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We report the observation of optically resolved isotope, hyperfine, and superhyperfine structure in the
spectrum of N@" ions in YLIiF,, isotopically pure in’Li. This observation was made on theff4 4f3),
Hga(1)—*F45(1) transition of Nd* ions present as impurities at ppm levels. The optical linewidths of the
transitions of the even mass number isotopd, 14Nd, *4Nd, *8d, and*®™Nd, are only 45 MHz which
makes it very easy to resolve the isotope shift of 115 MHz/unit mass. The hyperfine structure of the two odd
mass number isotope¥INd and'*Nd, are resolved and the hyperfine parameters are determined in both the
ground and electronically excited states. Some of the transitions have linewidths as narrow as 10 MHz. These
are the narrowest optical inhomogeneous linewidths observed in solids. In addition, each even isotope line is
split by 30 MHz. The observed splitting is assigned to a superhyperfine coupling betwéénahd its
nearest-neighbor fluorine nuclei. Here, a superhyperfine splitting has been resolved in an optical spectrum. The
optical line shapes for the even isotopes are calculated as the sum of all transitions between the superhyperfine
components (N¥ with its eight nearest-neighbdf nucle) of the ground and excited electronic states,
considering both magnetic dipole-dipdliecluding spin-transfer contributiongnd contact interactions. The
results are in quantitative agreement with experimg®®163-18208)07333-(

I. INTRODUCTION instead attributed to local lattice deformaticand differen-
tial coupling to zero-point phonons whose frequencies are
We recently showedthat because of remarkably small mass dependeht: Pelletier-Allard and Pelletiérmeasured
crystal strain contributions, the inhomogeneous broadeninthe isotope shifts of Nd ions in Lagby selective enrich-
of the optical transitions of Bf ions in YLiF,, isotopically ment and the measurement of corresponding resonances for
pure in’Li, was limited by a qualitatively new mechanism— the different isotopes in separate crystals. The linewidths of
the local spin fields due to the fluorine nuclei in the YLIF ~4 GHz were considerably larger than the isotope shifts
lattice acting on the EF electronic states. Here we report (~180 MHz/unit masgintroducing some uncertainty in the
that this is also true of the inhomogeneous linewidth of themeasurement. The present measurements were made on a
4g(1)—*F3(1) optical transition of N&" ions in Y'LiF,  single sample with the natural abundance of the isotopes and
and that, in this case, coupling to tlfespin gives rise to an inhomogeneous linewidth much less than the isotope
additional structure. Optical absorption lines correspondinghift.
to the even mass number isotop&ENd, #Nd, #Nd, While superhyperfine structure in the electron paramag-
148\d, and®Nd are clearly resolved, as is hyperfine struc-netic resonance spectra of rare-earth ions is well kn@agn,
ture of the two odd mass number isotop¥ENd, Nd. In  Yb®" in CaFR),° this is an observation in the optical spec-
addition it is possible to resolve a very smé@b MHz) split-  trum. The observation is made possible by the unusually
ting which is assigned to the superhyperfine interaction besmall crystal strain broadening of the optical transitions. The
tween the Nd electronic levels and the nuclear-spin momentsalculation of the superhyperfine structure presented here
on the neighboring fluorine ions. Here, a superhyperfineconsiders not only the magnetic dipole-dipgDD) inter-
splitting has been resolved in an optical spectrum. action between the Nd electron and F nuclear spins but
There is a very large body of work on isotope shifts ofalso the spin transfer and contact interactions. This type of
Nd(I) and Nd(l) in atomic spectroscop¥y.These involve calculation is similar to that used to explain, for example,
parity-allowed transitions between different electronic con-electron nuclear double-resonance spectra of rare-earth ions
figurations. Typical isotope shifts are 0.1-1 GHz/unit massuch as divalent europiuimand thulium® The calculation
and arise from the different electron density at the nucleprovides support to the assignment of the splitting to super-
whose volume is mass dependent as well as from a pureyperfine interactions and also allows one to estimate the
mass effect. Since we are dealing here with transitions withimelative contributions of the MDD and of the contact and
the f shell, such effects are negligible, and isotope shifts arspin-transfer interactions.
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FIG. 2. Expanded view of the even isotope spectrum at 1.6 K
FIG. 1. Fluorescence excitation spectrum of Nd isotopes inshowing the splitting due to the superhyperfine interactions with the
Y'LiF, at 1.6 K. Isotopic mass numbers are shown. Hyperfine strucneighboring fluorine nuclei.
ture for the two odd isotopes are compared with those calculated for

the Hamiltonian[Eq. (1)] using the parameters in Table |I. this the most clearly resolved example of isotope structure
yet observed in the solid state. It should be pointed out that
Il EXPERIMENTAL RESULTS such narrow lines will only be observed for very low doping

