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The rotational spectrum of the NiH radical in the v = 0 level of its X 2A state has been studied
by laser magnetic resonance (LMR) at far-infrared wavelengths. Transitions have been detected
for all five isotopes of nickel and within both the lower (*As,,) and upper (2As,,) spin components.
Nuclear hyperfine splittings for both the proton and ¢'Ni (/ = 3) are observed. The effective
Zeeman Hamiltonian for a molecule in a 25*' A state is developed and used to fit all the available
data for NiH in the v = 0 level. This includes the magnetic resonance observations of the (1,0)
vibration-rotation band and the fine structure transitions in the v = 0 level (also by LMR) and
the lambda-doubling intervals for the 2A;,, component. There are several indications that this
exercise is only just possible in the case of NiH in its X %A state. The results are used to determine
the equilibrium bond length of NiH, 7. = 0.14694493(63) nm. © 1991 Academic Press, Inc.

1. INTRODUCTION

The transition metal hydride NiH is of interest for several reasons. Its bonding is
relevant to a description of heterogeneous catalysis (/) and the dissociation of hydrogen
on Ni surfaces (2). It is also of some astrophysical interest, having been identified in
the sunspot spectrum (3). Finally, it provides a particularly demanding test for ab
initio calculations because of the strong electron correlation effects in the 34 shell of
the Ni atom. Reliable calculations of the transition metal hydrides have only recently
become available (4-8). There has been a healthy interaction between theoreticians
and experimentalists in this field. The calculations are guided and constrained by the
experimental results while the execution and interpretation of experiments are often
greatly aided by theoretical predictions.
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The molecule NiH was first identified in 1934 by Gaydon and Pearse, who observed
two strong band systems in the red and orange regions of the optical spectrum (9,
10). These observations were made by focusing the emission from a flame containing
Ni(CO), onto the slit of a grating spectrograph. The two band systems were subse-
quently designated 42As,>-X2As;> and B?As,,-X?As/. A few years later, Heimer
photographed the same spectrum in absorption and discovered another band system
at violet wavelengths ( /1), which is also a ?As,,-*As,, transition labeled C-X. When
Aslund er al. rephotographed the violet system of NiH in 1964, they discovered the
C?As,,-X?As,, transition and also the weaker C2A;,,— X 2As,, transition (12). This
enabled the large spin—orbit splitting of 1015 cm™' in the ground state to be determined
for the first time. In 1972, Smith ( /3) published electronic spectra of several transition
metal hydrides which he generated by heating the appropriate metal powder in a
mixture of hydrogen and argon in a shock tube. In addition to the known band systems
of NiH in the red and orange regions, he discovered two new systems, one in the green
and the other in the ultraviolet. He was unable to analyze these bands because they
were heavily perturbed. More detailed analysis of the various band systems of NiH
and NiD has been carried out by Scullman and co-workers ( /4, 15). In the later paper,
they identified eight separate electronic states of NiH.

In more recent years spectroscopic experiments have been performed on NiH using
lasers instead of grating spectrographs. Stevens Miller et al. (16) have recorded the
laser photoelectron spectrum of NiH™. In these experiments, they were able to measure
the energies of some low-lying electronic states of NiH relative to the ground *A state
although they could not identify them unambiguously. Field and his co-workers have
recorded lines in the orange (B-X) system of NiH by laser excitation spectroscopy
(17-20). In their experiments, NiH molecules were formed by sputtering Ni in the
presence of H, and expanding the resultant gases into a low vacuum region, thereby
effecting some cooling of the molecules. They have observed both Stark (/7) and
Zeeman effects (18, 20) and used these results to aid their assignment of the electronic
states. Kadavathu ef al. have recently observed transitions from the excited B state of
NiH back down to vibrational levels of its low-lying *II and 2% states and firmly
established the location of these states for the first time (27). By forming NiH inside
the cavity of a dye laser, Hill and Field (22) have been able to saturate absorption
lines in the optical spectrum. The linewidths obtained were sub-Doppler, sufficiently
narrow to permit the resolution of ®'Ni hyperfine structure.

Observations have also been made on the infrared spectrum of NiH. The first mea-
surement of the ground state vibrational interval was made by Wright e al. in a
matrix (23). The same transition has recently been detected in the gas phase by Nelis
et al. (24) using carbon monoxide laser magnetic resonance (LMR). Only transitions
within the lower, 2As,, spin manifold could be detected in these experiments. Very
recently, Lipus ef al. (25) have succeeded in detecting transitions in the 10 um region
between the two fine structure components of NiH by carbon dioxide laser magnetic
resonance. These observations provide a more accurate measurement of the spin—
orbit coupling constant. Finally, lambda-doubling transitions in the 2A;,, spin com-
ponent have been observed by Steimle ef al. (26) by the technique of microwave
optical double resonance.
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We have already published a preliminary communication reporting the detection
of pure rotational transitions in the Ay, state of NiH by far-infrared LMR (27). This
paper is concerned with a full description of the observations and their analysis. The
observations have been extended to include transitions within the 2A;,, component.
Transitions involving all five naturally occurring isotopes of Ni have been observed
(the least abundant isotope is ®*Ni at 1.08%). The majority of the resonances show a
small doubling which arises from the proton hyperfine structure. In addition, a few
transitions of ®'NiH have been detected which show the quartet hyperfine pattern
expected for a nucleus with I = 3. The data are fitted to within experimental uncertainty
by a suitable effective Hamiltonian. New terms have been developed to describe the
effect of the external magnetic field on a molecule in a ?A state. The structural im-
plications of the parameters determined in the fit are discussed. A table of the fre-
quencies of the pure rotational transitions of NiH in its ground state is given to aid
the search for the molecule in astrophysical sources.

