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The rotational spectrum of AsHn its groundX?B, electronic state has been recorded using a far-infrared laser magnetic
resonance spectrometer. The Agldical was produced inside the spectrometer cavity by the reaction of arsing) (i
fluorine atoms. Hyperfine splittings from botPAs and 'H nuclei were observed, and analysis of the spectra has yielded
accurate values for rotational, hyperfine, and Zeeman parametexso Academic Press

INTRODUCTION studying AsH was primarily academic, namely to follow the
trends down Group V from the much-studied N&hd PH to

This paper describes the pure rotational spectrum OfZAlgH the less well-characterized A$,Ht is worth noting that AsHl
its groundX?B, electronic state, recorded by far-infrared (FIR})S involved as a reaction intermediate in the production o
laser magnetic resonance (LMR). The analysis of the measug@As semiconductors by chemical vapor deposition. GaAs |
ments has led to the determination of accurate values for ffedreat interest since it has many practical applications. It i
rotational, hyperfine, and Zeeman parameters. used in detectors (for example, in radiology), diodes, elec
The first observation of AsHwas by Dixon and co-workers trodes, tranS|stor§, and.solar cells; over ZOOQ papers relating
(1, 2, who detected absorption bands in ##\,—X?B, elec- GaAs were published in 1998 alone. Despite its widesprea

tronic transition of AsH and AsD, and determined fairly US€: the thermodynamics and kinetics of the many reactior

accurate values for rotational, centrifugal distortion, and spiflvolved in the production of GaAs are not yet completely

rotation parameters of AsHn its ground state. Basco and Yeeu”derStOOd'

(3) observed the same electronic transition in absorption at

lower resolution, while Nkt al. (4) investigated it in emission EXPERIMENTAL DETAILS

and obtained an approximate value for the bending vibrational

frequencyy,. The EPR spectrum has been observed in a matrix T he FIR LMR spectrometer at NIST, Boulder, CO, was usec
(5), but, because the hyperfine splittings were unresolved, Hothis study and has been described in detail elsewtiege (
hyperfine parameters were determined. The rotation—vibratibR€ FIR radiation was generated in a chosen laser gas which
spectra due to the bending)@nd one or both of the stretching®Pticlly pumped by the appropriate line of an infrared .CO
modes have been observed by mid-IR LMR, the latter durind@S€r- Part of the FIR radiation was coupled out of the lase
study of AsH by the present authoig,(but both spectra have cavity and detectgd with a liquid-helium-cooled In:Sb dgtector
so far proved too difficult to analyze given the existing knowll N€ résonance signals were modulated at 39 kHz using Ze
edge of the radical. Concurrent with the present work, Saffsa" modulation coils and amplified by a lock-in amplifier
and co-workers observed the rotational spectra of Aahkd tuned to th's frequency. , ) i

AsD, using rotational spectroscopy at millimeter wavelengths The radical AsH was formed in the intracavity cell of the

(8. 9. Theoretical studies have provided estimates of t pectrometer by the reaction of fluorine atoms with arsine

" . .

geometry and harmonic vibrational frequenci&g) (@and bond §H3' The fluorine atoms' were generated by passing a 10

dissociation energiesLt, 12 of AsH mixture of molecular fluorine in helium through a microwave
I 2+

The objective of this study was to refine the ground sta ischarge. The optimum gas conditions were 30 mTorr (4 Pe

parameters of Ask both for its own sake and also to help with sH; and 100 mTorr (13.3 Pa)fe, with around 810 mTorr

; ) L 108 Pa) of helium as a flow gas.
the analysis of the mid-IR spectra. Although the motivation fcgr Laser lines were selected for searching on the basis

predictions made using the best available parame®rdte
! Supported in part by NASA Contract W-18,623. external magnetic field was scanned and spectra in both pe
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GROUND STATE ROTATIONAL SPECTRUM OF THE AsHRADICAL 211

pendicular AM; = *=1) and parallel AM, = 0) polarizations 107 N

were recorded. A large number of spectra were recorded; due o] ——e—=¢
to time constraints, some of these were measured on somewhat

broader scans than usual. The accuracy of the measurements®

is ~ +£0.01 mT forB < 0.1 T and+1 X 10 “ B for B > 7
0.1T. B
E 6
3
OBSERVATIONS AND ANALYSIS § 51
® 4-
Background o

AsH, is a bent molecule and so has the inertial properties of
an asymmetric top. As a result of this, the double degeneracy 27
of the |K| levels (wherdK| is the projection of the rotational 14
angular momentunN along the near-symmetric top axis) is
removed and the levels are labelgd «., whereK, andK, are
the values ofK| with which the level correlates in the prolate
and oblate symmetric top limits, respectively. The asymmetryFiG. 1. Spin-rotational energy levels (free of hyperfine and Zeemar
doubling is first order foK,22 =1 only, higher order effects effects) of AsH in its ground state calculated from the determined parameters
splitting levels withK , > 1. Therefore the asymmetry Sp”ttingarranged withK, along the horizontal axis. Faf. > 1, the spin-rotation

. . . . splitting is greater than the asymmetry splitting. For each rotational Nyel
decreases with increasing. and at hlgh values oK. is the F; spin component liebelow the F, component. The observed FIR

negligible. transitions (solid lines) and the millimeter-wave transitios (fotted lines)
Each rotational leveN is split by the spin—rotation interac-are also shown.

tionJ = N + S.For AsH, which has an electron spin angular

momentums of 3 there are two spin—rotation components for

each rotational level) = N + 3 (F;) andJ = N — 3 (F,), The interaction of the molecule with the external magnetic
where F; labels the spin—rotation components in increasirfield gives rise to a Zeeman splitting of the levels. Each leve
energy order for a gived value. Figure 1 shows the energyj is split into 23 + 1 M, components wherd, is the
levels of AsH in its ground electronic state (free of hyperfingyrojection ofJ along the external field direction. Transitions
and Zeeman effects) arranged with along the horizontal obey the selection ruledM, = 0, =1 according to the
axis. ForK, > 1, the spin—rotation splitting is greater than theq|arization of the oscillating electric field with respect to the

asymmetry doubling. _ external magnetic field.
Interactions which involve the nuclear spins of the arsenic

nucleus (s, = 3)° and the two equivalent hydrogen nuclei

(I.4 = 3) cause hyperfine splittings. The arsenic nucleus giv&bservations and Assignment

rise to a quartet splitting. The hydrogen nuclei can contribute to .

the hyperfine pattern in two ways: the three symmetric com-FIR LMR spectra attributed to AsHin its ground X°B,
binations (. = 1; ortho) give rise to a triplet splitting of each electronic state have been observed on 14 different laser line
member of the quartet, while the one antisymmetric combinRetails of the laser lines and the rotational transitions observe
tion (I, = O; para) produces no further splitting. Due to theon them are given in Table 1. The energy level diagram of Fig
symmetry requirement of the total wavefunction with respedtis a summary of these observatidrfsolid lines) together
to permutation of the hydrogen nuclei, tbeho combinations with the observations made in the millimeter-wave stu@y (
occur when the rotational wavefunction is symmet#c,(K, (dotted lines). Table 2 gives the detailed measurements ai
both odd or both even) and tipara combination when it is assignments of the resonances. The assignment of the spe
antisymmetric K., K, odd, even or even, odd). Note that thguas based on the best available parameters in the literatu
two component levels of an asymmetry doublet for a neaguided by predictions of the Zeeman patterns.

oblate top have the same parity but oppositthd/parachar-  Examples of the spectra are given in Figs. 2, 3, and 4. Figur
acter. The permanent electric dipole moment of Adl#S 2 shows part of the 232.am (1.287 THz) spectrum recorded
along theb mertla_l axis; consequently rotational transitiong, parallel polarization. The quartet of triplets marked due
obeyb-type selection rules. to AsH, (ortho) in its ground state. The quartets of doublets

¢ correspond to AsH in its ground~ and first excited'A
% AsH, is a near-oblate roto(= 0.805) so the asymmetry splitting can be
regarded as a doubling of tlie. levels into two levels with the same value of
K. but different values oK. * Transitions due to individual Zeeman and hyperfine components are n
% ™As is the only isotope of arsenic. indicated.
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212 HUGHES, BROWN, AND EVENSON

