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ABSTRACT

New laboratory measurements of hydrides have been carried out using terahertz direct absorption spectroscopy.
Spin components of the = ¬N 2 1 transition of the free radical CrH (X 6Σ+) have been recorded in the range
730–734 GHz, as well as a new measurement of the = ¬J 2 1 line of AlH (X 1Σ+) near 755 GHz. Both species
were created in an AC discharge of H2, argon, and metal vapor. For CrH, the chromium source was Cr(CO)6, while
AlH was produced from Al(CH3)3. The = ¬J 4.5 3.5 and ¬3.5 2.5 fine-structure components were recorded
for CrH, each which consists of resolved proton hyperfine doublets. For AlH, the two main quadrupole
components, = ¬F 4.5 3.5 and ¬3.5 2.5, of the = ¬J 2 1 transition were observed as blended features. These
data were analyzed with previous ¬1 0 millimeter/submillimeter measurements with 6Σ and 1Σ Hamiltonians for
chromium and aluminum hydrides, respectively, and rotational, fine-structure (CrH only), and hyperfine constants
were derived. The new measurements have resulted in refined spectroscopic parameters for both species, as well as
direct measurement of the respective ¬2 1 rotational transitions. This work also resolves a 10MHz discrepancy in
the frequency of the AlH line. CrH and AlH have already been observed in the photospheres of stars via their
electronic transitions. These data will facilitate their discovery at submillimeter/terahertz wavelengths in
circumstellar envelopes and perhaps in diffuse clouds.

Key words: astrochemistry – ISM: molecules – line: identification – methods: laboratory: molecular –
molecular data

1. INTRODUCTION

Recent observations have demonstrated that diatomic
hydride molecules are present in the interstellar medium with
a variety of heteroatoms. For example, with the Herschel Space
Observatory, several new interstellar species of this type have
been discovered, including SH+ (Benz et al. 2010), HCl+ (de
Luca et al. 2012), and ArH+ (Barlow et al. 2013). Even the
hydride with as rare an element as fluorine has been identified.
Interestingly, HF is found in both dense and diffuse clouds
(e.g., Neufeld et al. 2010; Phillips et al. 2010), as well as in
photon-dominated regions (van der Tak et al. 2012). It might
therefore be reasonable to expect additional diatomic hydrides
to be present in interstellar sources with other uncommon
elements.

Two candidate hydrides of interest for astronomical study
are CrH (X 6Σ+) and AlH (X 1Σ+). Chromium hydride has
been observed for many years in the photospheres of S-type
stars and sunspots via the electronic transition A 6Σ+−X 6Σ+,
measured in absorption (Lindgren & Olofsson 1980; Viswa-
nathan et al. 2009). The molecule in fact has been found to be
an excellent indicator of L-type brown dwarfs (Kirkpatrick
et al. 1999a, 1999b; Burrows et al. 2002). Recent theoretical
work suggests that the species, because of its Paschen-Back
effect, could be useful in measuring magnetic fields in stars,
brown dwarfs, and even hot exoplanets (Kuzmychov &
Berdyugina 2013). In addition, Mauron & Huggins (2010)
have detected atomic lines of chromium in absorption against a
background source toward the envelope of the well-studied
AGB (asymptotic giant branch) star IRC+10216. CrH would
therefore seem a likely candidate molecule in this object and
other circumstellar shells, and possibly for diffuse clouds
as well.

Aluminum hydride is another possible interstellar species for
a variety of reasons. First, aluminum as an element has a
relatively high cosmic abundance of 3×10−6 (Savage &

Sembach 1996). Second, a number of Al-bearing species have
been identified at millimeter wavelengths in circumstellar
envelopes, including AlNC, AlO, AlOH, AlF and AlCl (e.g.,
Tenenbaum et al. 2010). AlO has also been found in stellar
photospheres, such as those of o Ceti and VY CMa, both in
absorption and emission via its electronic transitions (e.g.,
Kamiński et al. 2016). More importantly, AlH itself has also
been observed optically in the photospheres of both M- and
S-type stars, including χ Cygni in emission, and possibly in
sunspots in absorption (e.g., Herbig 1956; Karthikeyan
et al. 2006).
Both CrH and AlH have been investigated extensively in the