2. EXPERIMENTAL DETAILS

The spectra were recorded in the laboratories of the National Institute of Standards
and Technology, Boulder, Colorado using an optically pumped far-infrared laser mag-
netic resonance spectrometer which has been described in detail elsewhere (28). The
uncertainty in the laser frequency was about 0.5 MHz. The magnetic field could be
scanned from 0 to 2 T. It was calibrated from time to time against a proton magnetic
resonance fluxmeter. The accuracy of measurement was 10 ° T below 0.1 T and
10~* B, above this value.

The NiH radicals were generated in the spectrometer sample volume by the reaction
of hydrogen atoms with nickel tetracarbonyl. The H atoms were produced by passing
H, in He (at partial pressures of 13 and 270 Pa, respectively) through a microwave
discharge running at about 50 W. Only a trace of Ni(CO), was required to form the
NiH, corresponding to a partial pressure of about 0.25 Pa. Under these conditions,
there was a dull, deep red flame in the region where the carbonyl was injected into

TABLE I

Summary of Transitions Observed in NiH in the v = 0 Level of the XA State by Far-Infrared LMR

Transition Laser Line
Spin J e J" A/um v/MHz2 Lasing
component gas

2As12 772 512 186.0 16114219 CH30H
183.6 1632 666.9 CH2DOH

11/2 ¢« 972 118.8 2522 781.6 CH30H

28312 512 « 312 256.0 1170 941.0 CHaF2

72 « 572 183.6 1632 666.9 CH2DOH

a Laser frequencies taken from the review by Inguscio, et al. (29
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the stream of atoms. An increase in the carbonyl partial pressure caused a sharp
reduction in the signal, although the red flame became slightly stronger. Attempts to
generate NiH by passing both H, and Ni(CO), through the discharge were unsuccessful
and produced only a heavy deposit of nickel (presumably).

3. DESCRIPTION OF THE FAR-INFRARED LMR SPECTRUM

Four rotational transitions of NiH in its XA state, two in the *As,, and two in the
2A3,, spin component, have been detected in the present study. The results are sum-
marized in Table I, together with the details of the laser lines used. They are also
shown in the energy level diagram in Fig. 1. In total, 327 resonances have been observed.
As an example, the LMR spectrum associated with the R(3) transition in both spin
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FI1G. 1. Diagram showing the lower rotational levels of the NiH radical in the two spin components of its
ground 2A state. The transitions detected in the far-infrared LMR spectrum are indicated. The A-type
(parity) doubling has been exaggerated by a factor of 20 for clarity. Even on this scale the doubling for the
levels in the 2As,, component is not discernible.
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FI1G. 2. Part of the far-infrared laser magnetic resonance spectrum of the NiH radical in the v = 0 levels
of its X 2A state. The spectrum was recorded with the 183.6-um line of CH,DOH in o (perpendicular)
polarization so that the transitions obey the selection rule AM,; = +1. Zeeman components of the J
= 34 < 24 rotational transition in both upper (2A;,,) and lower (?As s2) spin components can be identified.
For the stronger transitions, in the 2A;,, component, resonances for all possible isotopic forms of NiH can
be seen. The weak quartet for ®'NiH at about 1.3 T, marked with an asterisk, arises from the ¢'Ni hyperfine
structure (1 = 3).

components is shown in Fig. 2. The spectrum was recorded using the laser line of
CH,DOH at 183.6 um in perpendicular (o) polarization. The signal-to-noise ratio of
500:1 with RC = 300 msec is a convincing demonstration of the sensitivity of the far-
infrared LMR technique. In fact, the sensitivity is high enough to permit the observation
of all five stable nickel isotopomers (*®Ni 67.9%, ®*Ni 26.2%, ¢'Ni 1.2%, *Ni 3.7%,
%Ni 1.1%). Even the hyperfine quartet of ®'Ni (7 = 3) can be seen in Fig. 1 despite its
low natural abundance.

Figure 2 shows transitions for both spin components recorded on a single scan. The
transitions for the 2As,, component are much stronger because the 2A3,, component
is about 1015 cm™! higher in energy. By measuring the observed signal strength and
modifying it by the calculated transition probability, we estimate a population of the
2A3,, state of 1.7% relative to the 2As, state. This corresponds to a sample temperature
of 350 K, slightly above room temperature. Although not obvious in Fig. 2, almost
all resonances show a small doubling arising from the proton hyperfine structure. In
addition, the As,, lines show a further doubling of similar magnitude which is the
effect of lambda-type doubling. The lambda doubling of the 2A3,; levels is much larger,
giving two distinct Zeeman patterns separated by several hundred milliteslas as can
be seen in Fig. 2.
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4. ANALYSIS OF THE SPECTRUM
(i) Quantum Number Assignments

Because the angular momenta of NiH are coupled essentially in accordance with
the Hund’s case (a) scheme for the levels involved in this work, the Zeeman effect is
very nearly linear in flux density. Consequently, the Zeeman patterns are quite char-
acteristic and, combined with the known abundances of the nickel isotopes, lead directly
to the quantum number assignments. The details of the observed resonances together
with the assignments are given in Table II for all Ni isotopes with 7 = 0 and in Table
III for *'NiH (°'Ni has a spin of 3).

