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Abstract. Precise photoluminescence measurements have been carried out on RbCdF3:Mn?* in
the 9-300 K range to explore the structural phase transition of the host lattice at 7; = 124 K
using the first (M) and second (M2} moments of the emission band together with the lifetime
r as probes. Aside from showing a sensitivity of M2(T} and t(7T) to the phase transiticn, the
present data reveal that the curve M) (T) experiences a small but observable change of slope in
the vicinity of T;. It is demonstrated that this jump, &, (3M)/8T)p = 0.22cm~! K™, is mainly
assgciated with the increase experienced by the local thermal expansion coefficient below Tg.
The importance of both the implicit and explicit contributions to M(7T) is analysed throughout

this work.

Neither the luminescence nor the excitation spectrum shows any evidence of tetragonal
distortion in the MnF‘é‘ complex. This fact is explained through the Ray — Req = 0.2 pm value
(where Ra; and Rq are the axial and equatorial Mn2*-F- distances) at 30 K, and the coupling
coefficient Vg = 66 cm™! pm~! with the E; Jahn-Teller mode of Man‘. Finally, we have
found that this crystal exhibits photochemical reactions under uv light irradiation, leading to the
formation of centres that transfer easily to Mn®+ jons. These centres give rise to an intense

absorption band at 310 am, analogously 1o those previously formed under x-ircadiation.

1. Introduction

Because of their high symmetry, cubic fluoroperovskites have been employed as host lattices

of divalent transition-metal impurities {1-7] in order to achieve a detailed correlation among

their optical and EPR spectra and the local structure displayed around the impurity.
In the case of Mn?*-doped fluoroperovskites, for instance, the actual Mn>t—F~ distance,

R, at room temperature has been determined from the analysis of the experimental isotropic

superhyperfine constant, A, [8), and optical excitation spectra [6,7].

With the exception of KMgF;, KZnF;, CsCdF; and CsCaF;, the remaining

fluproperovskites undergo one or more structural phase transitions (PTs) below room
temperature. These phase transitions mainly involve rotations of the MP‘;‘ (M =divalent

cation) octahedra leading to a local tetragonal distortion of the F octahedra [9-13]. In fact,
such transitions are associated with the condensation of the acoustical Ras or M3 phonons,

whose frequency becomes zero at the transition temperature. An O} — D}é‘1 (RbCdFs) or an
0] — D3, (KMnF;) structural phase transition takes placé depending on which mode, Ras

or Ma, is involved. A conspicuous example of this behaviour is RbCdF;, which experiences

an O} — DJ} structural phase transition of second-order character at 124 K [12], giving
rise t0 two different distances, called RY, and R, between a Cd>* jon and the nearest F~
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ions, At 30 K it can be inferred that RS, = 220.4 pm and R}, = 219.3 pm through the
experimental lattice parameters, ¢ = 440.9 pm and a = 437.5 pm, using Allelfed’s model
{141

As regards an Mn?* impurity in the tetragonal phase of RbCdFs;, precise information on
its local geometry can be reached by analysing the good ENDOR data obtained at 7 =30 K
by Studzinski and Spaeth [4). These authors report Ag(ax) = 15.80(3) x 10~* cm™!
and Ag(eq) = 15.93(3) x 10~* cm™' for axial and equatorial ligands, respectively.
Using the procedure explained in [8] a value Ry — Req = 0.2 pm is found from the
experimental superhyperfine constants. This latter value, which is certainly much smaller
than Rgx—-qu = 1.] pm, siresses that local changes arouad an impurity can be different from
those for the perfect lattice. Having in mind this previous characterization of RoCdF;:Mn2*
in the tetragonal phase, the detection of the O} — DI} PT in RbCdF;:Mn?* using the optical
properties of the Mn?* impurity as a probe does not seem to be a simple task. This difficulty
is underlined by recent results on RbCdF;:Cr’* where no evidence of the PT was found
from the optical spectra of Cr*+ [5].

