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Pressure dependence of the crystal-field spectrum of KNiF;: Single and double excitations
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This work investigates the Ni-F distance dependence of the crystal-field (CF) transitions of Ni>* in KNiF; by
high-pressure spectroscopy. All peaks shift to higher energy with pressure according to trends foreseen by the
Tanabe-Sugano diagram. At ambient conditions, we obtain Racah and CF splitting parameters of B = 0.118¢eV,
10Dg = 0.908eV; C/B =4.4 (10Dg/B =1.7). B and 10Dgq vary with pressure as 2% =-0.11 meV GPa™'
and ‘“;% = 24 meV GPa™!. Similar to KCoFs;, the slight decrease of B with pressure reflects the strong ionic
character of the Ni-F bond and its high stability against compression. We have correlated the measured pressure
dependence of 10Dg with the Ni-F bond distance, showing that it follows a potential law as 10Dg = CR™ with
an exponent n = 6.6 = 0.5, thus providing experimental data for checking the suitability of theoretical models
aiming to explain the slight deviations of observed R dependencies of 10Dgq from the CF theory (n = 5). We have
applied the experimental 10Dg(R) relationship to determine the real Ni-F bond distances in fluoroperovskites
ABF; : Ni** from the spectroscopically measured 10Dgq as an alternative method for determining bond distances,
Ryi—r, in impurity systems. We show that the so-obtained Ry;_r deviates from the bond distance of the host site,
Rp_p, proportionally to the difference Rz_r — Ry, with Ry being the sum of ionic radii Rg- + Ry;2+. The behavior
is compared to that found for Mn** along the fluoroperovskite series ABF; : Mn?*. Finally, weak UV peaks
observed below the charge-transfer band gap (E, < 10eV) in the absorption spectrum, the assignment of which
still remains controversial, have been assigned to single and double excitation transitions. The assignment was
unveiled on the basis of their energy and pressure shift.
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I. INTRODUCTION

KNiF; is an archetype material for establishing correla-
tions between the electronic structure of a transition-metal
cation, Ni**, and its crystal structure, i.e., the Ni>* —F~ bond
length. Its perovskite structure (space group Pm3m with
a= 4.012/&) [1,2], together with its wide pressure stability,
makes it attractive to investigate basics aspects related to
volume/bond distance dependence of the electronic structure
in a highly symmetric environment. As a basic antiferro-
magnetic material below Ty = 246K, with spins aligned
along (100), KNiF; has been probed to study spin dynam-
ics associated with coherent longitudinal oscillations of the
antiferromagnetic order parameter induced by impulsive gen-
eration of two-magnon modes by femtosecond optical pulses
(the so-called femtonanomagnons) [3,4]. Concerning elec-
tronic structure, the absorption spectrum of KNiF3, which is
well known since many years ago [5—7], allows us to explore
the crystal-field (CF) related excited states of Ni** in a wide
spectral range (0-6 eV) below the charge-transfer band gap
of E, ~ 10eV [5,8,10]. It includes all mainly electric-dipole
single excitation (SE) transitions within the 3d4® electronic
configuration from the 3A2g(3 F) ground state to the manifold
3T and 'T; excited states of spin S = 1 and 0, respectively;
I'j refers to Oy, irreducible representations. In addition, some
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weak absorption peaks appearing below the band gap in the
UV range have been assigned either to SE or to double excita-
tion (DE) transitions but their assignment still remains unclear
[7,11]. Besides, KNiFs has been taken together with other
fluoroperovskites KBF3 as a prototype system to check the
suitability of DFT methods to calculate structural properties
mainly related to the equation of state and elastic constants
[9,10,12-16]. In spite of it, different values of the bulk mod-
ulus ranging from 60 to 115 GPa have been recently reported
in KNiF3 [9,10,17,18], showing important discrepancies with
the experimental value derived from acoustic measurements
of Ky = 84 GPa [18,19]. It shows also important differences
with bulk moduli obtained from the experimental V(P) data in
isostructural KCoF; (Ky = 117 GPa) [20,21], KMnF; (K, =
59 GPa) [22], or KZnF; (Ky = 78 GPa) [23]. This dispersion
of data points out that precise theoretical methods for deter-
mining structural properties in such simple systems are yet
to be improved. A study on the crystallographic and elastic
properties of KZnF3 using density functional theory (DFT)
based methods using both general-gradient approximation
(GGA) and local-density approximation (LDA) exchange cor-
relation functionals, although it provides fair agreement with
experimental data, illustrates the dispersion of calculated data
depending on the employed functional [13]. In addition, this
work tackles the study of the electronic structure of Ni**
introduced as a substitutional impurity in KZnF3, and what
is more challenging, its pressure dependence [13]. Besides
difficulties arising to calculate suitable CF energies of Ni*"
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as an impurity inside KZnF3, it must be noted that the study
first requires an adequate structural description of the lattice
relaxation around Ni?t, i.e., the NiF octahedron must relax
inward with respect to the host ZnFs octahedron due to the
shorter ionic radius of Ni** (0.69 A) than Zn>* (0.74 A) [24].
If we consider that the Ni-F bond has an intermediate length
between that of Zn-F in KZnF3 (a = 2 x Rz,_r = 4.056 A)
[25] and Ni-F in KNiF; (¢ =2 x Ryi_p = 4.012A) [1,2],
then the equilibrium Ni-F distance in KZnF; would be close
to Rnip = 2.017(11) A.