(ii) The Effective Hamiltonian

The effective Hamiltonian can be considered in three parts, the zero field terms
describing the spin and rotational levels, the nuclear hyperfine structure Hamiltonian,
and the Zeeman Hamiltonian describing the effect of the applied magnetic field. The
first operator is quite standard and has been described in detail by Brown et al. (30).
With the addition of the lambda-doubling terms for a A state given by Brown ef al.
(31), the effective Hamiltonian is

He = BN? — DN* + AL.S. + }\(352 - S?) + (v + ypN?)N-S
+5ga(J4 + JH) = §(pa + 4ga)(J3 S, + J1S0)
+ 1(0a + 3pa + 6qa)(J3S2 + J2S2) — L(ny + 204 + 3pa + 4qn)
X(J: 83+ J.S3)+ Momy + s + 04 + pa + g (ST +SY). (1)

The explicit matrix elements for a molecule in a %A state are given in Hund’s case (a)
basis set in Ref. (37). The different isotopic forms of NiH have been fitted simulta-
neously to the effective Hamiltonian in Eq. (1), using the appropriate isotopic scaling
factors for the different parameters (30). This procedure worked well for all the pa-
rameters apart from the equilibrium rotational constant B, (which is the primary
parameter determined by the far-infrared data) and the spin-orbit coupling constant
A. (determined by the 10-um data). For B., it was necessary to take account of non-
adiabatic effects as described by Watson (32) and to scale the parameter as

me

e .
p! 1+;A01(N1)+ Ao (H) |, (2)

Ni my

where pu is the reduced mass of the diatomic molecule, m, is the mass of the electron,
and my; and my are the masses of the Ni and H atoms, respectively. For 4., we
introduced a mass dependence of a similar form as Eq. (2) except that the factor
outside the brackets is u°. The Born-Oppenheimer correction factor is referred to as
Ag4(Ni) in this case. In the final stages of the fit of the data described below in Section
(iv), we introduced a similar Born-Oppenheimer correction to the isotopic scaling of
the spin-rotation constant, . This correction, designated A,,(Ni), was introduced in
the form of Eq. (2) and made allowance for the different isotopic dependence of the
rotational constant for the two spin components.
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TABLE II

Transitions in the Far-Infrared LMR Spectrum of NiH

My M Parity 58Ni 60Ni 62Ni 64Ni
Flux o-cP Flux o-c Flux o-c Flux o-c¢ Tuning
Densitya Density Density Density Rate¢

Fi, J=7/2 « 5/2, 186.0 um (1 611 421.9 MHz), CH3OH, Pump 9R(14)

512« 572 172 ——+ 172.72  -0.4 105.12 0.9 4170 -0.2 -13.1
51252 -1/2 -+ 173.61 -1.2 105.99 -0.9 4259 -1.9 -13.1
512 « 512 12 + - 173.61 1.9 105.99 29 42.59 2.1 ~13.1
51252 =172 + - 174.48 0.8 106.88 1.3 43.48 0.4 -13.1
3232 12 -+ 289.07 -0.2 175.80 -0.2 70.00 ~-0.0 -7.8
3232 -2 -+ 290.22 1.0 176.91 0.7 71.13 1.0 -7.8
3232 12 + - 250.22  -0.6 176.91 -0.9 7113 -0.5 -7.8
3232 -112 + - 291.40 0.8 178.00 -0.2 72.31 0.9 -7.8
1212 * -+ 902.78 ~1.4 540.96 0.5 21299 -0.9 -2.4
172 172 * + 906.99 -0.7 544.97 1.1 216.93 -0.2 -2.4
51252 12 + e = 1598 -04 13.1
=512 =52 112 + - 16.81 2.0 13.0
=512 =52 12 -+ 16.81 -1.9 13.1
=512 =512 172 -+ 17.73  -0.6 13.0
=32«-32 12 + - 26.89 0.2 7.8
=3/2 « -3/2 ~172 + - 28.02 -0.7 7.8
3232 12 -+ 28.02 0.6 7.8
=3/2 =312 -1/2 ——+ 29.16 -0.3 7.8
=12 ~12 * + - 81.86 -0.1 2.6
-2 =12 * -+ 85.63 -0.5 2.6
3/2 & 512 172 — 4+ 111.40 -9.6 68.11 1.4 ~20.1
3252 -172 -+ 112.86 0.6 69.00 0.9 -20.1
3252 172 + - 111.87 9.6 68.47 0.1 —20.1
Ne52 ~12 = 113.35 1.0 69.47 1.0 -20.1
112 312 172 -+ 151.39 -0.4 92.08 -0.2 -14.9
11232 =112 -+ 152.19 -2.3 93.06 0.6 -14.9
112 32 12 + - 152.19 2.0 93.06 5.0 -14.9
V2e32 112 + - 153.11 2.0 93.67 0.3 -14.9
~1/2 <172 12 -+ 233.83 0.2 142,18 -0.3 56.53 -0.7 -9.6
-1/2¢ 12 -122 -+ 234.74 0.2 143.19 0.8 57.54 0.4 -9.6
~1/2« 172 172 + == 23474 -0.5 143.19 0.1 5754 -0.2 -9.6
12«12 -2 + e = 23574 0.4 144.18 0.9 58.46 -0.0 -9.6
712 « 512 172 — =+ 37725 0.6 22963 -0.1 —-6.0
12512 -172 -+ 378.65 2.9 231.09 2.5 -6.0
712 512 172 + - 378.65 -0.3 231.09 -0.7 -6.0
T2 52 -12 + - 380.15 2.6 232.46 1.4 -6.0
3212 o+ -+ 51373 -0.9 31162 0.4 12412 -03 -4.3
=32 12 ¢+ + = 516.05 -03 313.97 0.4 126.36 0.3 -4.3
1252 12 +e—— 36.50 -7.6 6.0
=2 =512 ~172 + e = 37.28 -4.38 6.0
N2 e =52 172 -+ 37.28 -3.0 6.0
=2 =52 -172 — e+ 39.16 -6.8 6.0
3212 * + e~ 48,10 0.2 4.5
32172 * -+ 5030 -0.3 4.5
Fi1, J=7/2 « 5/2, 183.6 um (1 632 666.9 MHz), CHoDOH, Pump 9P(10)
=52 =52 112 + - 144765 -0.5 151492 -1.6 157773  -0.3
=5/2 « =512 —~1/2 + - 1448.53 -1.9 1515.80 0.8 1578.74 04 1637.80 -2.4
=512 =512 172 -+ 1448.53 -2.3 151580 -3.4 1578.74 -3.8 163780 -2.4