The main goal of this work is to investigate the optical excitation and luminescence
spectra of RbCdF3;:Mn?* single crystals, and their temperature dependence in the 9-300 K
range. Special emphasis is paid on the sensitivity or lack of sensitivity of Mn* spectra
to detect the PT undergone by the RbCdFs crystal. Therefore the present work can be
considered as an exploration on the limits of optical probes for detecting PTs in insulators.
It is worth noting that these optical probes are known to be very sensitive for detecting
PTs with a strong first-order character where jumps of distances between closest ions of the
order of 1 pm are involved {7, 15, 16].

Another drawback for carrying out the present task comes from the formation of some
centres that strongly absorb around 310 nm. The nature of such centres, first discovered by
irradiating with x-rays RbCdF; samples either nominally pure or doped with divalent T™
impurities, remains unknown [17). We have found that these centres are also formed under
irradiation with UV light as explained in subsection 3.1. Their presence in the RbCdF;:Mn?*
crystal makes it difficult to detect the excitation spectrum of isolated Mn** ijons given that
a strong Mn?** emission is induced upon excitation of the UV band of these centres. This
difficulty has been overcome using crystals free from centres and avoiding excitation in
the UV region. Therefore, the study of the optical properties of the isolated Mn?* has
been followed mainly by the changes experienced by the emission band and the associated
lifetime, 7, employing the 514.5 nm line of an Ar laser. This radiation completely avoids
the formation of centres and allows us to populate the first *Ty,(G) excited state of Mn?*
in RbCdF;, which is located at 512 nm at room temperature.,

2. Experimental details

Single crystals of RbCdF;:Mn?* were grown by the Bridgman method from RbF and CdF,
commercial products with 99.99% purity and a mixture of 1% MnF; 4 RbF in the powdered
sample. The melting temperature was determined by DTA (Tr = 1290 K). The crystal growth
equipment was composed of two Independent furnaces, which were isolated by an insulating
zone, The temperature could be therefore separately programmed in each part. About 30 g
of material were introduced under Ar gas into a Pt crucible, The material was heated up to
50 K above the melting point and then allowed to cool down to room temperature at a rate
of 5 K h-1.
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The real Mn?* concentration in the samples employed in the present work, 2500 %
500 ppm, was determined by comparing the EFR integrated intensity at room temperature
of our RbCdF;:Mn?* powdered samples with a KZnF;:Mn?* (2%) pattern.

To obtain the excitation and emission spectra of RbCdF3:Mn?* as well as to carry out
lifetime measurements it was compulsory to improve the sensitivity of the detection because
of the low value of the Mn®* concentration.

Excitation spectra were obtained with an implemented Jobin Yvon JY-3D fluorimeter
{18] equipped with a photon counting technique. The excitation beam from an Xe lamp
(150 W) was chopped and focused on the sample. The luminescence signal was detected
with a Hamamatsa R928 photomultiplier and measured during the non-excitation periods
with a Stanford Systemn SR440 preamp and SR 400 photon counter.

Luminescence spectra were obtained by means of a Jobin Yvon HR-320 monochromator
employing the chopped light of a Spectra Physics model 2020-03 Ar laser (A = 514.5 nm)
as excitation source. For lifeime measurements, the luminescence signal was digitized by
means of a Tektronix 2430A scope.

Temperature variations were achieved by a Scientific Instruments DE-202 closed-circuit
cryostat allowing temperature stabilities within 0.1 K and an accuracy of 0.5 K, with an
APD-K temperature controller.

3. Results and discussion

3.1. vv-induced radiation damage

Mn?*-doped fuoroperovskites exhibit a weak luminescence from the first *T;4(G) excited
state of the Mn?* in the 500-600 nm range at room temperature. For RbCdF;:Mn?*, the
intensity of this luminescence, peaking at 560 nm can be increased by several orders of
magnitude by irradiating with x-rays or, as we have found, with Uv light. Enhancements
of the luminescence in doped fluoroperovskites were also observed in KMgF; doped with
Mn?* and Co®* by electron irradiation, though profound changes in both the emission and
the excitation spectra of Mn?+ were detected in these systems [19].