It is worth noting that most pressure data in impurity
systems derived from DFT calculation lack experimental
verification. In particular, KZnF;3 : Ni* is an example as
structural correlations between the actual Ni-F and the elec-
tronic structure is difficult to achieve experimentally. High
pressure x-ray diffraction measurements directly provide in-
formation on the Zn-F distance [23] but are inadequate to
unveil the real Ni-F bond distance even if we deal with x-ray
absorption spectroscopy since it is less sensitive to variations
of the Ni-F distance at moderate pressures (P < Ky) and hard
to measure in diluted systems (< 0.1 mol %).

In this work we investigate the pressure dependence of
the CF electronic spectra of KNiF3 in the 0-12-GPa range.
The aim is threefold. First, we will provide information on
the pressure shifts of the different CF electronic transitions
E(P) and correlate it with the variation of the Ni-F distance
through the bulk modulus in a pressure range where this
perovskite is stable. Second, the E(R) variations enable us
to check the suitability of CF models to account for the
pressure-induced peak shifts, and to establish structural cor-
relations. In particular, we will be able to estimate the real
Ni-F distance, R, in impurity systems ABF3: Ni** through
the obtained relationship 10Dg = CR™. The results will be
compared with well-known correlations already established
in ABF; : Mn>* [26,27]. Also, they allow us to compare the
experimentally obtained n exponent for KNiF; with that ob-
tained for KZnF; : Ni** (n = 6) from DFT methods [13],
which is different from that spectroscopically derived for
Mn?* along the ABF; : Mn?* series (n = 4.7) [26,27] or that
reported for Co?t in KCoF;3 (n = 5.1) through high-pressure
measurements [21]. Precise measurements of n are deserving
of adequate theoretical methods to explain the slight depar-
ture of n from the CF theory estimates of n =35, due to
bonding effects related to specificities of the transition-metal
cation and the ligand (crystal structure) [13,28,29]. Third,
besides SE CF transitions from the 3Azg(F ) ground state to
the different manifold excited states °I; and 'T, concen-
trated Ni** compounds may exhibit DE transitions, involving
pair excitations as 3A2g (F)A + 3Azg (F)B — 31 FiA + 3’1FJ-B,
where A and B refer to nearest-neighbor Ni?* sites, which
are activated by the spin-effective electric-dipole mechanism
in exchange coupled systems [30-35]. In KNiF3, weak ab-
sorption features appearing in the UV region above 3.5
eV have been previously assigned either to electric-dipole
SE transitions involving states of different spin multiplic-
ity or to DE transitions. In particular, the peak at 3.81 eV
(31200 cm™) has been assigned either to the SE 3A2g(F ) —
'E,(G) [7] or to the DE3 Ay, (F)A +3Ag, (F)B — 'E, (D)* +
lEg (D)B in KNiF; [9,29]. Pressure data can clarify such
an assignment on the basis of the respective pressure shifts,

since the two band assignments yield different pressure
shifts.

II. EXPERIMENT

Float-zone single crystals of KNiF; growth by Bridgman
were used in present experiments. Its cubic Pm3m structure
(perovskite phase) is preserved along the explored pressure
range. The high-pressure experiments were carried out in a
Almax-Boehler Diamond Anvil Cell (DAC) with type Ilac
diamond anvils of 350 um culet diameter. 150-pm-thick In-
conel gaskets were preindented to 60 um. 200-pum-diameter
holes were perforated with a BETSA motorized electrical
discharge machine.