a Flux density measured in mT.
b Residuals in the least-squares fit measured in MHz.
¢ Tuning rate in MHz/mT, calculated from the parameters inTable IV.

* Proton hyperfine splitting not resolved.
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TABLE I1—Continued

My M Parity S58Ni 60Ni 62Ni 64Ni
Flux o-cP Flux o-c Flux o-c Flux ~ o-¢ Tuning

Density? Density Density Density Rate®

~5/2 ¢= =512 -1/2 -+ 144940 0.2 151620 5.3 157957 -0.8 13.1
=312 =512 12 + =~ 939.85 2.5 983.52 3.0 20.2
=32 =512 172 + = 940.83 2.2 984.55 1.7 20.2
=3/2 ¢~ =512 12 -+ 940.28 3.3 983.80 5.0 20.2
=312 512 -112 -+ 94124 3.4 98495 3.0 20.2
-12e-32 12 + - 1261.76 1.1 1320.03 1.3 15.2
=12 =312 =172 + = 1262.53 3.6 1320.83 3.3 1426.89 -4.7 15.2
=12 =312 172 -+ 1262.53 -1.2 1320.83 —1.5 1426.89 -4.7 15.2
~12 =372 112 -+ 1263.39 0.0 132162 0.7 15.2
112¢-112 12 + -~ 1913.74  -3.7 10.1
12-12 -112 + e~ 1914.66 4.5 10.1
172¢-172 172 -+ 191466 -3.8 10.1
V2e-112 -172 -+ 1915.60 -4.8 10.1

F1,J=11/2 «9/2, 118.8 pm (2 522 781.6 MHz}, CH30H, Pump 9R(36)
972 « 972 * -+ 1249.89 -0.8 1007.39 0.7 780.94 0.5 568.97 2.3 -5.7
9/2 « 9/2 * + e~ 1260.99 -0.9 101860 0.1 792.04 0.7 57967 0.4 -5.7
12 712 * -+ 1607.95 -0.0 1295.78 -0.4 1004.68 1.8 73133 0.7 -4.4
T2« 72 * + - 1622.26 0.1 1310.08 -0.2 1018.60 0.5 745.53 0.7 —-4.4
512 « 512 * -+ 1815.90 -0.1 1407.17 0.4 1024.60 1.2 -3.2
512 52 * + - 1836.09 0.5 142706 0.3 104460 1.6 =32
3/2 372 * ——+ 171045 -0.1 -1.9
3/2 32 * + - - 174493 23 -1.9
72 972 * -+ 782.34 -1.8 631.00 -0.2 ~9.1
72 « 912 * + - 789.3¢  -2.3 637.90 -1.3 -9.1
52«72 * -+ 909.17 0.4 733.13  ~0.0 568.47 -0.2 -7.8
512 712 * + =~ 917.27 -0.4 741.13 ~1.3 576.28 -2.7 -7.8
32512 * ——+ 1084.19 -2.4 87466 -0.1 678.31 0.1 -6.6
3252  x + - 109439 0.7 88437 -0.5 687.91 -0.7 -6.6
11232 = -+ 134397 0.2 1084.19 1.2 840.86 1.0 -53
112372 * + - 135607 -0.4 1096.20 0.5 852.76 0.0 -5.3
-2 112 * -+ 1766.10 -1.4 142510 0.5 110539 0.4 -4.0
-2« 112 * + - 178222 -1.7 1441.00 -0.2 1121.59 1.3 -4.0
32«12 = -+ 161325 -0.0 -2.8
=32 ¢ -1/2 * + =~ 1636.47 -0.8 -2.8
Fo, J=5/2 « 3/2, 256.0 um (1 170 941.0 MHz), CHoF2, Pump 9P(24)
32«32 12 ——+ 608.29 0.5 721.11 0.2 5.8
=32 ¢+ =32 -112 -+ 61138 -0.2 72424 0.6 5.8
=32 32 12 +e - 1203.88 1.4 131580 1.3 5.8
=32« =312 =172 + - 120702 0.7 131890 0.7 5.8
V2 e-12 * -+ 1767.78 0.9 2.1
~12 =32 12 -+ 406.11 0.3 438176 -1.2 8.7
—1/2 « =312 -172 -+ 409.11 0.1 48481 -1.8 8.7
1Re-12 112 -+ 729.80 -0.5 864.69 -1.7 4.8
V2 e-12 112 -+ 73290 -0.9 867.50 -0.7 4.8
-12e-32 112 + - 798.55 0.4 87294 0.7 8.7
172 =312 =112 + - 801.45 1.0 876.05 -0.5 8.7
2e-12 112 +e - 1418.10 -0.5 154859 0.8 4.9
12 =172 -172 + - 1421.15 -0.8 1551.66 0.4 4.9
=512 =312 12 -+ 1209.92 1.1 143404 0.1 2.9
=512 = =312 =172 -+ 121290 0.5 1437.14 -1.1 2.9
Fo, J=7/2 « 5/2, 183.6 um (1 632 666.9 MHz), CH,DOH, Pump 9P(10)

