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The identification of multiple-quantum transitions and their utilization in enhance@ the
resolution of electron-nuclear double-resonance (ENDOR) spectra are described. It is
shown that for Cr+ ions substituted in hydrated crystals the linewidths of double-quan-
tum ENDOR transitions are an order of magnitude smaller than those of the normal
ENDOR transitions.

The electron-nuclear double-resonance (ENDOR)
technique has proven to be a powerful method for
investigating paramagnetism in solids and liquids.
The main advantage of ENDOR over standard
electron-spin resonance (ESR) is the higher spec-
tral resolution obtained. In ENDOR experiments
one usually detects NMR transitions through their
effect on the intensity of an inhomogeneously
broadened ESB transition. The improvement in
resolution corresponds to the ratio of the width
of the ESR line to the width of a spin packet,
which is one of the components comprising the
ESH line. Although this method usually yields a
resolution enhancement of two to three orders of
magnitude, a further increase in resolution
should be obtainable if multiple-quantum NMR
transitions can be detected, i. e., when two or
more rf photons combine to produce a given tran-
sition. Time -dependent perturbation theory
shows that the linewidth of an n-quantum transi-
tion should be 1/n of the corresponding single-
quantum transition. ' Thus the linewidth of a dou-
ble-quantum transition (n = 2) should be approxi-
mately half that of a single-quantum transition
for the same set of energy levels. This reduc-
tion in linewidth has been seen in molecular-
beam, ESR,' and NMR spectroscopy, ' ' and in
the present work we report on the observation
and identification of double- and triple-quantum
transitions in the ENDOR spectra of Cr' sub-
stituted as a dilute impurity in alums. The only
other work related to such features in the ENDOR
spectra is a reference to ' extra lines" observed
by Danilov and Manoogian. ' These lines are iden-
tified in the present work as double-quantum tran-
sitions, but it is found that their linewidths are
an order of magnitude smaller than the allowed
lines, rather than just a factor of 2.

The double- and triple-quantum transitions
were studied in the "Cr" ENDOR spectra of
CsAl and RbAl sulfate alums at 4. 2 K using a
spectrometer described previously. ' The only
modification was the use of a 20-W rf power am-
plifier rather than the previous 3-W unit. In
either case, however, only a portion of the pow-
er entered the two-turn ENDOR coil, because of
mismatch. The rf power was frequency modu-
lated at 405 Hz and deviations from 1 to 25 kHz
were used.

The magnetic resonance spectra of the "Cr"
(Sd') ion in alums have been well characterized
by the spin Hamiltonian"'

K=p,,H g 5+5 D ~ 5+I A ~ 5

+f'Q'f —p H'g "T
where S =I= 2, arid the terms have their usual
meaning. The ESR fine-structure spectrum con-
sists of three allowed (&M, =+ 1) transitions with
a separation of 2D between adjacent lines for
H Ilz, where z is the crystallographic fll1] direc-
tion. Each fine-structure line is further split
into a 1:1:1:1quartet by the "Cr hyperfine inter-
action T'A ~ 5. The quadrupole interaction f' Q' f
is not resolved in ESR but has been studied in de-
tail through ENDOR. " The fine-structure ener-
gy level diagram fro CsA1 alum is shown in Fig.
1. The insets in the figure show the hyperfine
splittings and positions of the observed ENDOR
transitions. The allowed transitions (&M, = 0,
&Mr ——+1) are labeled 1, 3, and 5, and those of
the double-quantum transitions as 2 and 4. The
position of the triple-quantum transition nearly
coincides with the central allowed transition 3.

A typical ENDOR spectrum obtained in CsAl
with H II z, and II, set at an arbitrary position in
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FIG. 1. Fine-structure energy level diagram of
Cr in CsAl alum with H~)g. Insets show the hyper-

fine splittings (not to scale) with observed ENDOR
transitions.

the M, = 2 hyperfine manifold, is shown for low
rf power (&1 W) in Fig. 2(a), and for relatively
high power (™3W) in Fig. 2(b). Figure 2(c)
shows an expanded-scale spectrum of the triple-
quantum transition superimposed on the central
allowed transition at the highest rf power ( 4 W).
The triple-quantum line has low intensity at the
rf power levels used. A list of the measured
ENDOR line positions for CsAl and RbAl alums
forM, =+ 2 and H lie is given in Table L The in-
tensities of the double-quantum transitions in the
M, = —~ state for CsAl alum were much reduced
compared to those of the M, =~ state, with only
a trace of them being observable. This effect
can be explained by considering the theory govern-
ing ENDOR line intensity ratios. Well-resolved
double-quantum transitions were obtained in

