003 - - 7048450 0010 - - 7035.781 0.002
17 7074.083  -0.001 - - 7001.288 0.006 - - T035.027 0.003
18 7074.829 0.000 - - 7040.935  -0.003 7062023 -0.003 - -
19 7075574 0.000 - - 7046.178 0.00¢ 7062.771 0.2 - - 7033500 0011
20 7076.319 0.001 - - T45.418 Q.002 7063512 G002 - - 7022759 0008
21 7077.062 0.000 - - 7044.660 0.007 7064.255 0.002 - - TOR2.402 0.004
22 7077.804 0001 - - 7043.899 0.007 T064.97 04 - - 7031.243 0.003
e 7078.547  -0.001 - - 7043135 0.006 7065.738 0005 - - 7030.499 0010
24 7079.290 0.000 - - 7042362 AL004 T066.478 10.006 - . 7029.729 0.004
25 70801032 0.000 - - 7041.017 0013 7067.214 0.003 - - 028973 0.007
26 T080.771 0001 - - 7040.842 @003 M67.953 0.003 - - TU2R.222 0.015
27 7081510 -0.002 - - 7040.079 0003 7068.090 0.004 - - 7027460 0012
28 7082251  0.001 - - 7039314 0.002 7069.425 001 - - 7020695 0.000
29 7082989  -0.001 - - 7038.550 0.002 7070.162 (LO03 - - 7025.937 Q.00
30 7083.727  0.002 - . 7037.784 0,001 7070890 -01.004 - - 025174 0.7
31 7084.461  -0.005 - - 7037011 -0.007 7071627 o0l - - 024,909 003
a2 7085.202  -0.001 - - 7036.201 0.008 7072358 003 - - 7023.655 001
EX] 7085934 -0.005 - - 7035.477  -0.010 7073.093 0.000 - - 7022.884 0.001
34 7086.671  -0.003 - - 7073817 -0.007 - - 702212 0.001
35 7087.403  -0.000 - - 7033952 -0.003 7074543 -0.011 - -
36 7088.143 0.000 - - 7033185 -0.004 TOT5.282  -0.002 - -
37 7088.869  -0.006 - . 7032.422 4.001 707600 0.012 - - 7019.842 9.013
38 7089.592  0.015 - - 7031.659 0.005 7076.744 0.005 - - 7019004 0.0
39 7090324 0.015 - - 7030884  0.002 7077469 0.004 - - 7018288 0.0
40 7091.066  £.004 - - FO30.114 0005 m_A7S -0.M5 - - 047519 0013
41 7091798 -0.002 - - T029.351 G.AXH] T078.920 (A% - - T016.760 0,004
42 7092.535 0.006 - - 7028.583 0001 7079633 0004 - - 701599 -0.001
43 7093.267 0.011 - - T027.815 0.002 TOR0.A52 0000 - - MUHE224 0005
44 7093.994 0.010 - - 7027.046 0.003 TORLOTS 00004 - - T014.463 0.0113
45 7094.718 0.007 - - 7026.275 AL T081.802 0.004 - - 7013.680  AL.00OS

theoretical calculations available for HfO but the results obtained in this work are
consistent with expectations based on the results of TiO and ZrO.

EXPERIMENTAL DETAILS

The HfO molecule was made in a hafnium hollow cathode lamp. The cathode was
prepared by inserting a I-mm-thick cylindrical foil of hafnium metal into a hole in a
copper block. The foil was tightly pressed against the inner wall of the cathode to
provide a close and uniform contact between the hafnium metal and the copper. The
lamp was operated at 230 V and 248 mA with a continuous flow of 2.5 Torr of neon.
A very small amount of oxygen (<3 mTorr) was required to excite the HfO bands
while keeping the glow of the lamp steady. At higher pressures of O, the glow becomes
unstable, even though the bands are more strongly developed. The emission from the
hollow cathode was observed with the 1-m Fourier transform spectrometer associated
with the McMath Solar Telescope of the National Solar Observatory.
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TABLE 1—Continued

0-0 Band 1-1 Band
J Ree O-C Qef 0-C Pec O-C Ree 0-C Qef 0-C Pee 0-C
40 T095.449 0.014 - - 7025494 0010 7082517 0.001 - - 7012917 0004
47 7096.163 0.002 - - 7024.734  -0.000 7083.233 0.001 - - 7012.148  0.002
48 TIH6.887 0.003 - - 7023960 0.002 7083.942 0006 - - 7011373 0,005
49 7M7.611 0.004 - - 7023190 AL02 7084.658  -0.004 - - 7010.607 0.001
50 78331 0.003 - - 7022.423 0.001 7085377 0.003 - - 7009828  0.005
S TiH9.056 0.006 - - 7021.652 0.002 TOR6.099 0.014 - - 7009.053  -0.006
52 T, 784 0.013 - - 7020.881 Lo03 7086.785 0,010 - - 7008.285 0.001
53 7100483 0005 - - 7020.108 0.002 T087.494 0010 - -
sS4 7101.208 0.001 - - 701933 -0.004 7088.198  -0.012 - -
55 7101923 0001 - - 7018.563 0.003 TO88.922 0.006 7047.065  0.014 7005946 0011
56 7102642 0.3 - - 7017.788 0.001 7089.618  -0.003 7047.035  -0.008 7005182 0.002
57 7103.335 0.001 - - 7017015 0.001 Ti¥0.324 0.0%31 7047.015 0.008 7004.394  -0.007
S8 7104.071 .004 - - 7016.242 0.003 TW1.029 0.004 7046.977 0.008 T003.625 0.003
59 710479 0018 - - 7015463 0002 91727 0002 Ttd6 931 0.0 T002.840  -0.003
ol 7105490 -0.002 - - 7014.691 0.001 7092.427 0.004 7046891 -0.000 7002.064 0.001
6l 7106.207 0005 - - 7013911 0005 793,118 -0.002 7046.849  0.001 7001.288 0.006
o2 TH06.904 0008 - - 7013.141 0001 TiM3.828 0.013 7046.807  0.001

63 7107.021 0.001 - - 7012361 0L003 T094.539 0.029 7046.763 0,004
04 TIOR320 0007 7059.580 0.01 7011584 004 005217 0.016 7046.717  -0.000
0S 719042 0.0 7059.539 01.007 7010.813 0.002 T995.900 0.007 7046.680 0.002
00 THW.T737 0001 7059.501 1.006 7010027 4008 716.605 0.023 7046632 -0.000

