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Effect of pressure on crystal-field transitions of Nd-doped YLiF,
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Luminescence spectra of Ritkrelated crystal field transitions of YLjFwith 2% Nd doping were measured
as a function of hydrostatic pressureTat5 K. Specifically, transitions from th&F (1) excited level to the
414, and 1,4, states have been studied. Most of the isolated-ion transitions show a redshift with increasing
pressure up to 10 GPa, resulting from a decrease of the Slater free-ion and spin-orbit parameters and an
increase of the crystal field interactions as pressure increases. Spectra &y, to *l4,(1) ground state
emission evidence the presence of satellite lines assigned ¥-Nd** ion pairs coupled by magnetic
dipolar interaction. The splitting between tH&;,,(1)— *lo(1) isolated-ion emission and its satellites is
found to increase with pressure. This effect is attributed to stronger magnetic coupling as>thepaid
distances decrease. The pressure dependence dFte1) to *l¢,(1) luminescence energy indicates subtle
structural changes of the scheelite phase at arour()33°a. Major spectral changes observed near 10 GPa
indicate a first-order structural phase transition.
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. INTRODUCTION the N&*-Nd®" ferromagnetic interaction does not affect
substantially the crystal field at each 18 Coupled-pair
Yttrium lithium fluoride is a common host material for luminescence may give rise to intrinsic bistability and hys-
rare-earth ion lasers. The near-infrared emissions of Ndteresis resulting from a cooperative effect due to ion-ion cou-
doped YLIiF, at 1047 and 1053 nm are widely used as lasepling within the dimer as predicted by Bowden and Sting
lines!~® Diode pumping of doped YLiF and isostructural and reported by Hehleet al. in different system&? In order
GdLiF, has opened the possibility for developing powerfulto better understand the ion-ion coupling mechanisms, a
solid state lasers with emission in the visible after frequency/@riation of interatomic distances by pressure-tuning is of
conversion. The effect of doping with Ritl ions and the Considerable interest.

related laser action and up-conversion properties have been WO optical high-pressure studies of Yl,ilRave been re-
studied in detaif~1t ported recently. Luminescence measurements of YilEbE

up to 15 GPaT=300 K) indicate a pressure-induced phase
transition to a low-symmetry crystal structure at around 10

. . GPa?! A Raman study of YLif as a function of temperature
and four molecules per unit céfl. The structure[see Fig. and pressure(0—20 yGPa sEowed clear changeg in the

1(@)] may be considered as a tetragonally distorted SUPelequency-versus-pressure slopes of some modes at around 7
structure of cubic Cal- An ordered occupation of cation Gpa22 This behavior was attributed to a stiffening of the

positions by ¥* and Li* ions and a displacement of anions tetrahedral Lif group rather than to a structural phase tran-
leads to a doubling of the cubic unit célivith tetragonal sjtion.

c/a>2) along one of the cubic axes?Y ions are coordi- In this paper we report the pressure dependence of the
nated by eight F ions (four at 2.248 A, four at 2.30 A)  4F,,(1)— 4lg;, and *F4(1)— 411, CF emission energies
forming YF; polyhedra withS, site symmetry for Y. LT of Nd** in YLiF, measured at low temperatures. A simpli-
ions are surrounded by four equally spaced Bns at fied energy level scheme of Rl in YLiF, is shown in Fig.
1.74 A distance forming distorted LjFtetrahedra. Each 1(b). The CF Hamiltonian lifts the 2+ 1 degeneracy of the
Y3* (Li") ion has four ¥* (Li*) second nearest neighbors 25*1|; states. For thélo, ground state the crystal-field in-

at the same distance, i.e., the Y and Li sublattices represerdraction gives rise to five Stark levelkramers doubleds

two interpenetrating diamondlike nets. On doping,®Nd labeled as 1,2 .., and theexcited *l ;;, and *F5, states
ions substitute for Y. Studies of Nd* crystal field(CF)  split into six and two doublets, respectively. The pressure
excitations in YLiR have resulted in the determination of dependence of Nd CF transitions can be used to improve
several sets of parameters for a CF HamiltoniaDgf sym-  parametrized CF Hamiltonians. In addition to the isolated-
metry as an approximation to the actu symmetry:>'*  jon emissions, we have observed satellites attributed & Nd
Satellites of the CF excitations have been observed and apair interactions. The Nid pair luminescence under pres-
tributed to Nd-F-Nd superexchange interactfoand more  sure is of interest because it may lead to a better description
recently to ferromagnetically coupled Rid pairs in which  of the dominant pair interaction. Finally, the study of the

