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Mixed hyperfine and electron-phonon interaction in the Zeeman spectra of H2 local modes
in CaF2:Ho31

Glynn D. Jones and Nicholas M. Strickland*
Department of Physics and Astronomy, PB 4800, University of Canterbury, Christchurch, New Zealand

~Received 2 September 1997; revised manuscript received 12 December 1997!

Zeeman measurements are reported for the infrared absorption lines of the (X,Y) local mode of the H2

C4v center for^111&-oriented CaF2 :Ho31 crystals. The Zeeman shifts and splittings are analyzed in terms of
mixed Ho31 nuclear-hyperfine and Ho31-H2 electron-phonon interactions.@S0163-1829~98!02921-X#
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I. INTRODUCTION

We present an analysis of the measured^111&-Zeeman
splitting patterns of the infrared absorption lines of t
(X,Y) localized modes of the C4v H2 center in CaF2:Ho31.
Both the Ho31 nuclear-hyperfine interaction and the ele
tron-phonon interaction are needed to account for the
served Zeeman patterns.

C4v H2 centers of trivalent rare-earth ions~R31) in CaF2

and SrF2 have the R31 ion charge compensated by a H2 ion
located in the nearest interstitial position in the~100! direc-
tion from the R31 ion.1 For these C4v centers, there are two
infrared absorption lines for the localized vibrational mod
of the H2 ion. For CaF2, and for the lighter rare earths i
SrF2, the lower-frequency line is the doubly degenera
(X,Y) transverse mode with the H2 vibration in the plane
normal to the R31-H2 axis and the higher-frequency line
the singly degenerate (Z) longitudinal H2 vibration along
the R31-H2 axis.

C4v H2 centers for all Kramers R31 ions and for Pr31

have electronic-doublet ground states. For these centers
observed that the H2(X,Y) infrared line shows more tha
one peak. Such (X,Y) splittings are attributed to the
electron-phonon interaction between the doubly degene
ground electronic state of the R31 ion and the doubly degen
erate (X,Y) local-mode phonon states of the H2 ion.2 Under
this interaction, the R31 electronic and H2 vibrational states
are coupled to give vibronic states, with admixtures of hig
energy vibronic states accounting for the observ
splittings.2 In applied magnetic fields, the vibronic energ
levels shift and split to alter the (X,Y) local-mode line
profiles.3

The C4v center for Ho31 is special in that the first-excite
singlet electronic level lies within 2 cm21 of the singlet
ground state,4 with the two singlet states being strong
coupled by the hyperfine and longitudinal Zeeman inter
tions. There is an independent (X,Y) local mode associate
with each of the ground and first-excited states. These lo
modes are mixed by the electron-phonon interaction to g
these two modes distinctly different energies. In appl
magnetic fields, unusual Zeeman patterns are obtained
the combined effect of the electron-phonon, hyperfine,
Zeeman interactions.

In this paper, we present a detailed analysis for the Z
man behavior of the (X,Y) mode for the C4v H2 center of
570163-1829/98/57~21!/13471~6!/$15.00
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Ho31 in CaF2. It is observed that the (X,Y) line of this
C4v H2 center is split into two principal components, who
overlapping profiles indicate additional absorption transitio
lie between them. In addition, two satellite lines are sy
metrically located 1 cm21 on each side of this main line.

The two principal components are assigned as (X,Y) lo-
cal modes associated with the Ho31 ground and first-excited
states, with the satellite lines being the vibronic transitio
between different electronic states. The additional absorp
between the principal lines is attributed to unresolved hyp
fine components of these two main peaks.

In applied magnetic fields, the (X,Y)-line profiles alter.
These changes are interpreted as Zeeman shifts of the m
hyperfine electron-phonon coupled states, with good ag
ment being obtained with simulated spectral fits.

II. EXPERIMENTAL

The CaF2 :Ho31 crystals were grown by the Bridgman
Stockbarger method with an A. D. Little R. F. inductio
furnace. The starting materials were CaF2 crystal offcuts
from Optovac Inc. and 99.9% pure HoF3 from Alpha Inor-
ganics.̂ 111&-oriented samples were cleaved from the bou
and hydrogenated by heating at 850 °C in contact with m
ten aluminum in a2

3 atmosphere of hydrogen gas for perio
up to 40 h.