[y 7110.447 0.008 7059.461 0.004 7009.26% 0.011 70M7.275 0.005 T046.588 0.002
[ TIHLI3T 0007 T039.415 0003 T08472 0008 046.540 0.002
oY T111.853 0.008 7059377 -0.002 T046.495 0.005
70 7112541 0003 FO9.330 D008 7046.443 0.003
7 7113.254 0011 7059.289 0007 7046.393 0.003
72 7113.947 0.007 7059244 0010 TO05362 003 7046.350 0.011
R 7114054 0.018 7059203 D9 7004.591 0.005 7046.293 0.006
74 T059.158 0009 7003811 0.006 7046.241 0.000
78 TOS9118 0004 T003.039 0.014 7046.179 0,002
76 TOS9.066 010 7002234 011 7046.128 0.000
77 7059020 0001 7001.463 A1 7046071 -0.002
) TFOSROK 0.002 T000.690 0.008 7046.012  -0.005
Y 7058932 0001 0999.910 0010 7045.950  -0.006
) FOSBE80 4.003 6999114 0003 7045897 -0.009
81 T0S8829 003 TO45.843 0,007
«2 TOSRTI’0 D0

K2 TOSKTA2 0.004 6996.766 .02

84 T038.075 1001 0995.993 0.009

8s T058.6240 (1001 6995.180 .10

fd) TOS8.508 01L.004 6994408  0.007

The spectra in the 2500-25 000 cm™' wavenumber region were recorded in three
parts. For the 2500-9200 cm ™! spectral region the spectrometer was operated with
silicon filters and liquid-nitrogen-cooled InSb detectors and 10 scans were coadded in
approximately 72 min of integration. For the 9000-21 000 cm ™' spectral region the
spectrometer was operated with RG497 red pass filters and Si diode detectors and a
total of 4 scans were coadded in 40 min of integration. For the 19 000-25 000 cm™!
region the spectrometer was operated with a CuSO, filter and Si diode detectors and
10 scans were coadded in 72 min of integration. For all three regions the spectrometer
resolution was set at 0.02 cm™'. The observed HfO infrared bands appear with a
maximum signal-to-noise ratio of 20:1. The low J lines of this transition have a typical
width of 0.026 cm™!. At higher J, the lines slowly become broader due to isotope
effects. Hafnium has six naturally occurring isotopes, '7*Hf(0.2%), '"*Hf(5.2%),
YTHE(18.5%), BHf(27.1%), "°Hf(13.8%), and '®°Hf(35.2%). At higher J, the lines
are partly split into two components due to the most abundant '"*HfO and '**HfO
isotopomers. The rotational constants have been determined using the line positions
of the most abundant '**HfO isotopomer.
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TABLE 1I

Observed Transition Wavenumbers (in cm™!) of the 0-0 and 1-1 Bands
of the #’I1y--a*A, Subband of HfO

0-0 Band 1-1 Band
J Rff O-C Qfe O-C PIf O-C Rff O Ofc O-C Pff 0-C
4 - - 7353.169 0.001 - - 7342770 -0.005
5 7360.712 0.001 - - 7352.420 0.007 7350274 -0.008 - - 7342019 0005
6 7361462  -0.001 - - 7351.653  L004 7351023 -0.009 - - 7341.264  -0.008
7 7362218  0.002 - - 7350913 0012 7351779 0003 - - 7340513 -0.008
8 7362.978 0.009 - - 7350.143  -0.003 73525822 -0.009 - - 7339.767  -0.002
9 7263.733 0.011 - - 7349.393 0.003 7353278  -0.003 - - 7339.018 .00}
10 7364.473 0.000 - - 7348.623  -0.011 7354.034 0.003 - -
11 7365.232 0.007 - - 7347.884 0.007 7354773 -0.006 - -
12 7365984 0.008 - - 7347119 -0.002 7355528 -0.001 - - 7336.757  -0.006
13 7366725  0.003 - - 7346363 -0.002 7356.279 0.002 - - 7336.012 0.001
14 7367.489 0.010 - - 7345.604  -0.004 7357.028 0.003 - - 7335254 -0.005
15 7368231 0.002 - - 7344.850  -0.001 7357.778 0.004 - -
16 7368979 0.0 - - 7344.087  -0.008 7358.529 0.007 - - 7311757 0.002
17 7369.730 0.000 - - 7343333 0,005 7359.274 0.005 - - 7332995 0.008
18 7370.480 0.001 - - 7342.565  -0.016 7360.026 0.010 - - 7332.251 0.001
9 7371.233 0.004 - - 7341821 -0.002 T360.770 0.007 - - 7331.504 0.006
20 7371.985 0.008 - - 7341051 -0.015 7361.515 0.000 - - 7330.739  -0.000
21 7372.731 0.005 - - 7340.298 -0 7362261 0005 - - 7330.000 0.008
22 7373478 0.004 - - 7339542 0008 7363.007 0.007 - - 7329.254 0.014
23 7374.215  0.007 - - 7338.794 0.601 7363.760 0.014 - - 7328486  -0.000
p:3 7374901 0008 - - 7338.030 0601 7304.498 0.008 - - 7327732 0.001
25 7375.720 0.004 - - 7365232 -0.002 - - 7326983 0.004
206 7376.463 0.000 . - 7336.525 0.008 7365984 0.000 - - 7326.233 0.008
27 7377208 0.002 - - 7335751 011 7366.726 0.005 - - 7325.478 (L7
28 7377953 0002 - - 7367.465 0.001 - - 7324.719 0.001
29 7378.702 0.002 - - 7334241 40004 7368.193  0.013 - -
30 7379445 -0.001 - - 7333.501 0.014 7368940  £.007 - -
35 7380.191 0.001 - - 7332.7%0 0.002 7369.681 41006 - - 7322.460 0.013
2 7380930 -D.004 - - 7331.980 010 7370.428 0.001 - - 7321.706 0.008
33 7381673 4.004 - - 7331.211 0.001 7371.168 0.001 - - 7320.948 0.006
34 7382412 0008 - - 7330450 -0.002 7371898 -0.007 - - 7320.194 0.008
a5 7383.151 011 - - 7329.699 0.006 7372635 -0.008 - - 7319.427 0.003
36 7383884 0020 - - 7328934 0.000 7373367 -0.013 - - 7318.674 0.000
17 7384.636  0L009 - - 7328.168  -0.007 7374.116 0.000 - - 7317.929 0.012
8 7385378 -0.008 - - 7327413 0002 7374836 -0.015 - - 7317.168 0.008
39 7386.117  -0.009 - - 7326.659 0.003 7375.595 0.009 - - 7316.403 0.001
40 738685 0.015 unresolved 7325898  0.002 7316330 0010 unresolved 7315633 0.010
41 738759  -0.008 Q-head at 7325.138 0.000 7377.069 0.016 Q-head at 7314.876 0.0
42 7388333 -0.009 7356.165 cm 7324375 0,002 7377.791 0.007 7345.762 cm 7314124 0002
43 7389.064  -0.017 - - 7323618  -0.000 7378518 0.003 - - 7313.370 0.003
44 7389.802  -0.015 - - 7322.860 0.002 7379240 0.0 - -
45 7390.556 0.002 - - 7322.102 0.004 T379972 -0.001 - - 7311.844 -0.0m3