These photochemical effects in RbCdFs:Mn?t make difficult to obtain the excitation
spectra of isolated Mn®>* due to the radiation-induced damage when exciting with Uv light.
This phencomenon is clearly iilustrated by the excitation spectra of figure 1. Spectrum (a)
corresponds to an RbCdF3:Mn?+ sample after being irradiated with 230 nm light for 30 min.
It can be seen that the excitation spectrum corresponding to isolated Mn?* ions is practically
invisible, being essentially masked by a broad band centred at 310 nm with a bandwidth at
half maximum of 7000 cm™~!. At variance with the Mn?* crystal-field peaks, this excitation
band is also observed in the optical absorption spectrum of RbCdF;:Mn?* (figure 2). Its
intensity increases with the UV dose and is very similar to that previously found in RbCdF;
samples (either nominally pure or doped with Ni**, Co** or Mn?*) by Losada et al [17],
after x-ray irradiation. Thus the present results indicate that the same centre (whose structure
is currently unknown) is also formed by irradiation with Uv light.

Excitation into the 310 nm band induces a strong Mn?* luminescence as well as a
progressive diminution of this absorption band, which is related to the destruction of the
centres discussed. Moreover, the presence of these centres is associated with the persistent
Mn2* luminescence (phosphorescence) exhibited by these crystals. The corresponding
lifetime is about 15 min at room temperature. This phosphorescence, due to a centre—Mn**
encrgy transfer process, is thermally activated, as is evidenced in the thermoluminescence
curve of figure 3. We have verified that the spectrum of the emitted light in this process
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Figure 1. The room-temperature excitation spectra of RbCAF;:Mn®* (Acn = 580 nm),
Spectrum (a) was obtained after sample irradiation with 230 nm light for 30 min, Spectrum (b)
corresponds to the annealed sample.
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Figure 2. The varation of the optical absorption spectra in the UV range of an annealed
RbCdF;:Mn?* sample with irradiation time.

corresponds only to the Mn?* emission as the emission spectrum at room temperature due to
the thermoluminescence process gives rise to the same band, associated with isolated Mn?*
ions in RbCdF; (peaked at 560 nm), and discussed in the next section, Also we have verified
that upon heating at about 400°C, the emission associated with the thermoluminescence
peaks at 560 nm. Four peaks are observed at 250, 290, 340 and 370°C. Heating of the
crystals above these temperatures causes a drastic reduction of the Uv-induced centres.
In fact, the excitation and the corresponding 310 nm absorption band disappear completely



Luminescence and phase transition of RbCdF; Mn? 6357

after annealing the UV-irradiated RbCdF;:Mn?* crystals at 400 °C. The remaining excitation
specttum shown in figure 1(f) fully corresponds to the isolated Mn?* ions. We have not
further investigated the nature of traps giving rise to the thermoluminescence spectrum of
figure 1 as it lies beyond the central purpose of this research.

TNTENSITY (arb. units)

I | |
0 100 200 300 400 3500
TEMPERATURE (°C)

Figare 3, The thermoluminescence curve of an irradiated RbCdF;:Mn®* sample. The
laminescence intensity corresponds to Mn?+ (A, = 560 nm). Heating rate, 3 K min—!.

3.2. Temperature dependence of the optical spectra

Figure 4 shows the excitation and luminescence spectra of an annealed RbCdF;:Mn?+
crystal at 300 and 9 K. The transition energies and the crystal-field peak assignment within
an Op scheme are given in table 1. It is worth noting that the emission peak experiences
a larger shift than the ®A,(S) — *T,(G) excitation peak, which is usually the most
sensitive to changes of Mn?*—F~ distances and temperature among the observed crystal-
field transitions of Man' {7]. A similar situation has recently been encountered in the
photoluminescence study of NagMnXg (X = Ci, Br) compounds, where the origin of the
different shifts undergone by the emission and the corresponding excitation peak has been
analysed [20].

