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Zeeman study of H™ local modes of Kramers rare-earth ions in Cak and SrF,
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Splittings of the infrared absorption lines of doubly degenerXt&’§ local-mode vibrations of H ions are
observed for hydrogeni€,,H™ centers in Cajand Srk crystals containing Kramers rare-earth ions. These
splittings are interpreted as electron—local mode phonon interaction effects in which the twofold degenerate
(X,Y) local-mode vibrations, coupled to the Kramers-degenerate doublet electronic ground states of the rare-
earth ions, are split into distinct doublets. The dominant contribution to these energy splittings comes from
second order perturbation terms of the electron-phonon interaction. Nonlinear Zeeman shifts and splittings of
the local mode lines can be quantitatively accounted for without introducing any additional parameters.

I. INTRODUCTION In this paper, we present Zeeman spectra that illustrate
these vibronic-Zeeman effects for several Kramers ions in
The Zeeman splittings of vibronic lines of rare-earth hydrogenicC,, centers of Cafand Srk. KramersR3" ions
(R%") ions in crystals are relatively little studied. The split- have odd-numberedf# electron configurations and all their
ting patterns and relative intensities of the Zeeman compoelectronic states are at least twofold degenerate in the ab-
nents of most vibronic lines are the same as those of thelkence of an external magnetic field. Both electron-phonon
electronic parent lines. As vibronic lines are often broadand Zeeman splittings of the H(X,Y) local-mode lines
such Zeeman components are not often observed. occur for theseR®* ions. First, the H infrared-absorption
For the case of the electron-phonon interaction betweefines are split into doublets by the electron-phonon interac-
R3* electronic states and localized molecular-type vibrationsion. These doublets are further split and shifted by applied
being larger than the Zeeman interaction, reductions occur ifhagnetic fields to give non-linear Zeeman patterns.
the Zeeman splittingof the vibronic lines and their Zeeman  Larger electron-phonon interaction splittings are observed
components may have different relative-intensity pattéms.for those ions whose excited electronic states have energies
These vibronic Zeeman effects have been reported fofr U ¢lose to those of their respectiv,(Y) local modes. Split-
ions in several host crystats. tings of about 1 cm' were previously reported for the
In Cak, and Srk; crystals containing trivalent rare-earth (X,Y) infrared-absorption lines of the HC,, centers of
ions, H™ ions can serve as charge compensators. The princee®* in CaF, and Srk.* In this paper, we reportX,Y)
pal hydrogenic rare-earth center produced is the tetragonaiittings down to 0.2 cm* observed for H C,, centers of
(Cy4,) symmetry center in which the®* ion is charge com-  other KramersR3* ions.
pensated by an interstitial Hion located in the nearest- Of all the Kramers ions examined, Erin CaF, shows
neighbor interstitial position, i.e., in tl”(d.00> direction from more complex X,Y) patterns because of the presence of an
theR®* ion.® The coupling between tHe®* electronic states  excited electronic level 4.5 cht above the ground stafe.
and the H local vibrational mode manifests itself both as anTwo (X,Y) splittings of 0.42 cm! and <0.2 cm'* are
isotope shift in theR** electronic levels when Dions are  ghserved, with the latter value being the splitting of the
substituted for H ions, and in the occurrence of vibronic (X,Y) local mode line associated with the 4.5 chexcited
transitions involving the local modes of the tbor D™ ions.  glectronic level.

Such effects h?ve 3be§n dgocgmegtegfo‘r SHng D Ca In applied magnetic fields, theX(Y) local-mode lines are
centers Oflg@, Pr3*°> Nd®*° Gd3* >" Th3* ° Er* °- Zeeman split and shifted. Brief details of these Zeeman ef-
and Tne™. fects have been presented in conference repotfdere we

The motion of an H ion is not affected by a magnetic present and analyze the Zeeman-splitting patterns observed
field and theg factors used for the analysis of Zeeman pat-for Ce®*, Nd®*, Sn?*, Dy**, EF*, and YB*" in CaR, and
terns of H local-mode lines are those of the pardht® for C€", Nd®*, and Smi* in SrF,.
electronic ground states. Nevertheless, the observed Zeeman
patterns of the doubly-degenerate HX,Y) local-mode Il EXPERIMENTAL
lines are not simply identical to those of tRé* electronic
transitions. The four H(X,Y) vibronic states are linear The Cak and Srk crystals containing 0.01 to 0.05% of
combinations of the doubly-degener&®&" electronic states rare-earth trifluoride were grown from the melt in a A.D.
and the doubly-degenerate X,Y) local-mode states and Little R. F. 38 kW furnace by the Bridgman-Stockbarger
these are not diagonal in the Zeeman interaction. The resultethod. Measurements were made on crystals which had
ing Zeeman patterns differ markedly from those of the parenbeen hydrogenated by heating the crystals in contact with
R3* transitions and the effect of the Hion is more subtle molten aluminum at 850 °C i atmosphere pressure of hy-
than simply a Zeeman pattern displaced by tkeY() local-  drogen gas, typically for periods from 4 to 9 h. In the case of
mode energy. Yb3" doping, the hydrogenation process has the additional
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FIG. 1. 10 K infrared-absorption spectra of the spi,¥) local-mode lines of the HC,, centers of KramerR3" ions in Cak
and Srbk.

effect of reducing the YB" ions and periods of up to 40 h jons up to SF* in SrF,, the lower frequency line is assigned
were required to get sufficient line intensities of th¢ Y) as the K,Y) mode of vibration and the higher frequency line
local modes. Quenching of the crystal samples to room temas theZ mode3*®
perature after hydrogenation minimized the formation of For KramersR®* ions in both Cak and Srk crystals
complexR3®* —H™ cluster centers. below 77 K, the H (X,Y) local mode lines are sharp
Infrared absorption spectra were measured at a resolutiognough for ¥,Y) splittings to be resolved into doublet com-
of 0.1 cm ! using a Digilab FTS-40 FTIR spectrometer. ponents of equal intensit§Fig. 1), while the broader HZ
Crystals were cooled to about 10 K by thermal contact usingocal mode line remains unsplit.
a Cryosystems LTS22.1 closed-cycle helium cryostat for
zero field scans, or a liquid helium cryostat containa4 T
Oxford Instruments superconducting magnet for Zeeman The observed splitting of theX(Y) local-mode vibration
measurements. As the magnet is a simple solenoid, spectimattributed to the coupling of these local-mode phonons to
were only measured with the magnetic field parallel to theR®* 4f-electronic  states by the electron-phonon
optical axis, allowing the observation of polarized transi- interaction*®° Because of the small mass of Hompared
tions only. to other ions of the crystal, the Hlocal-mode phonon nor-
mal coordinates are simpl, Y, andZ, the displacements of
the H ions from equilibrium. AsR®" crystal-field wave
functions are usually expressed inJaJ,) basis, it is conve-
nient to choose spherical-basis combinations of the phonon