TABLE 1
Observed Transitions in the Rotational Spectrum of AsH,, with the Details
of the FIR Laser Lines Used to Record Them

laser line/GHz  laser Jine/pm laser gas CO» pump line AsH» transition
NroKe Ff
337.1919 889.078 CH.CF, 10P22 11— 000 F1—-F
337.2770 888.854 CH»CF, 10p22” -0 FA-F
Fy— Fy
538.3473 556.871 CDsl 10P36 200—111 Fi—Fy
212 —-1n F1—F
554.1590 540.986 CH-F» 9R42 200— 111 Fo— Fy
210~ Fo-F
Fo— Fy
31233 F1—- 1
Fa— Fy

322 =313 F1-F
430 — 4oy F1 - F;
783.4860 382.636 CH-F, 9R10" 291 ~1l19 F1—F1
303 — 212 Fa-Fy
313— 202 Fa—-F
d13—40a Fo—F

Fi—F

4oz~ 414 Fo— P

F—-FR

9533 — 524 Fa—Fh

973.2243 308.038 CH-DOH 9P14 290 —111 F1—Fi
3o2—211 B -F

1256.8720 238.523 13CH;0H 9P12/ 331 — 220 Fo— Fs
413322 Fr—F

1262.1617 237.521 13CH30H gpP12” 331 — 200 Fo— Fs
4a3 — 312 Fo— K

1286.9995 232.937 CH30H 9R10 331 — 290 Fo — F
1302.8458 230.106 CH-F- 9R42 331 — 220 Fo—F
1397.1186 214577 CH»F4 9R34 330 — 221 Fy — Fy

6os — 515 F1—Fy
616 =505 F1 — Iy
Ti6~Tor Fy— Iy
Tog—Tiz Fi1—F»

1419.0493 211.261 CH30H 10R4 514 — 403 Fy — F
Fo— Fs

Soqa—d1s - Py

Fo— Fy

6o — 515 Fo— Iy
616 — 505 Fa—Fy
1626.6026 184.306 CH-F» 9R32 Bog — 430 Fi— F}
1726.5485 173.637 1B3CD3s0D 10R20 331 — 200 Fo— F»
441 — 330 Fo—F»

Note. F labels the spin-rotation components in order of increasing energy for a given value of

states, respectively. The broad signals maikeade due to NH  former transition and the quartets of singlefsar@) to the

in its ground state; NKis probably formed from the small latter. The stronger signals haw, = —3—(—3), while the
amount of N present as an impurity in the fluorine. Theveaker signals hav®l, = —3—(—32). Figure 4 is part of the
production of AsH was optimized over that of AsH by 4in spectrum recorded using the 218t (1.419 THz) laser line
creasing the proportion of arsine in the gas mixture. Figure i8, parallel polarization. These signals are the result of on
recorded using the 382 &m (0.783 THz) laser line in parallel Zeeman component, = ¥-%) of the asymmetry doublet
polarization, shows the spectrum arising from two ZeemdQe>5,s (F,—F,), 6,650 (F,—F,). The quartet of triplets and
components of the asymmetry doublef2,, (F,—F,), 3,2, quartet of singlets arising from these transitions are comr
(F,—F1). The quartets of tripletsoftho) correspond to the pletely overlapped to give a 1:2:1 intensity pattern, a mani
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TABLE 2
Details of the Observed Resonances and the Least-Squares Fit for AsH,
in the v = 0 Level of the X?B, Ground State

N, re J My Mp,, My, field tuning rate  obs - calc
mT MHz/mT MHz

laser frequency = 337.1919 GHz

131 — 0o 3/2-1/2 1/2--1/2 3/2 -1 941.4 5.4 -0.4
943.2 5.4 -0.6

944.9 5.4 -0.3

1/2 -1 946.6 5.4 0.6
948.5 5.4 -0.2

950.3 5.4 -0.4%

-1/2 -1 950.9 5.4 0.3%
952.6 5.4 0.6

954.0 5.4 2.6°

-3/2 -1 954.5 5.4 2.7t
955.7 5.4 0.4

1 957.5 5.4 0.2

laser frequency = 337.2770 GHz

111 = Ogo  3/2-1/2 1/2 --1/2 3/2 0 959.3 5.3 -1.3
1/2 0 964.7 5.2 .11

-1/2 0 968.8 5.3 -0.4

-3/2 0 971.7 5.3 0.0

2~ 1° 1/2 - 1/2  3/2 -1 18399  -1.7 -0.1
0 18413 -1.7 0.2

1 18425  -1.7 0.1

1/2 -1 19134  -16 0.6

0 19147  -16 0.8

1 19159  -1.6 0.8

-1/2 -1 19754  -15 1.5

0 19766  -1.5 1.6

1 19777 -15 1.5

-3/2 -1 20228  -1.4 2.7%

0 20242  -14 3.0%

1 20252 -1.4 2.8

laser frequency = 538.1590 GHz

202 — 111 5/2~3/2 3/2-— 3/2 -3/2 -1 2079  -100 1.2%
2096 -10.0 0.6°

1 2106 -100 -7.1%

-1/2 -1 2114 -10.1 8.4°

211.4 -101 -9.3%

211.8  -100 -23.00

/2 -1 2124  -10.1 7.1%

2131 -10.1 -3.6%

2135 -100 -17.4

3/2 -1 2141 -101 28.1%

214.9 -10.1 18.4%

1 2153  -10.0 4.6°

1/2 - 1/2 -3/2 -1 4576  -4.3 1.3
0 4594  -4.3 1.3

1 4611  -4.3 0.9

-1/2 -1 4652 -4.3 0.9

0 467.0 -4.3 1.0

1 4688  -4.3 1.0

/2 -1 4714 -4.2 1.1

0 4731  -4.2 0.7

1 4749  -4.2 0.7%

3/2 -1 475.9  -4.2 0.6Y

0 47T -4.2 0.7

1 4795  -4.2 0.7

212 — lo1  5/2-3/2 3/2- 3/2 3/2 0 660.3 -206 0.7
1/2 0 661.2 -20.5 2.4

-1/2 0 662.6 -20.4 2.0

-3/2 0 664.6 -20.2 1.1

#WherelJ is not a good quantum number, the valueFof(1 or 2) is used insteadr; labels the
spin-rotation components in order of increasing energy for a given valde of
® This point given zero weight in the fit.
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TABLE 2—Continued

Ny, K. J My M;,. My, fluxdensity tuningrate obs- calc
mT MHz/mT MHz
laser frequency = 554.1590 GHz

202 — 111 3/2-3/2 3/2- 3/2 3/2 -1 126.0 -20.3 1.5
0 127.7 -20.3 0.9

1 129.5- -20.3 1.9

1/2 -1 137.1 -19.7 2.7

0 138.8 -19.7 2.1

1 1406 -19.7 3.0

-1/2 -1 149.0 -19.3 1.0

0 150.7 -19.3 0.4

1 152.5 -19.3 1.3

-3/2 -1 162.2 -19.0 -0.1

o 164.0 -19.0 1.2

1 165.6 -19.0 -1.6

22 — 101 2-1¢° 3/2 - 3/2  3/2 0 798.4 5.4 1.2
1/2 0 835.1 -5.0 0.7

-1/2 0 873.2 4.7 0.1

-3/2 0 912.8 4.4 -0.3

2 - 20 1/2 - 12 3/2 0 816.0 -3.0 0.1
1/2 0 832.2 -2.9 0.2

-1/2 0 8426 -2.8 0.0

-3/2 0 846.3 2.7 0.2

3/2 -1/2 1/2--1/2 3/2 0 292.3 7.9 1.0
1/2 0 312.7 -T7 1.6

-1/2 0 334.0 7.4 0.9

-3/2 0 356.1 -7.2 0.5

3/2 - 1/2  3/2 0 314.3 -10.7 -0.1

1/2 0 324.9 -10.6 0.0

-1/2 0 335.8 -10.5 -0.6

-3/2 0 347.3 -10.4 0.2

312 — 303 1—1¢ 3/2 - 3/2 -3/2 0 1834.6 4.9 2.4
-1/2 0 1840.5 4.9 2.2

1/2 0 1846.9 4.9 2.6

3/2 ] 1853.8 4.9 2.7

7/2~-7/2 1/2--1/2 -3/2 0 1962.6 3.5 -1.1
-1/2 0 1991.7 3.4 -2.4

1/2 0 2015.2 3.3 -3.5

3/2 0 2033.0 3.3 -4.2

2 - 20 5/2— 3/2 -3/2 0 1606.6 -8.5 1.9
-1/2 0 1618.7 -8.4 2.5

1/2 0 1632.3 -8.3 3.1

3/2 0 1647 .4 -8.2 2.1
332 — 312 1-1¢@ 5/2 - 5/2  3/2 -1 994.2 14.1 -0.3%
0 995.0 14.1 13.5%
1 995.9 14.1 26.0°
/2 -1 996.8 14.0 -24.2b
0 997.3 14.0 -6.3%
1 997.7 14.0 13.0%
-1/2 -1 998.6 13.8 -17.7°
0 999.1 13.8 0.0°
1 1000.9 13.8 -0.2%
-3/2 a1 1000.9 13.7 0.4°
0 1002.6 13.7 1.5°
1 1004.4 13.7 1.3%