The study of the temperature dependence of the optical spectra of isolated Mn** has
been focused mainly on the Iuminescence band induced by exciting with light of 514.5 nm.
This is due to the Jarger shift experienced by luminescence band from 300 to 9 K and also to
the fact the 514.5 nm excitation light avoids completely the formation of unwanted centres.

Figure 5 depicts the luminescence spectra of RbCdFy:Mn** recorded at different
temperatures. It can be seen that the spectra recorded just above and below the PT
temperature, T, = 124 K, are very similar, No splitting associated with the tetragonal
distortion has been detected either in the luminescence or in the excitation spectra.

A vibronic structure similar to that found for Mn?*-doped KMgF; and KZnF; [21]
is resolved around the origin of the emission spectrum of RbCdFs:Mn?* at 9 K (inset of
figure 5). The presence of a zero-phonon line at 18360 cm~ and a false origin at 265 cm™!
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Figure 4. The excitation and [uminescence spectra of RbCdFa:Mn?* at 300 and 9 K. The peaks
were labelled according to the Oy syrometry of the MaFy~.

Table 1. The transition energies and crystal-field band assignment of the RbCdFs:Mn®*
excitation and emission spectra at 300 and 9 K., The B and C Racah parameters and 10Dq were
obtained by the standard procedure including Trees and seniority corrections: ¢ = 65 ¢~ and
Q@ = —131 em™!, Energies are in cm~!,

Transition energy

Assignment 300 K 9K
Excitation

“T1p(G) « A(S) 19510 19275
4T3 (G 23470 23190
*A1g. YE4(G) 25215 25355
(D) 28335 28385
R (D) 30045 30330
*T15(P) 32530 -
Emission

Tig(G) = SAl(S) 17950 17550

B 813 815
o 3157 3181
10Dq 7264 7748

is noteworthy. Vibrational peaks are found at energies from the zero-phonon line similar to
the phonon energies at the Brillowin zone edge and I', measured for CsCaF; and RbCaF;
{22-24). A full account of the behaviour of zero-phonon lines, vibronic structure and Stokes
shifts along the Mn®**-doped fluoroperovskite series will be reported in the near future.

3.3.  Variations undergone by the transition energy, bandwidth and lifetime of the
luminescence band

In order to analyse the sensitivity of the optical properties for detecting the structural phase
transition in RbCdF3:Mn?*, we have performed precise measurements of the emission
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Figure 5. The luminescence spectra of RbCdF;:Mn?* at different temperatures. The inset shows
the vibronic spectra at 7 = 9 K. The peak labelling corresponds to phonons at the Brillouin
zone edge and at I'. Phonon energies from the zero-phonon line (zrL) of CsCaF; and RbCaFs

are included for comparison,

spectra and the comresponding lifetime in the 9-300 K range. The results are compared
with those for CsCaF3:Mn?t, where the host lattice experiences no phase transition below
300 K (figures 6-8).

Figure 6 shows the variation of the first moment. M), of the emission band. The most
salient feature is the small but detectable jump of siope experienced by M, in the vicinity
of 7. = 124 K, at a pressure Py = 0 atm. In fact, from the data reported in figure 6, a value
of (3M;/3T)p, = 1.88(5) em™! K~! at T = 145 K in the cubic phase of RbCdF; can be
obtained while a value of (8M,/8T)p, = 2.11(5) em™! K~! is measured at T = 100 K in
the tetragonal phase. Therefore, the jump of slope, A,(M]), that is actually measured in
the present experiments, corresponds to

A (M) = (M /8T )py 1~ — (M1 /8T )Py T4 (1)

where 1 ~ 20 K. The value of A,(M]) is thus equal only to 0.23 cm~! K~ in the present
case. Because of the small changes undergone by the slope it has not been possible to
perform a proper measurement of the jump exactly at T (denoted as Ag). A microscopic
analysis of A.(M]), similar to that observed for RbCaF; :Mn®** at T, = 193 K, is given in
subsection 3.6.