The DAC was loaded with a single crystal (100) plate
of KNiF; (100 x 90 x 35 wum [3]) and ruby microspheres
(5 um diameter) as pressure probes using silicon oil as
pressure-transmitting medium (see Fig. S4 of the Supplemen-
tal Material [36]). The pressure was determined from the ruby
luminescence following recent revisions on the ruby pressure
scale [37].

Optical absorption under high-pressure conditions in the
vis-IR range (400-1700 nm) was performed on a prototype
fiber-optics microscope equipped with two 25x reflecting
objectives mounted on two independent x—y—z translational
stages for the microfocus beam, and the collector objective
and a third independent x—y—z translational stage for the
DAC holder. Optical absorption data and images were ob-
tained simultaneously with the same device [38]. Spectra in
the visible-infrared (vis-IR) were recorded with Ocean Optics
USB 2000 and NIRQUEST 512 monochromators using Si-
and InGaAs charge-coupled device detectors, respectively.
In the UV range (230-420 nm), we used a reflecting op-
tics spectrophotometer setup. The light of a deuterium lamp
was monochromatized by means of Spectra Pro-300i Acton
Research Corporation Monochromator and suitable filters.
The monochromatic light was chopped and focused with an
aluminum-coated toroidal mirror in the diaphragm of a 35x
reflecting objective, which focused a 10-um beam spot on
the DAC cavity. The transmitted light passed first through the
sample (/) and then through the pressure transmitting medium
(Ip) was scanned. It was collected with another 35x reflect-
ing objective and synchronously detected with a Hamamatsu
R-928S phototube and a SR 830 lock-in amplifier. Both re-
flecting objectives were mounted on two independent x—y—z
translational stages for light focusing and light detection. No
optical fiber was used in this setup, and the UV lower wave-
length limit was imposed by the diamond absorption. The
absorption spectra, at ambient conditions and low tempera-
ture, were obtained on a Cary 6000 i (Varian) using a (100)
single crystal plate of KNiF3 (2 x 2 x 0.23 mm?).

III. RESULTS AND DISCUSSION
A. Optical absorption spectra and crystal-field analysis

Figure 1 shows the room-temperature (RT) optical ab-
sorption spectrum of KNiF; with the corresponding peak
assignment to electronic CF transitions, the energy of which
is well described on the basis of the Tanabe-Sugano diagram
for 3d®. The assignment and CF parameters are similar to
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FIG. 1. (a) Room-temperature absorption spectrum of KNiF; (space group Pm3m with a = 4.012 A). Peak energies and their assignment
are indicated. Peaks are assigned to crystal-field transitions from the 3A2g(F ) ground state to the >'T; ith-excited state, I'; being Oy, irreducible
representations. (b) Tanabe-Sugano diagram for d® electronic configuration indicating the crystal-field strength of Ni*" in KNiFs. The
energies of the room-temperature absorption spectrum (dark-blue and azure dots in the Tanabe-Sugano diagram) correspond to B = 0.118 eV
(950cm™), C/B = 4.4, and 10Dg = 0.908 eV (7320cm™): 10Dq/B = 7.7.

those given originally elsewhere [39,40]. The CF parameter
10Dq can be directly derived from the first band, A2, (F) —
3T54(F), whose transition energy is E; = 10Dg. The Racah
parameter B can be derived from the energies E, and Ej of the
two other spin-allowed transitions 3A2g(F )y =37 ga(F) and
3A2g(F) — 3Ti44(P), respectively, through the equation

B = (E; + E> — 3E))/15. (1)

Hence the intersect point in the Tanabe-Sugano diagram
[28] is given by 10Dq/B = 15E,/(E; + E3 — 3E}), which is
10Dg/B = 7.7 at ambient pressure. The Tanabe-Sugano di-
agram for a d® electronic configuration (Ni*) of Fig. 1(b)
shows the experimental CF transition energies of the KNiF;
absorption spectrum and the calculated ones using B =
0.118eV, 10Dg = 0.908¢eV; C/B = 4.4 (10Dg/B =17.7). 1t
must be noted that the C parameter is obtained from the
positions of the spin-singlet transition, A (F) — 'E¢(D),
the energy of which depends mainly on both B and C Racah
parameters [28]. The obtained B, C, and 10Dq values co-
incide, within the fitting accuracy, to those formerly given
elsewhere [38]. The rich peak structure observed in the ab-
sorption spectrum corresponds to CF transitions from the
3A2g(F ) ground state to different excited states of the same
spin multiplicity: 373,(F) at 0.908 eV, which corresponds to
the energy separation of 3 d orbitals of Ni** split into ey + Iy
orbitals in the octahedral CF of KNiF;s; 3Ty ¢a(F) at 1.550
eV; and 3Ty ob(P) at 2.948 eV. Additional weaker peaks at
1.905 and 2.627 eV correspond to electric-dipole transitions
to zero-spin excited states ' E,(D) and 'T5,(D), respectively,
whose transition oscillator strength is activated by spin-orbit
coupling and exchange mechanism in exchange-coupled Ni**
pairs [40]. Interestingly, there are several bands above 3.4 eV,
the assignment of which still remains controversial as they
have been assigned either to SE [7] or to DE [11] transitions.
Their assignment on the basis of their pressure shifts is given
in Sec. III D.