7/2 - 7/2 1/2--1/2 -3/2 -1 1089.3 6.8 -0.9
0 1091.1 6.8 -0.7

1 1092.9 6.8 -0.4

-1/2 -1 1100.1 6.7 -0.7

0 1101.9 6.7 -0.4

1 1103.7 6.7 -0.1

/2 -1 1108.1 6.6 -0.4

0 1108.9 6.6 -0.1

1 1111.7 6.6 0.1

3/2 -1 11135 6.6 -0.4

0 1115.2 6.6 0.5

1 1117.0 6.6 0.8

Copyright © 2000 by Academic Press
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TABLE 2—Continued

Nr, K. J My Mp,. My, fluxdensity tuningrate obs - calc

mT MHz/mT MHz

/2 —7/2 -1/2--3/2 -3]2 -1 1533.2 3.7 -1.6
1535.0 3.7 -1.4

1 1536.9 3.7 -1.6

-1/2 -1 1544.4 36 -1.4

1546.2 3.6 -1.2

1548.0 3.6 11

1/2 -1 1551.6 3.6 -0.8

1553.5 3.6 -1.0

1555.4 36 -1.2°

3/2 -1 1555.4 3.5 -0.6°

0 1557.4 3.5 -1.2

1 1559.2 35 -1.0

1 -1 3/2- 5/2 3/2 -1 1602.9 7.0 0.3
0 1604.7 7.0 -0.1

1 1606.6 7.0 -1.2

1/2 -1 1610.7 6.9 -0.1

0 1612.4 6.9 0.2

1 1614.1 6.9 0.5

-1/2 -1 1621.6 6.8 0.3

] 1623.4 6.8 -0.1

1 1625.1 6.8 0.2

-3/2 -1 1635.7 6.7 0.5

0 1637.4 6.7 0.8

1 1639.1 8.7 1.1

435 — 423 1-1¢ 3/2 - 3/2 -3/2 0 1584.9 3.4 -8.5%
-1/2 0 1599.0 34 -8.2%

1/2 0 1611.6 3.4 -8.3%

3/2 0 1622.7 3.4 -8.7%

laser frequency = 783.4860 GHz

25, — 110 5/2-3/2 -1/2--3/2 -3/2 0 1137.1 5.8 1.9
-i/2 0 1147.9 5.8 1.8

i/2 0 11578 5.7 2.7

3/2 0 1167.0 5.7 2.7

1/2--1/2 3/2 © 1205.3 6.7 0.6
/2 0o 12068 6.7 0.0

-1/2 o 1211.4 6.6 0.1

3/2 0 1219.0 6.6 1.4

3/2- 1/2  3/2 0O 1285.7 8.8 0.6
1/2 0 1287.8 8.8 -0.2

-1/2 0 1289.3 8.8 0.2

-3/2 0 1290.2 8.8 -0.4

303 — 212 5/2-5/2 -5/2--5/2 3/2 0 1275 24.9 -3.1
/2 0 140.5 25.0 3.3

-1/2 0 154.8 25.2 -1.5

3/2 0 170.3 25.6 -2.3

-3/2--3/2 3/2 0 197.1 18.9 -1.5
1/2 0 207.9 19.3 -1.0

-1/2 0 219.1 19.8 1.3

3/2 0 230.7 20.4 0.8

313 — 202 5/2-5/2 -5/2--5/2 3/2 -1 93.4 24.5 4.8
0 95.1 24.5 4.8

1 96.8 24.5 -4.0

/2 -1 106.5 24.6 -4.6

0 108.1 24.6 2.1

1 109.9 24.6 3.7

‘12 -1 121.1 24.9 0.7

0 122.9 24.9 -3.1

1 1246 24.9 -2.3

3/2 0 -1 137.1 25.4 0.6

0 138.8 25.4 -0.5

1 1405 25.4 0.3

-3/2 - -3/2  3/2 -1 151.3 18.0 0.7
0 153.0 18.0 0.5

1 154.8 18.0 -1.8

1/2 163.0 18.4 1.9
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TABLE 2—Continued

Ny i, J M Mj,. My, flux density tuningrate obs - calc
mT MHz/mT MHz
164.6 18.4 0.1
1 166.3 18.4 0.7
-1/2 -1 175.3 19.0 0.2
177.0 19.0 0.5
178.7 19.0 1.1
-3/2 -1 188.1 19.8 1.2
189.8 19.8 1.5
1916 19.8 0.2
1/2 —-1/2  -3/2 -1 356.3 14.5 0.8
358.1 14.5 0.7
359.8 14.5 2.3b
-1/2 -1 359.8 14.4 -0.3%
361.5 14.4 1.1
1 363.3 14.4 1.1°
/2 -1 363.3 14.3 2.0t
365.1 14.3 1.9
366.9 14.3 2.0°
3/2 366.9 14.2 2.6°
368.7 14.2 2.6
370.6 14.2 1.2
433 — dgg 1-1° /2 7/2  3/2 A 1709.9 10.6 -1.2b
1711.5 10.6 0.1%
1713.3 10.6 -0.6°
/2 -1 17205 10.4 -1.5
1722.1 10.4 -0.2
1723.9 10.4 -0.9
-1/2 -1 1733.2 10.3 -0.2
1734.9 10.3 0.1
1736.6 10.3 0.4
-3/2 41 1748.0 10.2 1.7
0 1749.8 10.2 0.9
1 1751.6 10.2 0.2
2 - 29 /2~ T/2  3/2 -1 1628.7 -11.4 2.1%
0 1630.4 -11.4 1.2%
1 1632.2 -11.4 1.3%
1/2 -1 1632.5 -11.4 0.6°
0 1634.4 -11.4 2.0°
1 1636.1 -11.4 1.0%
-1/2 -1 1636.1 -11.3 2.9%
0 1637.8 -11.3 1.9%
1 1638.8 -11.3 -7.0b
-3/2 -1 1638.5 -11.3 -2.4b
0 1640.6 -11.3 1.1%
1 1642.4 -11.3 1.3%
43 — 44 1-1¢ /2~ 7/2  3/2 0 1661.4 11.2 -3.1
1/2 0 1671.3 11.1 -2.8
-1/2 0 1683.3 11.0 -2.3
-3/2 0 1697.2 10.8 -0.8
5/2 — 3/2 -3/2 0 1866.3 6.9 -0.3
-1/2 0 1872.9 6.9 -0.6
1/2 0 1878.7 6.8 0.6
3/2 0 1883.9 6.8 0.3
2 - 2¢ 7/2 -~ T/2  3/2 0 1704.6 -10.9 0.6
1/2 0 1708.9 -10.8 0.4%
-1/2 0 1712.7 -10.8 0.5%
-3/2 0 1715.9 -10.8 -0.1
533 — 524  9/2-9/2 9/2- T/2 -3/2 -1 1729.6 -9.4 1.4
0 1731.4 -9.4 -1.8
1 1733.3 -9.4 -1.3
-1/2 -1 1738.7 -9.4 -0.4
0 1740.5 -9.4 -0.8
1 1742.4 -9.4 -0.3
/2 -1 1747.1 -9.5 -1.0
0 1748.9 -9.5 -14
1 1750.8 -9.5 -0.8
3/2 -1 1755.0 -9.5 -1.4
0 1756.9 -9.5 -0.8
1 1758.7 -9.5 -1.2
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TABLE 2—Continued

Ni,Ke J My My, Mjp, fluxdensity tuningrate obs- calc
mT MHz/mT MHz

laser frequency = 973.2243 GHz

220 — 111 5/2-3/2 3/2- 3/2 3/2 -1 126.8 -6.3 0.9
128.4 -6.3 0.7

130.1 -6.3 0.9

/2 -1 144.1 -6.4 2.0
145.6 -6.3 1.1

147.3 -6.3 1.3

-1/2 a1 159.1 -6.4 0.8
160.8 -6.4 1.1

162.5 -6.4 1.3

-3/2 -1 172.2 -6.4 0.4
173.9 -6.4 0.7

1 175.6 -6.4 0.9
330 — 211 T/2-5/2 5/2- 5/2 -3/2 -1 19226 -20.0 -14.0b
0 19226 -20.0 -50.1°