Figures 7 and § display the temperature dependence of the emission bandwidth, H,
derived from the seccond moment M, through H = 2.36,/M, and the lifetime, 7.
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Figure 6. The temperature dependence of the emission first moment of RbCdF3:Mn®* in
the 9-300 K temperature range. The results are compared with those for CsCaFy:Mn?* and
RbCaFy:Mn®*. The arrows indicate the PT temperatures of these crystals, The straight lines are
least-squares linear fits of M)(T) above and below Tt
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Figure 7. The variation of the emission bandwidth for CsCaF3:Mn* and RbCdFs:Mn?t in the
9-300 K temperature range. The solid lines correspond to fits to (2).
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Figure 8. The variation of the lifetime for CsCaF; Man?t and RbCdF3:Mn2t in the 9-300 K
temgperature range. The solid lines correspond to fits to (3},

respectively. As regards the bandwidth, the experimental results for CsCaF3;:Mn?* can
reasonably well fitted to a law

H(T) = Hylcoth(hw/2kgT))/? 2)

in the whole temperature range with Hy = 1380 cm™' and % = 267 cm™.

In the case of RbCdFs;:Mn?*, the experimental H values for T > 124 K can be
fitted to (2) with Hy = 1396 cm™' and Aw = 302 e¢m~!. The smaller Ma>*-F-
distance, R = 213 pm, for RbCdF;:Mn** compared to R = 215 pm for CsCaF3:Mn**
is quite consistent with the higher effective phonon frequency obtained for RbCdFy:Mn?t,
Nevertheless, at variance with what is found for CsCaF;:Mn2*, the fitting given by (2)
is unable to reproduce the experimental values found below the PT temperature. As the
departure from the predictions given by (2) appears just below T, this fact can reasonably
be related to the structural PT undergone by the host lattice.

As regards the temperature dependence of the experimental lifetime, it has been fitted
to a law

T(T) = g tanh{fiew,/2ksT) (3)

characteristic of electric dipole processes assisted by an odd phonon of frequency wy /2.
For CsCaF3:Mn?*, the fitting parameters are 7o = 148 ms and Aw, = 260 cm™!. However,
this fitting does not account for the slight lifetime increase observed below 50 K. The reascn
for this behaviour, also observed for Mn?*-doped KMgF;, KZnF; [21] and RbCaF; [7], is
still unknown,

The lifetime values for RbCdFa:Mn?* can also be well fitted to (3) with 1p = 118 ms
and hw, = 265 cm™!, but only above 124 K. Below this temperature t clearly deviates
from the predictions of (3), similarly to what was observed for the bandwidth.

3.4. Tetragonal splitting below T,: relation with the Jahn-Teller constant Vg

Because of the tetragonal symmetry of RbCdF; below Te. the first 4T[,;(G) electronic state of
MnF¢~ should split into two states, *A), and *Eg, in a local Day symmetry. This splitting can
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be estimated through the Jahn-Teller constant, Vg, which has been measured experimentally
for the *T((G) state of RbMnF; [25], and also derived from the reduction of the spin—orbit
splitting of the *T)4(G) state in KMgF;:Mn?* and KZnF3:Mn?* [21].