Experiments were carried out using the same crystal ofevels. L o ) -
YLiF, containing 99.9% puréLi which was used in our The remaining lines in Figs. 1-3, in addition to those due

previous work! Isotopic purification of lithium was found to  t0 the even isotopes, arise from transitions between the hy-
be necessary in order to remove the contribution to the inhgPerfine components of thleAground anoll4ex0|ted states for the
mogeneous broadening due to the random distributiditiof W0 odd isotopes(12.2% 3N.d,. 8.3% ,sNd)- Both have
and 'Li in the lattice® Neodymium was present as an unin- nuclear spins of 7/2 and exhibit hyperfine splittings Fotallng
tentional trace impurity with a concentration estimated to be>€Veral GHz. Because of the presence of two odd isotopes,
several ppm. The trivalent neodymium ions substitute foth€ hyperfine spectrum Is considerably more complicated
yttrium ions in sites ofS, symmetry. Absorption on the than in the case of Er. Assignment of a particular transi-
4 4 ” -y : tion to 143Nd or *°Nd is indicated by the bar graphs above
lg1(1)—*F4,5(1) transition at 11535.7 cnt is o polarized or _ y grap _
and was measured at 1.6 K in an excitation spectrum monthe spectrum in F|_g. 1_and is _based ona ca_lculat|on described
toring the emission around 105y scanning a single fre- below. In the applleq_fleld, itis seen fr_om Fig. 3 that some of
quency Ti:sapphire laser whose linewidth was MHz. The the hyperfine transitions of thg odd |sqtopes are even nar-
resulting spectrum is shown in Fig. 1. EPR measurem&nts "OWer than those of the even isotope lines with some line-
andg-value calculation’ show that the ground state belongs Widths as small as 10 MHz.
to theI'; g representation 0%,, and since the optical transi-
tion is o polarized, selection rules require that the excited W\
state also hak'; g symmetry. In addition to their differential ﬁ
isotope shifts, each even isotope line shows an additional NaY L -
splitting of 30 MHz as shown more clearly in the higher 4, (1;‘—4 m 148 150
resolution spectrum of Fig. 2. The identical line shape of 02 e
each even isotope transition shows an asymmetry with the °
low-frequency component more intense. The relative inten-
sities of the lines correspond well with the percentage natural
abundance: 27.19%'Nd, 23.9%*Nd, 17.8%*Nd, 5.7%
148\d, and 5.6%'°Nd. The correspondence is not exact
because of the forest of odd isotope hyperfine li(@3 at
zero magnetic field, 56 in a fieldsome of which overlap the
even isotope transitions. In Fig. 3 the spectrum in an applied
dc magnetic field oH=440 G, along the crystat axis, is 142 142
shown. Each of the even isotope lines is split by the field into 3 2 3 0 1 ) 3
two lines whose widths are remarkably narr¢dbs MHZz) Frequency (GHz)
enabling an accurate measurement of the isotope shift as 115
MHz/unit mass. The narrower linewidths and the larger iso- FIG. 3. Optical Zeeman effect for the Nd isotopes AL, at
tope shifts than in the corresponding erbium spectrum makek6 K for an external fieldlic.
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146




5694 R. M. MACFARLANE, R. S. MELTZER, AND B. Z. MALKIN PRB 58

TABLE |. Hyperfine parameters for Nd:YLiF ,.