1 1923.2 -20.0 -74.3%

-1/2 -1 1923.9 -20.0 27.1%
0 1924.4 -20.0 1.0%

1 1924.4 -20.0 -35.2%

/2 -1 1925.1 -20.1 46.9°
0 1925.6 -20.0 20.7°

1 1926.2 -20.0 -3.5%

3/2 -1 1926.2 -20.1 45.9°
0 1926.9 -20.1 23.7%

1 1927.5 -20.1 -0.5%

laser frequency = 1256.8720 GHz

331 — 220 5/2-3/2 -3/2--3/2 -3/2 -1 15748 -2.2 6.0°
0 1576.8 -2.2 5.9%

1 15788 -2.2 5.7b

-1/2 0 -1 1608.7 -2.2 5.9%
0 1610.7 -2.2 5.8b

1 1612.7 -2.2 5.6°

/2 -1 1649.2 -2.2 5.9°
0 1651.2 -2.2 5.80

1 1653.4 -2.2 6.0°

3/2 -1 1696.6 -2.1 5.2%
0 1698.7 -2.1 5.20

1 1700.7 -2.1 5.1°
413 — 3y T/2-7T/2 -T/2--T/2 3/2 -1 208.2 25.8 0.4
0 210.0 25.8 -0.6

211.8 25.8 -1.2

1/2 -1 212.3 25.8 -0.8
0 214.0 25.8 0.8

215.8 25.8 0.2

-1/2 -1 216.2 25.8 0.9
218.0 25.8 -0.1

219.8 25.8 -0.7

-3/2 -1 220.1 25.8 -0.4
221.8 25.8 1.2

1 223.6 25.8 0.6

-5/2 —-5/2  3/2 -1 279.9 20.2 1.0
281.7 20.2 0.1

283.4 20.2 1.4%

/2 -1 283.7 20.2 0.8°
285.4 20.2 1.9

287.2 20.2 1.20

-1/2 -1 287.5 20.2 0.6°
289.2 20.2 1.7

291.0 20.2 1.0°

-3/2 -1 291.3 20.3 0.2°
293.0 20.3 1.3

i 294.7 20.3 2.7
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TABLE 2—Continued

NEigKe J M Mp,. Mjp, fuxdensity tuningrate obs - calc
mT MHz/mT MHz
laser frequency = 1262.9995 GHz
33, — 220 5/2—3/2 3/2- 3/2 -3/2 -1 1778 1.7 0.1
Q 479.8 1.7 0.3
1 481.8 1.7 0.7
-1/2 -1 545.8 1.5 -0.4
0 547.8 1.5 0.0
1 550.8 1.5 -1.1
/2 -1 619.8 13 0.2
0 621.8 1.3 0.3
1 623.8 1.3 0.7
3/2 -1 7037 1.1 04
[¢] 705.7 11 0.1
1 708.7 1.1 -0.4
1/2— 3/2 -3/2 -1 146.1 6.5 -1.3
0 147.9 6.5 -0.9
1 149.8 6.5 -1.0
-1/2 -1 167.4 6.4 -0.8
0 169.2 6.4 -0.4
1 1711 6.4 -0.5
1/2 -1 189.8 6.4 -1.0
0 191.6 6.4 -0.5
1 193.4 6.4 0.1
3/2 -1 2120 6.4 -0.4
0 213.7 6.4 0.7
1 215.7 6.4 0.0
-1/2 - 1/2 -3/2 -1 228.1 43 0.4
0 229.8 4.3 1.0
1 231.7 4.3 0.8
-1/2 -1 244.7 4.3 -0.1
0 246.3 4.3 1.0
1 248.2 4.3 0.8
1/2 -1 264.8 4.2 0.3
0 266.6 4.2 0.5
1 268.3 4.2 1.2
3/2 -1 2897 4.1 0.3
¢ 2915 4.1 0.6
1 293.2 4.1 1.3
32 —-1/2 -3/2 0 4411 2.1 -0.2
-1/2 0 447.5 2.0 0.9
1/2 0 460.1 2.0 0.3
3/2 0 480.1 1.9 0.3
dps — 312 T2 - T/2 -Tj2--T/2 3/2 O 231.9 25.8 0.5
1/2 0 236.1 25.8 -0.2
-1/2 0 240.1 25.8 -1.7
3/2 0 2437 25.8 0.4
laser frequency = 1286.9995 GHz
331 — 220 5/2-5/2 5/2- 5/2 -3/2 -1 1388.9 -19.8 3.1
0 1390.7 -19.8 -3.4
1 1392.5 -19.8 -3.8
-1/2 -1 13974 -19.8 -1.3
0 1399.3 -19.8 0.2
1 1401.1 -19.8 -0.1
1/2 -1 1406.6 -19.7 -1.5
0 1408.4 -19.7 -1.8
1 1410.2 -19.7 -2.2
3/2 -1 1416.6 -19.6 -1.4
0 1418.4 -19.6 -1.7
1 1420.2 -19.6 -21
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Nio K. J My Mp,. M, fluxdensity tuningrate obs- calc
mT MHz/mT MHz
laser frequency = 1302.8458 GHz

5/2~ 5/2  -3/2 -1 651.1 -22.9 0.9
€52.9 -22.9 0.7

1 654.7 -22.9 0.3

-1/2 -1 657.9 -22.9 0.0

659.7 -22.9 -0.2

661.5 -22.9 -0.6

1/2 -1 665.5 -22.8 0.9

667.3 -22.8 0.6

669.0 -22.8 -2.1

3/2 -1 673.7 -22.8 -1.4

675.5 -22.8 -1.7

677.3 -22.8 -2.1

3/2- 5/2 -3/2 -1 825.0 -17.1 1.9
826.8 -17.1 1.5

828.6 -17.1 1.1

-1/2 -1 832.3 -17.1 1.4

834.1 -17.1 1.2

835.8 -17.1 -0.9

/2 -1 840.4 -17.0 -0.6

0 842.2 -17.0 -0.9

1 844.0 -17.0 -1.3

3/2 -1 849.5 -17.0 -0.7

851.3 -17.0 -1.2

853.1 -17.0 -1.6

2-1° 5/2 - 3/2 -3/2 -1 1107.0 7.9 2.0
1108.7 -7.9 0.7

1110.6 -7.9 1.0

-1/2 -1 1130.5 -7.5 1.5

1132.3 -7.5 1.0

1 1134.0 -7.5 -0.2

1/2 -1 11558 -7.2 0.3

0 1157.5 -7.2 0.5

1159.3 -7.2 -0.0

3/2 -1 1183.0 -6.8 0.9

1184.7 -6.8 -0.3

1 1186.5 -6.8 -0.8

laser frequency = 1397.1186 GHz

320 ~ 221 7/2-5/2 5/2- 5/2 3/2 0 1656.2 -11.3 1.7
1/2 0 1662.3 -11.3 -2.1

-1/2 0 1667.4 -11.3 -3.3

-3/2 0 1671.7 -11.4 -3.1
3/2— 5/2  3/2 0 11006 -13.4 -6.1%
1/2 0 1104.0 -13.4 -7.4b
-1/2 0 1107.5 -13.4 -7.2b

-3/2 0 11109 -134 -8.1t

60c — 515 1-1° 11/2 - 11/2  3/2 -1 1056.0 -25.0 0.3
3} 1057.7 -25.0 -0.6

1 1059.4 -25.0 -1.5

1/2 -1 1067.3 -24.9 0.2

0 1069.1 -24.9 1.8

1 1070.7 -24.9 -1.6

-1/2 -1 1078.3 -24.7 -0.4

0 1080.0 -24.7 -1.3

1 1081.8 -24.7 0.2

-3/2 -1 1089.1 -24.6 -1.2

0 1090.9 -24.6 0.3

1 1092.6 -24.6 -0.6

616 — S0z 1 -1 11/2 = 11/2 3/2 [¢] 1057.7 -25.0 -1.2
1/2 0 1069.0 -24.9 -1.3

-1/2 ¢ 1080.0 -24.7 -1.9

-3/2 0 1090.9 -24.6 -0.2
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TABLE 2—Continued