Hydrogenation of Cafand Srf; crystals containin®?®*  coordinatesX.. = ¥ \/2(X%iY). To terms quadratic in the

ions results in the formation of several hydrogenic centersy - displacements, the electron-phonon interactiGy has
Sharp lines due to Hlocal modes of such centers appear inye following form forC,, symmetry:
v :

the infrared absorption spectra and have energies varying

with the particularR3* ion presen® For the principal  Ve,=—(f4X_+f X )+f,Z+09,2°+09, X, Z+0,. X Z
H™C,, center, the H ion hasC,, site symmetry and two 5 U2 2 U2

absorption lines, corresponding to the doubly degenerate 0+ (XX +0- (X, = XD)+94 X X,

(X,Y) and the nondegenerai® local mode vibrations re- where the electronic-coordinate functiohand g transform
spectively, appedt.For all R®* ions in Cak and for R®" as the conjugate irreps to the respective phonon-coordinate

A. The electron-phonon interaction

Ill. SPLITTING OF THEH ~ (X,Y) LOCAL MODES BY
THE ELECTRON-PHONON INTERACTION
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TABLE I. Electronic and vibrational states, the®,, and C, B. Point-charge model for the electron-phonon interaction

irreps and their bases.

The form of the constants,,, b,,, andc,, have been
derived’ for several electrostatic models. For the analysis

State Group irrep Basis states . . .
c c here, we adopt the simplest case of the point-charge model in
4 4 which the interaction is between the point chaggef the
A Yo s BENE) hydrogenic ion and théR®** 4f electron. For this point-
v e e =1y, 12y charge model, the constants are
—3)h 12

+ 3 5
¢7 v K |5>; |_§> (n+1)eq B _1(n+1)(n+2)eq
¢ Y7 Mg [=3), 13) aon —m, On__COn_Emy
[+] ¥s 3 — JA[(100)+i(010)]
(-] ”s Ha VA[(100)-i(010)] W o € _ (n+2)eq

" 4meD™2 T 4D

functions and are related to the functions used previously and b eq
to the Racah-tensor operatd®§” by the following identi- 2n_02n_4W€0D(n+3)*

ties:
1 (n+1)! "
o= pheify)= 2 ‘/2(n 1),a1n< rmcty,

f,= E aOn<rn>C(n) )
n

1 1 2
g+:§(gxx_gyy):;§ (n— 2)|b2n<r >(C()+C()),
2)!
g- lgxy 2 = 2)'02n<rn>(c(n) c),

- (gxx+ ng) = ; COn<r n>C(n) )

9z~ ; b0n<rn>cg)n) )

[ (n+2)!
\/—(gxz—lgyz) 2 z((nn 2 bln< n>c(n)

The summations are over=2,4,6 and the constands,, ,

ain, bon, b1y, Don, Con andc,, depend on the particular
H™ ion interaction(r") are the

model chosen for th&3" —

4f radial integrals for the particuld®>" ion.1®

wheree is the charge of the felectron,q is the point charge
of the hydrogenic ion anB is their separation. For Calnd
SrF,, the values of B are the respective lattice constants
0.546 nm and 0.580 nm.

Attempts have been made to account for the observed
frequencies of theX,Y) andZ local modes for the HC,,
centers on an electrostatic modef.For Cak, bothe andq
were determined as 0.85 of an electronic changkile for
SrF, e andq were 0.98 of an electronic charde.

C. (X,Y) vibronic states for Kramers ions

The electronic wave functions of any KraméRé" ions
located inC,, symmetry sites are eitheyg or y; doublets,
with their components transforming as particular irrgpof
the C, group.

For the ground states, we distinguish these two possibili-
ties by labelling these statgs" for yg ground states ang™
for y, ground states. Thei€, group decompositions and
representativél,) basis functions are given in Table I.

The (X,Y) local-mode state€l00) and(010) transform as
a vys doublet of C,,, with its components[=*]=
¥ @[(100)¢ i(010)], transforming as th@; and w4 irreps
of C, (Table ).

When either of the ground stateg, or ¢~, is combined
with the ys symmetry vibration doubleft= ], two vibronic
doublets of symmetryys and y, are produced. TheX,Y)
local-mode vibronic states will be labeledly and ¥ for
= electronic ground states anbl; and®; for ¢~ elec-
tronic ground states, where the subscript denotesGhe

TABLE Il. Vibronic states of ground and excited-electronic states and thelectronic operators with

their C4, andC, irreps.

Irreps Electronic X,Y) vibronic states Intermediate states f. operators
Ca, C, states v (000 (110 fy fo
Ve s ¥ [+] =¢[-]1 47(000) ¢"(110) f.y~ .
Ye e v =y'[-] =¢'[+] 4 (000) ¢ (110) f y" f.p"
Y7 M ¢" Y=y [-] =¢[+] ¢7(000) y7(110) fy~ fip
Y7 Mg ¢ 7=y [+] =¢'[-]1 ¢ (000) ¢ (110) f,y" f. ¢*
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irrep of the product state. The wave function compositionare connected by the operators fo the ground electronic
and C, irreps of these vibronic states are included in Tablestates. Table Il gives the irreps by andf ¢ for identifying
. these connections.

We consider perturbations of these vibronic states by the For ayg ground state, theX,Y) vibronic statesV; and
electron-phonon interaction for cases where the electroniqf7i have second-order perturbation shifts given by
ground state can be considered weE!‘IUE'i(iparated from other
electronic states. The exception is G which is con- + =2 + =2
sidered separately in Sec. IV B. Eq,6=a22 MJr a?d M

The different energies of the respective vibronic states ‘ o= ey, T Thoceg

constitute the X,Y) splitting of the (100), (010 vibronic
level. £y —a?S (i If|o)I? ’y 2
VT4 hoy— €y e T —hox—e€,

D. First-order perturbation contributions
to an (X,Y) splitting wherea = \A/2maw, is the amplitude of the H(X,Y) local-
In first-order perturbation, the first degree electron-mode vibration and the energy of th&l10) local-mode state
phonon termsf(, X_+f_X_) give zero matrix elements be- IS Ziw,. .
tween the four vibronic states. These first-degree terms can For ay; ground state, theX,Y) vibronic statesbgy and
only connect states differing by one vibrational quantum. ®3 have second-order perturbation shifts given by
In first-order perturbation, second-degree electron-phonon
terms have diagonal matrix elements only, since the four |<¢i+|f_|¢—>|2 |<¢i+|f+|¢‘>|2
vibronic wave functions transform as differef, irreps E¢6=a22 +a22
(Table 1l). The only second-degree electron-phonon terms in
which both the electronic and vibrational parts transform as
vy are @, _ X, X_+9g7,Z%). Matrix elements of these terms 5 (" |F 4|7 )|? ) (gt |F | )2
are identical for each of the four vibronic states, resulting Eo, =@ Z T he—e.  Ta zl: T ho—e,
only in a uniform shift with no net contribution to an)(Y) T
splitting.