“lor(1) (expt.

from Ref. 7 “195(1) (Calc) 4F4(1) (expt) 4F4,(1) (Calc)

A(143), B(143) MHz —590, —789 —-521,-820 —252,—-479 —273,—449
A(145), B(145) MHz —372,—497 —324,-510 —159, —302 —170,-279
A(143)/A(145) 1.59 1.61 1.59 1.61

B(143)/B(145) 1.59 1.61 1.59 1.61

un(143)/uy(145) 1.64 1.64 1.64 1.64

(o]} 1.987 1.733 <0.1 0.104

g, 2.554 2.730 0.80 0.903

lll. THEORETICAL ANALYSIS AND DISCUSSION estimate for the linewidths can be obtained by calculating the

magnetic moment differences for the ground and excited
states involved in each transition and taking the products of
The hyperfine spectra of tHéNd and'**Nd isotopes are  this with the local fluorine spin fields. The fluorine spin field,
analyzed as was done previously f/Er in YLiF,* The  whose magnitude is estimated below, amounts to about 5—10
spin Hamiltonian for the ground and excited states is G. For most of the transitions, the magnetic moment differ-
ences fall in the range of 0.5-1.5 MHz/G indicating that the
H=9,8H,S,+9, B(HS+H,S) +AIS,+B(1,5+1,S)) superhyperfine contributions to the linewidths should fall
) within the range 2.5-15 MHz. We therefore conclude that
+PLIZ=1(1+1)/3], (D the combined effect of homogeneous and strain-induced in-
homogeneous contributions to the linewidths are about 10
whereg, andg, are the components of tfgfactor parallel vz and the remainder of the linewidth, variable from tran-
and perpendicular to the axis, H, are the components of jtion to transition, results from superhyperfine interactions.
the external magnetic field, ariand| are the electron- and ¢ gyr knowledge, these are the narrowest inhomogeneously

nuclear-spin operators, respectivelyandB are the hyper-  prgadened optical absorption lines observed in the solid
fine parameters, anB is the quadrupole constant. The hy- gite.

perfine matrices fot®Er, 1*Nd, and'*Nd are all identical
since all three isotopes have a nuclear spih-e7/2 and an
electron spinS=1/2.

The ground-state hyperfine parameters for both odd Nd The observation of a splitting of each even isotope line is
isotopes are well knowh: The excited-state parameters werenew and is assigned to the superhyperfine coupling between
varied to give a best fit to the spectrum. The eigenvalughe N&* electronic levels and the nuclear moments of the
results are shown by the positions of the sticks in the graphseighboring fluorines. There is no analog in the case of
above the spectrum in Fig. 1 and provide an excellent fit taatomic spectroscopy. This interaction causes a doublet shape
the observed transition frequencies. The heights of the sticksf the optical transition which results from the removal of
indicate the predicted relative transition probabilities and inthe Kramers’ degeneracy of the Ridelectronic levels. The
clude the relative isotopic abundance ratios of the two Ndbplitting is described as a pseudosplitting which results from
isotopes. The stick heights should be compared with the inthe specific distribution of the electron-nuclear states of the
tegrated area of the observed lines since their widths arBd®* ion and its eight nearest-neighbor ligand nuclei. Supe-
unequal. The agreement is quite good. The resulting hyperhyperfine interactions with F nuclei outside this first coor-
fine parameters are summarized in Table | along with thealination sphere contribute to the observed linewidths through
observedg values. The quadrupole constant is found to beboth homogeneous and inhomogeneous line broadening but
small and a value of zero for these two electronic stateghat they are too small to produce any resolvable splitting. At
provides an excellent description of the observed spectrumthe ppm Nd* concentration of this sample, Nd-Nd interac-

Some of the hyperfine lines df*Nd and 1*Nd exhibit  tions do not make a significant contribution to the line
even narrower linewidths than those of the even isotopes ashapes.
can be seen from Figs. 1 and 3. An understanding of the A model which can be used to interpret the broadening
broadening of individual hyperfine components is compli-resulting from F nuclei outside the first coordination sphere
cated by the fact that the magnetic moments of the differenis one in which the magnetic moment of Xdion produces
hyperfine levels are unequal and some of them are nonmag-“frozen core”*? of fluorine nuclei whose ability to mutu-
netic singlets derived from the integdf € 3,4) angular mo- ally spin flip with their neighbors is reduced by their detun-
mentum of the coupled electron/nuclear spin system. Thiing in the field of the paramagnetic ion. These Nd-F interac-
was also found for the case &f’Er. However, for thd™; g  tions produce both a homogeneous and inhomogeneous
—T'; gtransition studied herer polarization), singlet-singlet ~ contribution to the linewidth. With increasing distance from
transitions are forbidden. The line shapes of each of the hythe N&* ion, the fluorine spin-flip rate increases so that
perfine transitions can be calculated by solving the combinethore distant fluorine nuclei outside the frozen core produce a
hyperfine and superhyperfine Hamiltonians in the ground andmall random fluctuating component of the local magnetic
excited state and summing over all transitions. However, afield which makes a major contribution to the homogeneous