512 « 5/2 12 + - 37276 -0.1 8753 -1.2 -3.2
52«52 172 + - 37591 0.5 90.83 -0.7 -3.2
32« 32 * + e~ 624.06 0.7 149.18 0.2 -1.9
112 * + - 1875.60 0.9 456.96 6.2 -0.6
=52« =52 112 -+ 177488 -0.8 3.2
~5/2 « =512 -1/2 -+ 177828 -3.4 32
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TABLE 11 Continued

My M Parity 58Ni 60Ni 62Ni 64Ni
Flux  o-cP Flux o-c Flux o-c Flux o-c¢ Tuning

Density2 Density Density Density Rate¢

312« 512 12 + - 24925 05 -4.83
32652 -112 + = 25230 -0.6 -4.8
11232 172 + - 341.36 1.4 80.00 -0.6 =35
1232 -112 + - 344.68 1.8 83.40 -0.3 -3.5
-2 112 * + - 54041 -0.7 129.19 0.4 =22
712 512 * + - 736.10  -0.1 175.79 0.0 -1.6
32«12 = + - 306.05 -0.9 -0.9
=32 =512 12 ——+ 1168.37 0.2 4.9
=312 =52 =172 -+ 117157 -1.3 4.9
12«32 112 ——+ 1586.42 0.1 1838.18 0.5 3.6
~12=32 =172 -+ 1589.57 -0.5 184138 -0.3 3.6

The nuclear hyperfine Hamiltonian for a molecule in a A state has been discussed
by Steimle et al. (26). It has the form

Hy =al.L.+ bd-S+ 1c(3,S. —1-S) — Ydu(J3I. S, + J2I_S2), (3)

where a, by, and ¢ are the standard Frosch and Foley parameters (33) and d, is a
parity-dependent hyperfine interaction for a molecule in a A state.

TABLE III

Transitions Observed in the Far-Infrared LMR Spectrum of ' NiH (Fy, J = 7/2 < 5/2; 186.0 um
(1611421.9 MHz), CH;0H, Pump 9R(18))

C

My M2 Parity Flux o-¢ Tunin
DensityP Rate

3/2 32 172 -+ 115.47 -1.3 -7.7
+ & - 116.65 -2.1 -7.7

-1/2 —«—+ 125.96 -2.5 -7.7

+ - 127.13 -3.0 ~7.7

-3/2 ——+ 138.10 -2.2 -7.8

+ - 139.27 -2.4 -7.8

112 « 172 32 ——+ 353.85 -5.3 -2.5
+ - 357.82 -4.7 -2.5

1/2 ——+ 368.59 1.1 -2.5

+ e — 372.45 1.4 -2.5

=172 -+ 380.01 2.7 -2.5

+ e« — 383.86 3.0 -2.5

-3/2 -+ 388.03 10.1 -2.5

+ - 391.78 10.2 -2.5

a Nuclear spin quantum number refers to 8INiH (1=3/2).

b Flux density measured in mT.

¢ Residuals from the least-squares fit in MHz.

d Tuning rate in MHz/mT, calculated from the parameters in Table IV.
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The Zeeman Hamiltonian is a little more challenging. Attempts to fit the LMR
spectrum using the second-order effective Hamiltonian originally derived to describe
molecules in 211 states (34) and putting A = 2 were not successful. We have therefore
developed an effective Zeeman Hamiltonian up to fourth order in perturbation theory;
it contains parity-dependent as well as parity-independent terms for a molecule in a
2541 A gtate. For the sake of brevity, we give only the results of these calculations here.
We shall describe the derivation and its interpretation in detail in a separate paper.
For a molecule in a 25! A state, the Zeeman Hamiltonian is

Hyeem = (82 + &)unBoLz + gsupBoSz — gmunBoNz + 38ms(B:S- + B_S,)
— Y@ (Bed o+ BT J_J.) + dgioun( By S_JoJ- + B_S,J_J.)
— Lgsup(B.J-S.S_+ B.J,S_S.) + beun(B.S_S.S_ + B_S,S_5)
+ igipun(BiJE + B_J3) + dglpup(B. J3 S, + B J2S.)
+ 1@ sun(ByJ, ST + B.J_S) + dgisun(B. S + B_S?), (4)

where B, is the applied magnetic flux density (along the laboratory-fixed Z axis) and
ug is the Bohr magneton. The first two terms contain the orbital and spin magnetic
effects. The terms in g, (rotational Zeeman effect) and g, (anisotropic correction to
the electron spin g-factor) contain second-order contributions as described in Ref.
(34). The remaining eight terms are all new. The first four of them are parity inde-
pendent while the remainder are parity dependent and implicitly link only basis states
with AA = +4 or —4 (that is, they give a diagonal contribution in a A state). The last
of these eight terms has zero diagonal elements for a doublet or triplet state whilst the
penultimate term has no diagonal terms in a doublet state. Since we are concerned
with a doublet state in this paper, we can omit both these terms from further consid-
eration. Furthermore, for a doublet state,

(SZ|8:8-+ S5.5.182) = 1. (5)

Therefore the matrix elements for the term in g5 are indistinguishable from those
involving g; and similarly the matrix elements of the term in g,s are indistinguishable
from those which involve g,. Thus, for a molecule in a *A state, there are 8 independent
g-factors rather than 12.