10 K Zeeman infrared-absorption spectra were measu
with a BioRad FTS40 FTIR spectrometer at 0.1 cm21 reso-
lution. These were ratioed against reference spectra to m
mize instrumental interference fringes.

The Zeeman cryostat has a 4 Tsuperconducting solenoid
built into its helium can with a central tube in which th
crystals were mounted. This eliminates the need for lo
temperature infrared windows and gave crystal temperat
of 10 K, as estimated from the relative population of leve
All the Zeeman spectra were recorded for the infrare
radiation beam along the magnetic-field direction.

All Zeeman measurements were made with the magn
field along a^111& direction. The three orthogonal orienta
tions of C4v centers are equally inclined to this field directio
giving just one magnetically equivalent site.

III. „X,Y… LOCAL-MODE SPECTRUM
OF THE C 4vH

2 CENTER

For the Ho31C4v H2 center, the observed infrared (X,Y)
local-mode lines are transitions between vibronic states c
13 471 © 1998 The American Physical Society
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TABLE I. Energies~in cm21) anduJz& compositions of the eleven crystal-field levelsZi of the ground5I 8 multiplet for the Ho31 F2 C4v

center given by the crystal-field fit of Ref. 6.

Energy Level~irrep! uJz& composition

0.00 Z1(g1) 20.4900(u8&1u28&)10.5077(u4&1u24&)20.0576u0&

0.92 Z2(g2) 20.4927(u8&2u28&)10.5067(u4&2u24&)

86.90 Z3(g5) 0.5369u67&20.8242u63&20.1094u71&10.1380u75&

120.19 Z4(g3) 20.4947(u6&1u26&)10.5049(u2&1u22&)

136.16 Z5(g5) 0.1021u67&20.1307u63&10.3029u71&20.9381u75&

164.65 Z6(g4) 20.5665(u6&2u26&)10.4228(u2&2u22&)

290.55 Z7(g1) 0.5061(u8&1u28&)10.4804(u4&1u24&)20.1567u0&

294.83 Z8(g2) 20.5062(u8&2u28&)20.4929(u4&2u24&)

452.56 Z9(g3) 20.5046(u6&1u26&)20.4935(u2&1u22&)

474.78 Z10(g5) 0.4011u67&10.1974u63&10.8449u71&10.2888u75&

496.96 Z11(g1) 20.0526(u8&1u28&)20.1060(u4&1u24&)20.9848u0&

513.53 Z12(g5) 20.7334u67&20.5129u63&10.4239u71&10.1284u75&

514.75 Z13(g4) 0.4225(u6&2u26&)10.5656(u2&2u22&)
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structed from the Ho31 electronic states and the H2 ~100!,
~010!, and ~000! local-mode phonon states. The electro
phonon interaction produces independent energy shifts
H 2 (X,Y) vibronics associated with each Ho31 electronic
state.

Ho31 has two low-lying electronic levels comprising th
Z1(g1) singlet ground state and theZ2(g2) first-excited sin-
glet state just 1.2 cm21 above. Each of these has its ow
(X,Y) localized mode. The two main (X,Y) lines centered a
1037.10 cm21 and 1037.45 cm21 are transitions associate
with the Z1 andZ2 states, respectively. As these transitio
involve no electronic excitation of the Ho31 ion, which re-
mains in theZ1 or Z2 state, their intensities are those of H2

local-mode vibrations.
The two weak satellite lines are centered at 1036.12 cm21

and 1038.50 cm21, close to 1 cm21 above and below the two
main lines. As they involve simultaneousZ1↔Z2 excitations
of the Ho31 ion, these are Ho31 vibronic transitions, which
acquire intensity through electron-phonon interaction adm
tures with the main H2 vibrational transitions.

The energy spacing of theZ1 andZ2 electronic levels of
the C4v H2 center can be inferred from the energy spac
between these two outer weak lines at zero magnetic fi
and is estimated as 1.2 cm21.

A. Hyperfine-coupled electronic singlet levels of the C4v center

The 100% naturally abundant isotope165Ho has a nuclear
spin I of 7

2 and a nuclear moment of 4.03mN . The nuclear-
hyperfine constantA8 for the 5I 8 multiplet has the value o
812 MHz.5

The two lowest levelsZ1 andZ2 of the 5I 8 ground mul-
tiplet of Ho31 for the C4v F2 and H2 centers are two sin
glet states ofg1 and g2 symmetry separated by an ener
2D. This energy separation is 1.7 cm21 for the F2 center4

and inferred to be 1.2 cm21 for the H2 center.
A crystal-field analysis6 of the energy levels of the Ho31

C4v F2 center gives theuJJz& composition of the thirteen
-
or

-

g
ld

levels of the 5I 8 multiplet listed in Table I. For the two
lowest singlet levelsZ1(g1) andZ2(g2), the effective angu-
lar momentum Jz between them is^Jz&1,25^Z1uJzuZ2&
55.98.