A. Hyperfine splittings of odd nuclear spin isotopes

B. Superhyperfine spectrum of even mass number isotopes



PRB 58 OPTICAL MEASUREMENT OF THE ISOTOPE SHIFF . .. 5695

broadening. The random distribution of spin orientations Hen=2iapli a@ap(i)Ss, 3)
within the frozen core contribute to the inhomogeneous o ) . )
broadening. Separation of the homogeneous and inhomog¥€ré the summation is over eightnuclei with the spin
neous contributions is difficult since it depends on the timgnementsl; (i=1 to 8, and the coupling constants can be

scale of the experiment. Tgée};bservation of strongly nonex€xPressed as
ponential photon echo de nd time-dependent spectral N ; - ;
hole burning* for another Kramers ion, Ef in YLiF,, in- 3ap(1)=3ap,a(1) +2ap,s(1) +8ap p(1)- @
dicates the presence of strong spectral diffusion. For the puiFhe first, second, and third terms in Ed) correspond, re-
pose of this discussion, the separation is not important andpectively, to the MDD interaction, and the spin transfer
the contribution to the linewidth from F nuclear spins outsidefrom the N&* ion onto the 2 and 2 ligand orbitals. It
the first coordination sphere is treated as a parameter in threhould be noted that, f&, symmetry, when using the crys-
calculations of the superhyperfine splitting. tallographic system of coordinat&$theg, factor in the spin
Inside the frozen core, this largely static local field, alongHamiltonian (1) is to be replaced byg, cos¢, and the term
with crystal strains and inhomogenieties, determines the ingg, sin ¢(H,S,—H,S)) is to be added, with the corresponding
homogeneous transition lineshapes. The expected magnitudaanges in the hyperfine terms. The anglis determined by
of the contribution of the superhyperfine interactions to thethe wave functiong+), |—) of the electronic doublet:
linewidth and pseudo-splitting is calculated later in this sec-

tion but an estimate is easily obtained as follows. The fre- 9, C0S ¢ =2g;Re(+[J,] —),
guency shift due to the magnetic dipole-dip@éDD) inter- _
action between the Nd electron-spin moment and the g, sin o=2g;Im(+[J,|—), ©)

surrounding fluorine nuclear moments is obtained fid ,

e 5 - Pk (g, is the Lande factgrand depends on the parameters of the
the local magnetic field acting at the fdsite, and is given

crystal-field Hamiltonian =SB0y, whereOf are the
by Stevens operatorsExplicit expressions for the point mag-
netic dipole contributions,,z 4 are given in the Appendix.
Av==x1/2g=g")BHiq ) For the numerical evaluations, we have used the crystal-

N field parameter$ transformed to the crystallographic system
for the four Zeeman transitions where thevalues for the  of coordinates according to Ref. 17:

ground state and excited stat@sge Table )l were obtained

from EPR(Ref. 11 and our optical measurements, respec-  B9=212; BJ=—118; Bi=—945; B, *=-818;

tively. The value ofH,,. at the Nd nucleus due to a single

nearest-neighbor F nucleus at a distance of 2.23 A is about Be=—1.5; Bg=—570; B;*=—-493cm ™.