Nr K. J My My, Mp, fluxdensity tuningrate obs - calc

mT MHz/mT MHz

Tie — To7 15/2 — 13/2 5/2 - 3/2 -3/2 0 14994 -18.1 1.5
-1/2 0 1508.0 -18.1 2.3

1/2 0 1517.1 -18.2 0.9

3/2 0 1526.8 -18.3 -0.4

1 -2 5/2- 7/2 -3/2 0 16559 -19.0 0.3
-1/2 0 1663.9 -19.1 -1.4

1/2 0 1672.1 -19.2 -1.2

3/2 0 1680.6 -19.3 1.6

7/2- 5/2 -3/2 0 1745.0 184 23

-1/2 0 1753.7 -18.5 1.0

1/2 0 1763.1 -18.6 0.7

3/2 [¢] 1773.2 -18.7 -1.1

Tae — Tir 15/2 = 13/2  5/2— 3/2 -3/2 -1 1497.6 -18.1 1.4
0 1499.3 -18.1 -1.1

1 1501.3 -18.1 1.9

-1/2 -1 1506.2 -18.1 2.1

0 1508.0 -18.1 1.5

1 1509.8 -18.1 0.8

/2 -1 1515.3 -18.2 0.8

0 1517.2 -18.2 2.0

1 1519.0 -18.2 1.3

3/2 -1 1524.9 -18.3 -2.4

0 1526.9 -18.3 0.6

1 1528.6 -18.3 -1.9

120 5/2— 7/2 -3/2 -1 1654.0 -19.0 18
0 1655.8 -19.0 -2.4

1 1657.7 -19.0 -1.2

-1/2 -1 1662.2 -19.1 0.3

0 1663.9 -19.1 -2.2

1 1665.8 -19.1 -1.0

1/2 -1 1670.3 -19.2 -1.5

0 1672.1 -19.2 -2.1

1 1674.1 -19.2 1.1

3/2 -1 1678.8 -19.3 1.3

0 1680.5 -19.3 -1.3

1 1682.5 -19.3 2.0

7/2 - 5/2  -3/2 -1 1743.1 -18.4 1.2

0 1744.9 -18.4 0.5

1 1746.9 -18.4 3.5

-1/2 -1 1751.8 -18.5 -0.1

0 1753.7 -18.5 1.0

1 1755.5 -18.5 0.3

1/2 -1 1761.3 -18.6 0.5

0 1763.1 -18.6 -0.2

1 1764.8 -18.6 -2.8

3/2 -1 17714 -18.7 -1.3

0 1773.2 -18.7 -2.0

1 1775.1 -18.7 -0.9

laser frequency = 1419.0493 GHz

5ig — 495 11/2—-9/2 -1/2-~-3/2 3/2 0 1250.4 1.9 -0.1
1/2 0 1258.3 1.9 -0.2

-1/2 [¢] 1268.4 1.9 0.1

-3/2 0 1280.7 1.9 1.1

3/2- 1/2  3/2 0 1610.4 15 0.7

1/2 8] 1625.6 1.5 -0.3

-1/2 0 1642.3 1.4 -0.1

-3/2 0 1660.3 1.4 0.2

5/2 - 3/2 3/2 0 1901.8 1.2 0.3

1/2 0 1922.3 1.1 -0.5

-1/2 0 1943.1 1.1 -1.1

-3/2 0 1962.8 1.1 -0.7

9/2 -~ 7/2  7/2~ T/2 -3/2 0 577.7 2.8 1.2
-1/2 6] 583.1 2.8 0.7

1/2 0 589.3 2.8 0.3
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TABLE 2—Continued

Nr K. J M; M, Mjp, fluxdensity tuningrate obs- calc

mT MHz/mT MHz

3/2 0 596.1 2.8 0.5

5/2 — 5/2 -3/2 0 901.3 1.5 -0.3
-1/2 0 910.8 1.4 -0.1

1/2 0 922.7 1.4 0.0

3/2 0 936.7 1.4 0.2

-1/2 - 1/2 3/2 0 512.7 2.4 -0.1
1/2 0 520.5 2.5 0.0

-1/2 0 529.5 2.5 -0.3

-3/2 0 539.5 2.5 0.0

-3/2 —-1/2  3/2 0 710.3 1.6 0.2
1/2 0 725.1 1.6 0.4

-1/2 0 740.6 1.5 0.3

-3/2 0 756.8 1.5 0.1

5ag — 413 11/2 — 9/2 1/2 - -1/2 3/2 -1 1136.4 2.1 -0.3
0 1138.0 2.1 0.0

1 1139.9 2.1 -0.3

1/2 -1 1144.9 2.1 0.4

0 1146.7 2.1 0.3

1 1148.4 2.1 0.4

-1/2 -1 1155.5 2.1 0.5

0 1157.3 2.1 0.4

1 1159.1 2.1 0.3

-3/2 -1 1167.9 2.0 1.0

0 1169.8 2.0 0.7

1 1171.5 2.0 0.8

3/2 - 1/2 3/2 -1 1290.5 1.9 0.2%
0 1292.4 1.9 -0.1

1 1294.2 1.9 -0.3%

i/2 -1 1302.4 1.9 0.4%

0 1304.2 1.9 0.3

1 1306.0 1.9 0.2%

-1/2 -1 1315.8 1.9 0.2%

0 1317.7 1.9 -0.1

1 1319.3 1.9 0.2%

-3/2 -1 1330.1 1.8 0.8%

0 1332.1 1.8 0.3

1 1333.9 1.8 0.2v

5/2 — 3/2 3/2 -1 1495.6 1.7 -0.1%
] 1497.6 1.7 -0.6

1 1499.2 1.7 -0.4%

/2 -1 1511.1 1.7 -0.2b

0 1512.9 1.7 -0.3

1 1514.5 1.7 -0.1%

-1/2 -1 1526.7 1.6 -0.1°

0 1528.6 1.6 -0.4

1 1530.2 1.6 -0.2%

-3/2 0 -1 1542.5 1.6 -0.1°

0 1544.2 1.6 0.0

1 1546.0 1.6 -0.2b

7/2 — 5/2 3/2 0 1784.7 1.4 -0.7
1/2 0 1802.9 1.4 -0.8

-1/2 0 1819.4 1.4 -0.7

-3/2 0 1833.9 1.4 -0.3

9/2 ~ 7/2 -5/2 - -3/2  3/2 0 183.7 1.4 -1.3
1/2 0 209.9 1.5 -1.2

-1/2 0 235.3 1.5 -1.1

-3/2 0 259.5 1.5 -0.6

-7J2 —-5/2  3/2 0 295.8 0.8 -1.3
1/2 0 345.0 0.8 -1.0

-1/2 0 392.1 0.8 -0.9

-3/2 0 436.4 0.8 .11

606 — 515 1172 — 11/2 11/2 —11/2 3/2 -1 485.8 -17.9 3.1
0 487.5 -17.9 3.6

1 489.0 -17.9 0.5

/2 -1 511.9 -17.2 1.8

0 513.6 -17.2 2.4

1 515.3 -17.2 2.8
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TABLE 2—Continued

