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Abstract. Silver was introduced into several metal fluorides with the aim to generate different
Jahn-Teller (JT) situations, Optical absorption and luminescence experiments involving the ground
4d'° and the excited 44°Ss' configuration of Ag* revealed a weak T ®e JT effect in the
(approximately) T, excited triplets in NaF and SrF,, but much stronger differences between
different hosts in the (approx.) E doublet. The strongest effect was observed in the host NaF. The
theoretical developments initiated by Wagner have given the best interpretation of the observed
temperature dependence of optical line shapes. EPR experiments (in part with a sample under
uniaxial stress) on Agz" in MeF, crystals (Me: Ca, Sr, Ba) and SrCl, demonstrated the action of a
T, ®t, JT effect for the former two hosts and, probably, a quadratic JT effect or an off-centre
situation for the latter two. The experimental results and models are presented.

Key words: impurity centres, triplet Jahn-Teller effect, Jahn-Teller-induced relaxation, Jahn-
Teller effect in excited states, fluoride hosts (cubic).

INTRODUCTION

Monovalent silver and copper ions have been entered successfully into
most of the alkali halides and these systems have extensively been studied,
e.g. [ ] Alkali fluoride hosts are noteworthy exceptions. It is difficult to
produce usefully doped crystals, because at higher temperatures silver
fluorides are unstable. To an even higher degree similar problems are met
with during the preparation of silver-doped alkaline earth fluorides. A
strongly mhomogencous distribution of silver has usually been observed
[*4]. The nd'? ions are model systems for the study of nontrivial excited
state structures of impurity ions in ionic crystals and the results obtained
may serve as test data against numerical results of quantum-mechanical
modellings. Cu* in NaF is among the most studied systems and a wealth of
information through very detailed optical investigations § ] is available.
But it is still not fully understood. The investigation of Ag* was initiated
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because of expected similarities but also differences, in particular
regarding a possible competition between the JT effect and spin—orbit
coupling. The motivation for introducing this ion into alkalmc earth
fluorides was initially based on the expectation to produce the Ag ion in
cubic surroundmgs Its existence has been established for CaF,,
SrF, [ ], in partlcular as regards the involvement of a Toyg ® tyg -type JT
effect [’]. However, it is only observed in crystals prevnously X -rayed. In
addition, the irradiated samples always contained a variety of other silver-
related microscopic centres which produce numerous optical absorptlon
bands between 800 and 200 nm, not directly related to the JT Ag ion [ ]
gaper presents the results related to different JT situations of Ag*
and Ag“* in alkaline earth fluorides. Details of the crystal growth and of
our experimental procedures are given, e.g. in [3]

RESULTS AND DISCUSSION

Ag2+ in CaF,, SrF,. The 1mgur1ty enters the crystal lattice by
substituting for a host cation. Its “Tp, ground state is subjected to a

20® tog JT effect. This is one of the rare examples of this type of JT

ect m the ground state thh S=1/2. The following EPR results
demonstrate this model [ ] The angular dependence of the EPR
spectrum is trigonal with g, = 1.9201 and g, = 2.5825 (SrF: Ag *). The
C; axes are the principal ones. A resolved hyperfine structure due to one
Ag nucleus can be seen. The isotope effect is not resolved. Superhyperfine
(shf) interaction with two equivalent F~ neighbours produces an important
structure of EPR lines. Much smaller shf structure due to the six remaining
fluorine neighbours of the anion cube surrounding the silver impurity is
observed. Trigonal uniaxial stress applied to the crystal produces
important relative intensity changes in the EPR spectrum, whereas
tetragonal stress has no effect at all. Finally, the EPR spectrum is observed
only below 16-20 K. Above this temperature no signal ghas seen, in
particular no motionally averaged one. A cluster JT model 39 involving
strong coupling to a trigonal effective mode may be used. It implies an
almost degenerate vibronic ground quadruplet (A, +To) by
approximately 0.8 iv below the mutually very close Tl + ng +E,
vibronic levels. The adiabatic potential of the model has four mlmma
which correspond to the four trigonal deformations of the cube. Thereby
the two F~ ions on the corresponding axis approach the silver ion and a
kind of linear (F-Ag-F)° molecule is formed. The EPR results may be
discussed with the aid of an effective Hamiltonian (H, ﬁf within the
vibronic ground quadruplet multiplied by Dy, We write™ £v), v), |Cv)
for the vibronic orbital states of the Ty, level and la,v) for the one
transforming as the A, vibronic state, and include the t‘ llowing terms
into Hp:

Heg=4T la )@l + AL S + V(uger +u e +uer)+ByS g B.
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In this order the terms are: the tunnel splitting (diagonal in the spin), the
spin—orbit interaction, the trigonal strain (where the u are the T,, matrices
within the electronic triplet level), and the electronic Zeeman effect. Note
that the u evaluated within the vibronic states produce reduction factors.
The matrix built up from the first three interactions is given in the
Appendix. It was obtained by transformation from the symmetry-
determined basis ( Ev), my), [Ev), lalv)) to a localized vibronic basis,
formally represented by ( 1), R2), 13), 14)). This type of transformation
was initially developed by Ham. The electronic Zeeman effect needs
rather a lengthy development and the space did not allow to include it. In a
strong JT coupling limit the off-diagonal part of the Equation is strongly
quenched and the electronic part of the ground vibronic state (written in
the local coordinates) transforms as (3z 2-r2). The g tensor becomes
(neglecting covalency) gy=2 and g, =2 + (6Ak%/A). The combined
effect of the nondiagonal spin—orbit terms and the time-dependent part of
the corresponding trigonal strain leads to reorientation transitions of the
system between the four equilibrium positions. Connected with these are
spin-flips. As both effects are intimately coupled, the increasing
temperature produces an increasing rate of spin reorientation. As a
consequence, the scalar product between the spin dipole and the
microwave magnetic field averages to zero within a short time. If this time
is shorter than a period of the microwave field, no energy transfer takes
place. The EPR signal disappears. The experiment shows this effect
between 16 and 20 K.

Ag" in SrF,. Selected crystals showed prior to X-irradiation the optical
absorption spectrum presented in the Figure. The structure between 190
and 240 nm originates from an Ag”* ion substituting a host cation, being in
cubic surroundings, as we have demonstrated experimentally [ 9.
Associated with the system is a luminescence emission peaking at 315 nm,
The optical transitions connect the 4d'® ground state with the 4d°5s’
multiplet. The exchange interaction, the spin—orbit coupling and the cubic
crystal field split this level into (Ag, + Eg + 2Ty + 2T (from °D; + D,
+°D3) and Eg + ng (from lD2)). €Ve wrote down the s20 x 20 matrix of
these interactions and obtained the following parameters by fitting the
solutions to the spectra of Figure: A =1203 em!, K=1597 cm’!,
10Dg = 3195 cm’!. Due to the small crystal field value there is sizable
mixing of the spin singlet and triplet character of the levels. Particularly
strong singlets are the E, (94.5% singlet character) at 50400 cm! and two
Tyg levels (each approx. 50%) at 48200 ecm! and 45600 cm’!,
respectively. All the three levels are candidates for the JT effect. We admit
that each of them can be treated independently. The doublet implies the
optical transitions A, <> E® (e+a,), considered theoretically by
Wagner [l '], Vekhter et al. ['2] and others [' 3]. Their model predicts a line
shape depending on the ratio of the coupling constants to the e and the a;
mode frequency, respectively. For large values of the ratio an asymmetric
doublet is predicted and an almost symmetrical single line is obtained in
the other limit. Our analysis of the experimental spectrum shows that this
ratio is smaller than 0.1 with an effective frequency of the symmetrical
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mode of v = 185 cm!. This result is reasonable because the local effective
e mode implies a tangential movement of the ligands around the silver ion
with a concomitantly small JT coupling constant. A different situation was
observed for Ag* in NaF. There this latter coupling constant is large and a
resolved asymmetric doublet structure of the correspondmg optical
transition was observed. Detailed results will be published [ ]
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Absorption spectrum, T=10K. SrF:Ag*, plate of 2.2 mm thickness. Spectral
decomposition into elementary gaussian bands (---- experimental, — fitted spectrum),
Insert: absorption spectrum of a SrF,:Ag”* plate (3.2 mm) at T'= 300, 90 K.
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HOBEDA LISANDID KUUBILISTES METALLFLUORIIDIDES. JAHNI-
TELLERI EFEKT 4d%5s'- JA 44°-MULTIPLETTIDES