1-2 G, depending on the relative orientations of the electron ) o ) )

and nuclear spins with respect to the direction of the lind\€glectingJ-mixing effects, we obtained the following wave
connecting them. The total local field from the eight nearesfunctions for the ground Kramers’ doublet:

neighbors will then typically be 5-10 G since in general they -~ -~ _

will not be aligned. This yields expected frequency shifts of |+)=(~0.4696+0.4063)|J,= +9/2)+0.6318J,= £ 1/2)
about 7-14 MHz which is of the same size as half of the +(—0.3508+0.3035)|J,= + 7/2);

observed splittings(The splitting is twice the shift of each 4 )

transition) However, because of the random distribution of Fand ¢=—10"". Two other sets of crystal-field parameters
nuclear spin moments, one might expect just an inhomoged'e available in the literaturé;'® in all cases|¢| does not
neous broadening, not a splitting at zero field. exceed 0.05. _ _

To address this problem, full diagonalizations of the su- The energies and wave functions of the excitédstates
perhyperfine interaction in the ground and excited electronWere obtained in thé.,S basis by taking into account the
spin states were performed including MDD coupling, trans-Crystal-field energy and the spin-orbit interaction. The:
ferred spin density, and contact terms for the Nd electrori 1/2 states of the excited doublé (1) are mixed with
spin coupled to the eight nearestnuclear spins. The con- the corresponding states of the neartiss;, multiplet due to
tributions from all transitions between these electron-nucleathe crystal-field interaction. In particular, for the excited dou-
states were summed to obtain the full line shape. blet “F3(1) one of the Kramers’ conjugate states has the

The neares\:asurroundings of the impurity Xdon, sub-  form
stituting for a Y** ion, contains two groups of four Fions,
each group mutually transforming among themselves under |+)=0.9953"F35,J,=1/2) — 0.0627*F5,,J,= 1/2)

the S, symmetry operations. In the crystallographic coordi- —0.0196*F7,,J,=1/2)
nate system with the origin at the K@) site, the coordinates

of two inequivalent F ions, in particular, F and F, are +(0.0435+0.0377)|*F 7.,
equal tox;=(0.5-x)a; y;=(0.5~y)a; z;=2zc;, x5=(0.5

—X)a; ys=-—vya; zs=(0.25-z)c; where x=0.2821, y J,==1712)

=0.1642, z=0.0815, and the lattice constants aee
=5.168 A, c=10.731 A The coordinates of the other six
ligand nuclei are easily obtained with the operati@sand  The projections on these crystal-field states of the Zeeman
S,. The contribution due to the superhyperfine interaction isand hyperfine interactions in the free iayBJ-H+ajJ-|I,
included by adding to the spin Hamiltonidmh) produce values of the spin-Hamiltonian parametérs core

+(0.0306+ 0.0265)|*Fg/,J,= — 7/2).
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polarization contributions are negleciedhich are presented doublets are written as linear combinations of the Slater de-
in Table 1. Though mixing of thé'F states with other mul- terminants constructed from the one-electrdnspin orbit-

tiplets due to the spin-orbit interactions is not taken intoals. The crystallographic system of coordinates is trans-
account, theg factors and the hyperfine parameters are conformed to the ligand coordinate system with the quantization

sistent with the experimental data. It is found that a rathefxis along the ligand radius-vector. The initial [4fm) or-
small admixture of the|*F;(J>3/2)) states produce bitals are written through the rotational transformation coef-
large changes iy, which is 0.4 in the case of the pure ficientstf,)m and the|4fm) orbitals quantized in the ligand
[*F 3/2,d,= = 1/2). coordinate system. THéf0’) and|4f+1") orbitals are re-

To obtain explicit expressions for the parameters of theplaced with the antibonding molecular orbit&lsFinally we
transferred hyperfine interaction, we have used the followingeturn to the crystallographic system of coordinates and sub-

procedure. The wave functions of the electronic Kramersstitute the linear combinations of ionic orbitals

|41 m) o =[4Fm) + 2 {D I\ 54 25); + [N 2,08 DG+ N sin (D), — DN/ 2]12p0);
—e [\ ,sin 6,DE)\2+0.5\,,((1+cos 6;)DZ+ (1—cos 6,) D) )]|2p1);
+e'?[\y,sin ;DS \2—0.5\,,((1—cos 6,)DZ)+(1+cos 6,)DZ) )]|2p—1)}; (6)