At ambient conditions, YLif crystallizes in the tetrago-
nal scheelite-type structure with space grddp/a (Cgh)
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by the ruby luminescence mettdd* using a temperature
(a) correction according to Ref. 25. The lines at 5145 and
4965 A of an AF -ion laser were used for excitation of the
Nd®* ions luminescence. Sample was oriented alongcthe
axis and excitation was performed in tBe c configuration.
Scattered light was analyzed by a single-grating spectrometer
(0.64 m focal lengthequipped with a nitrogen-cooled ger-
manium detector and a GaAs photomultiplier. Spectral reso-
lutions were 1.1 cm® (100 wm slit width) in the
9500 cm ! range and 0.16 cit (10 wm slit width) in the
11500 cm ! range. Argon and neon plasma lines were used
to calibrate the spectra.

I1l. RESULTS AND DISCUSSION
A. *F35(1)— % ¢5(1) emission

We first consider the*F4(1)— *lg(1) (ground state
emission. Figure @) shows selected luminescence spectra
“F corresponding to this emission at different pressures. An
3’2{ 2 Ar*-jon laser plasma line present in all high-pressure spectra
— has been used for spectral calibration. With increasing pres-
sure, the luminescence intensity from the sample showed a
CF levels Laser continuous decrease. Above 7.5 GPa spectra were excited
emission with the 4965 A laser line instead of the 5145 A line, which
gave higher intensity. At ambient pressure the luminescence
spectrum consists of a central band at 11 538.76 cfthe
isolated-ion emissionand satellites attributed to several
types of ferromagnetically coupled Rig-Nd®* pairs with
1 exchange coupling values];=0.8, J,=1.6, and J;
=3.1 cm LY In this model, for each ground-state
exchange-coupled pair, a doublet of lines is expected at en-
ergiesE'+J/2 andE'-3J/2, whereE' refers to the isolated-
ion transition and J>0 represents a ferromagnetic
Nd®*-Nd®** pair exchange energy. As pressure increases the
4 5 maximum of the central band first shifts to lower energies
e and then, above 5(5) GPa, exhibits a blueshift. New peaks
\—1 appear in spectra taken above 10.3 GPa. At 11.2 GPa none of
the original peaks remains. Instead, a rather broad lumines-

FIG. 1. (a) Atomic arrangement in the scheelite-type structure of CENCe band appears. o
YLiF,. Only one half of the tetragonal unit cell is showh) En- We have fitted the spectra around theFz,(1)

ergy level diagramschematig of Na®* in YLiF,. Stark levels are — (1) transition by a superposition of Voigt profiles.
numbered in order of increasing energy. These are Lorentzians convoluted by a Gaussian with a

FWHM corresponding to the spectrometer resolution as de-
pressure dependence of CF luminescence can provide indermined from the widths of argon and neon calibration lines.

T

—

\V]
T

—
(@]

A
13/2

Wavenumber (103cm™)
N ESN
I
am

0

cations for structural changes in YLjfinder pressure. In Fig. 2(b) we present the corresponding energies of the
isolated-ion emission and its satellites as a function of pres-
Il EXPERIMENTAL DETAILS sure. The numerical values of energy pressure coefficients