i hawy— €y i —hwy— €4,

—hwy— €y,

The second-order perturbation energy shifts are largest
when the energy differences x—¢€,,) or (iwx—€y), in
the denominators becomes small. These occur for those in-
termediate vibronic states formed froi®00) phonon states.
. ThoseR®" ions with excited electronic states having ener-
In second-order perturbation, the first-degree electrongies €, Or €, close tofiw, will exhibit the largest X,Y)
phonon termf,Z has nonzero matrix elements, but producessp"ttmé& '
a uniform shift of all vibronic states with no nexX(Y) split-

E. Second-order perturbation contributions
to an (X,Y) splitting

ting.
The first-degree termsf(X_+f_X,) have electronic IV. SPLITTINGS OF (X,Y) LOCAL MODES
and vibrational parts that transform as the conjugate irreps OF H™Cy4, CENTERS

vsuslysma (Table 1). Hence they connect the four vibronic A. (X,Y) splitting for H ~C,, centers in CaF, and SrF,
states to different intermediate states, producing independent ) ) o

shifts for theys and y, vibronic states and thus a nex (Y) The infrared-absorption spectra oK,(Y) splittings for
splitting. several Kramer®3" ions are shown in Fig. 1 and the mea-

The major contribution to theX,Y) splitting is from the sured ,Y) splittings are included in Table IlI along w_ith
(f.X_+f_X,) terms in second-order perturbation. the electron-phonon parameters calculated for the choice of

The required intermediate vibronic states involved ind=€=0.85 of an electronic charefor CaF, and q=e
these second-order perturbation energy shifts necessarify0-9 Of an electronic charge for Srfand for host-lattice
transform as the same irrepg or y, as the ground-state Values for D of 0.273 nm for CgFand 0.290 nm for Sk

(X,Y) vibronic states and involve the vibrational states The point-charge model calculation of th, ) splitting

1 : . requires that the energies and wave functions of those inter-
(000, (110, and/2[ (200)= (020)], which all differby one o jiate states closest in energy to theY) vibration be
vibrational quantum from (100 or (010. Since the

known or estimated. Where crystal-field energies were not

@[(200)¢ (020)] states are nearly degenerate compared tavailable for the HC,, centers, those for the I, centers

the local-mode energy, the intermediate states involvingvere adopted as being a close approximation. Crystal-field

these contribute essentially a uniform shift, with no netwave functions were calculated either from reported crystal-

(X,Y) splitting. Hence, we need consider only the interme-field parameters, or by fitting to the reported energy levels.

diate vibronic product states of excited electronic states an@he citation source in each case is given in Table IV.

the (000) or (110 vibrational states. The possible combina- CaF,:Ce** and SrF,:Ce**

tions are listed in Table Il according to the, irreps. As no data has been reported on the excited states of the
The excited electronic state components of these intermed™C,, centers, the crystal-field energies of the@,, cen-

diate vibronic states are distinguished by representing/the ters were adopted. The ground-stgtealues’ ° for these

states by, and they; states byp;” . These electronic states two centers differ by less than 5%, so this can be regarded as
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TABLE lIl. Calculated values for the electron-phonon interaction parameter& ")« on the point
charge model for several Kramers ions in GaRd Srk. Effective point chargeg=e of 0.8% and 0.2 and
host-lattice distance® of 0.273 and 0.290 nm are adopted for GafRd Srk, respectively.

Electron-phonon X.,Y) splittings
Host RS+ parameters (cmt) (ecm™1)
ar’)a a(rYa a(r®a Calculated Measured
cet 65.76 7.08 1.63 2.64 1.15
Na®* 54.56 4.89 0.94 0.18 0.3
CaFk, ST 47.86 3.85 0.67 417 0.67
DySJr 38.97 2.65 0.38 0.14 0.42
ErF* 35.8 2.27 0.30 ---(see Table V- -
Yb3* 32.65 1.91 0.23 0.12 0.70
cet 60.25 571 1.17 2.33 0.95
SrF, Ng3* 49.92 3.99 0.68 0.15 0.2
Sl 43.81 3.12 0.48 1.75 0.38

a reasonable approximation. A similar adoption of(g, Y, electronic state and is at 938 ¢ This ¢, state now
Centel-' data was used for the @mand Yt)3Jr calculations. pushes the]}é: vibronic down in energy rather than up and
The discrepancy between the calculated and measie6 ( the order of the two doublet vibronics is the reverse of the

splittings for both CafCe*" and Srh:Ce’” is about a fac- Cak, case. The local-mode line also appears in the infrared

tor of two, which is reasonable given the approximations,ycorntion spectrum of SsESne" [Fi at lower en-
inherent in the point-charge model. P P > [Fig. Lg).

CaF,:Nd® and SrF,:Nd®* ergy than the X,Y) line.

. " . Fp:Gd3*
In this case the X,Y) splittings are just resolved at the CaF,:Gd -
. . . . No resolvable X,Y) splittings were observed for the
available resolution. The discrepancies between measur

— >3+ ; i
and calculated values of the splittings were less than in th E“v center of Cag:Gd™", Wh'c_h was_e_xpecteq since
case of C&* Gd®* has only a very small zero-field splitting for if&S;,,

CaF,:Sn?* and SrfF,:Snt ground multiplet, through second-order mixing with the

The measured and calculated,{) splittings are not in ®P7;2 and h|3)g+her multiplets above 30000 cn
good agreement in this case. We believe the reason for this is CaF,:Dy
the Hy),, i, state. For the FC,, center in Cak:Snt ™, the No data has been reported on the electronic levels of the
energy of this state is calculated to be 985 dmjust 28 H™ Cy, center in Cag: Dy*". For the parent FC,, center,
cm~1 from the (X,Y) local mode, and the exact energy of several optical studies have been repoffed® with much
this state in the HC,, center is critical. This one interme- disagreement on the assignment of centers. It was féund
diate state contributes 4.14 chto the calculated X,Y) that no EPR resonances were observed for any tetragonal
splitting of 4.17 cm* which must therefore be considered centers in CafDy>*".
very approximate. The crystal-field parameter@ll in cm~?1) used for the
For the H C,, center of Srg:Snt*, the energy of the analysis here of theX,Y) splitting were estimated by inter-
(X,Y) local mode has shifted to the lower energy side of thepolation between those for &, center§° of Th®* and

TABLE IV. Electronic ground-statg values, and references for excited state wave functions and energies
used in the X,Y) splitting calculations.