In addition to HfO bands there are many Hf and Ne atomic lines present in our
spectra. The spectra were calibrated using the measurements of the Ne atomic lines
made by Palmer and Engleman (50). The absolute accuracy of the wavenumber scale
is expected to be better than 0.002 cm™!. However, overlapping lines and unresolved
isotopic splittings limited the precision of the observed HfO line positions to
+0.003cm™'.

OBSERVATION AND ANALYSIS

The rotational lines were measured using a data reduction program called PC-
DECOMP developed by J. Brault of the National Solar Observatory at Kitt Peak. The
line centers were determined by fitting the line profiles to Voigt lineshape functions.
The assignment of the Hf O lines was facilitated by an interactive color Loomis-Wood
program which is very useful for the analysis of weak and complex spectra.

In the visible region the spectra of HfO are basically the same as observed by Ed-
vinsson and Nylén (40). But in the infrared a new system of HfO has been identified.
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TABLE I—Continued

0-0 Band i-1 Band
J Rff O-C Qfc o-C Pff 0-C Rff o-¢ Qfe O-C Pff O-¢
36 7391278 0012 - - 732133 -0.004 7I80.697  NA03 - - 7311094 [LX1
47 7392.035 0.010 - - 7320578 0.000 781,428 0.000 - - 7310.329 (L1004
48 7392.762 0.003 - - 7319815 -0.002 7A82.152 0001 - - T300.560 104
49 7393499 0.006 - - 78287 0002 - - 7308785 0010
S 7394227 0.002 - - 7318.301 0.005 7383601 0.000 - - 7308030  -0.0K
51 7394.964 0.007 - - 7317.541 0.005 7384.323 0001 - - 7307.259 0017
52 7395.69(4 0.001 - - 7316.764 0011 7385.037 0008 - - TH0.505  -0.007
53 7396.423 0.002 - - 7316.025 0011 7385774 0.009 . - 7305.749 0.000)
54 7397.157 0.008 - - 7315201 0,008 7380482 L1002 - - 7304981 -0.003
55 7397868  -0.010 - - 7314.497 0.006 7387.196 008 - - Fi04.212 0006
56 7398616 0.010 - - 7313724 -0.006 7387.900 0009 - - FI3451 0002
57 7399330 -0.004 - - 7312973 8005 7388.633 0000
58 7400.059  -0.002 - - 7389342 0405
59 7400.777 0010 - - 7311433 0012 7390.061} 1L000
60 7401.506  -0.006 - - 7310).685 001 - -
61 7402.246 0411 - - 7309.929 0.007 1299.621 1604
62 7402967 0.008 - - 7309.157  0.003 T298.843 0005
63 7403.669 L0111 - - 7308.394  -0.004 T298.082 [1X).1x
64 7404400  0.002 - - 7307.636 0.001 7297.307 0.3
65 7405.126 0.004 - - 7306872 -0.001 7296535 0.004
66 7405.843 0.002 - - 7300.112 0.003 7295780 0010
67 7406.562 0.002 - - 7305.350 0.004 7295.008 .09
68 7407.273 0005 - - 7304.585 o 7294.232 0.004
o9 7407998 0.005 - - 7303.825 0.004
70 7408.724 0.015 - - T303.066 0.010

n 7400418 -0.005 - - 7302.303 0.010
ke 7410.127 0010 -

73 7410849  0.000

74 7411.567  0.007

75 7412275 0.004

76 7412975 -0.005

77 7413665  -0.022

8 7414391 0.003

80 7415799 0.005
81 7416500 -0.008

83 7417913 0.002
84 7418.638 0.028

The new bands of HfO are located in the 6900-8000 cm™' spectral region and have
been assigned to a *TI-3A transition. A schematic energy level diagram of the observed
subbands of this transition is presented in Fig. I, where the band origin of the 0-0
band in each subband is marked. A part of the compressed spectrum of the infrared
bands is presented in Fig. 2, showing the sequence structure present in each subband.
The spectrum consists of three well separated groups of bands. The bands in the 6900~
7100 cm™! region consist of a single sequence of bands with head-to-head separations
of about 12 cm™'. These bands have been identified as due to the *T,+~>A, subband.
The 7200-7400 cm™! spectral region consists of two sequences of bands, one with
successive head-to-head separations of about 11 cm™! and the other with separations
of about 19 cm™!'. After rotational analysis, the first sequence has been identified as
the *IIo—>3A, transition and the other sequence has been identified as the 3I1,-3A,
subband. The third group consists of a single sequence of bands with successive head-
to-head separations of about 20 cm™', which have been identified as the *II,-3A,
subband.

The bands in each subband region consist of many diagonal Av = 0 bands (up to
v’ =v" = 11). No off-diagonal bands with Av # 0 were observed in our spectra because
of the near equality of the vibrational and rotational constants in the lower and excited
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FiG. S. A part of the spectrum of the #°11,-a*A; Subband of HfO showing a few R-branch lines of the 0-
0 and 1-1 bands. The overlapping high-J R-branch lines of the 0-0 band of the b*II;-—a*A, subband have
also been marked.

states. This near equality of the rotational constants also means that the Q-branch
lines are resolved only at high J values in most of the bands. In fact, in the My—-3A,
subband all of the Q-branch lines are piled up within 0.6 cm™', resulting in a broad
and intense Q head, slightly degraded toward lower wavenumbers (Fig. 3). In the
T14+->A, subband the Q-branch lines could be resolved after Q(64) in the 0-0 band.
In the 3I1,-3A; and *I1,-?A; subbands the Q-branch lines could be picked out for
relatively low J values. In most of the observed bands the intensities of the P and R
branches are similar and the Q branch is about twice as strong as the Pand R branches.