(iii) Representation of the Effective Hamiltonian
The Hund’s case (a), parity conserving wavefunctions (34)
[A; SZ;JOM; + 5 = 1/V2{| A; SZ; JOM ) £ (=)S|— A; S — 237 — QM )}

are not only a convenient choice for a basis set in which to express the effective
Hamiltonian but they are also physically appropriate for NiH in its ground state since
the spin-orbit splitting is so much larger than the rotational constant, B.

The matrix elements for most of these terms in this basis set are given elsewhere,
those of H.r, Eq. (1) in Ref. (31), those the hyperfine Hamiltonian, Eq. (3) in Refs.
(26, 35), and the first four terms in the Zeeman Hamiltonian, Eq. (4) in Ref. (34).
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The diagonal matrix elements of the remaining four terms in the Zeeman Hamiltonian
are

(&5 J3M | Hs| +5 J3M)) = —gous BoM[(J + 5)* — 112/[2J(J + 1)] (6)
+; J3My|Hs| +; J3M,) = —gopupBoMA(J +3)* — 41*/[2J(J + D] (7)
(£ J3M | He| 5 J3M))
= giors BoM,[(J + 1) — 41'°[(J + 3)> — 1]/[2J(J + 1)] (8)
(&5 J3M, | Hy | £ 3My) = —gusupBoMA(J + 5)? = 11/[2J(J + D] (9)
(& I3M | Hy| +5 J3My ) = —gesup BoMA(J +3)2 — 41/[2J(J + 1)]  (10)
(&3 J3M, | Hy| +; J3M;) = gisps BoMU[(J + 3)* — 41'2/[2J(J + 1)] (1)
(& 3M| Hy| +;5 J3M,)
= +(=)Sgpus BoM,(J + DHI(J + 3)* — 1HI(J +3)> = 41"2/[2J(J + 1)] (12)
(% J3M;| Hyo| +; JiM)
= (=) Sgipus BoMAJ + DI(J + 1) — 11/[2J(J + D)]. (13)

In addition, all these terms have matrix elements off-diagonal in J by 1.

(iv) Least-Squares fit

The data for all the isotopomers listed in Tables IT and III have been fitted with the
effective Hamiltonian described above in Eqgs. (1), (3), and (4), together with the
measurements of the vibration-rotation fundamental band (24), the fine structure
transitions for NiH in v = 0 (25), and the lambda-doubling intervals for the ?A;,,
spin component (26). Individual measurements in the mid-infrared, far-infrared, and
microwave regions were assigned relative weights of 1, 100, and 10 000, respectively.
the basis set was truncated without loss in accuracy at AJ = x1. Three of the four
proton hyperfine parameters were determinable from our data set. We have guessed
a value for the Fermi contract parameter, bg, of —58 MHz from other open shell
hydrides (36, 37); the choice does not have a very strong effect on the values for the
parameters determined in our fit. Furthermore, two of the g-factors in Eq. (4), g
and g,p, were not determinable in practice and so their values were constrained to
zero. (The value of the latter can be estimated to be very small from the expression
g = —2qs/B = 4.0 X 107 cm™".) The values determined for the molecular param-
eters of *®NiH are given in Table IV, together with their standard deviations and
correlation coefficients. The residuals determined for the far-infrared data are given
in Tables II and III. The measurements for the 2As,, component are fitted to within
experimental uncertainty while those for the 2A3,, component are very nearly so. The
vibration-rotation data are fitted slightly better than previously (24), to within ex-
perimental error. The microwave measurements of the lambda-doubling intervals are
fitted as well as before (26).
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TABLE IV
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Molecular Parameters for **NiH in Its X 2A State, Determined in a Least-Squares Fit of Far-Infrared,

Mid-Infrared, and Microwave Data

Parameter Value determined Correlation
MHz cm-1 coefficient ;2

Vo 1927.684 51 (56)b.c 843
WeXe 39.71 (18)¢ 1.63
Bo 2324296 (16) 7.753 016 (55) 10219
Oe 7 686.8 (23) 0.256 403 (78) 450
Do 16.620 1 (64) 5.5439 (21) x10-4 260
Be ~0.817 (71) —2.73 (24) X 10-5 169
Ag —14734 346 (258) —491.484 9 (86) 29 344
Yo 40083 (234) 1.3370(78) 32835
Yo 203.27 (80) 6.781 (27) x10-3 1802
A01{Ni) —31.78 (62) 6785
Aoa(Ni) -8.2 (16)d 22 479
Apy(Ni) ~786 (49) 22658
pat+dqa 188.614 (18) 6.291 50 (59) %1073 21.4
(pa+4qa)p 0.108 11 (79) 3.606 (26) x 10-6 22.8
qa ~0.464 7 (92) —-1.550 (31) x 10-5 1.34
oq 14.94 (18) 4.982 (61) x 104 1.00
hsp2(H) 40.0 (13) 1.334 (43) x 1073 1.32
h3p(H) 51.1(13) 1.705 (43) x 103 1.32
b(H) -81.23 ¢ ~2.709 x10-3 €

da(H} 0.757 (47) 2.53 (16) x10-3 1.70
hs/2(61 Ni) 441.2 (42) 1.472 (136) x10-3 1.04
eqoQ(BINI) 423 (97) 1.51(32) x10-3 1.04
gL 1.039 759 (40) 3.94
gs 1.837 08 (16) 4.13
gr —4.019 (10) x10-2 10.2
Ogr 7.34 (17) x10-3 8.63
- 9) 0.8351 (48) 5.82
gm 1.58 (17)x 10-3 5.73
g/ 1.425 (14) x 103 1.10

a The correlation parameter ky=(x"1)j where y is the matrix of correlation

coefficients.

b The number in parentheses gives the 1o error estimate, in units of the last

quoted decimal place.