Host R3* Ground-statey values Crystal field
Irrep g g, Reference Reference
ce’ Y7 3.150 1.330 H [17,1§ F~ [19,28

Nd®* Yo 4.80 0.967 H [6] H™ [6]

St Yo <0.1 0.868 H [17] F~ [29]
Cahk Dy3* Y7 17.2 0.036 (calculategl (interpolated

Yh3* Y7 2.412 3.802 F [30] F~ [31]

EFrT (Z,) V7 7.465 6.1 H [9] H™ [10]

(Z,) Ve 1.683 9.09
ce’ Y7 2.854 1.472 F [32,33 F~ [28]
SrF, Nd®* Ye 4.275 1.507 F [6] H™ [6]

Sl 6 <0.1 0.862 H [34] F[29]
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Ho®". The calculated ground-state wave functiah At the 10 K temperature of measurement of the infrared
=0.992+%)+0.107=3) has g;=17.12 andg, =0.036.  absorption spectrum, this first excited state is significantly
The form of the ground-state wave function explains the abpopulated and local-mode lines associated with both the
sence of an observed EPR resonance for thE £ center. ground state and the first excited state are seen in the
EPR resonance transitions requitel,=0,+1 selection already-published spectrum of GAaEF*.!* These two

rules. With the calculated wave function having oriyp.1 ~ local-mode lines are separated by 1.47 ¢m Their

of both |T2) and|+ %) components, any EPR transition emperature-dependent intensities show that the lower-

would be weak. Related to this is the low value of.g energy K,Y) line at 1037.85 cm' is associated with the

CaF,:Yb3* Z, ground state and the higher-energy line at 1039.32 'tm

Yb3* is readily reduced to the divalent ¥5 form, espe-  With the Z; first excited state” The (X,Y) local-mode line
cially in the hydrogenation process where the aluminunAssociated with theZ, state has an X,Y) splitting of
metal acts as reducing agent. Because of this, th€ ~ 0-42 cm -, while the (X,Y) splitting associated with the,
center of YB* is difficult to produce at the same concentra- State shows a flattened profile indicative of incipient split-
tion as those of other rare-earth ions and the vibrationalings ~0.1 cm®.
modes of this center were not reported in the earliest Work. The vibronic transitionsZ,(000)—Z,[ =] and Z,(000)
Subsequently, a pattern of four Hocal mode lines were —Z,[ =] are weak and acquire their intensities by electron-
reportect® phonon admixtures between tHe and ® vibronic states.

In the 10 K infrared absorption spectra of Garb3* With the low-lying Z, electronic level present, extra con-
measured here, only one line that could be attributed to th&ibutions to (X,Y) splittings occur through both first and
(X,Y) local mode was observed. When measured af€cond-order perturbation. Calculations are presented here
0.1 cnm * resolution, this line showed the doublet splitting With point-charge model values for the several electron-
of (X,Y) local-mode lines, in this case a splitting of Phonon interaction parameters involved.

0.70 cm ! [Fig. 1(h)]. The behavior of this line in a mag-
netic field (Sec. VI B was also entirely consistent with it
being the K,Y) line of the H C,, center of YB*. 1. First-order perturbation shifts

First-order perturbation shifts arise from the second-
degree termgy. X, X_, g,,Z%, andg.(X2=X?) in the
electron-phonon interaction. The energy matrix formed be-
tween the vibronic states of ttg stateys and theZ, state¢

The splitting of the K,Y) local-mode lines of the HC,, has diagonal matrix elements in first-order perturbation
center in Cak:Er’* is complicated by the presence of a which differ for theW and®d states giving a shift in the two
low-lying first excited ys state 4.5 cm® above they; local-mode energies. There are also off-diagonal matrix ele-
ground state. In accordance with the adopted notation thesaents connecting states with the sa@weirrep label(Table
two states are labele¢™ and ¢™, respectively, with their II).

(X,Y) vibronics labeled according to Table II. The perturbation energy matrix is

B. (X,Y) splitting for H ~C,, centers in CaF,:Er3*

¢ [+] ¢ -1 ¢ 1-1] T I+] g[+] Y] -] Yr+]

& [+] —A+E, A-B
¢ -1 —A+E, A-B
& [+] ~A+E; A+B

ot [+] —A+E; A+B

y+] A+B A+E,
U] A+B A+E,

v -] A-B A+E,

P +] A-B A+E,
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where 2\ is the splitting between the electronic states and ¢~ of 4.5 cmi .
The various terms of this matrix are

E1= (20"~ )9, -|¢")= (20"~ BZ)bon( 6" CE |6 1),
Ep= (20— (Y19 —|") = (207 = B2)bon(y " |CEV "),
A=2a%(y"(9.]¢ ") =2aban(y(CEV+CTY)[67),
B=—2a%y"[g.|¢")=2a%co(u"|(CEV-CTh)[o"),
where we have assumed a point-charge model for which Laplace’s relationggives — g,, (equivalentlyby,= —cg,) and
([=1Xe X [[£]) =202,
((=1Z2=1)=82%
([FUXE+XD)|[+]) =207,

((FUXE=X2)[[=]y=F24a?,

where g is the amplitudeyz/2mw, of the Z local-mode vibration of the H ion.
Using the crystal-field wave functions and point-charge model values for the second-degree coefficients appropriate for
Er* the matrix-element termgn cm™1) are

E,=-0.18, E,=0.83, A=0.054, andB=0.182,
with the perturbation-matrix eigenvalués cm—1!) being —2.440, —2.433, 3.083, and 3.090.

2. Second-order perturbation shifts

Second-order perturbation shifts arise from the first-degree tefm$ _(+f _X,) andf,Z of the electron-phonon interac-
tion. Second-order perturbations from these first-degree terms connecting to intermediate states involving (000) and (110)
local-mode states arise just as with the other Kramers ions. In addition, the contributions arising frbja teem to the
[(101)+i(011)] intermediate states and th&,(X_+f_X_,) terms to thd (200)*(020)] intermediate states yield different
shifts for theW and® states.

Furthermore, the second excit&g level at 25.8 cm?® aboveZ, is sufficiently close in energy to contribute in second-
order perturbation.

For thedg and®; vibronics, these second-degree shifts are identical at

(b [—11g: (Xi+X )+, 22 ¢ [-DI* (2= B*)(byr?)X( ¢ |CHp7)I?
€4~ €y, B €4~ €y, '

Ae(Pg)=Ae(Py)=

For theWy vibronics the shift is

(i (=119 (XE+X2)+g- (OG- X2) [y [+])I* _ 16a*(biAr?))*(¢; |CF)|y )

Ae(\lfﬁ): El//_ 6¢i El//_ E¢i

For theW vibronics the shift is

Ko [+119: (X2 +X2)+g- (X2 =X2) |y [ DI?  16a*(byr2) (¢ |CE )2
Ae(W,)= = .
6¢_6¢i €¢_E¢i

For the point-charge model values for the second-degree electron-phonon paramétéys, these terms shift the vibronic
statesbg, &,, Vg, andW¥, by

—0.036, —0.036, 0.077, and 0.029 cm, respectively.