laboratory at infrared and optical wavelengths (see Harrison
et al. 2006 and Halfen & Ziurys 2014, respectively, for reviews
of these data). Pure rotational studies of these two species are
less common, probably because the molecules are light
hydrides and their spectra lie at terahertz frequencies and into
the far-infrared. For CrH, only the = ¬N 1 0 transition at
337–396 GHz has been measured directly (Halfen &
Ziurys 2004a; Harrison et al. 2006); in these studies, all three
existing spin components were recorded, as well as proton
hyperfine doublets. Note that prior to these two works, Corkery
et al. (1991) measured several transitions of CrH in the far-
infrared using laser magnetic resonance (LMR), but extrapola-
tion to the zero-field frequencies is often problematic. In the
case of AlH, for many years only the = ¬J 1 0 line at
377 GHz had been successfully studied by pure rotational
methods, first by Goto & Saito (1995) and then by Halfen &
Ziurys (2004b). Recently, Halfen & Ziurys (2014) extended the
work to include the = ¬J 2 1 transition near 755 GHz;
however, private communication with H. Müller suggested that
this line should be remeasured, as mass scaling factors seemed
inconsistent. Note that the dipole moment of CrD, which
should be similar to that of CrH, was measured by Chen et al.
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(2007) to be 3.5 D. Only a theoretical dipole moment exists for
AlH, calculated to be 0.2–0.3 D (e.g., Matos et al. 1988).

In this paper, we present new measurements of the rotational
spectra of CrH and AlH using submillimeter/terahertz absorp-
tion methods. For CrH, the = ¬N 2 1 transition at
730–734 GHz has now been directly recorded. New measure-
ments have also been conducted of the = ¬J 2 1 transition of
AlH near 755 GHz. Incorporation of these new data with
previous pure rotational studies has allowed the most precise
spectroscopic constants yet to be generated for these species.
Here we present our measurements and our spectral analyses,
and discuss the implications for the detection of CrH and AlH
in interstellar and circumstellar gas.

2. EXPERIMENT

The submillimeter/terahertz spectra of CrH and AlH were
measured with one of the direct absorption spectrometers of the
Ziurys group. This system consists of a radiation source, free-
space gas cell, and detector. The radiation is generated by an
amplifier/multiplier chain (AMC, Virginia Diodes Inc.),
pumped by a ∼10 GHz signal provided by a 2 GHz synthesizer
and quintupler multiplier/amplifier combination (Miteq). The
AMC consists of a quadrupler, two doublers, and a quintupler
(×4×2×2×5), and brings the 10 GHz input signal up to
690–850 GHz. This radiation is propagated through the system
using a feedhorn and a series of lenses, two of which seal the
vacuum chamber (Savage & Ziurys 2005). The gas cell is a
0.85 m long, single-pass glass cylinder with two ring discharge
electrodes, one at each end, which create a longitudinal AC
discharge. A copper cooling jacket, attached to a closed-cycle,
methanol chiller, encases the cell, and lowers its temperature to
near −65 °C. The detector is a helium-cooled hot-electron
bolometer, used in conjunction with a lock-in amplifier.
Radiation is propagated from the source, through the cell
containing the molecules of interest, and into the bolometer.
Phase-sensitive detection is achieved by modulation of the
2 GHz synthesizer at 25 kHz with signal processing at 2f using
the lock-in amplifier.

CrH (X 6Σ+) and AlH (X 1Σ+) were created in the reaction
cell in an AC discharge of an appropriate organometallic
precursor and hydrogen in the presence of argon. CrH was
produced in a mixture of 25 mTorr of H2, 30–45 mTorr of Ar
and <1 mTorr of metal vapor, generated by heating solid
Cr(CO)6 to ∼100 °C in a tube with heat tape. To synthesize
AlH, 25 mTorr of H2 in 30 mTorr of Ar was reacted with
<1 mTorr of aluminum vapor, generated from Al(CH3)3. For
both molecules, the AC discharge was operated at 175–200 W.
Various chemical tests, such as removing a reactant gas or
turning off the discharge, were performed as evidence that the
lines observed were due to CrH or AlH.

Rest frequencies were obtained from averaged pairs of scans,
one increasing and the other decreasing in frequency, 5 MHz in
width. For CrH, 10 such scan averages produced reasonable
spectra at 734 GHz, but several hundred were needed at
730 GHz; for AlH, 280 scan averages were required at
755 GHz. The resulting line profiles were fitted with a Gaussian
shape to determine the center frequency and linewidth, which
were typically 1.9–2.1 MHz. For AlH, the observed line profile
was broader than expected (2.6MHz) due to unresolved
aluminum electric quadrupole structure and consequently was
modeled with two Gaussian profiles. The experimental error of
the recorded frequencies is estimated to be±50 kHz.