The two hyperfine statesuZ1 ,I z& anduZ2 ,I z& are mixed by
the dipole hyperfine interactionA8I zJz through matrix ele-
ments^Z1I zuAJzI zuZ2I z&5AIz^Jz&1,2 to give pseudoquadru
pole splitting patterns spanning 3 GHz.4

In the presence of an applied magnetic field, the ax
component of the electronic Zeeman interactiongLJzmBB
causes further mixing of the two electronic singletsZ1 and
Z2, through Zeeman matrix elements between the electro
nuclear statesuZ1 ,I z& and uZ2 ,I z&. With gL5 5

4 for the 5I 8
multiplet and for the magnetic fieldB in tesla, the Zeeman
matrix elements are

gL^Z1I zuJzuZ2I z&mBB55.98gLI zmBB53.49I zB.

The Zeeman splitting patterns of the pseudoquadrup
split hyperfine levels are given by the energy eigenvalues
the coupled electronic-nuclear matrix in the statesuZ1 ,I z&
and uZ2 ,I z& with inclusion of these Zeeman matri
elements.7

B. The electron-phonon interactionVev

The observed H2(X,Y) infrared transitions are betwee
vibronic states constructed from the Z1 and Z2 electronic
wavefunctions of Ho31 and the~000!, ~100!, and~010! H 2

local-mode phonon states. Energy shifts in these vibro
states are produced by the electron-phonon interactionVev
between the Ho31 electronic states and the H2(X,Y) local-
mode phonons. For H2 localized modes, the local-mod
phonon normal coordinates areX, Y, and Z, the displace-
ments of the H2 ion from the equilibrium position. This
follows from the small mass of the H2 ion compared to
other atoms of the crystal.
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To terms quadratic in the phonon normal coordinat
the electron-phonon interactionVev has the following form
for C4v symmetry:2

Vev5 f xX1 f yY1 f zZ1 1
2 ~gxx1gyy!~X21Y2!1 1

2 ~gxx2gyy!

3~X22Y2!1gzzZ
21gxyXY1gxzXZ1gyzYZ,

where the electronic coordinate functionsf andg transform
as the conjugate irreps to the respective phonon coordi
functions.

Expressed in the spherical harmonic basis, the lin
terms ofVev can be recast into the more convenient form

Vev5 f xX1 f yY1 f zZ52~ f 1X21 f 2X1!1 f zZ,

where f 6571/A2( f x6 i f y) andX6571/A2(X6 iY).
The electronic coordinate functionsf are related to the

Racah tensor operators Cm
(n) by2

f 65a1nA ~n11!!

2~n21!!
r nC61

~n! and f z5a0nr nC0
~n! ,

where the constantsa0n and a1n depend on the particula
model chosen for the Ho31-H2 interaction2 and n52,4,6
for f -electron ions.

For the electrostatic model of a H2 ion of point-chargeq
interacting with a 4f electron of chargee a distanceD away,
a0n anda1n are2

a1n5
eq

4pe0Dn12
a0n5

2~n11!eq

4pe0Dn12
.

C. Local-mode vibronic state combinations
for the C 4v H2 center

For the two lowest energy electronic levelsZ1(g1) and
Z2(g2), the vibronic levels formed with the~000! local-mode
ground state ofg1 symmetry areZ1(000) andZ2(000) ofg1
and g2 symmetry, respectively. BecauseVev necessarily
transforms asg1, there are no electron-phonon interacti
matrix elements between theseZ1(000) and Z2(000) vi-
bronic states. The energy separation of these zero-pho
vibronic levels remains 2D, the energy separation of the pa
ent Z1 andZ2 electronic levels.

The (X,Y) local-mode states transform as the doubly d
generateg5 irrep of the C4v group. The combinations@6#
,

te

ar

on

-

571/A2@(100)6 i (010)# transform as irreps of the C4 sub-
group of C4v , with the @1# transforming asĝ3 and @2# as
ĝ4.