The total calculated energy shifts are summarized in Table V.
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V. ELECTROSTATIC MODELS FOR (X,Y) SPLITTINGS placement of the surrounding “F ions from cubic

7 -
A. (X,Y) splittings along the rare-earth series symmetry?’ Nevertheless, the fourth and sixth-degree
o o electron-phonon parameters need to be scaled up to reflect
The measured splittings Oﬁ(Y) !ocal—mode+V|brat|ons the crystal-field parameter trends. A full scaling up leads to a
do not vary greatlyszilong the®" series. For C¥ near the  |arge over-estimate of the electron-phonon terms, which is
beginning of theR*" series, tfj? X.Y) sgl:ttmg for the  accentuated by the quadratic dependence of Xy¥X split-
H Cy, center in Cakis 1.15 cm = For Yb”" near the end  tings on these terms. With partial scaling up of the4 and
of the R™™ series, the X, Y) splitting for the H C,, center g electron-phonon terms, the point-charge model of the
in Cak is 0.70 cm *. This trend of similar splittings along electron-phonon interaction can account for the observed
the R®* series contrasts with the predictions of the point-magnitudes of theX,Y) splittings.
charge model. For Cé, the point-charge model overesti- | addition to point-charge effects, there are associated
mates the X,Y) spliting by a factor of more than two electron-phonon interaction terfisvolving the induced di-
whereas for YB*, the point-charge model under-estimatespole momentp of the H™ ion. The dipole-moment model
the (X,Y) splitting by a factor of 5. considers the electrostatic interaction between the dipole mo-
Because of the quadratic dependence of the second-ordgfent p of the hydrogenic ion and the chargeof the 4f
perturbation electron-phonon interaction expressions on thglectron* The dipole model electron-phonon terms could
f. terms ofVe,, any underestimates of these terms leads tgyrovide contributions to the calculate () splittings that

large underestimates of th&(Y) splittings. The underesti- are comparable to those of the point-charge model.
mate of such electron-phonon terms by the point-charge

model is particularly apparent at the lutecium end of the

- - . B. Conclusions
rare-earth series. The point-charge model involves the

electron-phonon interaction parameters: The electron local-mode phonon interaction can account
for the observed X,Y) local-mode splitting for Kramers
eq(r") rare-earth ions. While the simple point-charge model has dif-
ai(r")a= Wm ficulties in accounting for some of the measuredY) split-

tings, it can be adapted to obtain a degree of quantitative
which decrease along the rare-earth se(iesble 1ll). Be-  success. Scaling up the electron-phonon interaction param-
cause of the strong dependence of these electron-phonon paters to fully follow the measured crystal-field parameters
rameters on the interionic distan& the n=2 term gives over-estimates theXY) splittings. It is concluded that the
the largest contribution, with the=4 andn=6 terms hav- electron-phonon interaction is the origin of the observed
ing relatively minor effect. (X,Y) splittings. Covalency effects would be expected to
The calculated X,Y) splittings are sensitive to the host- play an important role for estimates of the electron-phonon
lattice D value adopted. We cannot arbitrarily decre@se interaction parameters, as was found for the crystal-field pa-
along theR®" series because the measured crystal-field parameters.
rameters decrease along tR&" series. The problems with

the point-charge model for the electron-phonon interaction v zEEMAN SPLITTINGS OF (X,Y) LOCAL-MODE

are related to the equal lack of success of the point-charge LINES
model in estimating the axial crystal-field contributions of
H™ ions of the H C,, centers. A. First-order Zeeman matrix analysis
The point-charge values of time=2,4,6 axial crystal-field In Secs. llI-V, it was shown that the electron-phonon

parameter&; for the contributions of a single point charge  interactionV,, can account quantitatively for the observed
located at distanc® away from aR®" ion of effective  splittings of the K,Y) local-mode of H C,, centers. In this

chargee is section, it is described how the application of an external
magnetic field is used to confirm the electron-phonon origin
n eqr™) of the (X,Y) splittings and analyses of measured spectra are

Bo= 4rre D3 ' presented.

Two magnetic-field geometries were used. With the mag-
There is a strong dependence of these parameters on thetic field along a(100) direction, two distinct magnetic
ionic separatiorD with then=2 terms predominant. Never- subsites are created from the three possible orientations of
theless, it is well known from crystal-field fits that tme  C,, centers. These are@, symmetry subsite with the mag-
=4 andn=6 terms are of comparable magnitude and mushetic field along the parent,,-symmetry axis and &g

be included. symmetry subsite with the magnetic field perpendicular to
On the point-charge model, the electron-phonon termshe parentC,,-symmetry axis. The Zeeman spectra of these
a;n(r"ya are related to the crystal-field parametBgsby two magnetic subsites are superposed, often leading to com-
plex splitting patterns. With the magnetic field along14 1)
woeqrh a direction, all magnetic subsites are @ symmetry and are
ayn(r")a= W“‘B 0 equally inclined to the magnetic field.

The magnetic field does not have any effect on Wbra-
Not all of the axial crystal-field contributions of the'l€,, tional states and any observed shifts or splittings are solely
centers can be attributed to the Hbn alone. The introduc- from the Zeeman effect for the electronic part of the total
tion of the H charge-compensating ion causes some disvibronic wave function. The method adopted for calculating
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these effects is to form the first-order perturbation matrix of % g, B ©B A1)

the vibronic wave functions. This first-order matrix approach

has already been outlined in brief conference regdrtéit il o z
provides a quantitative interpretation of the observed |

magnetic-field splitting patterns. The zero-field electron- _ T x
phonon splitting is a second-order perturbation effect, WhiCth 988}

does not significantly alter the vibronic wave functions, and 3
is included in the matrix as a phenomenological parameter g s
The Zeeman interaction terms for the electronic part of the§ |

wave functions are nonzero between those wave function:” %[

having identical vibrational components. o <
The cases considered have the electronic level well iso-

lated, with the only exception being the B,, center of Ll

CaF,:Er’". As the interpretation of this particular center is . o : " : - "

complex, it will be detailed separately in Sec. VI C.
For Kramers ions, the electronic states ©f, centers

transform either agg or y; irreps. As the Zeeman analysis  Fg, 2. calculated energies of the ground and) vibronic
for the (X,Y) vibronics is the same for either of these irreps, sates of the HC,, center of Cag:Ce** as a function of magnetic
the notation ofy~ for either ayg or y; ground state is field strength for magnetic fields applie@ parallel to theC,, axis
adopted. For the absence of a magnetic field, the and  (C, subsite, (b) perpendicular to th€,, axis (Cs subsite, and(c)
W3 vibronic states are assigned energies-af andA re-  parallel to the(111) axis (C; site).
spectively. The zero-fieldX,Y) splitting of 2A is thus in-
cluded as an experimentally determined parameter. The sign
of A could be inferred from the electron-phonon analyses of S= — —MB(BX—iBy)<zp+|M(11)|¢‘>= %,uBgL(BX—iBy),
Sec. Ill, but is not relevant for the calculated Zeeman pattens V2
described here. 1) _ _

When the external magnetic field is applied, additionalVhere theMy* are the spherical-basis components \f
parallel and perpendicular Zeeman ter(denoted byP and  ~— L+2S. ) o ) )
S respectively must be included between states having the The Zeeman matrix for the splitting of the vibronic

same vibrational components. The Zeeman matrix for Kram@round states~(000) involves the same Zeeman terms, giv-
ers ions is ing a linear Zeeman splitting for the Kramers-degenerate

ground state.

magnetic field (T)

- + -T_ +_
vl vl vl vl 1. Calculated Zeeman splittings of HX,Y) lines

The(100) Zeeman spectra are a superposition of the spec-
tra of theC, andCg magnetic subsites, which have the mag-

y[+] | —A-P s netic field parallel and perpendicular to the parent
C,,-Symmetry axis, respectively.