The linear electron—phonon coupling term, Hyn, corresponding to a triplet state of an
O, complex and to the Jahn-Teller E, mode, is usually written as

L oo ~/3/2 0 0
Homn=Ve{ 0 1 0 | Qs+ Ve( 0 +v3/2 0) Qe 4
0 0 -1 0 0 0

where the normal coordinates Qg and @, of the complex transform respectively as 3z% —r?
and x? — y2. In a pure tetragonal distortion Q. = 0, and the separation AE4 between the
singlet and the doublet electronic states is AEy = %VEQQ, where Oy = (2\/3/3)(Rax— Req)
(denoting by Ry and Ry the axial and equatorial metal-ligand distances, respectively).
From the measurements under stress on the "T[g(G) state Solomon and MceClure [25]
reported a value of Vg = 66 cm™! pm™! for RbMnFs.

Therefore, assuming the same Vg value for RbCdF;:Mn?*, and taking Ry — Reyq =
0.2 pm at 20 X, a value of AEy = 23 em™! is found, which is smaller than the spin—
orbit interaction ¢ = 300 cm™' of Ma?*, and two orders of magnitude smaller than
the experimental bandwidth. This small value of the tetragonal splitting explains the
-similarity between the excitation and emission spectra found in the cubic and tetragonal
phases of RbCdF;:Mn?* and justifies the absence of splitting in the low-temperature spectra.
Furthermore the present reasoning suggests that even if [Ray — Reql =~ 2 pm no splitting
should be observable in the T, (G) band, as is in fact verified for MnF, [26).

Below T, = 124 K, the tetragonal geometry would give rise to a splitting of the T, (G)
state. As the separation between such sublevels at T = 100 K should be clearly smaller
than £T, it leads to the conclusion that changes experienced by Mi1(T) in the vicinity of
7 can hardly be ascribed to population effects in the sublevels arising from the 4T;g(G)
manifold. By contrast, they can reasonably be assigned to the changes experienced by the
centre of gravity of such sublevels.

3.5. Microscopic insight into M;(T) for T > T,

If we consider a Man" complex embedded in a host crystal such as RbCdF;, the first
moment M| (which essentially corresponds to the maximum of the emission band) strongly
depends on the metal-ligand distance R [7). Nevertheless the temperature dependence of M,
cannot be ascribed only to the variations of R as consequence of thermal expansion effects
[27,28]. This important idea can be well understood using thermodynamic arguments for
a collection of isolated MnF‘;' complexes embedded in a given lattice. In fact, assuming
that M, is a function of R and T, it can be written

(OM1/3T)p = (M)i + (M)e %)
with

(M})i = (@M1/3R)r(8R/3T)p = Ry (3M,/3R)r
and |

(M})e = (3M;/8T)p
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where o, is the local thermal expansion coefficient. The first term, called the implicit
contribution, reflects the local thermal expansion effects, while the second one, called the
explicit contribution, accounts for the changes in M) due to temperature variations but
keeping the metal-ligand distance constant.

In the case of optical transitions, an explicit contribution to the transition energy appears
because the vibrational frequencies associated with excited states, wl,, and the electronic
ground state, a):;, are usually different [29]. This phenomenon, which is specially important
for the vibrational modes of the complex, gives rise to the following contribution to M;(T):

IV R NLY ] .
(M1)u=2[(—“’3~)—-£°-”i’mg(ﬁj+%) 6)

j (O)f,f)z

where 1; is the Bose-Einstein occupancy factor associated with mode j. The actual
importance of this contribution is hard to evaluate a priori.

{6) resembles the microscopic description of the thermal expansion undergone by a
molecule or a solid. In the latter case, however, the factor in curly brackets has to be
replaced by the Griinneisen coefficient, y;, associated with mode j [30]. Moreover, if we
want to calculate the contribution (M])e. to (M|)e, one should consider factors such as
(awé /3T)g, where thermal expansion effects are then excluded. As an a priori evaluation
of (6) is certainly hard to accomplish, a rough approximation is sometimes used. Assuming
that the expression in curly brackets in (6) is j independent [31}, (M)e. can be related to
the lattice internal energy Up(T) as follows:

(M)ee = BULT)  with 8 = (0] — &)/} 7
Therefore, within this approximation, and assuming that 8 is temperature independent,
{(M])ee = BCV(T). (8)

In the present case of electric dipole phonon-assisted transitions, there is a supplementary
contribution to (M]).. In fact, M; experiences a variation with T reflecting the temperature
changes undergone by both phonon creation and annihilation processes [32]. Such a
variation can be written for an effective odd mode as follows:

(My)ew = =R, tanh(fiew, f2kT). (4]
Therefore, within this theoretical framework, (M]). is given by
(M])e = (M))ee + (M])en (10}

where (M})ex = (8(M))en/3T)z.