Vibronic doublet statesZ1@6# andZ2@6# of g5 symme-
try are formed from theZ1 and Z2 singlet levels and the
@6# local-mode states. The vibronic statesZ1@6# and
Z2@6# transforms as the sameĝ3 and ĝ4 irreps as their
respective@6# local-mode states.

Energy shifts in these vibronic states can be produced
the electron-phonon interaction between vibronic states p
sessing the same irreps (ĝ3 or ĝ4) of the C4 group.

Shifts of the Z1@6# and Z2@6# states can arise from th
following perturbation terms:

~a! First-order perturbations ofZ1@6# and Z2@6# sepa-
rately, from the (gxx1gyy) and gzz second-degree term
of Vev. Off-diagonal first-order terms betweenZ1@6# and
Z2@6# are zero since the electronic coordinate ope
tors (gxx1gyy), (gxx2gyy), andgxy transform as theg1, g3,
and g4 C4v irreps, respectively, and cannot connect t
Z1(g1) andZ2(g2) electronic states.

~b! Second-order perturbations ofZ1@6# and Z2@6#
separately, from thef 6X7 and f ZZ first-degree terms.

~c! Second-order perturbation terms between theZ1@6#
andZ2@6# vibronic states, again from thef 6X7 first-degree
terms, giving an additional element in the first-order pert
bation matrix.

The first two of these give near-uniform shifts of th
Z1@6# and Z2@6# vibronic states because of the close
similar uJz& compositions of theZ1 andZ2 electronic states.

The principal contribution is from the third mechanism
The two vibronic states are mixed by a second-order per
bation term between them, via intermediate vibronic stateF
of g5 symmetry:

EP5(
F

^Z1@6#uVevuF&^FuVevuZ2@6#&
EZ1[ 6]2EF

,

and thisEP term is then included in the first-order matrix
Explicitly, the EP term involves intermediate states co

structed from the fourZ3, Z5, Z10, andZ12 electronic levels
of g5 symmetry and the~000! and ~110! vibrational states,
with the contributions from~200! and ~020! intermediate
states summing to zero:
EP5 (
Zi ~g5!

^Z2~g2!@1#u f 2X1uZi~g5
1!~000!&^Zi~g5

1!~000!u f 1X2uZ1~g1!@1#&
\vx2EZi ~g5!

1 (
Zi ~g5!

^Z2~g2!@1#u f 1X2uZi~g5
2!~110!&^Zi~g5

2!~110!u f 2X1uZ1~g1!@1#&
2\vx2EZi ~g5!

5
\

2mvx
(

Zi ~g5!

^Z2~g2!u f 2uZi~g5
1!&^Zi~g5

1!u f 1uZ1~g1!&
\vx2EZi

1
\

2mvx
(

Zi ~g5!

^Z2~g2!u f 1uZi~g5
2!&^Zi~g5

2!u f 2uZ1~g1!&
2\vx2EZi

5
\

2mvx
(

Zi ~g5!
^Z2~g2!u f 2uZi~g5

1!&^Zi~g5
1!u f 1uZ1~g1!&S 1

\vx2EZi

1
1

\vx1EZi
D .
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Those intermediate vibronic statesg5(000), formed from
those excited electronic statesZi(g5) whose energies ar
closest to the\vx phonon energy, have the smallest ener
denominators (EZi

2\vx) and correspondingly yield the
larger energy contributions.

D. Numerical estimate ofEP

On the point-charge model, the electron-phonon para
etersa1n^r

n&a are

a1n^r
n&a5

eq̂ r n&

4pe0Dn12
a.

For Ho31, ^r 2&50.70 a.u., ^r 4&51.22 a.u., and̂ r 6&
54.54 a.u. as extrapolated between the reported values
Dy 31 and Er31.8 For the C4v H2 center, the amplitude o
the (X,Y) local-mode vibration isa5A\/2mvx50.0127
nm.

In terms ofa1n^r
n&, f 6 has the explicit form

f 65A3a12̂ r 2&C61
~2!1A10a14̂ r 4&C61

~4!1A21a16̂ r 6&C61
~6! .

Evaluation of the electron-phonon parameters
q5e5one electronic charge andD50.273 nm yields the
point-charge model values

a12̂ r 2&a551 cm21, a14̂ r 4&a53.4 cm21,

a16̂ r 6&a50.47 cm21.