A part of the spectrum of the 0-0 band of the T,+- A, subband is presented in
Fig. 4. The structure of this band consists of single P, Q, and R branches. The analysis
of *yp-—-3A, and *I1+-3A, subbands with a common lower state was accomplished
by comparing the lower state combination differences. Because of the large separation
between the 0F and 0~ components (295.61 cm™'), both of these components were
treated as independent states. The observed rotational lines were fitted to the usual
Hund’s case (¢) energy level expression:

F(J)=T.+BJUJ+1)-DJJJ+ D]+ H[JJ+ D]
+ (1/2){qUJ + 1) + gplJ(J + DI* + q I+ D} (1)

The rotational structures of the 0-0 and 1-1 bands of both of these subbands were
measured and the line positions were used to determine the rotational constants in
the lower and the excited states. The line positions for the 0-0 and 1-1 bands of the
y+-3A, and *II,--3A, subbands are provided in Tables I and II. The rotational
constants for the 0% and 0~ components of the b°II state are found to be similar
although these two levels are separated by 295.61 and 297.95 cm™' in the v = 0 and
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FIG. 6. A part of the spectrum of the b*I1,-a*A; subband of HfO near the Q head of the 0-0 band origin.

1 vibrational levels. The rotational analysis of the 2-2 and higher vibrational bands
was not attempted due to the complexity resulting from overlapping bands as well as
the increasing broadening arising from the isotope effect.

A part of the 0-0 band of the *II,-*A, subband is provided in Fig. 5. This band
also consists of P, O, and R branches with each line doubled due to Q-doubling in
the excited 3I1, spin component. The present analysis shows that there is no Q-doubling
in the lower a>A; state. In the excited *II, state, in addition to B, and D,, the Q-
doubling parameters g and g, were also required in order to obtain a satisfactory fit.
The rotational analysis of the 0-0 and 1-1 bands of this transition was obtained and
the observed transition wavenumbers were fitted to the Hund’s case (¢) energy expres-
sion, Eq. (1). The observed transition wavenumbers of the 0-0 and 1-1 bands of this
subband are provided in Table III.

On the high wavenumber side of the *IT1,-*A, subband, a band with a Q head at
7929.5 cm ™! has been identified as the 0-0 band of the *I1,—->A; subband. A part of
the rotational structure of this band is presented in Fig. 6. The rotational structure of
this subband consists of single P, Q, and R branches. As in the case of *II-3A, and
3I1,~3A, subbands, the high J rotational lines of this subband are also broadened and
are partially split into two components due to the isotope effect. The analysis of this
subband indicates that there is no Q-doubling in either the *II, or the *A; spin com-
ponents. The rotational structure of the 0-0 and 1-1 bands of this subband was analyzed
in a similar manner to that described for the other two subbands. The line positions
of the 0-0 and 1-1 bands of this subband are provided in Table IV.

The signs of the Q-doubling constants were determined by assuming that a 33~
state lies above the 5311 state, as in ZrQ. Assuming a pure precession interaction (57,
52) means that the *IIy- spin component lies above *I1,+ and that the £parity level
lies above the e-parity level in the *I1, spin component. For the Hund’s case (¢) energy
level expression (Eq. 1) this means that g is negative for the I, spin component.
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TABLE 11

Observed Transition Wavenumbers (in cm™!) of the 0-0 and -1 Bands
of the b’I1,-a* A, Subband of HfO