3
RbAl alum for both the M, =+ 2 states.

Transitions 2 and 4 are identified as double-

FIG. 2. 53Cr+ ENDOR spectra in CsAI alum for
M~ = 2 and Hill. Hg is set at an arbitrary position
within the hyperfine manifold. (a) Allowed transitions
1, 3, and 5 at low rf power (&1 W). (b) Allowed lines
plus the double-quantum transitions marked 2 and 4
at relatively high rf power (-3 W). (c) Expanded spec-
trum of the triple-quantum transition superimposed
on the central allowed line at maximum rf power (- 4 W).

quantum ENDOR transitions on the basis of the
following observations. The intensity ratio of a

TABLE I. ENDOR frequencies (MHz) of 53Cr+ in Cs and Rb aluminum
alums for Hllz.

CsA1 alum

M, = 3/2
HbA1 alum

M8 = 3/2 ~, = —3/2

Magnetic field, H, (T)
Transition

1
2
3
4
5

(, „-~ „/2) '
Ml = 3/2
Ml = &/& —3/2

0.4934

77.899
78.135
78.368
78.610
78,854

16.95
18.25

0.1830

75.548

77.190

78.548

2,20
2.17

0.2604

77.971
78.249
78.525
78.804
79.087

13.04
12,67

0.4112

77.030
77.184
77.336
77.487
77.642

44.44
42.74
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uv-induced and x-ray-induced photoelectron spectra have been taken on hydrogenated
amorphous silicon prepared in situ by reactive sputtering. Hydrogen-induced features in
the g-Si valence-band region have been identified by comparison with spectra and calcu-
lations appropriate to the adsorption of hydrogen onto Si surfaces. Films sputtered at
room temperature show peaks related to Si multiply bonded to hydrogen, while deposition
at 300'C or above is mainly causing the formation of singly bonded SiH groups.

When hydrogen is incorporated into amorphous
silicon (a-Si) either by preparing films from a
glow-discharge plasma of silane' (SiH, ) or by re-
actively sputtering the material in an Ar-H, mix-
ture,"the dangling bonds believed to be present
at the inner surfaces of microvoids or multiva-
cancies are saturated oy hydrogen atoms attached
to them. ~ This conjecture is supported by the re-
duction in the electron-spin-resonance signal~'
and the presence of Si-H vibrational modes ob-
served in the infrared abosrption. " The pres-
ence of hydrogen is therefore essential for the
substitutional doping of a-Si either by glow dis-
charge' or by sputtering techniques, "which has
enabled the construction of solar cells based on
a-Si. " This exciting possibility has triggered an
increasing number of investigations on the elec-
tronic and transport properties of a-Si with H
concentrations that exceed those necessary to
merely saturate dangling bonds. " In this Letter
we report the photoemission spectra of a-Si with
varying degrees of hydrogenation. The H-induced
additional structure in the a-Si valence band can

be explained by an incorporation of H into the a-
Si network, the main configurations being SiH
and SiH, . These results have been derived by
comparing our spectra with experiments and cal-
culations of H chemisorbed on Si single-crystal
surfaces. A reduction in width of the Si va-
lence band up to 1 eV suggests a partial destruc-
tion of the Si network for H concentrations in ex-
cess of approximately 1(S.

Photoelectron spectra of a-Si:H were measured
with a, resolution of 0.3 eV using He I (21.2 eV)
and He II (40.8 eV) radiation for the valence-
band region, while Al Jt'.o.' (1486. 6 eV) x rays were
employed to obtain core-level spectra at a reso-
lution of 1. 1 eV.

The samples were prepa. red in situ (base pres-
sure 1x10 9 Torr) by dc sputtering from a sing]e-
crystal Si target (50 0 cm, n type, 18 mm diam)
in a mixture of Ar and H, . Depending on the dep-
osition temperature &D, substrates of Cu (TD
&300'C) or W (To &300'C) were used. The dis-
tance between target and substrate was about 4
cm, and the deposition angle was 45'. The sput-
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