Let us now focus on the experimental value, (dM;/3T)p, = 1.88 cm™! K~!, found for
RbCdF;:Mn?* when T > T,. The value of the implicit contribution can be calculated using
(aM/8R) = 164 em™! pm~! derived from the experimental variation of the emission peak
in Mn?*-doped fluoroperovskites [33). In these systems the Mn®*—F~ distance has been
derived using EPR {81 and optical data [6, 7], and in the case of KZnF; and RbCdF; lattices
also by EXAFS [34].

As regards the local coefficient, o), though not known, it is likely not far from the
experimental value & == 1.2 x 10~> K~ derived for RbCdF; from the crystallographic data
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reported by Rousseau et af just above T [12]. In fact, the thermal expansion coefficient for
diamagnetic fluoroperovskites in the cubic phase at room temperature is 1.4 x 10~% K-' for
CsCdF; [12), 1.7 x 10~3 K~ for TICdF; [12] and 1.8 x 10~% K~! for RbMnF3 and KMnF;
[35,36]. Therefore taking 0, = 1.2x1073 K™, we calculate (M]), = 0.42cm™! K™, which
is certainly smaller than the experimental value (3M;/8T)p, = 1.88 cm™" K~1. Thus it
becomes clear that this variation cannot be explained only through thermal expansion effects
in spite of the uncertainties in the actual ¢, value. Furthermore the present results support
that (8M,/8T)p, for the emission band of MnP‘g‘ in the cubic phase of RbCdF; is clearly
dominated by the explicit (M), term. A rather similar conclusion to the present one was
reached in the analysis of the temperature dependence displayed by the °A,(S) — *T(G)
absorption peak in RbMnF; and KMnF; [28].

The contribution (M])e, to (M), around 200 K is +0.55 em™! K~ for hew, = 260 em™1.
Therefore, taking into account (5) and (10), it appears that the contribution (M])e to
(8M,/8T)p should be about 0.9 cm™! K~!, and thus it is the dominant contribution to
(OM1/3T)e.

3.6. Microscopic insight into the jump undergone by (3M; /3T )p, at T,

From the analysis given in subsection 3.5, the jump experienced by (3M;/8T)p, on going
from the cubic to the tetragonal phase can be written as A(dM;/8T)p, = A(M1)i +
Ar(M))en + Ar(M{)ee, where A, is defined in (1). The first contribution is related to the
jump, A,crp, undergone by the linear thermal expansion coefficient through the equation

A (M7); = R(OM,/8R) Ao (in

Therefore the relative variation [A,(M]);]/(M}); should be equal to Ase/eer. From
the data reported by Rousseau ef af [12] it is found that o, = 1.8 x 1075 K~! below T, in
the 120-100 K range, thus implying A0y /oy ~ 0.4, This significant variation experienced
by o leads to a contribution A,(M}); = 0.2 em™! K~!. Therefore this contribution alone
not only explains the positive sign of the experimental jump but also provides a figure that
is certainly close to A, (3M,/8T)p, = 0.23 cm~! K~! reported in subsection 3.3. This
situation is amazing as (M)); is not the dominant contribution to (3M;/3T)p in the cubic
phase as discussed in subsection 3.5.