N, re J M, My, M;j, flux density tuningrate obs- calc

mT MHz/mT MHz

12 -1 538.1 6.6 10

0 539.8 -16.6 1.5

1 541.3 -16.7 -1.3

-3/2 -1 564.4 -16.1 0.4

0 566.0 -16.1 -0.5

1 567.6 -16.2 -1.6

616 — Bos  11/2 — 11/2 11/2 — 11/2  3/2 0 4874 179 1.2
/2 0 513.6 -17.2 18

-1/2 0 539.7 -16.6 -0.7

3/2 0 566.0 -16.1 -1.1

laser frequency = 1626.6026 GHz

533 — 432 1-1¢° 9/2 - 9/2 -3/2 0 840.7 -4.6 -1.3
-1/2 0 844.6 -4.6 .11
1/2 0 849.5 -4.7 -1.3
3/2 0 855.6 -4.7 -1.0
/2 - 7/2  -3/2 0 1128.1 -3.1 -0.7
-1/2 0 1134.0 -3.1 -0.7
1/2 0 1140.7 -3.1 -0.9
3/2 0 1148.3 -3.1 -0.9
5/2 — 5/2  -3/2 0 1793.4 -1.5 1.4
-1/2 0 1806.5 -1.4 1.1
1/2 0 1820.2 -1.4 0.8
3/2 0 1834.7 -1.4 0.6
laser frequency = 1726.5485 GHz
331 — 202 2 -2 3/2 - 3/2 -3/2 -1 1122.9 -13.3 1.9
1124.8 -13.3 2.7
1126.6 -13.3 2.1
-1/2 -1 1136.1 -13.3 3.0
1137.9 -13.3 2.5
1139.7 -13.3 1.9
1/2 -1 1149.3 -13.4 0.5
1151.2 -13.4 1.4
1153.0 -13.4 0.8
3/2 -1 1163.1 -13.4 1.0
1165.0 -13.4 1.8
1166.9 -13.4 2.6
1/2 - 1/2  -3/2 -1 1248.1 -9.3 2.8
0 1249.9 -9.3 2.4
1 1251.7 -9.3 1.9
-1/2 -1 1260.5 -9.3 2.0
[} 1262.4 -9.3 2.5
1 1264.2 -9.3 2.0
1/2 -1 1274.2 -9.3 1.2
0 1276.0 -9.3 0.7
1 1277.9 -9.3 1.2
3/2 -1 1289.2 -9.2 1.0
0 1291.0 -9.2 0.6
1 1292.9 -9.2 1.0
447 — 330 T/2-5/2 1/2 - 3/2 -3/2 0 1074.7 3.0 -0.3
-1/2 0 1100.6 3.0 -0.7
1/2 0 1128.5 2.9 -1.2
3/2 0 1158.2 2.8 -0.8
festation of the negligible asymmetry doubling for these high Her = Hiot + Heg + His + His + Ho + Hzeem [1]
K. levels.
Analysis as formulated by Bowateat al. (14). The centrifugal distortion

corrections to the rotational and spin—rotational Hamiltonian
The measurements in Table 2 were used to determine there included in the asymmetricAY reduction forms of
parameters of an effective Hamiltonian for an asymmetric rot@vatson {5) and Brown and Seard §). Despite the fact that
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) !
“ b
‘! ) W,ﬂ* ll‘) j \ WMWJ'W”WWMVJ‘W{UM /W"”W/W “
" e Ve Ll
i
L‘
1 | | | L |
1000 1100 1200 1300 1400 1500

Flux density/mT

FIG. 2. Part of the LMR spectrum of the reaction products of-FAsH, recorded using the 232/m laser line of CHOH, pumped by 9R10 of CQOn
parallel polarizationa: AsH, (ortho) in its ground stateb: AsH in its ground®S,~ state;c: AsH in its first excited'A state;d: NH, in its ground state. Note
that the experimental conditions used in this recording were not optimized for production gtAstpared with AsH. Increase of the Agfow rate promotes
the formation of the former over the latter.

the inertial properties of AsHare accidentally very close tothan the magnitude of the parameter). No attempt was made
those of an oblate symmetric top, we have chosen to use anclude centrifugal distortion corrections to the nuclear hyper
representation1) because this makes comparison with othdine parameters because the hyperfine splittings were wel
workers more straightforward. The FIR data (comprising Zitted without them. The residuals of the FIR data in the fit are
rotational transitions) were fitted, together with the six rotayiven in Table 2. The quality of fit of the millimeter-wave data
tional transitions observed in the millimeter studd),(by a was similar to that given in Ref8]. The parameters deter-
linearized, least-squares procedure. This was carried out usiniged in the fit are given in Table 3 in megahertz, and also i
a computer program based on the Bowaiteal. paper (4, 17, reciprocal centimeters for convenience, together with the va
18) and modified for (i) two nuclear spins, (ii) the inclusion olues of the millimeter-wave paramete® for comparison. It
nuclear spin—rotation parameters, (iii) the option of using @an be seen in Table 3 that the level of agreement between t
decoupled basis sétand (iv) an alternative method of eigen+otational and spin—rotational parameters from the two studie
value identification. A decoupled labeling schefhg S, J, is really rather poor. The reason for this is that Fujiwaral.
Mj, 11, M, I, M,,) was used for the FIR data and a couple(B) worked with a restricted data set and had to assume valu
scheméN, S, J, I, Fy, |,, F) for the millimeter-wave data, for several of the centrifugal distortion parameters. The as
whereF;, = J + 1, (not to be confused with th&, spin sumed values were not always very good, eAg.,was CoR
component) an& = F, + |,. The matrix representation ef

was truncated akN = 2 andAK, = 6, except for transitions
with N = 7 for whichAK, = 8, without loss in accuracy. FIR
measurements were given uncertainties of 2 MHz unless over-
lapped, in which case they were given uncertainties equivalent
to zero weight. The millimeter data were given uncertainties of]

M (As)

3 1 1 3
0.03 or 0.1 MHz, or zero weight, in accordance with the BV N s N T

weights given in Ref. §). The final choice of parameters
included in the fit was arrived at by trial and error. Each of th M
higher order parameters which was selected not only improved

the overall quality of fit but was also reasonably well deter- -101
mined (with a standard deviation at least four times smallef M

° Decoupled matrix elements may be obtained from the corresponding
expressions for coupled matrix elements by replacing

| | | | | |

I J Fl . 100 125 150 175 200 225
1\ I+I+F
Bwewedee(—1) {J I k} with Flux density/mT
e _qyiemif ! kN e 30 ko FIG. 3. Part of the LMR spectrum of AsH recorded using the
2EDPEDM e Do) DT Sy . ) . :
I p I b P J 382.636um laser line of CHF,, pumped by 9R100f CO, in parallel polaf
ization. Ny, Fi = 315250, F2—F; (0rtho), and 3:-2y,, F,—F; (para). M, =
wherek is the rank of the spherical tensor operator involved. —3—(—3) (stronger signals);-3—(—3) (weaker signals).
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AsH, is a near-symmetric oblate top withequal to 0.8. This
value compares with-0.3 and 0.6 for NH and PH, respee

‘ ! : tively. While AsH, and PH have similar bond angles, Ashbs

| \ closer to the oblate symmetric top limit because the center
1 mass is closer to the central atom in the heavier molecule. Tt
| near symmetry of Asklarises “accidentally” as a result of the

| near-90° bond angle causing the moments of inertia about tt
i in-planea andb axes to be nearly equal. This is in contrast to
‘ “real” cases of symmetry which are due to the equivalence c
! ‘ i ‘ bonds. A consequence of near symmetry is thatithasym

i i ! metry doubling is less pronounced in Askhan in a more
asymmetric molecule like PH

M H)srtno

M(H)para | | |

500 525 550 Centrifugal Distortion Parameters
Flux density/mT

The full set of quartic centrifugal distortion parametdrg
FIG. 4. Part of the LMR spectrum of AsHrecorded using the A, Ay, 6y, andd, have been determined and can be used t
Ziﬁaﬁfaltflkof‘; ,\'laser 2”8 %f CSHOHF, pﬁm(l‘;‘:iok)’yagszz gof ipig an;?!)e' calculate the force field of AsHrom which the symmetric and
E/IJ =44 TrTéKi’:z:ll hypogrfir:;’ paitterln arises’ from tlfne os\ylerlzap 1cnf:he singl?tsymmet_rIC stretchlng_v(, v;) and be_ndlng 1) Vlt.)ratl(.)nal
(ortho) and triplet para) patterns. At higher resolution, this central line would requencies can be estimate] 2]) While all three vibrational
be split by the effects oK-type doubling of the proton hyperfine parameteffequencies have been calculated ddy initio methods 11),
ab,(H) which mixesortho and para states directly. only v, has been determined experimentally, and even the
only approximately 4). The three sextic centrifugal distortion
parameters®d , ¢y, and by, which have been determined,
strained to be 15.59 MHz, whereas its true value is nokelp to improve the reliability of the quartic centrifugal distor-
determined as 25.53 MHz. The effects of these choices weien parameters. The values of the quartic centrifugal param
absorbed into the other parameters, thereby distorting themrs determined in this work agree tolerably well with those
Because we have been able to fit a very much larger data sepiiedicted by the force field given in Re@)((Ay = 13.93
the present work (608 resonances compared with 61 in thidz, Ay« = —45.801 MHz,A¢ = 66.427 MHz,6, = 6.25
millimeter-wave study), our parameter set is significantly motMHz, and8, = —5.7697 MHz).
accurate.
Table 4 compares the current values of the molecular parin—Rotation Parameters

rameters with the optical values of Re2)(while term values  the gpin_rotation parameters give an indication of the cor

in reciprocal centimeters calculated from the current and opfi;hination of the ground electronic state of Asby excited
cal parameters are shown in Table 5. The parameters which gi.ronic states. The dominant contribution to the effectiv
determined for the first time in the present work 'nCIUdeghespin—rotation interaction is expected to be second order, Vi

factors, the sextic centrifugal distortion parameters, and SOSn_orbit coupling 22). This is also the case for the aniso-
of the quartic centrifugal distortion parameters and centrifugﬁbpic corrections to the electron spig factors, g (23).