for the |[4fm) functions in the Slater determinants. Hete lent ligand nuclei are given in Table II; for other ligands, the
¢, are the spherical coordinates of the ligand with the wavecorresponding parameters can be easily obtained witl$the
functions|2s);, |2pm);; Nas, Aoy, andX,, are the coeffi- symmetry operations.
cients in the corresponding antibonding molecular orbitals. The eigenvalues and eigenvectors of the electron-nuclear
The explicit expressions for all superhyperfine parametergxcitations in the ground and excited states of thé Nidn
have been obtained by averaging the hyperfine interaction ifor the even nuclear isotopes<£0) were obtained with the
the electronic doublets. These expressions are toaumerical diagonalization of the matrix corresponding to the
large to present here, but the simplest two examplesperatorH+ Hys. The basis states were chosen as product
are given in the Appendix for the excited state states of each of the two Nt S=1/2 electronic states
4Fa(1) (IL=3S=3/2)=3/2),=+1/2)). coupled to the nearest-neighder 1/2 fluorine nuclei, gen-
The parameters of the spin transfer and the contact inteerating up to 512 basis states in both the ground and excited
action contain 12 variables, namely the coefficieRts, states.
N, , and\, . for two groups of inequivalent ligands in the  In computing the line shapes of thepolarized electric
ground and excited electronic states. To diminish the numbedipole transitions between the ground and excited electron-
of variables in the problem, we assumed the followingnuclear states we took into account that an effective operator
simple relationships between the covalency constants and tleg the electric dipole momentD has nonzero matrix
corresponding overlap integrais: elements between the ground and excited Kramers’
doublets only of the type|(*lgx(1),+|D|*F3x(1),—)|
=|(*1g;(1),— |D|*F3(1),+)|. For each transition we as-

Nas(1)=KasSas(Ti)i - Mag(i) =KapSao(ri): sumed a Gaussian line shape of 7 MHz width which is com-
parable to the magnetic dipole-dipole interaction of thé Nd
. ion with the fluorine nuclei in the next coordination shell.
)\ZW(I):kZpSZW(ri)'

To illustrate the formation of the specific line shape, we

present in Fig. 4 the simulated line shapes of fig,(1)
For the given interionic distances, the overlap integBls —%F4(1) optical transition, obtained without any fitting pa-
S, S, have been calculated in Ref. 22, and neglecting theameters, taking into account only the direct MDD contribu-
differences between the covalency constants in the groungbns to the superhyperfine interaction of the*Ndon suc-
and excited states, we have only two variablgs,andky,, . cessively with one ligand nucleus, four equivalent nuclei,
The values of these parameté«i= 0.7 andk§p=2 were and all eight nearest-neighbor fluorine nuclei. The spectral
chosen based on a best fit to the measured line shape, namelyvelopes have been computed as the sums of?alBZ,
the splitting and relative intensities of the two components ofand 512 possible transitions, respectively. For all cases con-
the optical transition in zero applied field. It should be notedsidered, at zero magnetic field an asymmetric doublet is cal-
that the factors, are to be greater than unity for the anti- culated with the larger intensity at lower frequency, in agree-
bonding molecular orbitals, but the contradiction betweerment with experimen{Fig. 2). The widths of the doublet
this condition and thé&, value may be only illusory because components and the splitting increase with the number of
of the significant reduction of the overlap integrals due to thdigand nuclei, and a maximum splitting of 22 MHz is calcu-
local lattice expansion around the Ndimpurity ion. The lated, which is about 73% of what is observed. An improved
calculated parameters of the superhyperfine interaction of thié to the splitting is obtained by including spin transfer and
Nd®* ion crystal field levels with the two nearest inequiva- contact terms described above. The line shapes, calculated
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TABLE Il. Tensors of the ligand hyperfine interactidiviHz). Contact[a,g«(i)] and spin transfer

[a,s,(i)] terms are in units ok3; andk3,, respectively.

*Fap

ed B a,p,4(1) 8qp,s(1) aqp,p(1) a,p,d(5) 84p,5(5) aqp,p(5)

X X —0.7257 —2.7279 0.2856 —0.7668 —2.3266 0.0095
X y 3.4305 —0.4695 —0.0185 -1.5126 0.4305 0.0069
y X 3.4305 —0.4695 —0.0185 -1.5126 0.4305 0.0069
X z 0.1921 0.0325 0.2804 0.3581 —0.4709 0.7036
z X 1.7288 0.0325 0.0124 3.2231 —-0.4709 —0.0508
y y 2.3348 —3.1468 0.2691 —1.6343 —2.0797 0.0134
y z 0.2960 0.0502 0.4321 —0.2699 0.3548 —0.5302
z y 2.6642 0.0502 0.0192 —2.4288 0.3548 0.0383
z z —0.1788 —1.2697 —1.0883 0.2668 —1.0258 —0.6430