Let us, however, explore what jumps are expected arising from the two explicit
contributions, (M{)e, and (M{)... Having in mind that an optical frequency such as e,
does not experience a jump at a second-order phase transition, (M|)e, should be connected
to A,(dhw,/dT)g. In the case of fuoroperovskites 4,(dhw,/8T)p ~ 102 cm~! K-}
for odd optical modes lying below 300 cm™' [24]. Therefore it is rather reasonable
to accept that A,(M])e, would certainly be much smaller than the experimental value
(8M/0T)p, = 0.22 cm~! K~!. An estimation of A (M])ee can be reached through the
rough approximation depicted in {8), which gives rise to

Ae(M))ee/ (M))ee = 5,Cv/Cy. (12)

Assuming A;Cy/Cy = A,Cp/Cp, we obtain from the experimental results reported
for TICdF; and RbCaF; [13] values of A, Cp/Cp < 0.05 for t ~ 20 K. The latter value,
which is an order of magnitude smaller than A,y /oy, reflects very similar values of Cp
at T, + 20 K and T, — 20 K, in spite of the detectable lambda peak displayed by Cp in the
PT region. Having in mind (12), we thus estimate A,(M])ee = 0.04 cm™! K~'. Therefore
even considering the roughness of this estimation we can understand why A,(M)); can be
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the dominant contribution to the experimental jump A, (M{) although M| in the cubic phase
is strongly dominated by (M])ec.

It is worth noting that even taking into account the relative jump AqCp/Cp experienced
by Cp at the PT temperature, it amounts only to 0.2, which is still certainly smaller than the
corresponding value Apoy /oy = 0.75. This significant difference between Agoy /o and
AgCp/Cp probably reflects the important changes undergone by the Griineisen parameters
(as pointed out in [11]), which influence Agap but not AgCpr. The bigger relative jump
experienced by o when compared to that of Cp at the PT of RbCdF; is consistent with
Ehrenfest equations and measurements on elastic constants.

In fact, using Ehrenfest’s equations for second-order phase transitions, together with the
well known approximation ¢, = % Xy Cv for the thermal expansion coefficient in the cubic
phase, the following expression is obtained:

(ApCp/CpYAnx/x) = 3Ty AgaL (Apc for ). (13)

This expression thus relates the relative jump experienced by the thermal expansion
coefficient to the corresponding ones undergone by the compressibility, x, and the specific
heat, Cp. Introducing into (13) the values o, = 1.3 x 107> K~!, Agey = 1073 K1,
T, = 124 K, and taking y = 2.5, we obtain

(AoCp/CrYAox/x) = 0.007 (14)

a figure which suggests that this relative jump experienced by Cp and x at the phase
transition would be certainly smaller than Agoy /e, ~ 0.7. This conclusion is supported by
the specific heat measurements (giving AgCp/Cp ~ (0.25) and by data on the temperature
dependence of elastic constants. In the case of RbCdF; only AgCy;/C = —0.05 has been
measured. From that value Agx/x = 0.05 can be estimated, which is close to what is
predicted through (13).

4. Conclusions

A careful analysis of the temperature dependences of the emission spectrum and lifetime of
Mn?t impurities embedded in RbCdF; has shown that the Mn2* luminescence feels the PT
of the host lattice.

As a main conclusion, this work has pointed out that the jump A.{(8M,/9T)p, is
determined mainly by the corresponding jump associated with (M), though the extrinsic
contribution, (M7)e, to (8M; /8T)p, is the dominant one in the cubic phase. This fact would
be of consequence of the significant relative increase, A,y /o, undergone by the thermal
expansion coefficient. Additional contributions to this jump associated with the tetragonal
symmetry of the complex below T, have been ruled out given that accurate ENDOR results
reported by Studzinski and Spaeth [4] indicate that at T = 30 K the local geometry of the
MnF;~ complex is essentially cubic.

In conclusion, this work has shown not only that the luminescence of the Mn?¥ impurity
is sensitive to the second-order PT undergone by RbCdF;, but also that it is possibie to
understand the mechanisms giving rise to the jump of (8 M /87T )p, observed at the PT.
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