for the range up to 5 GPa are listed in Table I. The solid
The YLiF, crystals used in this study were doped with 2% symbols in Fig. 2b) represent energies of well-resolved
of Nd atoms. A single crystal sample (18000 peaks. The open symbols indicate energies of three addi-
x30 um®) was inserted in a diamond anvil cgIDAC).  tional Voigt lines used to fit the high-energy tail of the iso-
Helium was used as pressure transmitting medium to ensutated ion band. In the spectra taken at low pressufes (
hydrostatic pressure conditions. Low-temperature measure<3 GPa) two of the high-energy satellitgéassigned as
ments T=5 K) were performed in a continuous-flow he- 1/2 J, and 1/2 J3) are clearly resolved and an additional
lium cryostat in which the DAC was inserted. The 0—12 GPacomponent (1/2J,) is needed to account for the spectral
pressure-range was studied. Change of pressure was alwgyofile. The satellites broaden somewhat at higher pressures.
performed above the helium melting temperature in order td'hus, the analysis of spectra at higher pressures is based on
avoid nonhydrostatic conditions. The pressure was measurgte reasonable assumption that the high-energy tail of the
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FIG. 2. () Luminescence spectra at energies near'thg,(1)— *l4,(1) crystal-field transition of N& in YLiF , at different pressures.
The observed satellite peaks are assigned according to theoretical calculations of exchange intésaetitext (b) Energies of the
isolated-ion*F5(1)— *l¢(1) transition and its satellites as a function of pressure. Solid symbols refer to peaks which are well resolved
in the spectra. Open symbols indicate energies of additional Voigt lines used in fitting the spectra.

TABLE |. Ambient-pressure energiﬁ') and frequency pressure
coefficientsd E'/dP of the isolated-iorfFs,(1)— *l (1) CF tran-
sition and its satellites at 5 K. The splittink, of the satellites with
respect to the isolated-ion emission and the related pressure coe
cients are also listed. Corresponding results for the isolated-io
4F3(1)— *111A2) CF transition and its high enerdi{E) and low

isolated ion emission consists of the same three components
present in the low-pressure spectra. Of course, due to the
broadening, the energies become less well defined compared
to the situation at low pressures. The energy, width, and am-

fﬁ_litude parameters, however, showed a regular behavior with

pressure. The feature assigned as 3{2n the ambient pres-
sure spectrum in Fig. (B) becomes partly masked by the

energy (LE) satellites are also reported. All pressure coefficientslaser plasma line at higher pressures and therefore its energy
result from linear regressions using data measured up to 5 GPa. shift with pressure cannot be determined with sufficient ac-

_ _ curacy.
Final state Eo dE'/dP Ag dA/dP The change in pressure shift of tH&z,(1)— 41g,(1)
cm cmY/GPa cm!  cm YGPa transition near 5.5 GPa is clearly evident from Figh)2This

12 I, 11540.166) —0.0636) +1.407) -+0.06110) also applies to the_ well resolved low-energy 3J2 and the
12 3, 11539.613) —0.0967) +0.854) +0.02811) Wea4k 3/2 35 s?telllte. The ovgrall pressure dependence of
12 3 11539.228) -0.0988) +0.469 +0.02611)  N€ Fa{1l)—"le(1) energy is very weak in the full pres-

1
M (1) 11538.761) —0.1245) sure range up to 10 GPa, |nd|cat|r_1g a near cancella’qon of
32 3 11 537.265) a _1.506) a pressure effects on the S_Iater free-ion parameters, spin-orbit

! ' ' parameters, and crystal field strength.
312 11536.462) —02704) -2.303) —0.1328) An interpretation of the subtle change in pressure shift of
312 35 11534.166) —0.3246) —4.607) —0.20010 0 4F55(1)— 4l gpn(1) emission near 5.5 GPa in terms of a
HE 9497.685) —2.665 +1.639  +0.071) structural phase tra_nsit?on, which involves some major_ vol-
4 1042) 9496.084) —2.675) ume or local coordmatlon change, appears hlghly unl|ke!y
LE 0494.607) —3.157) -1.4511) —0.486) because of the continuous changes in energies and line

8UJncertain because of energetic overlap with laser plasma line.

widths of the luminescence bands. The change near 5.5 GPa
from redshift to blueshift rather indicates a slight variation in
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TABLE Il. Ambient-pressure energies and energy pressure cosible dipole-dipole character, is crucial for the bistability.
efficients of the isolated-ioffF(1)— *lg and *F5(1)— 112 This could be the reason why bistability is not observed with
CF transitions at 5 K. Energies of ttfé;(n) levels with respect to  the 3/2 J, satellite which does not correspond to the closest
the ground state levellq;(1) and corresponding pressure coeffi- pair as indicated by the stronger exchange interaction satel-

cients are also listed. Pressure coefficients correspond tanitial) lite 3/2 J; and the recently observed 3/2, satellite2®
slopes of the solid lines in Figs(a and 4b).