Philippe BOUTINAUD, Alain MONNIER, Dominique LOVY, Hans BILL

Metallfluoriidide koostisse on sisse viidud hdbe eesmirgiga tekitada
erinevaid Jahni-Telleri efekti (JTE) situatsioone. Optilise neeldumise ja
luminestsentsi eksperimendid, kus osalevad pdhikonfiguratsioon 4d'0 ja
ergastatud konfiguratsioon 4d95s nditavad norka (T ® e)-JTE ergastatud
T,-tripletis NaF ja SrF, krista]hdes kuid E-dubleti erinevused erinevates
kristallides on palju tugevamad. Koige tugevam on see efekt NaF
kristallis. Optilise spektrijoone kuju temperatuurisdltuvuse parima
tolgenduse on andnud Wagneri algatatud teoreetilised kasntlused EPR-
eksperimendid (osalnselt kristalliga iihesuunalise rohu all) Ag -ga MeF,
(Me: Ca, Sr, Ba) ja SrC12 kristallides demonstreerisid (T2®t )-JTE
esimeses kahes kristallis ja tdendoselt kvadraatset JTE vOi ~mitte-
tsentraalset situatsiooni kahes viimases. On esitatud eksperimentaal-
andmed ja mudelid.

IMPUMECH CEPEEPA B KYBHYECKUX ®TOPHIAX METAJLIOB.
DOOEKT AHA-TELUIEPA B 44? 55- M 4°-MYJIBTHILUIETAX

®unun BYTHHO, Anss MOHBE, Jomunux JIOBH, I'anc BUJLJI

Cepebpo BBeEHO B HECKOJNIBKO ()TOPHIOB META/UIOB IS CO3JAHMS
pasHeiX curyauuil a¢dexra Ana-Temwrepa (DAT). DxkcnepuMeHTH MO
ONTHYECKOMY MOIJIOILCHHIO J1 TIOMHHCECICHIIHH, CBI3AHHLIE C OCHOBHOI
4d'0 g BO30yXIEeHHOM 4d%5s' KOH(HUrypauUusaMH, NPOSBHIH Cabblii
(T ® e)-O4T B B0o36yxnensom T,-Tpuruiere B kpuctawiax NaF u SrF,,
1 Oonee cwibHBIE paxIM4Ms IS pasHbIX KpuctawioB B E-mybnere.
Hau6onee cupnblii a¢pdext Habmonancs B kpucrawie NaF. Hawtyumas
MHTEpnpeTaluus HaGlofaeMbIX TEMIEPaTYPHbIX 3aBUCHMOCTEH KOHTYPOB
ONTHYECKHMX JIMHMH JaHa TEOpeTHYECKMMH paboraMu, Ha4yaThIMH
Baruepom. BHP-axcnepmaemu (YaCTMYHO C KPHCTa/UIaMH TOJ OJHO-
ocubiM cxatiem) o Ag?t B kpucramax MeF; (Me:Ca, Sr, Ba) u SrCl,
BBISIBUJTH (T2 ®dt )E)HT B MEpBbIX [BYX KpPHCTaUlaX M, BEPOATHO,
KBapaTHYHbIH BSIT WM BHELICHTPOBYIO CHTYaUHIO, B MOCIEIHHUX
nByx. Ilpencrasnensl 3KCNEPUMEHTATbHbIE PE3yJIbTAThl M MOIEIH.
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	Fig. 1. a) Stabilization process for a spin fluctuation in a single-band quantum antiferromagnet. b) Walk on a square when no fluctuation is initially present.
	Fig. 2. Hopping process of a spin cluster. The first action of (32) on state (1) restores as an intermediate step the AF order which has a k boson with the hole. The second action ends up with state (3) where the cluster has been shifted by two sites compared with (1).
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	Fig. 2. Contrast in the functional forms of the lowest conventional state (dashed line) and the lowest nonconventional state (’exotic’, solid line), represented by optimized trial wave function (10), which practically coincides with the numerically exact result. Parameter set: p =-1, D = 15, T = 50.
	Fig. 3. Energy uncertainty of variational ansatz (10), the approximate wave function deduced by the Fröhlich-type transformation and adiabatic wave function (15) for p = —l. Solid line: T= 15, dashed line: T= 50.
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	Fig. 1. The structure of a KDP crystal.
	Fig. 2. The oxygen 6 AOs participating in the A-O bonds (a) and 6 MOs scheme for the AO, tetrahedron (b).
	Fig. 3. The layer structure in the H,SQ crystal (low-temperature phase)
	Fig. 1. Shift of layers such that h stacking is converted into hc stacking. This shift belongs to a wave at the A point (q = 0,0,7/c) with respect to the h lattice.
