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Mixed hyperfine and electron-phonon interaction in the Zeeman spectra of H local modes
in CaF,:Ho®*
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Zeeman measurements are reported for the infrared absorption lines of,tfig Ibcal mode of the H
C,, center for(111)-oriented Cak:Ho®* crystals. The Zeeman shifts and splittings are analyzed in terms of
mixed Ho*" nuclear-hyperfine and Ho -H ™~ electron-phonon interactiongS0163-18208)02921-X]

I. INTRODUCTION Ho®* in CaF,. It is observed that theX,Y) line of this
C,, H™ center is split into two principal components, whose
We present an ana|ysis of the measu(&dD-Zeeman overlapping profiles indicate additional absorption transitions
splitting patterns of the infrared absorption lines of thelie between them. In addition, two satellite lines are sym-
(X,Y) localized modes of the § H™ center in CagHo®+. ~ Metrically located 1 cm® on each side of this main line.

Both the HG" nuclear-hyperfine interaction and the elec- 1N€ two principal components are assigned ¥sY) lo-
tron-phonon interaction are needed to account for the opcal Modes associated with the Hoground and first-excited

served Zeeman patterns states, with the satellite lines being the vibronic transitions
C. H- centers of trivailent rare-earth iof@3") in CaF between different electronic states. The additional absorption
4y -

and SrF, have the R* ion charge compensated by & Hon between the principal lines is attributed to unresolved hyper-

: . i, N . fine components of these two main peaks.
located in the nearest interstitial position in ti€®0 direc- P b

) i In applied magnetic fields, theX(Y)-line profiles alter.
+ 1
tion from the R** ion.” For these G, centers, there are two rpqqq changes are interpreted as Zeeman shifts of the mixed

infrared absorption lines for the localized vibrational mOdeShyperfine electron-phonon coupled states, with good agree-
of the H™ ion. For CaF,, and for the lighter rare earths in ent being obtained with simulated spectral fits.
SrF,, the lower-frequency line is the doubly degenerate

(X,Y) transverse mode with the Hvibration in the plane Il. EXPERIMENTAL
normal to the R*-H™ axis and the higher-frequency line is
the singly degenerateZj longitudinal H™ vibration along
the R*"-H™ axis.

The Cak:Ho" crystals were grown by the Bridgman-
Stockbarger method with an A. D. Little R. F. induction
C., H™ centers for all Kramers & ions and for P?* furnace. The starting materials were GaErystal offcuts

V
have electronic-doublet ground states. For these centers, it M Optovac Inc. and 99.9% pure Hgfrom Alpha Inor-

observed that the H(X,Y) infrared line shows more than ganics{111)-oriented samples were cleayed from the_ boules
one peak. Such X,Y) splitings are attributed to the and hydrogenated by heating at 850 °C in contact with mol-

electron-phonon interaction between the doubly degeneraf§n luminum in & atmosphere of hydrogen gas for periods

ground electronic state of the®R ion and the doubly degen- up to 40 h. . .
erate ,Y) local-mode phonon states of the Hon2 Under _ 10 K _Zeeman infrared-absorption spectra were measured
this interaction, the R" electronic and H vibrational states with a BioRad FTS40 FTIR spectrometer at 0.1 ¢meso-

are coupled to give vibronic states, with admixtures of highell“t'on' These were ratioed against reference spectra to mini-

energy vibronic states accounting for the observed'm%l_eh'n;trumental mterfe;enc;innges. duct enoid
splittings? In applied magnetic fields, the vibronic energy e Zeeman cryostat Sa superconclcting solenol

levels shift and split to alter theX(Y) local-mode line built into its helium can W|t_h a.ce.ntral tube in which the
profiles? crystals were mounted. This eliminates the need for low-

The C,, center for HG™" is special in that the first-excited tinigelzature mtfrar?d dV\;'ndO\f[Vhs antld gtg_ave crysltatl_ tem?(larattires
singlet electronic level lies within 2 cnt of the singlet 0 » as estimated from the relalive population ol 1EvVels.