B. Satellites of the *F 3,(1) — *l (1) transition

Final state El dE/dP E(*1;)  dE(%,)/dP
cm ! cm YGPa  cmt cm Y/GPa We now consider the splittingd between the*F (1)
4 . . .
l9(1) central band and its satellites as a function of
4,(1)  11538.761) —0.1242) 0 0 — oal1)

pressure. The predictions of the pair model, with 5
+J/2 and E'—3J/2 doublet ground state splitting, remain
valid when J increases under pressure. Values of the

Ygx2)  11406.806) —2.008) 132.01)  1.8910)
Yg(3)  11355.704) —3.536) 183.41) = 3.418)

i' oA4)  11201.085) —4.604) 247.41)  4.480) ambient-pressure splittingsd, and pressure coefficients
lo2(5) 11010.983) —10.542) 527.81)  10.424) dA/dP are listed in Table I. For the satellites the absolute
4,,41) 9538.996) —2.147) 1999.81) 2.029) values of the splitting increases with pressure ande_thﬂ_ive
Nud2) 9496.084) —2.675) 2042.71) 2 557) clhanlge is p?rtmﬁlarly large up to 5.5 GPa. This is very
N A3) 9493.697) —3.676) 2045.11) 3.558) clearly seen for the 3/2), and 3/2 J; satellites. At ambient

pressure, the coupling is ferromagnetic. Obviously, this cou-
pling increases under pressure. A useful parameter in this
context is the relative change df with relative volume
change

N1A4) 9458.046) —2.646) 2080.711)  2.528)
H1145) 9308.728) —5.763) 2230.Q1) 5.64(5)
4111A6) 9274.597) —5.863) 2264.21)  5.745)

the local compressibility or coordination around the3Nd y=— M:& %
site and/or a change in the axial ratio. Differences in the local dinV Ay dP

ap sgege .. 6
compressibilities around ¥ and Li* may play a rolé For estimatingy we assume an ambient-pressure bulk modu-
Qualitatively similar explanations were offered for the de-| s of B,=80 GPa® The pressure coefficients of the well-
crease of the splitting of the twéF 5, multiplets of N&* in defined 3/2J, and 3/2 J, sidebands gives values of 5.14)

garnet_§7 and for the change for some luminescence lines inyng 3 54), respectively. These rather large values may indi-
chromium-doped MgSiO, (forsteritg from blueshift to red-  cate an unusually strong dependence of the magnetic inter-

shift with increasing pressufé.It was pointed out by Shen action on the N&"-Nd®* pair distances. An additional or

8 . . . . -
and Bray® that in forsterite the increase of the cubic field iternative possibility is that the ferromagnetic coupling be-
component in the-site symmetry of the Cr” ion leads t0  yyeen Nd ions is highly sensitive to small changes in Nd-

an increase of the energy of_some emission energies, wheregs\q pond angles, which are about 110° at ambient condi-
the increase of the noncubic CF component leads to a dgpyns. Again, this would be related to different local

crease of the energies. Therefore, depending on the relati‘@ompressibilities of Nd§fand LiF, polyhedra.

influence of pressure in the cubic and noncubic field, one The pressure coefficients);/dP are positive below 5.5
, .

may observe either a redshift or a blueshift as a function opa This indicates that the pair exchange interaction con-

pressure. , , . serves, under pressure, its character with a spacing between
The change in pressure shift of t&5(1)— *l91)  {he NE*-N" ions kept above the minimum value required
near 5.5 GPa{=5 K) may be related to the changes in ¢5- ferromagnetic exchange integrals. The become less

pressure coefficients repozrged for Raman mode frequencies glnsitive to pressure above 5.5 GPa, possibly due to changes
around 7 GPaT=300 K) " There remains, however, SOme j, the N¢* ion environment. A specific modeling of the pair

ambiguity about the interpretation of the Raman anomalieg, change interaction, with a set of exchange-potential pa-

in relation to the present luminescence studies and those "Bameters(Ref. 31, should reflect the anisotropy that arises

ported in Ref. 21. . _ , _ from the dependence on the orbital state of thé Noh and
The intensity of the’F5/,(1)— *lg;(1) isolated-ion emis- 15 eyolution with pressure which is by far more complex