B. High-pressure measurements: Shift rates

Figure 2 shows the variation of the optical absorption spec-
trum of KNiF; with pressure in the 0—12-GPa range. The
Pm3m perovskite structure is stable in this pressure range,
hence the O, symmetry at the Ni*" site is preserved in the
whole pressure range (¢ = 2 X Rnj—p). All bands blueshift
with pressure with a different pressure coefficient depending
on the involved excited state. The transition energy evolution
follows the trend foreseen by the Tanabe-Sugano diagram
from 10Dq/B = 7.7 at ambient pressure to 10Dg/B = 9.7 at
10 GPa, i.e., 10Dq increases from 0.908 to 1.150 eV, and
B slightly decreases by —1.1 meV from 0.118 to 0.117 eV
(Fig. 3). Figure 2 plots the variation of the peak energies with
pressure (see also Figs. S1-S3 of the Supplemental Material
[36]. We observe that transition energies involving states of
the same spin multiplicity follow a linear dependence with
pressure in the whole pressure range, whereas those asso-
ciated with spin change (S = 1 — 0) transitions exhibit an
additional small quadratic dependence above about 7 GPa
that can be attributed to their strong overlap with the more
intense peaks (Fig. 2 and Fig. S2 of the Supplemental Ma-
terial [36]). The least-squares linear fit equations for each
transition are given in Fig. 2(b). Unfortunately, the small
peaks appearing above 4.2 eV could not be measured as a
function of pressure because of their large overlap. Only the
small narrow features at 3.47 and 3.81 eV were detected
up to 12 and 3 GPa, respectively. Peak shifts, overlap, and
diamond absorption impede a proper detection of the remain-
der of higher energy peaks (Fig. 2). Interestingly, both the
peak energies and their pressure coefficients agree fairly well
with trends of the Tanabe-Sugano diagram as it is shown in
Fig. 1(b) and Table I. It must be noted that the observed
blueshift of the almost 10Dg-independent ' E,(D) at 1.916 eV
is 1.3meV GPa™! in agreement with the slight 10Dg depen-

BELEDN _ 0,06, i.c

dence of this spin-flip transition as 310Dg
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FIG. 2. (a) Pressure dependence of the absorption spectrum of KNiF; in the 0—12-GPa range. Dashed lines are eye guides to illustrate the
different pressure shift of each peak. (b) Variation of the peak energy with pressure. The corresponding least-square linear fit equations are
given on the right side. Data are collected in Table I (more details in Figs. S1-S3 of the Supplemental Material [36]).

35[135# = 1.4meV GPa™! (Table I). The accuracy of this
method is worthwhile to predict the pressure coefficient for
those peaks whose pressure coefficients could not be mea-
sured due to experimental impediments.
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FIG. 3. Variation of the (a) crystal-field splitting 10Dg and (b)
Racah parameter B with pressure in KNiF;. Straight lines correspond
to the least-square fits of the experimental data to the linear equation:

10Dg = 10Dgo + 2%24P and B = By + 2 P.

C. 10Dq dependence on the Ni-F distance: Bond distance
estimates in Ni* impurities

The present spectroscopic results enable us to determine
the 10Dg dependence on Ryj_r from the KNiF; bulk mod-
ulus Ky = 84(1) GPa, derived from acoustic measurements
[18,19], and compare it with those obtained by DFT meth-
ods [9,14,15,17]. On the basis of potential law dependence
of 10Dg with Ryir as 10Dg = CRy', we can obtain the
exponent of this potential law from the pressure dependence
of 10Dgq:

010Dg\  (910Dq\ (dRnir) _ n10Dq @)
P )  \ 9Rnir P ), 3Ky
Taking the measured pressure shift coefficient, (31301,0 DYy =