ground staté, with the two singlet states being strongly All the Zeeman spectra were recorded for the infrared-

coupled by the hyperfine and longitudinal Zeeman interac—rad;?lt'gn beam along the m?gnetm-ﬁeld dd'refiﬂot?l' i
tions. There is an independenX,(Y) local mode associated eeman measurements were made wi € magnetic

with each of the ground and first-excited states. These Ioca{leld along a(111) direction. The three orthpg(_)nal o_rlen.ta-
modes are mixed by the electron-phonon interaction to givé'pr.ls OT Cyy centers are _equally mplmed tolth|s field direction
these two modes distinctly different energies. In applieog'v'ng just one magnetically equivalent site.
magnetic fields, unusual Zeeman patterns are obtained from . (X.Y) LOCAL-MODE SPECTRUM
the combined effect of the electron-phonon, hyperfine, and ’OF THE C . H- CENTER
Zeeman interactions. a
In this paper, we present a detailed analysis for the Zee- For the H®®" C,, H™ center, the observed infrareX (Y)
man behavior of theX,Y) mode for the G, H™ center of local-mode lines are transitions between vibronic states con-
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TABLE I. Energies(in cm™ 1) and|J,) compositions of the eleven crystal-field lev&lsof the ground®l g multiplet for the HG* F~ C,,
center given by the crystal-field fit of Ref. 6.

Energy Level(irrep) |J,) composition
0.00 Z(y1) —0.4900(8) + | —8)) +0.5077(4)+ | —4)) — 0.05760)
0.92 Zo(y5) —0.4927(8)— | —8)) +0.5067(4) —| —4))
86.90 Zs(ys) 0.5369+7)—0.8242+3)—0.1094F 1) +0.1380F 5)
120.19 Z4(y3) —0.4947(6) +|—6)) +0.5049(2) + | — 2))
136.16 Zs(vs) 0.1021+7)—0.1307+3)+0.30295 1) —0.9381 5 5)
164.65 Zo(y2) ~0.5665(6)— | —6)) +0.4228(2) —| — 2))
290.55 Z.(y1) 0.5061(8) +|—8)) +0.4804(4) + | —4)) — 0.15670)
294.83 Zs(72) —0.5062(8) — | — 8)) —0.4929(4) — | — 4))
452.56 Zo(73) —0.5046(6) +|—6)) —0.4935(2) + | — 2))
474.78 Ziof vs) 0.4011+7)+0.1974+3)+0.84497F 1)+ 0.2888+ 5)
496.96 Za(v1) —0.0526(8) + | —8)) —0.1060(4) + | — 4)) — 0.98480)
513.53 Z1A ys) —0.7334+7)—0.5129+3)+0.4239F 1)+ 0.1284 ¥ 5)
514.75 Z15(7a) 0.4225(6)—|—6)) +0.5656(2) — | — 2))
structed from the H®" electronic states and the H(100), levels of the °Ig multiplet listed in Table 1. For the two

(010, and (000 local-mode phonon states. The electron-lowest singlet level€,(y;) andZ,(y,), the effective angu-

phonon interaction produces independent energy shifts fdar momentum J, between them is(J,);,=(Z1|J,|Z;)

H~ (X,Y) vibronics associated with each Fib electronic  =5.98.

state. The two hyperfine statéZ,,1,) and|Z,,1,) are mixed by
Ho3* has two low-lying electronic levels comprising the the dipole hyperfine interactioAgl ,J, through matrix ele-

Z4(y1) singlet ground state and tf#&(y,) first-excited sin-  ments(Z;1,|/AJ,l,|Z,1,)=Al,(J,)1 , to give pseudoquadru-

glet state just 1.2 cmt above. Each of these has its own pole splitting patterns spanning 3 GHiz.

(X,Y) localized mode. The two mairK(Y) lines centered at In the presence of an applied magnetic field, the axial

1037.10 cm?! and 1037.45 cm' are transitions associated component of the electronic Zeeman interactmrl,ugB

with the Z, andZ, states, respectively. As these transitionscauses further mixing of the two electronic singl&tsand

involve no electronic excitation of the Ho ion, which re-  Z,, through Zeeman matrix elements between the electronic-

mains in thez, or Z, state, their intensities are those of H nuclear state$Z,,l,) and|Z,,l,). With g, =3 for the °I4

local-mode vibrations. multiplet and for the magnetic fielB in tesla, the Zeeman
The two weak satellite lines are centered at 1036.12'cm matrix elements are

and 1038.50 cmt, close to 1 cm? above and below the two

main lines. As they involve simultaneoids«— Z, excitations — -

of the Ho®>* ion, these are H¥" vibronic transitions, which Ou(Z1e3:|Z21 B =598, | 158 =3.49.B.