-] —-A+P S For the C, subsite, the two pairs of zero-field vibronic
states do not mix, and the Zeeman splittings are linear and

W] ~ A—P identical to the ground-state splitting as illustrated in Fig.

2(a) for the representative case of the @,, center of
CaF,:Cée’*. Because the vibronic wave functions remain
pure, the only transitions observed are those for which the
initial and final electronic states have the same magnetic-
where the Zeeman terms are given by field dependence and hence which produce no observed Zee-
man shifts or splittings.
D]y 1 For the C5 magnetic subsite, the vibronic states do not
P=pugB(¢ MG |¢7)= 3 189)B;, each separately split in the field, but do mix with each other,

v[+]1 | S A+P

TABLE V. Measured and first- and second-order calculated stiiftsm™!) of the four vibronic states of
the H C,, center of E?* in CaF,. The crystal-field contributions have been subtracted out.

Vibronic First order Second order Total Measured
state (First degreg (Second degree shift (=0.1)

®F —0.190 —0.070 —0.036 —0.296 —-0.61

d>7+ —0.183 —0.064 —0.036 —0.283 -0.19

Ve 0.840 —0.009 0.077 0.908 0.98

v 0.833 —0.004 0.029 0.820 0.98
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FIG. 3. 10 K measured and simulated infrared-absorption spectra oXthg {ibronics, and derived Zeeman splitting diagrams, for
H™C,, centers of CafzCe" and Srk:Ce". (@) CaR:Ce" with B|(100. (b) CaF:Ce" with B|[{111). (c) Simulated spectra for
Cak,:Cée" with B|(111). (d) Experimental and calculated Zeemax,Y) splitting patterns of CafCe®* for B|(111) and B|(100. ()
SrF,:Ce™ with BJ[(100. (f) SrF,:Ce** with B[|(111). (g) Simulated spectra for SsFCe** with B[(111). (h) Experimental and calculated
Zeeman K,Y) splitting patterns of StECe ™ for B[(111) and B|{100).

giving an initial quadratic “repulsion” between them. In the electric-dipole allowed transitions very much more stronger
high magnetic-field limit, this separation becomes identicathan vibronic transitions in which both the the vibrational
to the linear splitting displayed by the ground state. This isand electronic parts change. Specifically, transitions such as
illustrated in Figs. &) for the case of the HC,, center of 4% (000)— ¢ (100) are much stronger than transitions such
CaF,:Cé". All four transitions of theCg subsite have in- as *(000)— ¢~ (100).

tensities that change as the mixing between the vibronic The relative thermal populations of the ground-state Zee-

states changes. _ o man sublevels alter the relative line intensities and these
For magnetic-fields in thé111) direction, only one mag- change with applied field.

netic subsite exists, witle; symmetry. The calculated split- The vibronic intensities can be modeled by considering

tings are dep.ict§d+ in Fig.(@ for the case of the AC4,  he extent of mixing of vibronic states of the first-order Zee-
cc;,-ntert of C?Elc :AS al(ljtrandsmons_ are_tillp\;ved,_? patt‘;‘:_mhman matrix. The strengths of the transitions are determined
ofup to eignt lin€s 1S produced, again with INtensities whic by the particular linear combinations that are the eigenfunc-

change as the vibronic-state mixing Chfmges' : " tions of the first-order Zeeman matrix. Taking the limiting
Special cases of these Zeeman splittings arise fot"Sm o . .
case for this intensity analysis, the equal strengths of the

. . e
ions which have lovg; values and for N&" and Dy** ions, U — " and g~ —y- transitions were set as unity, while

which have lowg, values. the “cross” transitionsy ™« ¢y~ were set to zero intensity.

The weighting of the transition strengths by the Boltzmann

populations of their respective ground states is also included,
There is a large variation in intensities of the observedalthough this has much less effect than the mixing of the

absorption lines which have been split by the Zeeman effectvave functions.

and this occurs for the following two reasons. For the(100) Zeeman spectra, the relative weightings of
The pure local-mode vibrational transitions having nothe C, and Cg subsites adds an adjustable parameter since

change in the electronic wave function component areghe relative strengths of the and o components of the

2. Intensity analysis of (X,Y) lines of HC,, centers
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FIG. 4. 10 K measured and simulated infrared-absorption spectra oXth@ {vibronics, and derived Zeeman splitting diagrams, for
H™C,, centers of CagSn?* and Srk:Sn?*. () CaR:Sn#* with B||[(100). (b) CaR,: Snt* with B[(111). (c) Simulated spectra for CaF
St with B[(111). (d) Experimental and calculated ZeemaX,Y) splitting patterns of CafFSnt* for B|(111) and E[{100. (e)
SrR:Snt* with B|[{100). (f) SrF: SnP* with B|(111). (g) Simulated spectra for SgFSnP* with BJ(111). (h) Experimental and
calculated ZeemanX,Y) splitting patterns of SHESNT* for B|[(111) and B|{100).

transition moments are not known. For th&ll)-Zeeman

from the zero-field energies to have immeasurably low inten-

spectra, with one magnetic subsite, this correction does ndfities. Simulated spectra f@il11) magnetic fields confirm
arise and the transition intensities can be modelled unanthis behavior.

biguously.

B. Zeeman splitting of (X,Y) vibronics of H™C,, centers
in CaF, and SrF,

The Zeeman splittings of th&3*-H™(X,Y) vibronic
lines were measured for magnetic fields up to 4 T.

CaF,:Ce** and SrF,:Ce*t

The(100) and(111) Zeeman splittings of theX,Y) lines
in CaF,:Ce*" [Figs. 3a) and 3b)] and Srk:Ce*" [Figs.
3(e) and 3f)] match the calculated energies wifigs. 3d)

CaF,:Snt and SrF,:Sm®*

The (100 and(111) Zeeman splittings of theX,Y) lines
in Cak:Snt" [Figs. 4a) and 4b)] and Srk:Sn?* [Fig.
4(e) and 4f)] match the calculated energies widfigs. 4d)
and 4h)] and, again, the intensities of t§&11) simulated
spectra correspond very well with experiméligs. 4c) and
4(9)]-

The low value ofg| greatly simplifies thg111)-Zeeman
spectra. The splitting in 4111) magnetic field of the two
vibronic statesV ; andW¥; is entirely due to the perpendicu-
lar component of the field, making tH&11) splittings iden-

and 3h)]. The(111) simulated spectra correspond well with tical to those for theCg subsite of thg100) orientation, but

experiment[Figs. 3c) and 3g)], validating the intensity
analysis of Sec. VI A 2.