Table II lists the C61
(n) matrix elements of theZ1 and Z2

levels with the fourZ3, Z5, Z10, and Z12 levels ofg5 sym-
metry. The total contribution from these four intermedia
states is just 0.025 cm21. This point-charge model estimat
is much too small to account for the value of 0.34 cm21

required to fit the Zeeman data of Sec. IV. Because of
quadratic dependence of the second-order electron-pho
expressions on thef 6 terms ofVev, any underestimate of th
electron-phonon terms leads to large underestimates ofEP.

The underestimate of the electron-phonon terms by
point-charge model for rare-earth ions is particularly app
ent at the lutecium end of the rare-earth series. It is relate
the equal lack of success of the point-charge model in e
mating the axial crystal-field contributions of H2 ions in
C4v H2 centers.

The point-charge values of then52, 4, 6 crystal-field
contributions of a single point-chargeq ion located a dis-
tanceD away are

B0
n5

eq̂ r n&

4pe0Dn11
.

Evaluation of these for Er31 yields

B0
251070 cm21, B0

4568 cm21, B0
659 cm21.

The crystal-field analysis of the Er31 H 2 C4v center in
CaF2 ~Ref. 9! gives axial crystal-field contributions of sim
lar orders of magnitude for then52, 4, 6 terms:

B0
25835 cm21, B0

451180 cm21, B0
65624 cm21.
y

-

for

r

e
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e
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ti-

A direct comparison between these two sets of value
not entirely appropriate, as not all of the axial crystal-fie
contributions can be attributed to the charge-compensa
H 2 ion alone. The introduction of the charge-compensat
H 2 ion causes some displacement of the surrounding2

ions from exact cubic symmetry.10 Nevertheless, it is eviden
that the fourth and sixth degree parameters are under
mated by more than an order of magnitude with the po
charge model.

Allowance needs to be made for the corresponding po
charge model underestimation of the electron-phonon par
etersa1n^r

n&a. On the point-charge model, these electro
phonon parameters are related to the B0

n axial crystal-field
parameters by

a1n^r
n&a5

eq̂ r n&

4pe0Dn12
a5

a

D
B0

n .

Using these relations with the axial crystal-field para
eters for the C4v H2 center of Er31 yields the following
revised values for the electron-phonon parameters:

a12̂ r 2&a5
a

D
B0

2540 cm21, a14̂ r 4&a5
a

D
B0

4559 cm21,

TABLE II. Matrix elements of C61
(n) and matrix elements of the

electron-phonon interaction terma f 1 ~in cm21) for the ground-
and first-excited state singlet levelsZ1(g1) and Z2(g2) with the
four g5 levels Z3, Z5, Z10, and Z12 of the 5I 8 multiplet of the
Ho31 C4v F2 center in CaF2. Electron-phonon parameters scaled
fitted crystal-field parameters were adopted.

Ho31 electronic states
Matrix elements n Z3 Z5 Z10 Z12

2 25.39 3.07 21.93 0.42
100̂ Z1uC1

(n)uZj& 4 0.26 21.98 21.94 5.14
6 25.99 24.55 21.69 5.77

a^Z1u f 1uZj& 12.31 8.44 7.52 218.62

2 4.26 4.67 20.40 21.48
100̂ Z2uC1

(n)uZj& 4 0.31 21.78 3.03 24.68
6 6.99 22.32 4.10 24.74

a^Z2u f 1uZj& 214.11 3.58 211.57 16.93

Energy denominators

EZi
87 136 475 514

(\vx2EZi
) 950 901 558 523

(\vx1EZi
) 1124 1173 1512 1551

Contributions toEP 0.34 20.06 0.21 0.81

Total net value,EP51.3 cm21
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a16̂ r 6&a5
a

D
B0

6533 cm21.

Table II lists the contributions to the off-diagonal matr
elementEP from each of the fourg5 levels, yielding a total
of 1.30 cm21. This more than suffices to account for th
required 0.34 cm21 value derived from the Zeeman analys
of Sec. IV. Of the contributions to the calculated shifts, t
largest is from via theZ12 energy level at 514 cm21. This
level is closest in energy to the\vx phonon and contribute
73% of the total calculated shift.

It is believed that the electron-phonon interaction a
counts for the observed H2(X,Y) local-mode line separa
tions.