	Fig. 2. The cooperative Jahn-Teller ordering in CsCußr3. Also the superexchange path of -Cu(b)- Cu(4)-Cl(a)-Cu(3)-C1(b)-Cu(1)-Cl(a)-Cu(2)- with successively acute and almost straight angles is shown.
	Fig. 1. The parent hexagonal perovskite lattice.
	Fig. 2. The exchange spectrum of the CsMg,_,Cu,Cl3 crystal for T=4.2 K, Vl =9.3 GHz. The orientation of B is close to Cs.
	Fig. 3. The low-field (a) and high-field (b) parts of the exchange spectrum of the CsMg,_,Cu,Cl, crystal for T=42K, v, = 37.2 GHz. The orientation of Bis arbitrary.
	Fig. 4. Projections of two face-sharing octahedra (common face is shown by a broken line) on the ab plane. All possible variants of the orientations of long axes in two octahedra are shown. When going from the first octahedron to the second one, the orientation of the long bond is rotated by 60° clockwise (a) and anti-clockwise (b).
	Fig. 1. Dependences of the extremum energies of the adiabatic potential for a defect with one trapped electron in the initial t, state оп the yammcte f nonlinear elastic forces = k /40b", n = 05. 1, W; 2, W; 3, Wš„'p .4, wäz„)o.
	Fig. 2. The same as in Fig. 1, for two electrons in the initial t, state. The vertical line corresponds to t=o.3.
	Fig. 3. The same as in Figs. 1 and 2, for three electrons in the initial t, state
	Absorption spectrum, T=lOK. SrF,:Ag*, plate of 2,2 mm thickness. Spectral decomposition into elementary gaussian bands (---- experimental, — fitted spectrum). Insert: absorption spectrum of a SrF,:Ag* plate (3.2 mm) at T =3OO, 90 K.
	Fig. 1. Spectra of photoluminescence related to Ga vacancy-donor complexes in GaAs:Te (/), GaAs:S (2), GaAs:Sn (3), and GaAs:Si (4). T=2 K.
	Fig. 2. Spectral dependences of the polarization ratio in the 1.18 eV-band of photoluminescence under uniaxial pressure for GaAs:Te (/), GaAs:S (2), GaAs:Sn (3), and GaAs:Si (4). Т= 2 К. a, Pl [loo] ;5, Pl [lll] .P: la, 2a, 3a, 4a, 4b -8 kbar; Ib, 2b, 3b — 10 kbar.
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	Fig. 3. Dependences of the polarization ratio at iw = 1.18 eV on the applicd pressure for GaAs:Te (1), GaAs:S (2), GaAs:Sn (3) and GaAs:Si (4). a,c, P Il [loo] ; 6.4, Pl [lll] . T(K): a, b, 2; с, а, 77.
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	Fig. 4. Calculated dependences of the integrated polarization ratio on the applied pressure for VGaDas (@, b) and Vg,Dg, (. d). а, с, Р || B[loo] ‚Б а, Р|| [lll] . Т(К): / -6, 2 – 77. Values of parameters: deformation potential constants: B = —O.B ¢V, D = —2 eV; spin-orbit splitting: 150 meV; splitting of initial p state due to fixed distortion: -38 meV for Vg,Das, —23 meV for VGaDga; splitting of initial p state due to reorienting distortion: 150 meV.
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	Fig. 5. Characteristic orientations of a Vg,Dg, complex under the external pressure, directed along the [lll] axis (a, &) and the calculated changes in the energies (E) of the emitting state for different complex configurations (c, d). The arrows 14 identify the directions of the reorientable distortion, related to adiabatic potential minima 1-4, shown schematically in 5¢ and 54 for P=o and P = 10 kbar. For the calculation of E(P) for a V,Dg, complex the values of complex parameters of Fig. 4 have been used.
	Fig. 6. Dependences of the polarization ratio at #® = (.95 ¢V on the applicd pressure for GaAs:Te (1), GaAs:S (2), GaAs:Sn (3), and GaAs:Si (4). a,c, P || [loo] ; 6.4, Pl [lll] . T(K): a 5, 2; c, d, 17.
	Fig. 1. Unpolarized first-order resonant Raman spectrum of KI:MnO, at 5 K excited at &. = 2.4093 eV, showing intramolecular and localized vibrations. The weak structures at 32.5, 99.9, and 120.8 meV (not labelled) are due to higher-order scattering processes (2vloc, 2vs, Vi + Vioc).