¢ yg is the band origin of the (1,0) band for 38NiH. The anharmonicity weXe is

determined from the variation of vy with Ni isotope.

d It was necessary to include this parameter in the effective Hamiltonian in order
to model the isotopic dependence of the fine structure interval accurately. An
equally good fit could be obtained by including ap in the model instead. Because
of the severe perturbations of the 2A3,2 component in the v=1 level, it is

difficult to attach any meaning to these parameters. They are better thought of as

purely empirical variables.

¢ Parameter constrained to this value in the least-squares fit. Value for br

estimated to be -58 MHz (see text).
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5. DISCUSSION

It has proved possible to detect rotational transitions in the NiH radical in both
2As,, and 2A;,, spin components by the technique of far-infrared LMR. The experi-
mental measurements for several isotopomers have been satisfactorily modeled with
an effective Hamiltonian to yield values for a large number of molecular parameters
for 3¥NiH. Where comparison is possible, the values obtained agree reasonably well
with those determined from the optical spectrum. Kadavathu er al. (15) give

By =17.7419(5)cm™, Dy =0.540(4) X 103 cm™, and 4, = 1.89(3) cm™!

where the last parameter is estimated from the value determined for 4, by use of the
relation (38)

% =—Ap(4 — 2B)A*/2B. (14)

The observation of lines in the fundamental band of the vibrational spectrum of
NiH (24) permits an accurate measurement of the change in the rotational constant
with vibrational quantum number. Using the values in Table IV, the equilibrium
value for the rotational constant is calculated to be B, = 7.881218(67) cm™, which
leads to a value for the bond length r. for NiH of 0.14694471(62) nm. However, this
value is unlikely to be as reliable as implied by the lo error estimate because no
account has been taken of nonadiabatic mixing. Such effects are known to be severe
from studies of the optical spectrum (21). They are also signaled strongly by the values
determined in our analysis for the Born~Oppenheimer correction factors Ay (Ni) and
Ao, (Ni). From experience with other molecules, these parameters are expected to be
negative and have a magnitude between 1 and 10. The values determined are much
larger, —31.8 for B, and —7.86 X 10° for ., presumably because of the heavy mixing
wiht the low-lying %Il and *Z* states.

Three lambda-type doubling parameters have been determined in the fit, the
two required for a given vibrational level, (p, + 44q,) and g,, and the vibrational
dependence of the latter. This third parameter is needed to describe the large
lambda doubling observed for the v = 1 levels (14, 24). The value for p, + 4q, has
also been determined from the microwave optical double resonance experiments as
0.0062923(11) (26). The present value of 0.00629962(53) is very similar because
it is primarily determined by the microwave frequencies which were included in
our fit.

The authors of the microwave work (26) have shown how the magnitude of (p,
+ 44,) provides information on the mixing of the low-lying 2II and *Z" states by a
fourth-order perturbation calculation. The analogous calculation for g, is even simpler
and results in the expression

da = 2 (*Bsp| BLL "3 (1l32| BL, 22,2212 BL.|’T1_,,,)
X (L s BL,|?A_32)/[(Es — En)*(Ex— Ey)]. (15)

If we approximate the electronic wavefunctions by Ni atomic d orbitals (the pure
precession hypothesis)

(A VLAY ~{I, A+ 1| L)l Ay = [I(1+ 1) = A(A £ D]V, (16)
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TABLE V

Calculated Rotational Frequencies (in GHz) of NiH in the X ?A State®

Transition 58NiH  6ONiH  62NiH  64NiH
J F

2Asp2 7252 33D 1613.666 1612.783 1611.956 1611.180
32 1613700  1612.817 1611.989  1611.213

4t 3~ 1613.690 1612.807 1611.980 1611.204
3~ 3t 1613.657 1612.774 1611.947 1611.170
32+ 1613.690 1612.807 1611.980 1611.204
4~ 3+ 1613.681 1612798 1611.970 1611.194
9212 4+ 4 2072.591 2071.458 2070.396  2069.400
4+ 3~ 2072.615 2071.482 2070.420  2069.424

St 4 2072.609 2071.476 2070.414 2069.418

4 4+ 2072.619 2071.486 2070.424  2069.428
4 3 2072.643  2071.510  2070.448  2069.452

5 4+ 2072.637 2071.504 2070.442  2069.446

1292 5+ 5 2529.986  2528.604 2527.310  2526.095
St 4- 2530.004 2528622 2527.328  2526.112

6+ ¢ 5= 2530.000 2528.618 2527.324  2526.108

5= 5t 2529.922  2528.540 2527.246  2526.031

54t 2529.939  2528.558  2527.263  2526.049

6= 5+ 2529.935  2528.554  2527.259  2526.045
2A3y 5232 2% 2 1163.971 1163.324 1162.718 1162.148
2+ - 1- 1164.011  1163.364 1162.757 1162.188
2 1163.996 1163.348 1162.742  1162.172
2- 2+ 1167.385  1166.731 1166.120  1165.545
2 1+ 1167.427 1166.773  1166.162  1165.587
3 2¢ 1167.415 1166762 1166.150 1165.576
7252 3 e 3 1633.841  1632.927 1632.070 1631.267
e 2 1633.872 1632957 1632.101 1631.297
4+ 3~ 1633.868  1632.954  1632.097 1631.294
33 1626.981  1626.079 1625.233  1624.440
32+ 1627.006 1626103  1625.257 1624.464
4 3% 1626997 1626.094 1625.249  1624.455
92 ¢~ 72 4+ e 4~ 2087.831 2086.677 2085594  2084.580
4+ - 3-  2087.847 2086.692 2085.610 2084.595
5+ ¢4~  2087.840 2086.685 2085.603 2084.588
4=« 4+ 20993398 2098.164 2097.064  2096.032
4=« 3+ 2099.365 2098.191 2097.091  2096.059
5-e 4 2099.366  2098.191 2097.091  2096.059

a Transition frequencies calculated using the parameter values in Table IV.