0-0 Band

J REf O-C Qfe 0-C Pt a-C Ree O-C Qef 0-C Pee 0-¢

4 279715 000l - - 7372929 0.1 - - - - -

5 7380461 -0.001 - - 7372107 (L2 - - - - -

o 7381306 0.001 - - 737t.412 0011 - - - - - -

7 - - 770,620 D016 - - - - 737616 .02

8 7382709 0.019 - - TAVHROO L1009 - - - - TW082 ulio

9 7383.440 0011 - - T383.390 0.017 - - T309.069 0007
10 7384.177 0.010 - - 7368326 -0.004 7384.114 0.018 - - TR 287 0004
11 7384.911 0.008 - - 7367.500 0.002 7384.820 0.004 - - 7367489 012
12 T385.041 0.004 - - 73607800 -0.004 TIKS. 548 0.5 - - T360.720 Dot
13 7386.173 0.004 - - 7306014 0.005 7386.262 0.1 7375.720 0.002 7365928 -0.000
14 7387.100 0.006 - - 7305.232 0001 786,982 0.006 7375683 0.1 7365030 0008
18 TIRTBIK 0002 - - 74442 4012 TWI669 D020 TITE0636 (KK 7364341 00606
16 T8RS0 -0.002 . - 7303605 0011 7388.404 0.004 7375505 0004 763548 0004
17 7389.203 0.018 - - 7I62.889 .06 7389, 109 0.002 TI75.55% 0002 7362.757 0.003
18 7390.011 0.003 - - 7362.106  4LODG TIRY.824 0.012 7375504 -0.002 761952 003
19 7390.733 0003 - - 73613 0001 TS24 0.011 7375 400 0.002 76140 LG
20 7391445 007 F375.036 0015 7360522 0022 7391207 0008 7378390 0013 T.347 000
21 7392.109 0,002 175,598 0.007 TI80.758 0.000 7301906 0003 TA75398 00 7359.542 0.001
2 7392.889 0.001 7375553 0.000 TIERY04  -0.000 TI2.0600 0003 7378298 0.004 TISRTO8 0023
X} 7393602 -0.002 TATZS04 0011 TASK.191 0.010 7393.298 Q.03 7375212 001 7357902 -00d6
24 7394317 0002 TAI5.400 4018 7357380 -0.010 7393976 0007 7375001 0007 735712 0.008
25 7305.030 0.0 7375431 007 7350.586 <0011 7394.604  -0.004 7375.107 0.005 7356279 0.0
20 TIPS 08 TITR39 0006 7395353 (1R U1 TAIS 058 4023 TS0 0002
27 7396445 0,006 FATRAS L0010 7355017 0008 7396.029 0004 TA74901 L0603 7354030 0017
2 7397.157  -0.002 7375205 Q00 7354218 a2 7396.704  AL0O7 7374801 -0.001) 7153823 0.0
29 7397 808 0.003 7375257 0008 7353418 0.001 7397383 0003 7374 836 0020 7353.001 0.004
kU] 08,570 (000 FRIAPARAREE I U 7352.620 0.002 TROST 00K 774728 00 7182182 0
31 7399270 -0.002 7375161 -0.008 73SLB09O 009 TIU8.728  -0.000 7374657  -0.001 7351344 0.000
32 73990972 0001 7375107 0012 7381023 0.007 7399.393 -0.003 T374.583 0.007 7350.513 0008
RE] 7400.673 Q.00 7375058 -0.010 7350.222 D.008 7400.059  -0.001] 7374473 N
24 7401373 0.003 TATS014 0001 7349.409  -0.002 T400.728 0.006 73743 0.0 T348830 0,003
as 7402.001  -0.000 7374901 0,000 7348.023 0.017 7401.373 0008 7374.347 0.004 T7347.997 0.004
26 7402757 0.5 7174891 0015 7347799 0001 7402023 0048 374215 0005 7347150 0004
Ry 7403.459 D004 TIA830 0012 T247.000 DA T7402.693 O.000 TV4N10 00 146312 D04
R 7404.146  -0.000 737478 0004 7340.189 0.004 7403 340 0.002 7374032 0.003
39 7404836 0.001 7374725 0000 7345380 0.003 7403.904 0.002 7ATIO2 0000 T344.0608 0,005
40 7405525 0.002 7374657 0012 7344573 0.000 7404.047 0.009 TATREIE 00K 7343764 0.002
41 746208 0001 7374614 0007 T34, 764 0012 TAHR.289 1007 EATR AN (IR T342.918 (AL
42 746,903 0.009 7374537 0005 745929 a.007 73730614 0001 7342072 0o
43 7807.579 0.002 7374473 0004 7342138 0010 7406,562 0.002 7373504 0001 7341.212 0.014
44 7408.204 0.007 7374399 0011 741317 0.007 7407.198 0.002 7373393 001 - -
45 7408.945 0.008 374317 0024 7340513 0.020 7407836 0.007 7373301 0.021 - -
46 7409.622 0.008 7374270 0001 7339.080 0.004 708470 0011 73731069 .000 .
47 7410.292 0.002 7374.215 0.016 7338803 D007 7409.089 0.004 TI7035 0000 - -
48 7410961 0008 734416 A010 T409.710 .00 7372929 0.7 -
49 7411638 a.002 7374032 0,021 7410326 -0.005 TAT295 003 - -
50 7412314 0.008 7373975 -0.001 7330402 0.010 7410901 0.0 TA720601 -0 - -
51 7412975 0000 TATAREE 0.01] 7335.577 D008 7411.567 0.00m 737254 0000 - -
s2 7413041 0001 EETRESE IR 1)) 7412178 002 7372412 .00 - -
53 7414306 -0.000 7373731 -0.007 7333927 0.010 7412.789  -0.001 TATA2T AR - -
54 7414.979 0.010 7373052 -0.008 7333117 0.028 7413398 0.001 7372121 B0 -
55 7415626 -0.004 7373.567 0008 7332251 -04K9 7413994 D008 7371985 015 -
56 7416.291 0.002 TITALIR 0.0 7331428 0002 7414581  4L022 TRTLREL -0.007 - -
57 7416948 4.003 TI73303 0.000 7415197 0004 TITLI0Y 0005 - -
58 7417.596  -0.003 373300 0.9 7329.782 0.017 7415.799 91.003 7371545 0022
59 7418353 0.002 7373224 0.008 TN 0,004 7410.39% D.0m RAYAR S t1).42) -
ol 7418900 -0.002 7373.132 0.006 7416969 -0.008 7371213 0.010 -
Gl 7419.565 0016 7373035 (1L003 7327.256 0000 7417.564 Q.000 TITLA0 0008 -
02 7372929 -0.000 7418.140  -0.006 7370931 008 -
03 7372830 0.000 TA8.735 0010 TANTIR 000 -
64 7372731 0003 7370620 -0.602 - -
65 7372.635 0.004 7370.480 0.020 -
66 7370.283 (L{NK) -
o7 TINLLIE [U).4) - -
68 7369936 0004 - -

[

7369.770 0.020
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TABLE Hl—Continued
1-1 Band