24 meV GPa™!, and the ambient pressure values of the bulk
modulus and 10Dg, we obtain n = 6.6 + 0.5. Interestingly,
the exponent n is larger than the exponent n = 5 predicted
by the CF theory [28], and its difference must be ascribed to
changes of the actual molecular-orbital wave function with
R (bonding), which modulates the dependence of 10Dg(R)
yielding a potential law proportional to R™" with n = 6.6 in
KNiF;. Previous works exploring the R dependence of 10Dg
in the ABF; : Mn>" perovskite series [26] and in Co’" in
the isostructural KCoF; (Pm3m) [21] provide potential law
dependencies with n exponents of 4.7 and 5.1, respectively.
Though in all cases exponents are around 5, their depar-
tures from n =5 unveil singularities which are related to
the different nature of the lattice and the bonding between
the transition-metal ion and the ligand. The present results
provide experimental data that can be fundamental to probe
the suitability of theoretical calculation methods to account
for such n deviations. Previous DFT-based methods employed
to explore pressure dependencies in KZnF; : Ni** using LDA
and GGA functionals provide an adequate methodology to
face this problem [13]. However, the results of such calcu-
lations could not be checked due to the lack of high-pressure
measurement in Ni2t diluted systems. The present work on
KNiF; provides experimental evidence for such estimates. In
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TABLE I. Transition energies and associated Racah (B, C) and crystal-field splitting 10Dg parameters of Ni*" in KNiF;, obtained from
the optical absorption spectrum at ambient pressure and 10 GPa. The energies of the main crystal-field transitions are represented in the
Tanabe-Sugano diagram for d®(0;,) in Fig. 1. The calculated transition energy E and its pressure derivative with respect to 10Dg, %, of each
absorption peak, obtained from the slope of the £/B(10Dg/B) curve of the Tanabe-Sugano diagram at 10Dg/B = 7.7, are included. The calcu-

lated pressure coefficients have been obtained from 2% times the measured 6130% coefficient. Pressure dependences of B and 10Dg in KNiF;

310Dq

are al;PD" =242meV GPa™, % = —0.11 meV GPa' (Fig. 3). The ratio C/B is fixed to 4.4 with pressure consistently with experimental data.

Peak assignment: A, (F) —

*Tag(F) Tiga(F) 'Ey(D) 'T5(D) *Tigs(P) 'A1,(G) 'T14(G) 'Tog, 'Eo(G)
Expt. E (eV) 0.908 1.550 1.916 2.607 2.948 3.50 (A) 4.00 (C)
Calc. E (eV) 0.908 1.54 1.86 2.66 2.937 3.01 3.36 3.96, 4.03
Expt.2£ (meV GPa™) 242 33 13 11 32 22
Cale. 7~ 1.00 1.53 0.06 1.03 1.47 0.07 0.97 1.86
Calc. 2% (meV GPa™) 24.2 37 1.4 24 35 1.7 23 45
Pressure Crystal-field parameters (C/B = 4.4)

0.0001 GPa B=0.118eV 10Dg/B = 1.7

10 GPa B=0.117¢V  10Dg/B =9.8
particular, the theoretical estimates for KZnF5 : Ni** provide (@ 11 ‘ ‘ ‘ ‘
n exponents for the variation of 10Dg with Ry;_g of n = 5.402 10Dq = 0.963 — 0.66(R —2.107)
and 6.016 using GGA and LDA calculations, respectively. The 10 [ b
LDA calculation provides a similar exponent to the experi-
mental one measured herein for KNiF; (n = 6.6) and thus ; oo [ ¢ ¢ 1
points out the suitability of LDA calculations to describe Q2
better pressure dependencies of 10Dg than GGA calculations o
in this perovskite system [13]. 8 08 1

The 10Dg(R) relationship obtained from high-pressure -—

measurements in KNiF3 can be applied to determine the 0.7 | _o ABF.-Mn?* 1
Ni?* —F- distance in ABF; : Ni** perovskites from 10Dg on ’
the assumption that such potential law applies along the per- 06
ovskite series ABF5. First, it must be noted that the variation 220
of. 10Dgq with the B-E host distance, RB_F,.alor}g the series b = | Riop 2107 = 0.31 ‘(RL—Z.‘1O7)
[Fig. 4(a)] shows a linear dependence, which is consistent 7
with a potential law as Rz_r = Ry(10Dqy/10Dq)"/", with an I 1
exponent n = 1.2 for ABF; : Ni**, quite far from the expected ~@- ABF Mn**
CF value n ~ 5. A similar situation occurs in ABF; : Mn** 2 2.10 ]
where n = 1.4 [Fig. 4(a)]. It was shown that this anomalous ~
exponent is caused by the distinct Rg_p and Ry, —p, of the host § 1
and the impurity, respectively, due to local relaxation effects el
of the F~ octahedron around the Mn?* impurity [26,27]. The 2,00 [ ]
real Mn-F distance Ry,_r is intermediate between that of
the host Rgz_g and the sum of the Mn?t and F~ ionic radii,