acquire intensity through electron-phonon interaction admix- "
tures with the main H vibrational transitions. The Zeeman splitting patterns of the pseudoquadrupole

The energy spacing of the, andZ, electronic levels of split hyperfine levels are given by the energy eigenvalues of

the C,, H™ center can be inferred from the energy spacingthe coupled electronic-nuclear matrix in the stags,|,)

between these two outer weak lines at zero magnetic field"d |22§| 2 With inclusion of these Zeeman matrix
and is estimated as 1.2 ¢th elements.

A. Hyperfine-coupled electronic singlet levels of the G, center B. The electron-phonon interactionVy,

The 100% naturally abundant isotop®Ho has a nuclear The observed H(X,Y) infrared transitions are between
spinl of 7 and a nuclear moment of 4.0%. The nuclear- vibronic states constructed from the, Znd Z, electronic
hyperfine constanfg for the ®I3 multiplet has the value of wavefunctions of H3" and the(000), (100, and(010) H ~
812 MHz? local-mode phonon states. Energy shifts in these vibronic

The two lowest levelZ; andZ, of the ®Ig ground mul-  states are produced by the electron-phonon interadtign
tiplet of Ho®* for the C,, F~ and H™ centers are two sin- between the H8" electronic states and the HX,Y) local-
glet states ofy; and y, symmetry separated by an energy mode phonons. For H localized modes, the local-mode
2A. This energy separation is 1.7 cifor the F~ centef ~ phonon normal coordinates a¥ Y, and Z, the displace-
and inferred to be 1.2 cnt for the H™ center. ments of the H ion from the equilibrium position. This

A crystal-field analysisof the energy levels of the Ho follows from the small mass of the Hion compared to
C4 F~ center gives thdJJ,) composition of the thirteen other atoms of the crystal.
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To terms quadratic in the phonon normal coordinates=1/y/2[ (100)+i(010)] transform as irreps of the Csub-
the electron-phonon interactiov, has the following form  group of C,,, with the[+] transforming asy; and[—] as
for C,, symmetry? Ya.

N 5 U 1 Vibronic doublet stateZ;[ = ] andZ,[ =] of y5 symme-
Vey=F,X+ 1Y+ 1,24 2 (Gt Gyy) (X+Y5) + 2(Gxx— Gyy) try are formed from theZz, and Z, singlet levels and the
><(X2—Y2)+gZZZZ+ngXY+ 0y XZ+0y,YZ, [£] local-mode states. The V|bron|c stat&s[ =] and

i ] ) Z,[ =] transforms as the samg; and y, irreps as their
where the electronic coordinate functiohsndg transform  respective = ] local-mode states.

as the conjugate irreps to the respective phonon coordinate Energy shifts in these vibronic states can be produced by

functions. the electron-phonon interaction between vibronic states pos-
Expressed in the spherical harmonic basis, the Imeagessmg the same irrepg4 or y,) of the C, group.
terms ofV,, can be recast into the more convenient form: Shifts of the [ +] and Z,[ + ] states can arise from the

following perturbation terms:

Vo= bXH T YA 12= = (1, X +1_X, )+ 1.2, (a) First-order perturbations of,[+] and Z,[ +] sepa-

Whereft=11/\/§(fxiify) andX. = ¥ 1/\2(X%iY). rately, from the ¢,.+9d,,) and g,, second-degree terms
The electronic coordinate functiorfsare related to the of Vg,. Off-diagonal first-order terms betweeh[ =] and
Racah tensor operatorsﬁn'@byz Z,[ =] are zero since the electronic coordinate opera-

tors (@xxt9yy), (9xx—9yy), @andg,, transform as theyy, s,
B (n+1)! el and y, C,, irreps, respectively, and cannot connect the
fe=as, "Vom-1n)1 C} and f,=agr"Cy", Z1(y1) andZ,(y,) electronic states.