"o

ed B Aup,d4(1) Aup,s(1) Aup,p(1) A,p,d(5) A,p,5(5) Aup,p(5)

X X —2.0595 —2.4900 —0.0878 —2.1761 —0.9394 —0.3232
X y 9.7349 0.4536 0.4125 —4.2925 —0.3689 —0.2709
y X 9.7349 0.5056 0.4497 —4.2925 —0.4206 —0.2755
X z 3.8168 —0.3789 0.2710 7.1160 —0.3189 0.4337
z X 4.9060 0.6731 0.3779 9.1446 0.4096 0.6318
y y 6.6257 —2.0254 0.3621 —4.6378 —1.1051 —0.4478
y z 5.8820 —0.8588 0.4571 —5.3623 0.3216 —0.3447
z y 7.5605 1.2030 0.5848 —6.8924 —0.2830 —0.4745
z z —3.5525 —0.6382 —0.5986 5.3012 —1.6500 —0.1940

with the final set of superhyperfine parameters, as a functiofihe splitting is nonlinear at low fields and the magnetic-field

of magnetic field along the axis are shown in Fig. 5. The dependence agrees well with experiment.

ratio of intensity of the low-frequency and high-frequency The relative importance of the superhyperfine interactions

doublet components in zero field is somewhat greater thaim the ground and excited states are presented in Fig. 7 which

that seen in the measured spectrum. The calculated splittirghows the calculated density of states for both states. It is

as a function of field is compared with experiment in Fig. 6.clear that the superhyperfine splittings in the ground state are
dominant in determining the observed line shapes.

L Nd>*+4F (1)-+4F (1) 200
0
= ~ 150 -
< [%)
i T T T T T T T T T ‘é
g L SN2 1 - NdeaF() >
£ L 2 Nd4FT(l 2
_e I T + ( ) «©
8 L \ = 100 -
c Q
S s
g- T T T T T g
3 1 - Nd®+F (1)) © 50
<r 2 2 Nd**+F(ll)
0 -
T M T T T T T T T T T T T T T T T T T T T T T T
-40 20 0 20 40 100 75 -50 25 0 25 50 75 100
Frequency (MHz) frequency (MHz)
FIG. 4. Spectral envelopes of tﬂb,’8(4|9,2):>1“7,8(4F3,2) tran- FIG. 5. The simulated line shapes of ﬂig8(4|9,2):>1“7,8(4F3,2)

sition for magnetic dipole-dipole interactions between the fluorinetransition including MDD, transferred spin, and contact interactions
nuclei and the magnetic moment of the Ndon. in an applied magnetic fieldlylic: Hy=0, 5, 15, and 25 G.
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FIG. 6. The magnetic-field dependence of the splitting of the
T7(*lo)=T74*Fap) transition(solid line indicates theory, open
symbols indicate the experiment

FIG. 7. Density of electron-nuclear states in the3Ndon
ground staté1) and in the lower sublevel of th&F 5, multiplet (2).

IV. CONCLUSION quentially added as a result of the fact that the superhyper-
_ o ) fine levels tend to form into two groups, separated from one
Highly resolved structure with linewidths as srr17a[l as 10another energetically. The magnetic dipole-dipole interaction
MHz is observed in the optical spectrum of Ndn L HF4 contributes about 70% of the observed splitting and with the
The structure in the line shape of tfon(1)—~“Fs(1)  inclusion of transferred spin and contact terms excellent
transition is explained in terms of an isotope shift and suzgreement is obtained between the observed and calculated
perhyperfine interactions for the even mass number isotopggyuplet structure of the line shape. In the general case, if the
with the addition of hyperfine effects for the odd isotopes.yidths of the individual superhyperfine transitions are less
The hyperfine parameters of tHi&;(1) excited state are than the energy of interaction between the paramagnetic ion
obtained for both odd isotopes. The doublet structure for thnd the nuclear magnetic moments of the ligand ions, a com-
even isotopes in zero magnetic field, observed for the firspjicated structure of optical lines may be observed even in
time, is ascribed to the superhyperfine interaction of th&erg applied magnetic field. Then the number of components