distortion corrections to spin-rotation parameters. Inserting the determined parameter values into Curl’s relatior
ship,

DISCUSSION
— i 6

Rotational Parameters €/ 2Bi = gs ~ 8 2]

The refined rotational parameters can be used to determideich is based on the assumption that the second-order co
an improved geometry for AsH The zero-point geometry is tributions are dominant, it can be seen that for AdHis
best determined from, andB, because these two parameter@ssumption is valid as is shown in Table 6.
are not affected by Coriolis coupling, unlik. The results of ~ While the rotational parameters show oblate character wit
the calculation are, (As—H) = 1.518 A, 6, (H-As—H) = A, andB, being nearly equal, the spin—rotation parameters ar
90.746°. A more sophisticated treatment of the geometry @¥ore asymmetric in character with, nearly three times the
AsH, can be found in Ref.8). The bond angle decreases Size of €,,. This can be explained by the particular excited
down the Group V dihydrides, with = 103.33° for NH, (19) states with which the ground state must mix in order to give
and 91.65° for PH (20). By inserting the values of the rota

tional parameters into the expression fqr the asymmetry pas g has a value of 2.0020 and is the isotropic value ofgfiactor, corrected
rameterk = (2B, — A, — Co)/(A, — Cy), it can be seen that from the free-electron value to take account of relativistic effects.
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TABLE 3

Molecular Parameters Determined for AsH, in the v = 0 Level of its Ground ’B, State

225

Parameter Present work/cm™! Present work/MHz Submillimetre-wave/MHz [8]
A 7.54966748(57)° 226333.337(17) 226347.254(31)
B 7.16288840(57) 214737.992(17) 214738.272(9)
c 3.6149040(10) 108372.098(31) 108369.402(10)
An 0.472747(73) x 10723 14.1726(22) 12.57°
ANk -0.156762(43) x 1072 -46.996(13) -31.366(18)
Ag 0.227070(47) x 10~2 68.074(14) 54.050(14)
Sn 0.215005(67) x 10~3 6.4457(20) 5.59°

Sk -0.13793(19) x 10—3 -4.1351(58) -2.8638(7)
Dy N 0.5627(47) x 10~°¢ 0.1687(14) x 107!

éN -0.55(13) x 1078 -0.166(38) x 1073

Sx 0.571(17) x 10~ 0.1713(50) x 10+

€aa -1.1051846(37) -33132.60(11) -33088.39(10)
€bb -0.3950230(24) -11842.493(73) -11858.45(7)
€ec 0.42713(24) x 102 128.050(73) 89.60(6)
A% 0.8516(57) x 103 25.53(17) 15.59°
A + Afn -0.3312(60) x 1072 -9.93(18)

Avpe 0.0 0.0° -4.93%
Ay -7.385(24)
A% 0.8126(93) x 10~1 2.436(28) 2.63°

55 0.3559(67) x 1074 1.067(20)

5% 0.4240(47) x 10~* 1.271(14)

ar(As 0.192875(37) x 1072 57.823(11) 57.820(7)
aar(As) -0.959657(63) x 1072 -287.698(19) -287.694(24)
bbr(As) -0.1074600(47) x 10! -322.157(14) -322.150(15)
aag(As) 0.17334(24) x 1073 5.1967(72) 5.202(9)
bbg (As) -0.78364(24) x 1073 -23.4928(71) -23.480(9)
CaalAs) 0.2245(17) x 10~* 0.6731(50) 0.672(6)
Cop(As) 0.1613(16) x 10~* 0.4837(49) 0.471(7)
Cec(As) 0.414(16) x 10~° 0.1240(49) 0.125(5)
ar(H) -0.169451(47) x 10-? -50.800(14) -50.811(18)
aar(H) -0.285(17) x 104 -0.855(50) -0.81(6)
bbr(H) -0.1036(11) x 103 -3.107(32) -3.13(4)
9a 2.072895(69)

ais 2.027805(58)

gl 1.999932(58)

gha -0.981(21) x 10-3

g -0.251(15) x 1072

gr -0.18(15) x 10~4

gn{As) 0.95965¢

gn (H) 5.58569°

#The numbers in parentheses correspond to one standard deviation of the least-squares fit.
® parameters constrained to this value in the least-squares fit (see text).
° Nuclearg factors for*As and'H (fixed) (32).

nonzero spin—orbit interaction. For rotation aboutdhexis, it Renner—Teller interactior2d). This correlation shows the con-
can be shown that the relevant excited state must Hgave nection between spin—orbit coupling in the linear molecule an
orbital symmetry, which is the symmetry of the first excitethe effective spin—rotation coupling about @énertial axis in
state of AsH (1, 2). For rotation about the other axes, théhe bent molecule. A simple calculation, based on the secon
appropriate symmetries are those of higher excited staggs, order formula given by Dixon25) with the additional assump-
ande. arising from admixture of the ground state wid, and tion that theX andA states are related by the promotion of an
’A, states, respectively. Therefore, the largest second-ordepaired electron from the out-of-plane to an in-plane 4
contribution to the spin—rotation parameters occurs dQr orbital on the As atom, provides an estimate & of —1.8
because mixing between the ground and first excited statesns .

greater than the mixing between the ground and higher excited-ive of the six quartic centrifugal distortion corrections to
states. Thé\*A, andX?B, states would form a degenerdié the spin—rotation parametersg], namelyAg, Asc + Ay, Ay,
state if AsH, were linear; in reality, they are split apart by they, and 83, have been determined and considerably improv:
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TABLE 4
Comparison of the Parameters Determined
in the Optical and FIR Studies

the expectation that the unpaired electron is inpaadomic
orbital on the As atom. Fujiwaret al. (8) have calculated that,
on this basis, the unpaired spin density on the As atom |