3. RESULTS AND ANALYSIS

Chromium hydride has a 6Σ+ ground state and therefore
has five unpaired electrons with spin angular momentum of
S = 5/2. In a case (b) coupling scheme, as appropriate for CrH,
the spin adds to the rotational angular momentum N to generate
fine-structure levels, labeled by quantum number J, where
= +J N S. For the higher rotational levels, this coupling

typically generates a sextet pattern for a given transition
+ ¬J J1 , with ΔJ = ±1. However, at lower N some levels

are missing, and ΔJ = 0 transitions can be favorable. The
= ¬N 2 1 transition of CrH consists of four strong spin

components for ΔJ = 0,±1. They are additionally split into
hyperfine doublets due to the nuclear spin on hydrogen
(I = 1/2), where = +F J I and ΔF = 1. Because terahertz
measurements are challenging, only the two strongest spin
components of the = ¬N 2 1 transition could be recorded.
Spectra of the = ¬N 2 1 transition recorded for CrH

(X 6Σ+) are shown in Figure 1. The figure displays the two spin
components observed, = ¬J 3.5 2.5 and ¬4.5 3.5, near
730 GHz (left) and 734 GHz (right), respectively. Each
component is split into two hyperfine lines, labeled by quantum
number F. There is a break in the frequency scale to show both
data sets. The = ¬J 3.5 2.5 doublet is about a factor of 10
weaker than the = ¬J 4.5 3.5 lines, as indicated on the
relative intensity scales. The ratio of intrinsic line strengths is
about 2:1 between the two components, but the AMC power
output varies with frequency. The inset displays the
= ¬J 4.5 3.5 doublet, measured with 5MHz wide scans,

and shows the actual frequency separation.
AlH is closed-shell, having an X 1Σ+ ground electronic state,

but the 27Al nucleus has a spin of I = 5/2. Electric quadrupole
interactions thus occur, which are prominent in the = ¬J 1 0
transition but less so in the ¬2 1, where the splittings are
mostly collapsed. This fact is illustrated in Figure 2, which
presents the spectrum of the = ¬J 2 1 transition of AlH near
755 GHz recorded in this work. The observed line is a blend of
the two strongest quadrupole components, = ¬F 4.5 3.5 and

Figure 1. Laboratory spectrum of the = ¬N 2 1, = ¬J 3.5 2.5 and
¬4.5 3.5 transition of CrH (X 6Σ+) near 730 and 734 GHz, respectively.

Both fine-structure components are split into doublets due to the proton nuclear
spin, and are labeled by quantum number F. There is a frequency break in the
spectrum to display both spin components. The y-scales for the two spin states
differ by a factor of 10. The inset displays the = ¬J 4.5 3.5 doublets
measured with 5 MHz wide scans, showing their frequency separation. The
CrH spectra are averages of 240 ( = ¬J 3.5 2.5) and 26 ( = ¬J 4.5 3.5)
scans, each 55 MHz wide and with an integration time of 70 s.
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¬3.5 2.5, as indicated beneath the spectrum. The linewidth of
this feature, centered at 755,213.428MHz, is about 0.5 MHz
broader than found for other lines at this frequency (2.6 versus
2.0 MHz).

The transition frequencies measured for CrH and AlH are
listed in Tables 1 and 2, respectively, together with those
previously recorded by our lab for the ¬1 0 lines (Halfen &
Ziurys 2004a; Harrison et al. 2006). For CrH, four individual
hyperfine lines were recorded in two spin components with ΔJ
= ΔF = 1; for AlH, the single feature was modeled as two
lines: see Table 2.

The CrH data were analyzed using a Hund’s case (b)
Hamiltonian in the nonlinear least-squares fitting program,
HUNDB. The submillimeter/terahertz data were analyzed with
the LMR data from Corkery et al. (1991) in a combined fit,
weighted by their respective experimental uncertainties of
50 kHz and 2MHz. The effective Hamiltonian, applicable to a
6Σ+ state, consists of rotation, spin–rotation, spin–spin, third-
order spin–rotation, fourth-order spin–spin, magnetic hyperfine
interactions, and Zeeman terms:

= + + + + + +H H H H H H H H .
1

eff rot sr ss sr
3

ss
4

mhf Zeemanˆ ˆ ˆ ˆ ˆ ˆ ˆ ˆ
( )

( ) ( )

The results of the analysis are presented in Table 3, along with
those previously reported by Corkery et al. (1991) and Harrison
et al. (2006). Note that the fourth-order spin–spin term θ could
not be fit within a 3σ uncertainty, and was consequently fixed
in the final analysis, as well as the centrifugal distortion
constant H. As shown in the table, most of the constants have
improved uncertainties, in particular, the third-order spin–
rotation term γs, the Fermi contact term bF, and the dipolar
constant c. The combined analysis has an rms value of
252 kHz; for comparison, the rms of the fit with the
submillimeter/terahertz data alone is 104 kHz. (The previous
analyses of Corkery et al. and Harrison et al. did not report rms
values.)