CaF,:Nd*®", SrF,:Nd®*, and CaF,:Dy>*
For Cak:Nd®* and Sri:Nd®*, and for Cag:Dy®", the

with the magnetic field scaled by 3.
The (100)-Zeeman diagram of superpos€), and Cg
subsite splittings is not affected by the valuegpf since the

only transitions observed for the, subsite are unshifted in

infrared-absorption spectra are not significantly change@nergy and this splitting pattern is similar to the*Cecase.

when(111) magnetic fields of upat4 T are applied. In each

The longitudinalZ mode is also present in the spectra of

of these cases, the parallel Zeeman effect dominates over tiSF,:Sn?". The Zeeman splitting confirms the assignment
perpendicular effect. This results in a low level of mixing of the (X,Y) mode to the higher energy pair. TiZemode
between the states causing the transitions that split awagigenfunction remains essentially pure with the result that no
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(a) CaFa:Yb3t (100) (b) CaFa:Yb3+ (111) (c) CaF2:Yb3t (111) simulated (d) CaFyYb3+
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FIG. 5. 10 K measured and simulated infrared-absorption spectra oXth@ {ibronics, and derived Zeeman splitting diagrams, for
H™C,, centers of CagEYb3". (a) CaR:Yb3" with B||(100). (b) CaR:Yb3" with B||(111). (c) Simulated spectra for Cafrb3" with B
[(112). (d) Experimental and calculated Zeemax, Y) splitting patterns of CafYb3" for B|(111) and E[{100).

splitting is observed, as for theX(Y) mode in theC, sub- C. Zeeman splittings of the(X,Y) vibronics of H™C,, centers
site. of CaF,:Er3+

CaF,:Gd3*

The absence of resolvable zero-fiel,¥) splittings im- The H C,, center of Cak:Er’* has a first excited state

mediately puts any Zeeman effects that produce measureable5 cm'! above the ground state which is significantly
splittings of the order of the experimental linewidth into the populated at 10 K. This state has to be included in any
high-field regime, where any transitions away from zero-first-order electron-phonon matrix, thus introducing addi-
field energy have very low intensity. tional first-order contributions to the zero-field electron-
CaF,:Yb3" phonon interaction X,Y) splitting. The presence of this
Broader lines result from a higher required level of H nearby state produces far more complex Zeeman splittings
doping to offset the reduction of Y8 ions. In addition, the than were observed or calculated for any of the other Kram-
relatively largeg, value causes the intensities of the outerers ions.
transitions to drop rapidly for any applied magnetic field. The (111)-Zeeman spectra are displayed in Figa)6In
The infrared spectra are shown in Figga)5and §b) for calculating the Zeeman effect of these vibronic states, the
applied (1000 and (111) magnetic fields. The simulated first-order electron-phonon interaction matrix is extended to
(111) spectrd Fig. 5(c)] match the experimental spectra well include the Zeeman interaction. Using the notation adopted
with the energy splittings following the predicted behaviorin Sec. IV B, the combined electron-phonon and Zeeman in-

[Fig. 5(d)]. teraction matrix for the eight vibronic states is

¢ [+] ¢ [—] ¢ [—] ¢ [+] Y+] -] y[-1] Pr+]
¢ [+] Ei—Py Si A-B S5
¢'[—1] Ei1t+Py Sy S; A-B
¢ [+] Si Ex—Py A+B S
o [+] S, E,+ P, S5 A+B
y+] A+B S E;—P, S;
-] S; A+B BstP2 S
T[] A—B S E.—P,
r[+] S A-B S Es+Ps
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FIG. 6. 10 K infrared-absorption spectra of thé,Y) vibronics for H C,, centers of Et' in CaF,. (a) Measured spectrum of CaF
Er* with B|[(111). (b) Measured and calculated Zeeman splitting patterns g1 Bl. (c) Measured spectrum of CafEr* with
B[(100. (d) Measured and calculated Zeeman splitting patterns for magnetic fields parallelG@q #yenmetry axis of the HC,, center.
(e) Measured and calculated Zeeman splitting patterns for magnetic fields perpendiculaCtosyrametry axis of the HC,, center.

where A= B are electron-phonon interaction terms, e 1
terms incorporate both crystal-field and electron-phonon in- S,=— —MB(BX—iBy)<¢*|M(11)|¢/F>
teraction parts, and the Zeeman terms are V2

1
_ - v o
- Iu“BgL(BX IBy)l
P1= B IME &™) =3 uggl'B,, 2

1
PZZMBBZ<¢'+|M81)| Y= %MBgf(/Bza S EMB(BX_iBy)<¢7|M(11)|¢+>

T

1 :_EMBgL(BX_IBy)l
S1= = (BB (¢ M0 )
where theM{" are the spherical-basis components\of

_ 1 (B, —iB,) =L+2S and theg-valueg' required for theS; term was
2’“39L X v estimated as 4.41 from the calculated wave functions.
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The electron-phonon terms are introduced as parameters, The calculated intensities depend on the admixture of the
the E;'s absorbing the second-order shifts. The+-B vibronic wave functions and on the Boltzmann populations
electron-phonon terms play a large part in determining thef the ground states. The criteria for inclusion of calculated
mixing of states in a magnetic field and must be included inines as “high intensity” were adjusted to match the pres-

the Zeemani analysis. _ ence of experimental data as closely as possible. A transition
The matrix for the ground states includes the same Zeewas plotted as a bold line {&) the magnitude of the admix-
man terms and the ground state splittikg, ture of the electronic wave functions wa<0.1 and if(b) the

initial state had a thermal population of greater than 14%.
This splitting diagram demonstrates that the first-order
#(000) ¢*(000) 4 (000) *(000) Zeeman analysis can give a reasonable estimate of the Zee-
man transition energies and an indication of their relative
intensities.

(100 -Zeeman patterns were also measufEi). 6(c)].
These(100)-Zeeman patterns are more complicated than the
- " (111)-Zeeman patterns because of the superposition of the
¢~ (000) | =Py Sy S spectra ofC, and Cg subsites. The peaks measured from
these Zeeman spectra are plotted in Figsl) @nd Ge) for
the two magnetic subsiteS, and Cg, with the calculated
#*(000) | S; Py S energies plotted as bold lines for the high-intensity transi-
tions. The intensity criteria adopted do not accurately predict
the observed transitions. However, the plots do account for
™ (000) S Eo— P, S the energies of those transitions which were observed.