(b) Second-order perturbations &;[ ] and Z,[ %]
where the constanta,, and ain depen_d on the particular separately, from thé. X andf,Z first-degree terms.
model chosen for the Ho -H™ interaction? andn=2,4,6 (c) Second-order perturbation terms between Zge:* |
for f-electron ions. andZ,[ =] vibronic states, again from the. X~ first-degree

~ For the electrostatic model of aHion of point-charg&l  terms, giving an additional element in the first-order pertur-
interacting with a 4 electron of charge a distancé® away,  pation matrix.

aon anday, aré The first two of these give near-uniform shifts of the
Z =] and Z,[ =] vibronic states because of the closely

a = €q = —(nt+l)eq similar |J,) compositions of th&,; andZ, electronic states.
in 47e D" on 47e,D"H? ' The principal contribution is from the third mechanism.

The two vibronic states are mixed by a second-order pertur-
bation term between them, via intermediate vibronic st@tes

C. Local-mode vibronic state combinations
of ys symmetry:

for the C,4, H™ center

For the two lowest energy electronic levelg(y,) and
Z,(7,), the vibronic levels formed with th@00) local-mode (Z[ Vel DN PV Zo[ = ]>
ground state ofy; symmetry areZ;(000) andZ,(000) of y; EP E
and y, symmetry, respectively. Becausé,, necessarily
transforms asy,, there are no electron-phonon interaction
matrix elements between thegg(000) andZ,(000) vi- and thisEP term is then included in the first-order matrix.
bronic states. The energy separation of these zero-phonon Explicitly, the EP term involves intermediate states con-
vibronic levels remains &, the energy separation of the par- structed from the fou?s, Zs, Z,5, andZ,, electronic levels
entZ; andZ, electronic levels. of y5 symmetry and th€000) and (110 vibrational states,
The (X,Y) local-mode states transform as the doubly de-with the contributions from(200 and (020) intermediate
generateys irrep of the G, group. The combinationg* ] states summing to zero:

T Ez+17Eo

epo s (ZePILHIITXL1Z(25)(000)(Zi(%5)(000I 1. X |Zu( m)L +])

Zi(vs) hox—Ez(yg)
(Zo(v2) [+ 1T X1 Zi(y5 ) (110N Zi(v5 ) (110 f X |Zo(y)[+])
Z\(vs) —hox—Ez(yy
4 (Zo(y)lf | ZiCys ) ZiCys)I |21(71)> h (Za(y)|F 41 Zi(vs I Zi( 5 T-|Za(71))
B 2mwxzi(75) hwy— EZ mex Zi(ys) —hwy— EZi

1
= 2ma, 22, (LN ZOONZOOIN O 70—+ 70 g, |
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Those intermediate vibronic statgg(000), formed from TABLE II. Matrix elements of ¢ and matrix elements of the
those excited electronic staté(ys) whose energies are electron-phonon interaction teraaf . (in cm™?) for the ground-
closest to théi w, phonon energy, have the smallest energyand first-excited state singlet level5(y;) and Z(y,) with the

denom|nat0rs &Z-_ﬁwx) and Correspondlngly y|e|d the four Vs levels 23, 257 ZlO, and 212 of the 5'8 multlplet of the
larger energy cor;tributions Ho®* C,, F~ center in Cak. Electron-phonon parameters scaled to

fitted crystal-field parameters were adopted.

D. Numerical estimate of EP Ho3* electronic states
On the point-charge model, the electron-phonon paramMatrix elements  n Z3 Zs Z1o Z1p
n
etersay(r")a are 2 -539 307 -193 042
eq(r™ 100(Z,C{"|Z;) 4 026 -198 -194 514
aln<r”>a= — 6 —599 —-455 -1.69 5.77
4me,D""
For Ho**, (r?=0.70 a.u.,(r¥y=1.22 a.u., and(r®) Azl 12)) 1231 844 752 1862
=4.54 a.u. as extrapolated between the reported values for
Dy3" and EFP* .2 For the G, H™ center, the amplitude of 2 426 467 —0.40 —1.48
the (X,Y) local-mode vibration isa= \#i/2mw,=0.0127  100(Z,|C{"|z;) 4 031 -178 3.03 -468

nm. 6 6.99 —-2.32 4.10 —4.74
In terms ofa,,(r"), f. has the explicit form

f.=3aAr?)C? + V10ay,(r*)Cl¥) + V21a;¢(r®)C) .