For AlH, a 1Σ effective Hamiltonian was employed that
included rotation, centrifugal distortion, electric quadrupole,

and nuclear spin–rotation interactions:

= + + +H H H H H . 2eff rot cd eQq nsrˆ ˆ ˆ ˆ ˆ ( )

The data set was analyzed using the fitting program SPFIT
(Pickett 1991), and B, D, quadrupole coupling parameter eQq,
and nuclear spin–rotation term CI were accurately determined.
The results of the AlH analysis are given in Table 4, which also
lists the previous millimeter-wave (MMW) and Fourier trans-
form infrared (FTIR) parameters from Halfen & Ziurys (2004a)
and Ram & Bernath (1996). The spectroscopic constants for
AlH agree well with both previous studies. The rms of the fit is
101 kHz.

4. DISCUSSION

This study has resulted in refined spectroscopic constants for
CrH and AlH in their ground electronic states. In particular, the
rotation and centrifugal distortion constants B and D have now
been determined accurately from pure rotational data alone. In
addition, this work has provided directly measured, as opposed
to extrapolated, rest frequencies for the 2 1 rotational
transitions of AlH and CrH for astronomical searches. It also
has resolved the discrepancy concerning the frequency of the
= ¬J 2 1 line of AlH. The new measurement of the

main hyperfine line (755,213.010MHz) and the predictions
of H. Müller, based on IR and our = ¬J 1 0 data
(755,213.109MHz), are now in excellent agreement.
The lowest transitions of CrH and AlH are best studied by

space-borne facilities, but some ground-based observations are
possible. The = ¬J 1 0 and ¬2 1 line of AlH near 377 and
755 GHz cannot be observed from the ground, even with the
Atacama Large Millimeter Array (ALMA), due to strong
telluric H2O lines ( = J 3 4Ka Kc, 21 14) at 380.2 GHz and
( = J 2 2Ka Kc, 02 11) at 752.0 GHz (De Lucia et al. 1974).
However, data on the = J 2 1 transition could be in
Herschel/HIFI archival data. For CrH, the =  =N J1 0,

7 2 5 2 doublet near 362 GHz is close to the = J 4 3
line of HNC, and is likely to be contaminated in most sources.
However, both the =  = N J1 0, 3 2 5 2 and the
= J 5 2 5 2 doublets near 337 GHz and 396 GHz, respec-

tively, are observable with ground-based telescopes in the 0.8
and 0.7 mm windows, including ALMA at Band 7 and Band 8.
The = N 2 1 lines of CrH will also be difficult to measure
from the ground due to the strong, broad water line near
752 GHz, but again spectra could be in the Herschel/HIFI
archive or will require future space observations.
The bond lengths for CrH and AlH in the ground vibrational

state can be determined from the rotational constant. r0 =
1.668Å for CrH and r0 = 1.659Å for AlH. The bond lengths
of 3d transition metal hydrides are particularly of interest.
Trends within the 3d transition metal oxides, sulfides, and
halides (Cl and F) have been discussed in depth by various
authors (e.g., Merer 1989; Bridgeman & Rothery 2000, Flory
et al. 2004). A so-called “double-hump” structure in bond
length is apparent in these species across the periodic table. For
the hydrides, this trend is shown in Figure 3. Here bond lengths
r0 are plotted for the 3d hydrides, except for VH, which is not
known. As the figure illustrates, a “double-hump” trend is also
visible for the hydrides. An increase in the bond distance
occurs from chromium to manganese, a decrease at iron, and
then a second increase toward zinc. The increase from Cr to Mn
arises from the addition of electrons to antibonding π and σ