sion band was observed to vary linearly with the excitationy, - the phenomenological effective spin model adopted by
density up to 100 kW/cf Above this power density level Guillot-Nod et al. for the pair interactiond’

saturation sets in. The intensity of the 312 satellite emis-

sion band also increases linearly with excitation density, at

least up to 200 kWi/ck Higher power levels lead to an

irreversible damage of the sample. The linear dependence of Luminescence spectra for some of thEg(1)— 4114/

the luminescence intensity on excitation density, as observelansitions at different pressures are shown in Fig).3rhe

in our 2% Nd-doped YLif sample, contrasts with the bista- central band located at 9497 Crhat ambient pressure cor-

bility effect associated with the Y pair satellite band in responds to thé/Fz(1)— *1,1,(2) CF transition, which is

CsCdBg:Yh.2° one of the laser emission lines of YLiANd. Two additional
Absence of intrinsic optical bistability associated with the bands near the laser emission line were observed at all pres-

3/2 J, satellite confirms that short range interaction, of pos-sures. These bands could reflect the*NdNd®* exchange

C. Other transitions originating from the *Fy,(1) state
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FIG. 3. () Luminescence spectra fdtF4,(1)— %14, transitions in YLiF:Nd at different pressures. Arrows mark tH&4,(1)
— 41112 (2) laser emission line at 1 atm (9496 ch) and 10.7 GPa (9472 cm). The emission bands at 9539, 9493.7, and 9458 'cm
at zero pressure correspond to they,(1)— *111,(n) transitions fom=1, n=3, andn=4, respectively. New peaks observed at pressures
above 10 GPa are attributed to a structural phase transitipnEnergies of the isolated-ioAF 3(1)— *111,{2) (solid circles and
4F3(1)— *1,1A3) transitionsg(solid diamondsas a function of pressure. THE 3,(1)— *1,1,,{2) laser emission shows bands at its high-
and low-energy side, marked by open squares and triangles, respectively.

interaction on the excited CF multiplet that was neglected imas a function of pressure. In the studied pressure range, all
the ferromagnetic exchange interaction model of Guillotluminescence lines, except for tH&5,(1)— *1¢5(1) emis-
et al1"*8 All luminescence lines seen in Fig(e3 show a  sion, exhibit a pronounced shift to lower energies. The lower
pronounced red shift with increasing pressure. Note that théhe *F4,(1)— “l;(n) transition energy for a gived the
absolute shifts are much larger than those of tReg(1) larger is the red shift. This effect is mainly due to the in-
— 41g5(1) related featureFig. 2). crease in the CF splittings as pressure increases. A similar
Figure 3b) shows the energies of the*Fg,(1) behavior has, for instance, been observed for’Trand
—*42) and *F3(1)—*111{3) CF transitions as a Cr' in YAG.323 The ambient-pressure energies and the
function of pressure. As in Fig.(B), solid symbols refer to pressure coefficients of all observed transitions are summa-
the energies of clearly resolved peaks, whereas the opeirzed in Table Il. Our ambient-pressure energy values com-
symbols indicate the energies of additional Voigt lines usegare well with the previously reported experimental and cal-
in fitting the side bands of the laser emission line. The preseulated values at 80 and 4.2'R3*
sure dependence of the energies in Fifp) 8an be described
by a quadratic relation over the full range up to 10 GPa.
However, the rather well defined point where tfig; (1)
—%145(1) changes slopgsee Fig. 2)] suggests to also Above 10.3 GPa all luminescence lines were observed to
consider two separate pressure regimes for the other CF tranndergo an abrupt change in energy and to broaden signifi-
sitions. It is for this reason that we have indicated two dif-cantly [see, e.g., Fig. &]. Upon releasing pressure all the
ferent linear slopes in Fig.(B), corresponding to pressures lines remained broadened and displaced in energy relative to
below and above 5.5 GPa. Values of the ambient-pressurifae energies for the upstroksee open symbols in Figs(a}
energies, linear pressure coefficients, and the relative changed 4b)]. Upon fully releasing the pressure, however, the
of the energy with volume for the*Fg(1)— *111,A2) initial ambient-pressure energies were largely recovered. The
isolated-ion emission line and its satellites are included imbrupt change in the luminescence energies and the consid-
Table I. erable hysteresis seen on decreasing pressure point to a struc-
Figures 4a) and 4b) show the energies of all observed tural phase transition occurring just above 10 GPa. The lu-
AF3a(1)— Yo and *F (1) — %114y, isolated-ion emissions minescence spectra indicate that the sample possibly reverts