Ro = Ry;p+ + Re- = 2.107 A [24]. Here we assume that a 1.90 2.00 2.10 2.20 2.30
similar situation is attained in ABF; : Ni>*. Table II collects R, (A)

structural and spectroscopic data for ABF; : Ni>* with Ni-F

distance estimates derived from the measured 10Dg on the FIG. 4. (a) Variation of the crystal-field splitting 10Dg with

basis of the potential law Ryj—r = Ro(10Dgq/ 10Dg)'/%-% with the host B-F distance, R, along the ABF; : M** fluoroperovskite
Ry = 2.006 A and 10Dgy = 0.908 eV (ambient pressure data) ~ series for M: Mn>* and Ni**. The straight lines are the least-
experimentally obtained in KNiF; using high-pressure spec- square fit of the experimental data to the linear equation: 10Dg =
troscopy. Figure 4(b) shows the variation of the 10Dg-derived  10Dqo + %5/ (R, — Ry). The pressure coefficients %721 = —0.66
M-F distance, Riopy, as a function of the host B-F distance and —0.56eV A~ for Mn>* and Ni**, respectively, correspond to
for both M: Mn** and Ni**. Interestingly, both variations n exponents of the potential law R, = Ro(%)l/ " of 1.4 and 1.2,
show that the actual M-F bond distance corresponds neither  respectively. (b) Variation of the M-F distance derived from 10Dg
to Rg_p nor to Ry but to an intermediate value which amounts  through the equation Riop, = Ro(gpe)"/", using Ry = 2.107 A;
to about 20-30% of the departure of Rg_p from Ry. There- 10Dgy = 0.963eV; and n = 4.7 for M: Mn** [26,27], and Ry =
fore, when M is introduced as a substitutional impurity at the ~ 2.006 A; 10Dg, = 0.908 eV; and n = 6.6 for M: Ni**. Experimental
octahedral BFg site, an outward or inward relaxation of the F~ plotted data are collected in Table II.
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TABLE II. Variation of the B-F distance, Ry, along the host ABF; : M>* perovskite series and crystal-field parameter 10Dq for M: Mn**

and Ni**. The M-F distance has been derived from the measured 10Dg at room temperature through the equation Riopg = Ro(

10Dgo

1/n :
10Dg )", using

Ry =2.107 A, 10Dgy = 0.963 eV, and n = 4.7 for M: Mn?* [26,27], and Ry = 2.006 /f\, 10Dgy = 0.908 eV, and n = 6.6 for M: Ni%*. Errors

in Ryop, are given in parentheses.

R (A) ) 10Dq (eV) Riopg (A)
Compound +0.001 A +0.007 eV (standard deviation in parentheses) Ref.
KMgF; : Mn?* 1.993 1.045 2.069(8)
KZnF; : Mn>* 2.026 1.018 2.081(7)
KMnF; 2.095 0.974 2.101(6)
RbMnF; 2.120 0.929 2.122(6) [26,27]
RbCdF; : Mn>* 2.200 0.901 2.134(7)
RbCaF; : Mn** 2.227 0.906 2.131(7)
CsCaF; : Mn** 2.262 0.854 2.160(10)
KMgF; : Ni** 1.993 0.915 2.004(3) [5,39,40]
KNiF; 2.006 0.908 2.006(3) [5,39,40], this work
KZnF; : Ni** 2.028 0.886 2.013(7) [41]
RbCdF; : Ni** 2.200 0.818 2.038(9) [42]
CsCdF; : Ni** 2.235 0.756 2.063(11) [43,44]
CsCaF; : Ni** 2.262 0.769 2.057(11) [43]*

“Due to the lack of room-temperature absorption spectrum of CsCaF; : Ni**, its 10Dg was obtained by adding 0.013 eV to the 10Dg value
of CsCdF; : Ni**. This shift corresponds to the energy difference of the corresponding >T5,(F) — 3A,(F) emission zero-phonon lines at

10K : Ezpr (CsCaF; : Ni?*t)—Eyp (CsCdF; : Ni™).

octahedron takes place depending on whether Rg_p is shorter
or longer than 2.006 A (or 2.107 A) for Ni** (or Mn?"),
respectively.