J Rff 0-¢ Ofe O-C P 0-( Rec 0-C Qef 0-C Pee 0-C
) - - - - - - - 7354390 11002
N - - - - - - - - 7353625 0.2
6 - - - - - - - T3S2RT2 0010
7 - - - - - - - - - 7352088 0.008
4 - - - - 7364056 D005 - - 735134 0023
9 - - - - - 7364762 0.023 - 7350553 0000
10 - - - - - - F365.506  0.001 - - 7349784 0.015
1 - - - - - - 7366220 004 - - TMY9015 0.020
12 - - - - THE205 0010 TI66.938 4000 - - 78214 0007
13 7367755 0.0 - 7347491 0010 7367.658 D008 - - 7347.408 0013
14 7308479 O0M 7346719 0007 - - 7346.034  0.002
1S 73928 0002 - - 7369.069  0.003  TISTHR0  0.000
16 736993 G008 - 73647 0000 7ISTO2R - 0.006
17 7370648 0,00 - 7334300 0000 73704800 0010 7356976 0010 7344260 0.010
18 7371365 0001 - - 7343596 0013 7371168 0000 7356930 0006 7343461 0.010
19 7372078 0001 - - T3R81T 0009 TATLEST 0011 73E56R80 0002 TA2645 0004
200 7372795 0402 - - 732019 0022 7372542 0012 7350827 0002
20 73TASM 0000 - - TIL263 0K TA7I4 0019 7356781 0014 TMILOST 0012
22 7374215 .00 7356.97 0.011 7340.444 0021 7373921 0007 7156.731 0027 7430.231 0.004
n 7356930 0005 TII06N 0002 7374614 0001 73S663S 0005 730444 0020
24 T375636 0008 T3S6880 0002 7338867 HO17 7375295 002 7356580 0014
25 7376330 0002 7356827 L0010 TRIRORS 0006 7356516 0014
26 7AT03Y 001 7356781 0010 7376647 0002 7356415 0015 TR36967  0.006
27 744 0010 7386730 (0002 7336495 0004 TRTZIZZ 0007 TIS6.WE 0006 TR3647 0009
2R 73RS 07 7356691 0003 73IRTIZ 0010 TITIO00 0005 7356279 0004 T3IZ3IE 0002
29 79033 004 7356635 007 TA78.649  -0.000 - -
W 7379824 0001 TIS6SH6 0002 TIAANS 0002 7379305 .08 - - 7333667 0013
1 TWOSEY 0003 7333294 L0008 7379972 L0.MH - - 7332823 0003
12 7381202 0005 7350474 0003 TRILSO0 0005 73RO625 0.0 7331980 00S
3 TR 0004 7350415 0004 TIRLOY 0005 TIRI2ED 0004 - - 331147 ool
34 TISZSES 0003 7356348 0011 7330883 0001 TIRL93 -0.000 - - 7330306 (.001
A5 7ISA267 N0 7356279 0018 TA30077 0 D4 7382585 0.003 - 7329461 -0.00]
b TIRAYSY 0001 7386232 0001 7329254 0010 TIRA229 0001 - - TR612 0004
37 7RA6M 0008 - - TRRA61 0009 TISIEEL 0014 - -
W TSN - T763T 0001 TIRASIT 007 - - 7326914 000
9 TE91 004 TI20819 0005 TIES 40 -0.0K06 - 726068 0003
40 Te066T 6 - 726015 0007 7RSI 0008 0000 7325091 ndlo
41 7WI3 0l - - TAS91 0001 TAR6429 0020 73SS017 0010 7324346 043
42 TIRRHOL 0005 - - 724375 004 TART036 0001 T84SR 0012
43 7RO 0001 - - TALT609 0008 TRSATIR 0002 TA2263L 0006
33 789342 00K - - TI2T728 000 7354601 0012 TR2LISY 0000
35 700 o0 TIREO02 0001 7354526 0002 7320912 002}
6 TOD6HT 008 - - TAR2LOTE 002 TARYSIE 0002 7354390 0007 TI20029 09
47 7w OaNs TA20.260 6007 T30 00 0009
48 TR 000 - 7390.733 0008 0,006
49 7292650 0004 - - TIRGIZ 0006 739130 008 G005 T3TAOR  G.G1S
SO TAYIR 004 TIRSAST 0005 TAITT62 0 0003 791636 0061 TISARS]T 0008 736506 -D.006
ST TIRA40 006 7IRS0TT 0005 TRI6ME 005 TAREIR O 0NS TRRAGYY 0020 TRIS6RY 0004
ST 7394588 01T TISAYTO 0001 TR0ORR 0010 TR93347 0 0002 T35AS6l 0013 T4 D003
53 7195263 (KD TAS4RTR 0009 TRIS261 D003 TIRTIZ 0007 7353418 00100 THABS  0.004
4 TWIOM OIS TASATTY 0019 7314 0003 TI04317 0 0013 7353278 00000 73297 0007
S5 T396.540 0006 7354693 .02 TSR 08 7394929 0014 7352012 0014
6 7353580 0010 THSSI8 0016 TAS2964 0007 TITLIRL 0K
ST 797K 0019 TIALMRY L0002 Tlo086  0.002  TISTE20 0007 7310.295 Q.01
% TWRATe G014 7400 0003 T396.664 0002 TIS2649 0002 TI0V3E2 0.062
s TISLM 00K 7397241 0004 7352475 0013 708485 0007
o TS 004 TRSEITT 0004 797796 0013 7382317 -0.004
61 TN 0.002 TASO80 07 7352136 -0.016 300,656 -D.008
62 01000 0017 7153949 0013 T351.973 0006 TSI 0008
63 7301617 0003 TASAKSL (0.002 TIWART DI TISLR09 0005 TIARGT 0007
o4 402246 000Y  TASATI L0.000 TANL059 0004 7303930 0008
65 THO2RSY 0005 TRE3625 07 740617 0001 TINT 0010
66 THRATY A4 7383470 00N 7401169 0000
67 404073 0019 TISAITR 000 7401695 0.023
68 THMTNE O TIS278 0 0022 TH2.246 D06
oY 73136 000 742819 0015
n 7383000 0001 7403346 0003
71 TISIKTZ 00N 7401478 0.003
72 7382726 0014 7404.400 0.0
7 7182620 0.018
74 7352478 0.008
7s 7352317 0010
7o SR 04003
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TABLE 1V

Observed Transition Wavenumbers (in cm™') of the 0-0 and 1-1 Bands
of the #°I1,-aA; Subband of HfO

-0 Band 1-1 Band
I Ree+Rff  O-C Qef+Qfe O Pee+ Pf{ O-C Ree+Rff  O-C Qef+Qfc  QO-C Pee+P(f o-¢
5 7925070 0006 TII3OB4 (MM 7905720 0,00}
6 7934131 0003 . - 7924309 -0.001 7914742 0.013 - - TH4953 0004
7 7934 883 0.008 - - 7923543 -0.001 7915477 0.009 - - T904.187  0.005
8 7935.621 (.00 - - 7922.763 0013 7916.200 0.002 - - 7903422 003
9 7926.365 0.004 - - 7921993 0013 7910942 0.002 - - 7902.644  HLO14
10 7937.100  -0.001 - - 7921.235 .04} 7917.676 0.004 - - 791885  -0.002
11 7917830 0008 - - 7920459 -0.002 7918406 0002 - - 7961108 0011
12 7918.576 0.002 . - 7919.684 4,003 7919.130 0002 - - 7900.334 0.001
13 7939310 0.002 - - 7918910 -0.0m 7919859 0001 - - 7899.570 0.008
14 7940.047 0.007 - - 7918.130  -0.003 7920.590 0005 - - 7898.804 0.013
15 7940.772 0.001 - - 7917.354 0.000 7921367 0002 - - 7898.014 0.062
i6 7941.503 0.0013 - - 7916.569  -0.004 7922022 0008 - - 7897.237 1.006
17 - - 7915788 0.3 7922763 0.014 - - 7896.456 0.007
18 7942.956 0.003 - - 7915002 -0.008 7923465 -0.00] - - 7895.671 0.006
19 7943 686 0010 - - 7914.217 0004 7924184 0.002 7909.159 Q003 7894.888 0.009
20 7944.402 0.004 - - 7913.433 0002 7924891 -0.004 7909.116  HLN2 7894.094 0.002
21 7945.122 0.004 791263  -0.010 7925.608 0.002 7909.071 0009 7893.292 0011

22 7945839 0.003 7928.478 0.008 7911854 -0.003 7920308 0008 TR0 -0.009 7892517 0.000
23 7946.557 0.005 7928.435 0.003 7911.059  -0.006 7907015 0009 7084992 -0.004 7891715 0004

24 74947.271 0,064 7928392 0.0m 7910.264  -0.008 7927.727  0.002 7908945  0.000 7890.924 0.000
25 7947982 0003 7928350 -0.002 THHA4T8 -0.000 7928 435 0.003 T908.899  1.005 7890.132 0.004
26 7948.695 0.004 7928.3206  -0.004 T908.690 0.008 7929.135 0.002 TH8.851  -0.005 7889.335 0.006
27 7949.406 0.007 7928.262  -0.003 7907 887 0.003 7929838 0.000 7908.801 .00 7888.523  -0.007
28 7950.108 0.002 7928216 -0.003 7907.085  0.001 7930.532 0.004 7908.748  -0.006 7887.732 0.004
29 7950.818 0.006 7928.1700 -0.002 7906.292 0.007 7931.226 0.004 7908.69%0  -0.010 7886.926 0.001