Evaluation of the electron-phonon parameters for gnergy denominators
g=e=one electronic charge and=0.273 nm yields the
point-charge model values E, 87 136 475 514

(hwx—Ez) 950 901 558 523
(ot Ez) 1124 1173 1512 1551

a(Z,|f 1 1Z;) —-1411 358 —11.57 16.93

a;r¥ya=51 cml, a(rha=3.4 cm?

a;r®ya=0.47 cm?t.
Table Il lists the G") matrix elements of th&, andZ, Contributions toEP 0.34  —0.06 0.2 081
levels with the fourZs, Zs, Z,4, and Z;, levels of y5 sym-
metry. The total contribution from these four intermediate
states is just 0.025 cmt. This point-charge model estimate

is much too small to account for the value of 0.34 thn Adi son b h ¢ values |
required to fit the Zeeman data of Sec. IV. Because of the Irect comparison between these two sets of values is

guadratic dependence of the second-order electron-phon(s’ﬁ)t e.ntir.ely appropriate, as not all of the axial crystal-fielq
expressions on the. terms ofV,,, any underestimate of the co_nt_nbutlons can b_e attrlbu_ted to the charge-compensa_tmg
electron-phonon terms leads to large underestimat&Fof H ™ ion alone. The introduction of the charge-compensating

The underestimate of the electron-phonon terms by thé_r |]?n causes sobr_ne dlsplacﬂizqnlllent OL tTe sqrr_oundldﬁg F
point-charge model for rare-earth ions is particularly appariOnS from exact cubic symmetry.Nevertheless, it is evident

ent at the lutecium end of the rare-earth series. It is related tg‘at E;“T) fourth aﬂd sixth ddegre? parame;[jers g;]e rl]mder.esti—
the equal lack of success of the point-charge model in estf'at€d Dy more than an order of magnitude with the point-

mating the axial crystal-field contributions of Hions in  charge model. , _
C, H™ centers. Allowance needs to be made for the corresponding point-

The point-charge values of the=2,4, 6 crystal-field charge model underestimation of the electron-phonon param-
contributions of a single point-chargg ion located a dis- etersay,(r")a. On the point-charge model, these electron-
tanceD away are phonon parameters are related to thg &kial crystal-field

parameters by

Total net valueEP=1.3 cm't

e
0 47T60Dn+1' mo eq(r" :an
a{rMa Ao ? D”*Za 550
Evaluation of these for Ef" yields 7o
B§=1070 cm*, B3=68 cm ', Bg=9 cm ", Using these relations with the axial crystal-field param-

eters for the G, H™ center of EF" yields the following

The crystal-field analysis of the Bf H™ C,, center in  avised values for the electron-phonon parameters:

CaF, (Ref. 9 gives axial crystal-field contributions of simi-
lar orders of magnitude for the=2, 4, 6 terms:

2 “1 R4 “1 g6 ~1 a2<r2>a=382=40 cml, a (r4)a=gB4=59 cm?
B;=835 cm %, B;=1180 cm*, By=624 cm . 1 D-0 v A4 D0 ,
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a We consider the electron-phonon interaction, hyperfine,
ay(r®)a= 533233 cm . and Zeeman interaction terms between the coupled
electronic-vibrational-nuclear wavefunctions. For the two
Table Il lists the contributions to the off-diagonal matrix zero-phonon electronic leve|,(000)l,) and|Z,(000)I,),
elementE P from each of the fourys levels, yielding a total the perturbation matrix is
of 1.30 cm. This more than suffices to account for the
required 0.34 cm* value derived from the Zeeman analysis
of Sec. IV. Of the contributions to the calculated shifts, the
largest is from via theZ,, energy level at 514 cm®. This |Z1(000)! ;) 1Z,(000)I ;)
ol T N S P
; ; . ; ; |Z5(000)1 ) (Agl 2+ gLueB)(I)12 +A
It is believed that the electron-phonon interaction ac-'"2 :
counts for the observed HX,Y) local-mode line separa-
tions.