IV. CALCULATION OF THE ZEEMAN LEVELS
OF THE „X,Y… LOCAL MODE

In the absence of any crystal-field wave function data
the Ho31C4v H2 center we adopt those in Table I dete
mined for the C4v F2 center.6
s.
-

r

We consider the electron-phonon interaction, hyperfi
and Zeeman interaction terms between the coup
electronic-vibrational-nuclear wavefunctions. For the tw
zero-phonon electronic levelsuZ1(000)I z& and uZ2(000)I z&,
the perturbation matrix is

uZ1(000)I z& uZ2(000)I z&

uZ1(000)I z& 2D (A8I z1gLmBB)^Jz&1,2

uZ2(000)I z& (A8I z1gLmBB)^Jz&1,2 1D

With the hyperfine, Zeeman, and electron-phonon inter
tions all included, the combined nuclear hyperfine a
electron-phonon interaction matrix for theuZ1@6#I z& and
uZ2@6#I z& (X,Y) phonon states is the same as for t
uZ1(000)I z& and uZ2(000)I z& zero-phonon states, except fo
the extra off-diagonal termEP arising from the electron-
phonon interaction
uZ1@6#I z& uZ2@6#I z&

uZ1@6#I z& 2D (A8I z1gLmBB)^Jz&1,21EP
uZ2@6#I z& (A8I z1gLmBB)^Jz&1,21EP D
the

e
dth
FIG. 1. Calculated magnetic-field dependence of the (X,Y)
local-mode lines of the C4v H2 center in CaF2 :Ho31. Only those
transitions which conserveI z are shown. The 0 cm21 energy iden-
tifies the energy position\vx of the (X,Y) local mode in the ab-
sence of any electron-phonon, hyperfine or Zeeman interaction
FIG. 2. Simulated and measured 10 K absorption spectra of
(X,Y) local-mode lines of the C4v H2 center in CaF2 :0.05%Ho31

for magnetic fields along thê111& axis. The simulated spectra ar
of several superposed Lorentzian lines, each with a FWHM wi
of 0.1 cm21.
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As there is no mixing betweenuI z& states,I z is strictly con-
served and the observed transition energies are the di
ences in the corresponding eigenvalues of the two matr
for the sameI z value.

A. Numerical analysis and simulation of the Zeeman patterns

The observed̂111&-Zeeman patterns for which C4v cen-
ters are magnetically equivalent are analyzed. For 2D51.2
cm21, A85812 MHz, gL5 5

4, ^Jz&1,255.98, and the factor
1/A3 appropriate for̂ 111& magnetic fields, the calculate
magnetic-field dependence of the hyperfine components
the H2(X,Y) vibronic transitions is given in Fig. 1. Only
those transitions that conserveI z are plotted.

In the high magnetic-field limit, the central group of tra
sitions coalesce into two peaks. The numerical value of
electron-phonon parameterEP is equal to half the splitting
between these two peaks, givingEP50.34 cm21, which is
the value adopted for the calculations.

The correspondence of the experimental Zeeman patt
to the calculated pattern confirms the origin of the electro
phonon energy shifts. Only the presence of the off-diago
EP term can account for the appearance of two distinct sp
tral peaks in the high magnetic-field limit.

B. Intensity analysis of the H2
„X,Y… local-mode profiles

The transition intensities can be obtained from the eig
functions of the two perturbation matrices. It is assumed t
the two purely vibrational main peaks have unit intensity a
fer-
ces

of

-
he

rns
n-
al

ec-

n-
at
d

that the two outer weak lines involvingZ1↔Z2 transitions
have zero intensity for the zero vibronic-mixing limit. Th
observed intensities of the outer weak lines are theref
solely attributed to vibronic mixing between theZ1 and Z2
levels.

The relative transition strengths derived from the eige
functions of the two perturbation matrices are used for
simulated spectra shown in Fig. 2. Lorentzian line profiles
0.1 cm21 full width at half maximum ~FWHM! were
adopted for these 0.1 cm21 resolution limited spectra.

The excellent agreement between the experimentally m
sured and the simulated spectra give confidence in the m
hyperfine-electron-phonon interaction origin of these (X,Y)
line profiles.

V. CONCLUSIONS

This electron-phonon interaction model was very sat
factorily tested by Zeeman measurements of the Ho31

H2(X,Y) local-mode lines. Both the Ho31 nuclear-hyper-
fine interaction and the electron-phonon interaction we
needed to account for the observed (X,Y) line-profile
changes with magnetic field.
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