Accuracy estimated at £0.005 GHz.

b Superscripts refer to the parity of the upper and lower levels.
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and (B(r)) by B, we obtain
da = 48B4/(EA - EII)Z(EA — E5). (17)

We can now calculate a value for g, using B = 7.87 cm ™! and the energy denominators
from the optical deperturbation analysis (39), (Ex — Ep) = —2193 cm™ and (E,
— Es) = —1953 cm™'. The value obtained is —1.96 X 107> cm™!, in good agreement
with the experimental value of —1,550(31) X 107° cm™'. The absolute parities of the
levels involved in this study have been assigned to be consistent with the calculated
signs of the lambda-doubling parameters (26) since they cannot be determined from
our experiment.

Three proton hyperfine parameters have been determined for NiH in its X %A state,
out of a possible four. The other hyperfine parameter, g, can only be guessed at at
this stage but fortunately the results are not greatly affected by the value adopted. The
value for the first-order hyperfine parameter for the levels of the 2A ;,, spin component,
h3;2 = 2a — 4(b + ¢), is in good agreement with that determined from the microwave
study of 50.8 = 1.4 MHz. Combination of the values for 43,, and As,, from Table IV
gives

a=0.760(12) X 1073 cm™' or 22.78 + 0.36 MHz
(b+c)=-371(71)X 10~* cm™" or —11.1 £ 2.1 MHz.

In other words, (& + ¢) is only just determined. The value for a, however, can be used
to determine the expectation value {1/r*) = 2.89(5) X 10%° m™, where r is the
separation of the open shell electron from the proton in NiH (33). This value is very
close to ro3 = 3.145 X 10%° m 3 and confirms that the distribution of the open shell
electron is indeed well described by an orbital centered on the nickel atom.

Finally, values for six of the eight possible g-factors in the effective Zeeman Ham-
iltonian, Eq. (4), have been determined. Although the successful fit of the data required
all these parameters, the present exercise is not a particularly good test of the new
Hamiltonian. We have already seen warning signs that the effective Hamiltonian is
finding it difficult to model the rotational energy levels of NiH and there are further
indications in the g-factors. Both the orbital and spin g-factors, g; and gs, have values
considerably different from the free electron values of 1.0 and 2.0023. Furthermore,
the rotational g-factor is about two orders of magnitude larger than expected and the
anisotropic correction to the electron spin g-factor, g, is almost as large as g itself.
We are forced to the conclusion that we are at the very limit of the applicability of
the single state effective Hamiltonian in this problem. We have had a similar experience
with the far-infrared LMR spectrum of CoH and an even worse one with that of FeH
(27, 40). In the case of FeH in particular, it will be necessary to include the effects of
nearby electronic states in the analysis.

In Tables V and VI, we give the calculated zero field frequencies of the rotational
and rotation-vibrational transitions studied in this work, for the various isotopic forms
of NiH. In view of the remarks made in the previous paragraph, the reliability of the
extrapolation to zero magnetic field is not as great as for lighter molecules. We estimate
that there is an uncertainty of 5 MHz in the far-infrared frequencies (perhaps even
larger for the 2A; ;2 values) and 30 MHz or 0.001 cm™' in the mid-infrared values.
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TABLE VI

477

Calculated Wavenumbers (in cm™!) of Vibrational-Rotational Transitions in the (1,0) Band of NiH in
the X %As,, State®

Transition 58NiH 60NiH 62NiH 64NiH
P(7/2) + - 1872.0785 1871.5834 1871.1194 1870.6839
-+ 1872.0790 1871.5838 1871.1199 1870.6844
P(9/2) + - 1854.9975 1854.5121 1854.0574 1853.6305
-+ 1854.9936 1854.5083 1854.0536 1853.6267
Q(512) + e 1925.9052 1925.3805 1924.8890 1924.4276
-+ 1925.9061 1925.3814 1924.8899 1924.4285
Q(712) + - 1924.1337 1923.6105 1923.1204 1922.6603
— e+ 1924.1281 1923.6049 1923.1148 1922.6548
Q(9/2) + = - 1921.8352 1921.3140 1920.8257 1920.3674
-+ 1921.8545 1921.3332 1920.8449 1920.3865
R(5/2) + - 1977.9603 1977.4077 1976.8900 1976.4040
-+ 1977.9552 1977.4026 1976.8849 1976.3989
R(7/2) + - 1990.9714 1990.4124 1989.8887 1989.3971
-+ 1990.9890 1990.4299 1989.9062 1989.4146
R(9/2) + e - 2003.4582 2002.8932 2002.3639 2001.8670
——+ 2003.4119  2002.8470 2002.3178  2001.8211

a Transition wavenumbers calculated using the parameter values in Table IV.

Accuracy estimated at +0.001 cm-1.
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