Nd®" Kramers doublet electron-spin states with the eightand their relative intensities will depend on the parameters of
fluorine ligand nuclear spins. The line shape is calculated byhe transferred hyperfine interaction.

solving for the eigenvalues and eigenvectors of the superhy-
perfine Hamiltonian in the ground and excited states and
computing the sum of all transitions. A calculated splitting is
predicted even for the case of an anisotropic interaction of We thank Dr. A. Cassanho for growing the sample which
the electronic magnetic moment with only one ligand nucleawas also used in Ref. 1. The support of the National Science
moment. This splitting is found to increase as the interacFoundation, Grant No. DMR-9321052, is gratefully
tions with the eight nearest-neighbor fluorine nuclei are seacknowledged.
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APPENDIX
Magnetic dipole-dipole coupling constants for Eqs(3) and (4)

aya(i) =Kig, (cos ¢—3x;(X;cos ¢+y;sin ¢)/r?),
ayy,q(i)=K;g, (cos ¢ —3y;(y;cos ¢ —X;sin @)/r7),
ayy,a(i) =K;ig. (—sin ¢ —3x;(y;cos o~ X;sin ¢)/r?),
ayxa(i)=K;ig, (sin @—3y;(X;Cos ¢ +y;sin @)/rf),
ayzq(i)=—3Kigxiz /17,
ay,a(i)=—3Kigyizi Ir?,

a,0()=Ki(1-32/rd)g,,
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uxa(i) = —3Kig, (Xcos p+y;sin ¢)z; /17,

ayy,a(i)=—3Kg, (Yicos p—x;sin @)z /T?,

where K;=—Byehi/r3; r; is the radius vector of the ligand and the fluorine nuclear gyromagnetic ratig/2m
=4007 Hz/G.

Two examples of spin transfer and contact coupling constants for théF ;,,(1) state
8,,6(1) = — A\ 3(Td3a+ 2d2,+ 7d3,+ 5d20)/35; (A1)
ayp(i) =Agp{B[35(r5—1t3) +30(r5—t5) + 27(r;—t)) ] - 7(2s5—r5—t5) —2(2s5—r53—t5) — 7(2si—ri—tH) — 10(s5— 1)

—3[2\/5(1 51— Spt1) + VB(r 180+ 17 ) 1}/35. (A2)
Here Ays= (167 By¢fi/3)| ¢h25(0)|?= 46 GHz, Ayp= (4B yehi/5)(r ~3)2,=2.52 GHz? and

dgo=0.5 cosf(5 cog6—3); dgy=—0.25/3 sin 6(5 co6—1);
doy=0.25/30 sirfd cos §; dgz=—0.25/55 sirte;
dy;=—(1+cos@)(1+10 cosd—15 cog6)/8; d_,;;=(1—cosb)(—1+10 cosd+15 cogh)/8;
di,=—(10)Y%sin #(1+cos 6)(3 cos8—1)/8; d_,,=—(10)¥?sin 6(1—cos 6)(3 cos O+ 1)/8;
dy3=(15)Y%sirP(1+cos 0)/8; d_ 3= (152 sirfo(1—cos 6)/8;
So=A2,000C0S0+SiN ON5,do1;  S;=N5,d01€0S 68— 0.5 SiNON,(d11—d_19);
S =N 2,00c0860—0.5 SiNON 5 (d1o—d_15); S3=N\,,0dg3c0S —0.5 sinON\,,(d1z—d_13);
F'o= — Nagdoosin 6/1/2+cos O\, dg;,
r1=—NogdosSin 6/1/2—0.5\,,[cos 8(dy;—d_q7) + (dy+d_q10)],
Fy=—N\pyosSin 8/3/2— 0.5\, [c0S O(d1p—d_15) + (dyptd_10)],
F3= — N, UosSin /2 —0.5\,,[cos 6(dy3—d_ 1)+ (diz+d_19)],
t1 =N, dossin 6/\2+0.5\,,[cos 6(dy;—d_17) — (dyy+d_17)],
t= N2, 0oSin 6/12+ 0.5\ 5,[ €O (d1y—d_ 1) — (dyp+d_1,)],

t3= N2, 0aSin 6/12+0.5\5,[COS 6(d13—d_19) — (dyg+d_13)].
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