D. Double excitation versus single excitation transitions
of UV bands

The absorption spectrum of KNiF; shows at least six
weak absorption peaks between 3.4 and 6 eV, named A-F,
the origin of which is still controversial (Fig. 1). The three
peaks appearing together around 3.81 eV (namely A—-C) were
assigned to SE transitions 3A2,(F) — 'Ti4(G), 'E,(G), and
1ng(G) [7], whereas two of them were assigned to DE tran-
sitions 3Azg (F)* +3As, (F)B — 'E, (D) + 'E, (D)® [11].
Their transition energy is close to predictions of the Tanabe-
Sugano diagram in the former case (Fig. 1) but also to twice
the SE 1Eg(D) energy (2 x 1.905 = 3.81¢eV) in the latter one,
or even other combinations as 3T2g (F)A + 3T1g (P)® with an
energy of 3.856 eV (Fig. 1). The DE assignment was based
on the fact that the band intensity (oscillator strength f) de-
pends strongly on the Ni*™ concentration in K(Mg,_ Ni,)F;
(f increases by an order of magnitude from x = 0.1 to 1),
thus clearly indicating that such transitions are associated with
the number Ni-F-Ni pairs—exchange-coupled pair transition
[40]. However, it must be noted that not only DE but also SE
can be partially activated by the exchange mechanism as well,
although the main driving electric-dipole mechanism in SE
transitions is the vibrionic coupling to odd-parity modes [5].
The point is that the energy of a DE transition is close to the
sum of the involved SE transition energies. For a DE such
as 3Azg (F)A + 3424 (F)P — T2+ — T8, its energy is given
by

E(N +T;°) = E(T") + E(T,%)
—Eqan ¥ E(TA)+E(T%),  ©3)

where Ecx, 1S the stabilization exchange energy and, in ionic
systems, is much smaller than the individual SE energies (less
than about 1%) [32-35]. In general, this condition must be
fulfilled by all DE transitions. Interestingly, this relationship
also applies to the pressure coefficient of DE, and thus makes
it a very powerful tool to definitely verify which excited states
are involved in a DE transition. In particular, its pressure
dependence is given by

OE(L/ +T,°%)  8E() | 8E(T)")  0Eeen

P P P P
IE(TA JE(T ;B
~ egp : {SPJ )' @

According to this, a DE transition involving two identical
SE I't=T; = 1 E4(D)) should have a pressure coefficient
nearly twice the SE pressure coefficient. Therefore, a DE
assigned to 'E, (D)* + 'E, (D)® should have a pressure co-
efficient of about 3 meV GPa™! (Fig. 2 and Table I, and Figs.
S1-S3 of the Supplemental Material [36]).

Figure 5(a) shows the variation of the absorption spectrum
with pressure to illustrate the pressure dependence of the 3.48
eV (A) and 3.81 (B) peaks in comparison to the 'T5,(D)
and 3Ty ¢(P) SE peaks. The corresponding E(P) variations
are given in Fig. 5(b) in the 0-10- and 0-3-GPa range, re-
spectively. Their pressure coefficient of 22 and 9 meV GPa™!,
respectively, allows us to unambiguously assign such tran-
sitions as the SE '7T1,(G) and the DE 'E, (D)* + 'E, (D)5,
respectively. In the former case, both the energy and pressure
coefficient are close to the expected one for the SE 3Tlg(P)
of 3.36 ¢V and 23 meV GPa™' [Fig. 1(a) and Table I]. For the
3.81-eV peak, the assignment to a SE transition must be ruled
out as its pressure coefficient is too low as compared with
those of the *Ti4(P), and ' 7,(G) or E, (G) SE transitions of 23
and 45 meV GPa™!, respectively. However, its slight pressure
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FIG. 5. (a) Variation of the absorption spectrum of KNiF; in the UV region in the 1-1.5-GPa range. (b) Energy pressure dependence of
the peaks A (3.46 eV) and B (3.81 eV) of KNiFj; in the range 0—10 and 0-3 GPa, respectively. The straight lines are the least-square fit of the
experimental data to a linear equation. Note that both the energy and the pressure coefficient of A and B peaks are slightly close to the sum of
the energy and pressure coefficient of the *7i,(P) SE and the 'E, (D)* 4+ 'E, (D)® DE transition, respectively.

coefficient is closer to that of the DE 'E, (D) + 'E, (D)®
of 3meV GPa™!, thus confirming the assignment given else-
where [11].