0 7951518 0.004 7928.121 0002 7905.491 D007 7931921 0006 TH8638 D004 7886113 0.000
31 7952218  0.002 728069 -0.002 7904.685 0.006 7932613 0.007 7908578 0.007 7885.313 0.000
32 7952.908  -0.007 7928016 -0.002 7903.875 0.000 7933297 0.003 7908518  0.006 7884500 0.005
33 7953.613 0.001 7927.962 0003 THN3N7S 0.006 7933.984 0.004 7908455 -0.007 T883.0697  0.004
34 7954304 0004 7927905 -0.003 7902270 0.010 7934670 D.O07 TH08390  -0.008 7882.884  0.003

s 7955001  -0.000 7927848 -0.002 7901466 0.01$ 7935.348 0.003 708324 0008

6 7955692 <0000 7927787 003 7900.644 0.004 7936026 0.002 7908258 -.006 7881.258 007
7 7950.380  -0.002 7927727 0002 7899.829  0.002 7936.710 0.009 7908.188  -L0O 7880.441 0.008
38 7957.068  -0.001 7927.663  -0.003 7899.012  -0.001 7937.386 0.0X0 708115 -0.007 7879.616 0.002

39 7957.750  -0.004 7927597 -0.003 7898.19%9  0.002 7938.054 0.005 708039 -0.008

40 7958.440  0.002 7927531 -0.003 7897.380 0.000 7938.720 0.007 7907964 0.007 7877.971 0.001
41 7959.112 -D.0ve 7927.462 0003 7896.561 0.000G 7939.395 0.008 THN7.887  -0.006 7877.150  0.004
42 7959.791  -0.006 7927.390  -0.004 7895740  -0.001 7940.047  -0.005 7907.810  0.003 7876.330 0.012
43 7960472 -0.002 7927.317 0,005 7894.926 0.007 7940.726 0.010 7907722 0.009 7875.495 0.004
4 7961146 0.002 7927244 -0.003 T894.094  -0.002 7941385 0.008 7907.639  -0.007 7874.667 0.006
45 7961815 -0.006 7927.168  -0.003 7893.268  -0.002 7942.037 0.001 7873.841 0.012

DISCUSSION

The rotational constants for the @>A and b>II states of HfO are provided in Tables
V and VI, respectively. Due to the absence of satellite branches or transitions with
AT # 0 which connect spin components, we are unable to obtain a single set of
molecular constants for the a’A and 5311 states of HfO by treating each state as a
Hund’s case (a) state. Rather than try to fit the states together with assumed spin-
orbit and spin-spin constants, it was decided to fit the components separately. The
constants in Tables V and VI have been used to evaluate effective equilibrium rotational
constants in each spin component. The equilibrium constants for different spin com-
ponents of the 5311 and a>A states have been provided in Tables VII and VIII, re-
spectively. We have used the equilibrium constants of each spin component in the
lower and excited states to evaluate the effective equilibrium bond length of each spin
component. The bond lengths for the a*A,, a3A,, and a?A; spin components are
1.741943(28), 1.740432(37), and 1.738815(23) A, whereas the corresponding values
for the b*ly+, b3,-, b’Il;, and b’I, spin components are 1.742475(27),



HfO b°M-a’A SYSTEM

TABLE 1V—Continued

281

0-0 Band 1-1 Band
J Rec O-C Qef o-C Pee o-0 Ree 0-C Qef 0.c Pee o-C
36 7962487 0003 7927401 0003 7892452 0.007 7942693 0.002 7873004 0.009
47 7963054 0005 7927015 0001 7891621 0005 7943354 0.009 7907374 0006 TR72I60 0001
48 7963820 0003 7926029 -0.003 7890792 0,005 7907.282 0005 TRTIZZL 0.010
49 7964493 0004 7926845 D004 TBRI96I 0008 7944658 0013 7907186 0006 IRI0A88 0005
S0 795.199 0001 7926759 0004 7889132 0009 7945306 D.OMS 7907085 -0.010
S1 7965815 0005 792671 004 7888290 0.001 7945934 D001 7906988 000 TRRBOS 0006
51 7966474 0007 7926585 0002 7887461  0.008 7946578  0.001 7906889 0005 7867964 0010
53 7967130 0009 7926492 0003 7886625 0010 7947.222  0.006  TH6TRS 0005  7867.120 0013
54 7926400 0002 7885778 0.001 7947.857  D.OO6 7906680 0005  T866.259  -D.001
55 7968420 0005 7926308 0000 78R4936 0000 7948496 0010 T906570 0006  T86I4IT  0.008
S6 7969.080 0018 7926208 0002 TBR4085  -0.009 7949.118 0000 7906458 0008  TR64.565  0.008
ST 7969722 0006 7926108 0003 TABI2SS  O.NS 7949756 0011 7906348 0006 T863T03  L.000
S8 7970366 D008 7926007 0002 7882402  0.002 7950374  0.003  T906.241  ©.002
59 7925904 0003  T8B15S6  -0.001 7950991 0004  7906.117  0.005
60 7925800 0002 7880712 0003 7951624 0009 7905995 0008 7861137 0.007
61 7972284 0011 7925692 0003  7879.852 0007 7952241 0007  T9OSRT9  -0002  TRG0IRA 0014
62 7972911 0006  7925.582  0.00 7952859 0010 7905747  -0010  TRS9.420 0014
63 7973547 0011 7925473 0.000 7953.466 0004 7905629  -0.003
64 7974182 0018 7925359 0002 7877.292 0006 7954077 0006 7905491 0013  T8ST684 0011
65 7974851 0006 7925243 0002 7876451 0010 7954.682 0003 7905368 0005  T8I6RUR  0.004
66 7925127 0001 7875577 0006 7955281 0015 7905235 0005 7855947 0013
67 7925007 -0.000 874722 0001 7955.903 0.000 7905.097 0008 7855.069 0L.008
68 7924891 0006 7873841 0020 795498  0.002 7904953 0003 854189 0.002
69 7924761 D001 7873004 0006 7957090 0002
70 792463 D000 T8T2LIS D007
71 7924507 0000 7871270 0.005
72 7924372 0005 7870397 0.000
73 7924245 0001 7869530 0.003
74 7924107 0002 TReR662  0.007
7 7023971 0001 7867765  -0.016
76 7923837 0004  T866.897  -0.008
77 7922692 0001 T866.027  -0.001
78 7923543 0004 7865132 0017
79 7923400 0000 7864253 -0.016
80 7923257 0.005
81 7923097 -0.005
82 7922948  -0.000
83 7922791 0.002
84 7922635 0.000
85 7922475 0001
86 7922312 AL000
87 7922147 5001
TABLE V
Spectroscopic Constants (in cm™*) for the @*A Spin Components of HfO
a’a, a’a, a’a,