Figure 2. Laboratory spectrum of the = ¬J 2 1 transition of AlH (X 1Σ+)
near 755 GHz, measured in this work. The frequencies and relative intensities
of the two strong quadrupole components that compose this feature
( = ¬F 4.5 3.5 and ¬3.5 2.5) are shown underneath the data. This spectrum
is an average of 280 scans, each 40 MHz wide and with an integration time
of 70 s.
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orbitals, generating σ1π2δ2 and σ1π2δ2σ1 configurations. At
iron, the next electron adds to the non-bonding δ orbital and
electrons pair in the non-bonding σ orbital (σ2π2δ3 configura-
tion). From cobalt to copper, electrons fill the π and δ non-
bonding orbitals. The bond lengths decrease from FeH to CuH
because of core contraction of the metal. The non-bonding d
electrons do not affect the bond length, and energy is gained in

pairing electrons in the antibonding π orbital. A large increase
in the bond distance occurs at zinc as the antibonding σ orbital
again acquires an electron.
This overall trend is similar, but not identical, to that for the

chlorides and fluorides. The variations arise from the different
energies of the halide and H atomic orbitals. As a consequence,
electron configurations and resulting terms are not identical.
FeCl and FeF have 6Δ ground states (e.g., Flory et al. 2004),

Table 1
Observed Rotational Transitions of CrH (X 6Σ+)

¢ ¬ N N ¢ ¬ J J ¢ ¬ F F νobs (MHz) νobs−νcalc (MHz) Line Strengtha

¬1 0 ¬1.5 2.5 ¬2 3 337259.080b 0.048 1.63
¬1 2 337266.025b −0.025 1.05

¬3.5 2.5 ¬4 3 362617.902b 0.009 3.05
¬3 2 362627.691b 0.029 2.26

¬2.5 2.5 ¬2 2 396541.683b 0.039 1.47
¬3 3 396590.720b 0.039 2.10

¬2 1 ¬3.5 2.5 ¬4 3 730099.716 0.023 2.33
¬3 2 730108.879 −0.045 1.73

¬4.5 3.5 ¬5 4 734947.807 −0.233 4.42
¬4 3 734951.358 0.210 3.51

Notes.
a As defined by Brown & Evenson (1983).
b From Harrison et al. (2006).

Table 2
Observed Rotational Transitions of AlH (X 1Σ+)

¢ ¬ J J ¢ ¬ F F νobs (MHz) νobs−νcalc (MHz)
Relative
Intensitya

¬1 0 ¬2.5 2.5 377728.942b 0.001 33.33
¬3.5 2.5 377740.217b 0.026 44.44
¬1.5 2.5 377742.754b −0.027 22.22

¬2 1 ¬4.5 3.5 755213.010c −0.158 33.33
¬3.5 2.5 755213.861c 0.158 17.14

Notes.
a Calculated based on Gordy & Cook (1984).
b From Halfen & Ziurys (2004a).
c Partially blended lines.

Table 3
Spectroscopic Constants for CrH (X 6Σ+)

Parameter
(MHz)

Submillimeter/
terahertz/LMR Far-IR LMRa

Previous Sub-
millimeter/
terahertz/LMRb

B 183825.823(22) 183825.110(99) 183825.109(29)
D 10.4744(16) 10.4781(30) 10.4743(15)
H 3.7387×10−4c 4.76×10−4c 3.7387×10−4c

γ 1508.953(24) 1508.93(16) 1508.962(27)
γD −0.0989(48) 0.1035(72) −0.0988(48)
λ 6980.405(34) 6980.19(15) 6980.400(36)
λD −0.282(16) 0.295(19) −0.0282(17)
γS −0.094(13) L −0.088(18)
θ −2.402c −2.317(93) −2.402(78)
bF −34.72(26) −34.80(60) −34.81(35)
c 42.32(14) 41.8(19) 42.27(21)
rms 0.252 L L

Notes. Errors quoted are 3σ in the last quoted digits.
a Corkery et al. (1991).
b Harrison et al. (2006).
c Held fixed.

Table 4
Spectroscopic Constants for AlH (X 1Σ+)

Parameter MMW Previous MMWa FTIRb

B 188890.396(62) 188890.420(44) 188891.000(81)
D 10.9438(99) 10.95422c 10.95422(67)
eQq −48.61(70) −48.59(70) L
CI 0.298(35) 0.306(35) L
rms 0.101 <0.001 L

Notes. Errors quoted are 3σ in the last quoted digits.
a Halfen & Ziurys (2004a).
b Ram & Bernath (1996).
c Held fixed in fit.

Figure 3. Graph showing the periodic trend in bond length for the 3d transition
metal hydrides and their respective ground electronic states. The predicted
“double-hump” pattern is apparent in the graph, with a rise in bond length at
chromium/manganese and again at zinc. For these species, addition of
electrons to antibonding orbitals overrides the general core contraction of the
metal across the 3d metals.
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but FeH favors the lower spin state 4Δ. Similarly, NiH has a 2Δ
ground state, as opposed to 2Π in NiCl. Establishing the ground
state and bond length of VH would be interesting.

This research is supported by NSF grant AST-1515568.
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