D. Pressure-induced phase transition
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FIG. 4. Energies of luminescence peaks corresponding to transitions froffFi3¢1) excited state to the Stark levels @) *I o, and
(b) 1,4, states as a function of pressure. For the sake of clarity*Fg(1)— *I,,,{3) transition, which is very close to the laser emission
band AE=2.4 cm 1), is omitted in(b). The open symbols refer to data obtained after passing through the phase transition near 10 GPa and
then releasing the pressure again.

to its original scheelite structure near ambient pressure WitlCF strength around the Rd ions in theM-fergusonite and

the persistence of defects as indicated by the lack of transn the scheelite is expected to be similar because the coordi-

parency in visual observation and the appearance of newation of ¥3* ions by F ions is not very different in both

broad luminescence bands below 1 GPa. structures. This would explain the similar energy values for
A variety of phase transition sequences is known or hashe high-pressure and scheelite phases. This argument, how-

been discussed for scheelite-type compounds undeiver, would also apply if the high-pressure phase would have

pressuré®~*' At this point any suggestion for the structure g distorted scheelite structure of the AgMp@ariant or re-

of the high pressure phase of YLjis somewhat speculative. |ated to that of the high-pressure phase Ba\WCG’
For scheeliteABO, compounds a pressure-induced transfor-

mation to the wolframite structure would be favored by
packing-efficiency consideratioiHowever, as observed in
Fig. 4 the energies of all the luminescence lines in the high- We have studied the pressure dependence of the
pressure phase of YLiFshow a shift on releasing pressure *Fa(1)— *lg5 and the *Fg(1)— *1,,Nd*" CF transi-
which is similar to the behavior in the scheelite structure fortions in YLiF,, with emphasis on théFg,(1)— 4l 11,42)
increasing pressure. These features indicate that the local elaser transition and on satellites of tH&4,(1)— *l1;(1)
vironment of Nd in the high-pressure phase may not be veryransition. The behavior ofF3,(1)— *l¢,(1) satellites in-
different from that of the scheelite phase. We believe thidicates a significant increase of the NeNd®" ferromag-
rules out a transition to the wolframite structure or distortednetic exchange interaction as the distance between pairs de-
variants (MnLiF, or HgMoQ, type) with an effective sixfold creases. The observation of satellites of tHEz,(1)
coordination of Y. On the other hand, based on ionic radius— %l,,,{2) CF transition suggests that the splitting of the
considerations and the Fukunaga-Yamaoka diagfam, “F;,(1) multiplet as a consequence of the exchange inter-
transformation of YLiF to the monoclinic fergusonite struc- action is not negligible as assumed before, but should be
ture or related low-symmetry structures could be expectedncluded in the exchange Hamiltonian of the coupled pairs.
The transition between scheelite ahdfergusonite phases In addition to a possible use of the angular-overlap model to
involves only small changes in the atomic coordin4féBhe  describe the isolated-ion CF transitions as proposed by Tro-

IV. CONCLUSIONS
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esteret al,*® the evolution of the satellite energies with pres- character of the phase transition near 10 GPa is an interesting
sure and the strong dependence of their magnetic interactiaopic in itself which deserves being studied because of a
on the Nd*-Nd®* intrapair distances constitute an experi- possible relation to similar phase transitionsAiBO, ternary
mental basis for the determination of the exchange-potentiaxides.
parameters and fab initio calculations associated with an-
isotropic pair exchange interactions in solid state laser mate-
rials.
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spectral changes near 10 GPa, also observed by Shenximion under Contract No. HPMF-CT-1999-00074. S.J. ac-
et al?! for YLiF,:Eu, are attributed to a structural phase knowledges support from the National Science and Engi-
transition. A determination of lattice parameters and internaheering Research Council of Canada and le Fond de Forma-
structural parameters of the scheelite phase as a function &bn de Chercheurs et I'aide a la recherche du gouvernement
pressure would be helpful for the theoretical modeling of thedu Quebec. The authors thank U. Oelke for technical assis-
CF transitions and satellites under pressure. The structurénce.
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