It appears that the Zeeman lines of g subsite domi-
nate over those of th€g subsite for transition which have
split away from the zero-field energies. This is consistent
with the mixing between states being less for @gesubsite,
which is only mixed by the electron-phonon interaction term,
whereas for theCg subsite, mixing is affected also by the

. . Zeeman interaction.
It was found in the electron-phonon analysis of Sec. IV B

that the second-degree electron-phonon terms estimated from

the point-charge model were too small to account for the

zero-field X,Y) splittings. TheA+ B parameters in this Zee- VIl. CONCLUSION

man matrix are thus truly parameters in that their values have " o .

not been determined by the zero-field splitting. They need to  1h€ 28““'[‘9 of the X, Y) vibrational mode of the H ion

be scaled in magnitude to give the splittings which best apin theR*"-H™ Cy, sites in Cak has been shown to be due
proximate the measured data. To have just one parameter {8 the electron-local mode phonon interaction. The point-

adjust, the ratic\/B was held at the value given by the point charge model for this interaction has been used to estimate
chargé model. the magnitudes of the splitting for the Kram&®%" ions and

Calculation of the transition energies by diagonalizationdemonstrates that the interaction is of an appropriate magni-
of these two matrices gives 32 possible transitions. The splitUde 1 produce the observed splittings. As a second-order
ting diagram of these transitions will be far more compli- Perturbation, the magnitude of the splitting is determined pri-
cated than could possibly be resolved using the availabl@arily by the proximity and nature of appropriate intermedi-
0.1 cm ! resolution. An indication of which transitions are at€ States. _ .
expected to dominate the splitting diagram can be obtained Th€ €lectron local-mode phonon interaction model was

by calculating intensities in a similar way as with the otherfurther tested by Zeeman measurements of the lecal
Kramers ions. mode infrared absorption lines for these Kramers ions, with

Attempts to produce full simulated spectra for tel1) good agreement between the measured a_n(_j simulated spec-
Zeeman patterns have not been successful. The presence! -+|t sufficed to take the measured, ') splittings and the
the extra electron-phonon interaction termis B introduce R~ ground stateg values as known quantities to fit the
parameters whose values could only be deduced by trial an@eeman patterns. The Zeeman effects could then be quanti-
error to produce the best simulated spectra. While the comf@tively accounted for using zero-order electronic-vibrational
bined Zeeman and electron-phonon interaction matrix pro_coupled wave functions without introducing any additional
duces an appropriate pattern, mismatches are still significarffarameters.
Even small mismatches lead to very different simulated and
measured spectra.

The .experir_n(.antal_and calcu!ated splittin_g patterns are ACKNOWLEDGEMENTS
plotted in a splitting diagram in Fig.(B). As an intermediate
stage to a full simulation of the spectra, those transitions This research was supported by the University of Canter-
calculated to gave high intensity have been plotted as boldury and the New Zealand Lottery Board. We wish to thank
lines. Ross Ritchie and Wayne Smith for technical assistance.

¢ (000)

i)
$

Eqot+ P>




PRB 61 ZEEMAN STUDY OF H™ LOCAL MODES OF KRAMERS ... 9413

*Present address: Industrial Research, P.O. Box 31-310, Lower Lett. 27A, 212 (1968.

Hutt, New Zealand. A, Kafri, D. Kiro, S. Yatsiv, and W. Low, Solid State Commun.
IR. A. Satten, D. R. Johnston, and E. Y. Wong, Phys. R&\, 6, 573(1968.
370(1968. 193, M. Baker, W. Hayes, and D. A. Jones, Proc. Phys. Soc. London
2S. R. Pollack and R. A. Satten, Phys. RevoB4628(1974). 73, 942 (1959.
3G. D. Jones, S. Peled, S. Rosenwaks, and S. Yatsiv, Phys. Re¥R. K. Luks, I. G. Saitkulov, and A. L. Stolov, Fiz. Tverd. Tela
183 353(1969. (Leningrad 11, 261 (1969 [Sov. Phys. Solid Statdl, 210
41. T. Jacobs, G. D. Jones, R. A. Satten, and K. Zdansky, Phys. (1969].
Rev. B3, 2888(1971). 2'H. Nara and M. Schlesinger, J. Phys5C606 (1972.
5R. J. Reeves, G. D. Jones, and R. W. G. Syme, Phys. Rd®, B 22A. Sivaram, H. Jagannath, R. D. Ramachandra, and P. Ven-
5939(1992. kateswarlu, J. Phys. Chem. Solidg, 1007 (1979.
6T. P. J. Han, G. D. Jones, and R. W. G. Syme, Phys. Red7,B  2°R. W. Bierig and M. J. Weber, Phys. Rel32, 164 (1963.
14 706(1993. 24A. A. Antipin et al, Opt. Spectrosc33, 372 (1971).
K. zdansky and A. Edgar, Phys. Rev.32133(1971). M. Mujaji, G. D. Jones, and R. W. G. Syme, Phys. Rev4®
8K. M. Murdoch, G. D. Jones, and R. W. G. Syme, Phys. Rev. B 14 398(1992.
56, 1254(1997). 26D, N. Chambers and R. C. Newman, Phys. Status S86d685
9A. Edgar, G. D. Jones, and M. R. Presland, J. Phy42C1569 (1969.
(1979. 27D, Kiro and W. Low, in Magnetic Resonancedited by C. K.
10N, J. Cockroft, D. Thompson, G. D. Jones, and R. W. G. Syme, J. Cooganet al. (Plenum, London, 1970
Chem. Phys86, 521 (1987). 2C. A. Freeth, G. D. Jones, and R. W. G. Syme, J. Phy45C
1IN, J. Cockroft, G. D. Jones, and R. W. G. Syme, J. Chem. Phys. 5667 (1982.
92, 2166(1990. 293-P. R. Wells, Ph.D. thesis, University of Canterbury, 1997.
2N, M. Strickland and G. D. Jones, Phys. Rev.58, 10916  3°J. Kirton and S. D. McLaughlan, Phys. Re\55, 279 (1967).
(1997). 313. M. Baker and W. B. J. Blake, Proc. R. Soc. London, Ser. A
13G. D. Jones and N. M. Strickland, J. Lum6&67, 253(1996. 316, 63 (1970.
1G. D. Jones, J. Lumirb8, 20 (1994). 32A. A. Antipin, I. N. Kurkin, G. K. Chirkin, and L. Y. Shekun, Fiz.
5p, Edgar, C. A. Freeth, and G. D. Jones, Phys. RewL5B5023 Tverd. Tela(Leningrad 6, 2014(1964) [Sov. Phys. Solid State
(2977. 6, 1590(1965].
18F. G. Wakim, M. Synek, P. Grossgut, and A. DaMommio, Phys.3*M. R. Brown, H. Thomas, J. S. S. Whiting, and W. A. Shand, J.
Rev. A5, 1121(1972. Chem. Phys50, 881 (1969.

7). 3. Ashburner, R. C. Newman, and S. D. McLaughlan, Phys3*R. C. Newman and R. J. Woodward, J. Phys7,@.432 (1974.