Though we missed measurements of the pressure coeffi-
cients of the higher energy peaks (>4 eV), named C-F in
Fig. 1(a), we must rule out an assignment to SE transitions
with the exception of the C peak (4.00 eV) whose energy is
close to the overlapping ' 75,(G) and 'E,(G) energies of 3.92
and 3.99 eV, respectively [Fig. 1(b)]. On the basis of their
transition energy, we tentatively assign peaks D—F to the DE
transitions: 'E, (D)* + ', (D)B; 'E; (D) + 141, (G)B; and
'Eq (D)* 4+ 'Ti, (G)B, respectively (Table I). The reasons are
threefold. (i) The peak positions do not correspond to any
SE transition in the Tanabe-Sugano diagram. Actually, there
is no CF SE in KNiF; to account for the observed transi-
tions. (ii) Peaks D (4.47 eV), E (4.87 e¢V), and F (5.85 eV)
fairly agree with the sum of the corresponding SE energies
involved in the DE transition: 4.54, 4.87, 5.91 eV, respec-
tively. The slight mismatch would correspond to the exchange
stabilization energy of the Ni** —F —Ni’>* pair. (iii) All DE
transitions involved the almost 10Dg-independent spin-flip
SE ! E.(D). The involvement of this excited state makes the
full width at half maximum (FWHM) of the DE peak be of
the order as the SE FWHM thus making its detection easier
in the absorption spectrum. Although other combinations for
DE transitions involving spin-triplet *7j » excited states are
possible, such possibility is unlikely since the FWHM would
amount to twice the SE FWHMSs. Moreover, the transition
oscillator strength, which is fully concentrated in the only
excited state of the pair (S = 0) for a DE involving only spin
singlet SE (S = 0), would spread over the different DE spin

states (S = 0, 1, 2) if spin triplet SE states were involved in
the DE.

IV. CONCLUSIONS

We have shown that the pressure dependence of the CF
transitions of Ni>* in KNiF; all shift to higher energy fol-
lowing the trends of the Tanabe Sugano diagram that was
calculated using B =0.118¢eV, 10Dg = 0.908¢eV; C/B =
4.4 (10Dg/B = 7.7) at ambient conditions, B and IODC{ vary-
ing with pressure as % =-0.11meVGPa™' and 2 z;)PDq =
24meV GPa™'. The slight pressure decrease of B reflects
the strong ionic Ni-F bond, similar to that of the Co-F
bond in KCoF; (42 = -0.07meV GPa™) [21], in compari-
son to the more covalent Co**—CI~ or Mn**—CI~ bonds
(both g—f; =-0.3meV GPa™' ) measured in CoCl, [45] and
[(CH3)4NIMnCl; [46]. We have shown that the variation of
10Dg with the Ni-F bond distance R follows a potential law as
10Dg = CR™ with an exponent n = 6.6 & 0.5. This exponent
is similar to that obtained for Ni’* in KZnF; (n = 6.016)
from GGA calculations, although no experimental validation
was done due to the lack of high-pressure absorption mea-
surements in such a compound. The present results provide
suitable data for checking theoretical calculations devoted to
explain the deviations of the n exponent of the R dependence
of 10Dg as R™ fromn = 5.

We have demonstrated that the measured 10Dg(R) relation-
ship in KNiF3 provides an alternative method to estimate Ni-F
bond distances in the ABF; : Ni>t fluoroperovskite series
from the CF splitting 10Dg obtained by optical spectroscopy.
The so-obtained Ry;j_r bond length deviates from the host
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site Rg_p one proportionally to the difference Rz_p — Ry,
in such a way that the F~ octahedron around the Ni**
impurity experiences an inward or an outward relaxation
of about 21% of the Rg_p deviation with respect to Ry =
2.006 A. This result is very similar to that found for Mn>*
impurities (31%) in the ABF; : Mn* fluoroperovskite series
[26,27].

Finally, we have demonstrated that the weak UV peaks ob-
served in the optical absorption spectrum of KNiF;, with the
exception of the SE A and C, mainly correspond to DE rather
than SE transitions. The assignment was done on the basis of
both their peak energy as a sum of the two SEs involved in the

DE transition, as well as their corresponding pressure shifts.
The latter procedure allows us to correct previous assignments
to SE transitions given previously to the 3.81-eV peak B.
We have also shown that the assignment of the UV peaks D,
E, and F as DE transitions involving spin-flip excited states
(S = 0) is likely.
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