Parameter  Optical® Optical® FIR expected to be 91.4%, suggesting some contribution tdthe
Ao 7.5486(43)  7.5506(59)  7.5467528(57) orbital from the hydrogen orbitals. The spin density on the
By 7.1624(45)  7.1593(63)  7.1628915(60)
Co 3.6166(30)  3.624(18)  3.6149003(11)
10°AN 0.4193° 0.49(11) 0.473011(77) TABLE 5
10°Ang  -0.1328 -0.136(20)  -0.156902(47) Computed Term Values in cm™ for AsH,
102Ak 0.2023 0.227251(50) in the v = 0 of the X*B, Ground State
10% 5 0.1866 0.215069(67) e 77
10%6x -0.1672 -0.13689(20) Ng,i, optical®  FIR®  diff  optical  FIR diff
€aa -1.050(23)  -1.031(47)  -1.1051899(37) 2 Jom  lossr oba 11es  1lried 009
€ob '0399(25) ‘0341(40) ‘0-3950044(25) 1::, 14.36 143200 0.03 15.39 154607  0.07
10%€, 0.5(27) 0.024(40) 0.42546(25) 202 2896  25.8930 0.07 2945 204707 0.02
212 28.98 28.9142 0.07 29.53 29.5462  0.02
a . . 211 39.39 39.3462  0.04 40.39 40.4765  0.09
Parameter values taken from ReR).(The five centrifugal 221 10.21 40.1456  0.06 4208 421625 0.38
distortion parameters were calculated from the feyarameters 220 4343‘ 33-3252 g-?G gi;‘g 443338 8(1]?
given in Ref. @): T = —0.00446(34) mppr = —0.00317(45), g?i ;:::0 :52;3 0:11 54.94 ;4:9595 0.01
Taap = 0.00219(86) andr.,., = —0.00057(42) cm'. 312 72.48 723895 009 7392 739995 0.8
® Determined from a re-fit of the combination differences of ng Dol el Qa0 T mEe e
Ref. (2) 321 84.41 84.3135 0.10 87.24 87.3606 0.12
3a0 87.22 87.1418 0.08 89.78 £§9.9180 0.14
404 87.08 86.9015 0.18 87.61 875620 0.05
4 87.08 86.9017 0.18 87.61 87.5627 0.05
. . . . . . 41: 112.38 112.4465 0.13 114.19 114.2558 0.07
the reliability of the spin—rotation parameters. Since the sixth 455 11259 1124604 013 11423 1142879  0.06
parameter, A%, was only poorly determined, it was con s mmmonomm ol oon
strained to zero in the final fit. 431 14028 140.2092 007 14252 1426917 01T
441 143.44 1433202  0.12 147.21 147.3647 0.15
440 145.75 145.6519  0.10 149.18 149.3477  0.17
Nuc|ear Hyperfine Parameters 505 126.97 126.7383  0.23 12749 127.4122 0.01
515 126.97 126.7383  0.23 127.49 127.4122  0.01
. . .. 514 159.85 159.6789 0.17 161.53 161.5750  0.05
Although the present fit has improved the precision of the 525 15985 1596805 017 16153 161.5783 0.05
hyperfine parameters (see Table 3), the values are essentially e 01y lover lssoms oms
the same as those determined in the millimeter-wave s@idy ( S;p 20295 202.8443 011 20570 2058721 017
. . . . . 542 203.92 203.8164 0.10 207.27 207.4569 .19
where a quantitative discussion of the hyperfine parameters for 55 21240 2123281 007 21528 2154938  0.22
arsenic is given. Consequently only a brief discussion is pro- S ema olsoiss o0 oaay  deriomn 020
Vided here B¢ 174.07 173.7886  0.28 17458 174.4718 0.11
: 616 174.07 173.7886  0.28 174.58 174.4718 0.11
~ Fermi-contact parameters.The Fermi-contact parameter e o Mok heves oo
is a measure of the unpaired electron density at the nucleus and 620 24716 247.0060 015 24980 2499334 0.3
. . . . . . G2y 247.16 247.0141 Q.15 249.81 249.9487 0.14
as such it gives an indication of tleecharacter of the orbital 651 27249 2723709 012 27575 275.9380 0.1
containing the unpaired electron. At the most simplistic level, T L T sy evoums ors
the unpaired electron in AsHoccupies ab, orbital (which G2 20149 2913965 009 29149 2959147 0.2
. . . . 651 298.95 298.8770 0.07  302.50 302.7712 0.27
might be approximated by gorbital on the arsenic atom). In 61 30572 3055898 013 31139 311.6012 0.2
. . . . 7 K K 22
this case, one would expect the Fermi-contact interaction to be 0 Neer  sanouis 031 aress ovenais oz
1 i i Tiv 228.35 228.0445 0.31 22885 228.7348 0.12
zero at both the As and H nuclei. In regllty, the parameter is S i i ol iborc
small but nonzero at each nucleus. Using the values for the Ty 275.96 2757511 021 27769 277.7432  0.05
H H . H H 725 316.12 315.9760 0.14 318.85 319.0105 0.85
Fermi-contact interaction in a pures orbital (26), thes char- T 31622 3159771 0.4 31885  319.0125 084
i i 1 i i 7, 348.83 348.7263 0.10 352.34 352.5647 0.22
acter of the orbital WhICh contalns.the unpaired electron in T e RIS e ons
AsH, can be determined. The Fermi-contact parameters at the Tie  373.89 3738005 009 37781 378.0650 0.75
75 1 . - . . . Te3 374.35 374.2699 0.08 378.53 378.8060 0.28
As and "H nuclei, given in Table 3, imply that the spin Ten 390.26  390.1781 0.08 39405 3943186 0.27
iti i 0, i 7 393.57 393.5253 0.04 398.58 398.9132 0.33
d_ensmes at these nuclel.allre 0.39 an8l.6%, res.pectlvely. The _ I T s B o e
signs of these two quantities are as expected if the nonzero spin Try 40877 4086803 009 41540 4156628 0.26
7o 409.71 409.6337 0.08 416.10 416.3712  0.27

density arises from spin polarization in the Asetbond.

# Calculated from the parameters determined from a fit of
the combination differences of ReR)( see Table 4.
® Calculated from the parameters determined in the present

Spin—spin dipolar parameters.The dipolar hyperfine pa-
rameters depend on the spatial distribution of the unpaired
electron spin in the molecule. For tHAs nucleus, the out-

. . . study.
of-plane component is large, positive, and roughly twice the cJ=N+1
magnitude of the two in-plane components. This is in line with ‘J=N-1}
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TABLE 6 TABLE 7
A Test of Curl’s Comparison of Experimental, Theoretical, and Estimated
Relationship for AsH, Dipolar Hyperfine Parameters for '*H

i -€i/2By gt — gs Parameter Experimental’® Theoretical® Estimated?
a 0.073 0.071 NH, aay 18.4 174 20.6
b 0028 0.026 by -13.2 95 63
_ cer -5.1 -8.0 -14.3
¢ -0.00059 -0.0021 ab; 585 56.7 56.8
PH, aa;  -1.0 -0.7 0.3
bby  -44 -1.4 -0.7
cer 5.5 2.4 0.4
heavy atom increases down the Group V dihydrid®s ¢on- aby -16.9 -16.3
sistent with the increase in size of the orbital and a conse- AsH, aay  -0.9 -0.0
quent decrease in the overlap with @rbitals on the H atoms. by -3.1 -0.4
One interesting characteristic of tfés dipolar parameters sgj 40 ,1%;

is that the two in-plane componeras, andbb,, though close,
are not equal to each other. This is an indication that the=values in MHz.
electron spin density is not cylindrically symmetric about¢he ° Refs. 9) (NH;) and B0) (PH;).
inertial axis but rather bulges out in theaxis direction. | Refs. €7) (NH) and @) (PH,). _ _
Indeed, the same characteristic is shown by,lHd PH (8), ﬁzgc‘;zobgséz:?ei&“npa'md electron in an out-of-pignerbital on
though it becomes more noticeable as one goes down Group V.
It is not possible to explain this by admixture of highler
orbitals into the basic @component of thd, orbital because rignt angle. In other words, the bonding in Askan be more
neither NH or PH, have access té orbitals. Equally, an convincingly discussed in terms ofp and 4, orbitals di
explanation in terms of participation ofp2orbitals on the H rected along the two As—H bond directions, with the lone pai
atoms is not convincing because such participation gets smaligeommodated in asforbital. We have therefore repeated the
down the group (because of smaller overlap and increasiggiculation described in Ref8( with the difference that we
bond lengths), not larger. The noncylindrical symmetry of th@kea? to be 0.0133, corresponding to the experimental bon
dipolar tensor does seem to be reproducealbynitio calcu-  angle of 90.75°, and we also place a full single electron in th
lations @7, 28, but the physical explanation for this behavioyy (p,) orbital rather than 0.914 as do Fujiwaes al. (the
is not considered in these papers. . latter made their estimate of the spin density in theorbital
The dipolar hyperfine parameters for the protons in Askhp the assumption that it was a atomic orbital; this is almost
have also been determined (see Table 3). We have attemptedgainly not a reliable assumption). The results of this calcu
simple interpretation of these parameters by modelingothe |ation, compared with the experimental values for the electri
orbital with a 4 Slater-type orbital on the arsenic atom. Thgadrupole coupling parameters, are given in Table 8. It can &
results of the calculation are given in Table 7, after transfogaen that the agreement is poor: indeed, the results of tl
mation into the principal axis system. The results obtained &gicylation depend very strongly on the precise choice of valu
of the correct general magnitude but somewhat smaller th@ a2 In other words, the interaction depends sensitively ol
those determined by experiment. This can be seen as a sgf{g- charge distribution around théAs nucleus and much
factory result, given that the dipolar tensor components Wilkiter agreement could be obtained by distorting hedd 4
also be affected by spin-polarization effects similar to thoggpitals. We have already seen that such distortion is require
which contribute to the Fermi-contact interaction (see abovey. explain the experimental dipole—dipole parameters. For t
Electric quadrupole parameters.The electron quadrupole in-plane, bonding orbitalsa(), this distortion might be mod
coupling parameters fdrAs depend on the electric field gra eled by inclusion of 4 character.
dients at the nucleus which are produced by all nearby charges,
not just the open-shell electrons. Fujiwaea al. (8) have

followed a standard treatment of this interacti@i)(based on TABLE 8

sp" hybrid orbitals on the As atom. These orbitals are combi Comparison of Experimental and Calculated
nations of 4 and 4 atomic orbitals. They used the experi- Electric Quadrupole Parameters ii, for “As
mental values fora, to determine thes character of ther Experimental value Estimated value®
orbitals which are used to form the As—H bonds. Their result is aag 5.2. 0.5.

that the square of the coefficieaf is 0.118, which would bbg 235, 28

correspond to a bond angle of 97.7° within the terms of this avalues in MHz
simple model. This result is not entirely satisfactory because b Estimate based on hybrisp’ orbitals, constructed to
the bond angle in AsHis known to be 90.75°, very nearly a reproduce the experimental bond angle (see text).
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TABLE 9
Comparison of Experimental and

Calculated® Rotational g Factors for
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