	Fig. 2. Time dependence of the vy Raman scattering intensity at different temperatures. The excitation photon energy £, = 2.4093 eV. The cxcitation power was 20 mW before and after bleaching and 400 mW during bleaching. All intensities are normalized to the incident lascr power (see the text).
	Fig. 3. Time dependence of the vi Raman scattering intensity at different bleaching powers. 7° = 50 K. The intensities are normalized to the incident power which was 20 mW before and after bleaching and otherwise as indicated.
	Fig. 4. Optical absorption of KI:MnO; around the zero-vibrational transition N = 0 at 50 K before (a) and after (b) bleaching together with the differences curve (c). The sample thickness is 2.5 mm. The bleaching was accomplished at 7 = 50 K with 300 mW from a dye laser (Er, = 2.040 eV), the absorption was measured with 0.3 mW. The inset shows the 'A; — 'T, absorption band of KI:MnO7 at 5 К over a larger spectral range.
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	Fig. 2. Experimental spectra of CsMgCl3:Cu2*.
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	Fig. 1. Concentration dependence of LaSrAl,_,Cu,O4 lattice constants.
	Fig. 2. EPR spectrum of LaSrAlgggNig 1004, T=293 K, v=35.6 GHz: a, experimental spectrum; b, simulated spectrum.
	Fig. 3. EPR spectrum of LaSrAlo 9gNig.0204, v =9.32 GHz. a, b, experimental spectra at T=2so K and T=7o K, respectively; c, d, the corresponding simulated spectra.
	Fig. 4. Adiabatic potential of NiOg complexes in the case of a tetragonally extended octahedron for the following values of lz“el/ (2B) : a, 5.5; b, 7.5; c, 12.5.
	Fig. 5. EPR spectra of LaSrAl,_,Cu,O4, T=293K; v =35.14 GHz. a, x=0.02; b, х = 0.10.
	Fig. 6. EPR spectra of LaSrAlg.99oCuo. 1004 v =9.48 GHz. Solid lines — experimental; dashed lines ---- theoretical. a, T=293 K, Kı =0.40; b, T=3OK, K;=0.39; c, T=4.2 K, Kır = 0.09.
	Fig. 7. Adiabatic potential of CuOg complexes in the cases of (a) a tetragonally extended octahedron, (b) an octahedron deformed by the hole delocalized on four-plane oxygen ions, and (c) distortions of the complex at the corresponding minima of the adiabatic potential.
	Fig. 8. Structure of a ferromagnetic cluster in a CuO, layer.
	Fig. 1. Gap function at T' = 0 for Eg. (3) with W = —0.19, V 2 = —0.34, 4’ = —2.22. Energies are in meV. Equipotentials are shown in the (k,, ky) plane.
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	Fig. 3. Recovery of magnetization at TmMm=sK of a La2CuO44s ( z 0.04) sample probed in an isochronal annealing experiment at Tan = 170 K and 220 K. Magnetization (e) was measured at 100 G. The full line is a fit with an exponential law with the time constants 7(170 K)=37oos and 7(220K)=1805.
	Fig. 4. The time constants 7(7an) as a function of the anncaling temperature at which the samples were repeatedly annealed as derived from the isochronal anncaling experiments (cf. cxamples in Fig. 3). Differcnt symbols rcfer to different samples: x, B ’as – prepared’ (6 = 0.01); o loaded with cxcess oxygen at 600 °C in a 700 bar oxygen atmosphere 6 = 0.04.
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	Fig. 4. The calculated magnetic susceptibility for the uperturbed AF as a usual quadratic increase towards the Neel temperature. The perturbed part (dotted line) is the average of nine lattice sites around perturbation.
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