Constants v= v=] v=0 v=1 v=0 v=1

T, 0.0 a b c d e

B, 0.377284(9) 0.375439(12)  0.377957(13) 0.376143(12)  0.378644(7) 0.376795(11)

10°xD, 2.458(13) 2.216(25) 2.842(33) 2.642(22) 2.766(11) 2.57327)

10%xH, -0.160(38) -2.242(88) 3.42(21) 1.51(11) -0.110(22) -0.27(18)
10°xqp,  -1.072(51) 1.35(13) . - - -

Note: The letters a, b, c,d and e represent the undetermined positions of v=1(*A), v=0(*A), v=1 (a’A),

v=0(a’A) and v=1(a’4;, vibrational levels, respectively.
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TABLE VI

Spectroscopic Constants (in cm™") for the #°I1 Spin Components of HfO

b - b*11,,
Constants v=0 v=1 v=0 v=1
T. 7060.5778(10) 7047.8277(11)+a  7356.1873(10) 7345.7790(10) +a
B, 0.377080(9) 0.375289(12) 0.377188(%) 0.375391(12)
10'x D, 2.551(13) 2.595(22) 2.550(12) 2.587(24)
b, b’II,
Constants v=0 v=1 v=0 v=1
T, 7375.9610(10)+b  7357.4185(10)+c 7928.8781(5)+d 7909.5052(%) +e
B, 0.376880(13) 0.374984(11) 0.377841(7) 0.375879(11)
10°x D, 2.584(28) 2.532(20) 2.874(11) 2.694(23)
10*x g, -5.177(11) -5.167(9)
10° x qp, 2.40(35) 2.31(25)

1.742219(27), 1.742816(36), and 1.740528(23) A, respectively. In view of the Hund’s
case (¢) tendencies which HfO displays, treating each spin component as a separate
state is not unreasonable.

Edvinsson and Nylén (40) have mentioned in their work that they also observed
very weak 0-1 and [-0 bands associated with the C' — x, subband of their *®-3A
transition, but unfortunately they did not provide the bandhead positions. We did not
observe any off-diagonal vibrational bands for the ¢*®-a>A transition. Therefore, even
though we have observed many diagonal vibrational bands for each subband, we are
unable to determine the vibrational frequencies of the states.

Although there is no theoretical work available for HfO, the electronic structure of
the low-lying states can be very reliably obtained by comparing HfO with TiO and
ZrO. TiO is perhaps the best characterized 3 transition metal oxide. All of the elec-

TABLE VII

Equilibrium Constants (in cm™') for the
A Spin Components of HFO

Constants a’A, a’a, a’a,
B, 0.378207(12) 0.378864(16) 0.379569(10)
a  0.001845(15)  0.001814(18)  0.001849(14)

A 1.741943(28) 1.740432(37) 1.738815(23)
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TABLE VIII

Equilibrium Constants (in cm™") for the
b*11 Spin Components of HfO

Constants b I+ b°II, b, b1,
B. 0.377976(12) 0.378087(12) 0.377828(16) 0.378822(10)
o, 0.001791(15) 0.001797(15) 0.001896(17) 0.001962(13)
rd A) 1.742475(27) 1.742219(27) 1.742816(38) 1.740528(23)

tronic states observed to date are well represented by single electronic configurations
(45-47). The ground state of this molecule has been established as the X *A state
arising from the 8 6237%9¢ 16" electronic configuration. The lowest-energy triplet ex-
cited state of TiO is the E’II state which arises from the 84237%0¢ '4x ' electronic
configuration. The configuration of this state can be obtained from the ground X ‘A
state by promoting the unpaired 16 electron to the vacant 4 orbital. The E’IT-X A
transition of TiO has recently been rotationally analyzed by Simard and Hackett (43).
The analogous b'*I1-a>A transition of ZrO, located in the near infrared at 930 nm,
has also been investigated at high resolution by Phillips et al. (15). For ZrO the a’A,,
a’A,, and a’A; spin components have been found to lie at 1099.08, 1386.99, and
1724.6 cm™’, respectively, above the ground X 'Z* state (18). A schematic energy
level diagram of the observed low-lying electronic states of HfO is presented in Fig.
7. The position of the triplet manifold relative to that of the singlet manifold is not
yet known for HfO. The equilibrium bond length of 1.740432(37) A for the a’A,
spin component compares with the bond lengths 1.6202 A for the X *A state of TiO
and 1.7285 A for the a’A; spin component of ZrO (1.7285 A).
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F1G. 7. A schematic energy-level diagram of the electronic states of HfO.
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The ab initio calculations on TiO predict a 32 state in the vicinity of the E’II
state (45-47). A 3~ state is also predicted for ZrO close to its 5"3I1 state (48) and a
similar =~ state is also possible for HfO. It is difficult to verify the existence of this
state for HfO from the present work since we do not observe any extra transitions in
our spectra and the transition from a 2 ~ state to a >A state is not allowed. Presumably
the Q-doubling in the b°II state is caused mainly by this >Z ~ state. The similarity in
the HfO and ZrO bond lengths is a result of the “lanthanide contraction” of atomic
radii caused by the presence of the filled 4 fsubshell in the atomic configuration of Hf.

CONCLUSION

The 400-nm to 5-um spectral region of HfO has been investigated by Fourier trans-
form emission spectroscopy of a hafnium hollow cathode discharge. The new bands
observed in the infrared in the 6800-8000 cm™' region belong to four sequences as-
signed as the 3Tly+—3A,, *II--3A,, *11,-3A;, and *I1,-A; subbands of a new b°I1-
a’A electronic transition. The rotational analysis of the 0-0 and 1-1 bands of each
subband provides the effective equilibrium rotational constants for each spin com-
ponent of the lower and excited states. The excited 511 state is the analogous state to
the E°I1 state of TiO and the 4'°II state of ZrO.
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