With the hyperfine, Zeeman, and electron-phonon interac-
IV. CALCULATION OF THE ZEEMAN LEVELS tions all |ncludeq, the .combme.d nuclear hyperfine and
electron-phonon interaction matrix for tH&,[ +]l1,) and
OF THE (X,Y) LOCAL MODE .
|Z,[ =11,y (X,Y) phonon states is the same as for the
In the absence of any crystal-field wave function data forjZ,(000)l,) and|Z,(000)l,) zero-phonon states, except for
the Ho**C,, H™ center we adopt those in Table | deter- the extra off-diagonal ternEP arising from the electron-

mined for the G, F~ center® phonon interaction
| |Z.[+]1,) |ZL+]1,)
1Z,[£]1) —A (Agl,+9LueB)(J)1+EP
1Zo[ =11 (Agl,+9LueB)(J)1+EP A
2.5 (a)  experimental (b)  simulated
0.56 0.56
l W W
0.40F 0.40
A e
0.32F 0.32
| R A e I
i) 0.24F 0.24
£
S o LTV T
- E E
g 5 0.20F 5 0.20
A 0 B 7 :‘é E
2 T 0.16F T 0.16
£ S > \ ‘
S -05F . g W g
s v = =
> 0.08F 0.08
©
g Aﬁ\fﬂ- \ [
-1} -
0.04 -AWJ‘ 0.04 ﬁf\/—f
-1.5F 1 0.02 Aﬁ\bf/-* 0.02 ﬁvﬁ
-2r . 0.00 —-——-v\fv———— 0.00 —w\f\,——
_25 1 1 1 1 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1 1035 1040 1035 1040
<111> magnetic field (T) wavenumber (cm™t) wavenumber (cm™!)
FIG. 1. Calculated magnetic-field dependence of tieY] FIG. 2. Simulated and measured 10 K absorption spectra of the

local-mode lines of the & H™ center in Cak:Ho®". Only those  (X,Y) local-mode lines of the & H™ center in Cak:0.05%HG™"
transitions which conservig are shown. The 0 cit energy iden-  for magnetic fields along th€l11) axis. The simulated spectra are
tifies the energy positiohi w, of the (X,Y) local mode in the ab- of several superposed Lorentzian lines, each with a FWHM width
sence of any electron-phonon, hyperfine or Zeeman interactions. of 0.1 cm™ 1,
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As there is no mixing betweel,) states), is strictly con-  that the two outer weak lines involving,« Z, transitions
served and the observed transition energies are the diffehave zero intensity for the zero vibronic-mixing limit. The
ences in the corresponding eigenvalues of the two matricesbserved intensities of the outer weak lines are therefore

for the samd, value. solely attributed to vibronic mixing between tlg andZ,
levels.
A. Numerical analysis and simulation of the Zeeman patterns The relative transition strengths derived from the eigen-

functions of the two perturbation matrices are used for the
simulated spectra shown in Fig. 2. Lorentzian line profiles of
0.1 cm ! full width at half maximum (FWHM) were
adopted for these 0.1 cm resolution limited spectra.

The observed111)-Zeeman patterns for which £ cen-
ters are magnetically equivalent are analyzed. Fbr=2.2
cm !, Ag=812 MHz, g, =3, (J,)1,=5.98, and the factor

1/\3 appropriate for(111) magnetic fields, the calculated The excellent agreement between the experimentally mea-

magnetic-field dependence of the hyperfine components & req and the simulated spectra give confidence in the mixed

the Hi(X’Y_)_ vibronic transitions is given in Fig. 1. Only hyperfine-electron-phonon interaction origin of the3gY)
those transitions that conserl/gare plotted. line profiles.

In the high magnetic-field limit, the central group of tran-
sitions coalesce into two peaks. The numerical value of the
electron-phonon paramet&P is equal to half the splitting
between these two peaks, giviigP=0.34 cm!, which is This electron-phonon interaction model was very satis-
the value adopted for the calculations. factorily tested by Zeeman measurements of the®Ho

The correspondence of the experimental Zeeman pattert$™ (X,Y) local-mode lines. Both the HS nuclear-hyper-
to the calculated pattern confirms the origin of the electronfine interaction and the electron-phonon interaction were
phonon energy shifts. Only the presence of the off-diagonaheeded to account for the observe, Y) line-profile
EP term can account for the appearance of two distinct speashanges with magnetic field.
tral peaks in the high magnetic-field limit.

V. CONCLUSIONS
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