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Electronic structure and luminescence of [(CH3)4N],MnX, (X=Cl,Br) crystals at high pressures
by time-resolved spectroscopy: Pressure effects on the Mn-Mn exchange coupling

Y. Rodrl'guez—Lazcano,* L. Nataf, and F. Rodriguez
MALTA Consolider Team, DCITIMAC, Facultad de Ciencias, University of Cantabria, 39005 Santander, Spain

(Received 2 March 2009; revised manuscript received 6 July 2009; published 24 August 2009)

This work investigates the Mn?* photoluminescence (PL) and electronic structure of [(CHs),N],MnX,
(X:C1,Br) and their variation with pressure through time-resolved spectroscopy in the 0—15 GPa range. The
crystal-field excitation and emission spectra are explained on the basis of the MnXZ_(Td) tetrahedra. Their
peaks experience large pressure redshifts, which are associated with the big crystal compressibility and the
interaction between organic/inorganic ([CH3],N~/ MnXi’) tetrahedra. The variation in the Racah parameters
and crystal-field splitting with pressure indicates that the excitation and emission redshifts of Mn?* are mainly
governed by the increase in the Mn-X bond covalency (70%) rather than the increase in the crystal-field
splitting (30%). Above 6 GPa, pressure induces structural modifications, which are related to aggregation of the
MnXZ_ tetrahedra with change in Mn?* coordination from fourfold MnXi_(Td) to sixfold MnXg_(Oh)‘ This
process involves a drastic change in the PL behavior yielding a simultaneous two-color PL emission: green
emission at 520 nm and a red emission around 650 nm. Both emissions experience noticeable redshifts with
pressure producing a marked piezo-PL effect. The large pressure range of phase coexistence makes these
materials attractive for multiband PL, the wavelengths of which can be tuned through pressure and eventually

stabilized at ambient conditions.

DOI: 10.1103/PhysRevB.80.085115

I. INTRODUCTION

[(CH;3),N],MnCl,; and [(CHj3),N],MnBr, are efficient
photoluminescence (PL) compounds emitting green light
(520 nm) from the photoexcited Man[ (X: Cl, Br) inorganic
tetrahedra. These materials have received considerable atten-
tion for optical studies due to their capabilities as phosphors,
sensors as well as their triboluminescence and piezochromic
properties largely arising as consequence of the interactions
between organic/inorganic tetrahedra.!~'° Their intense green
PL is fully related to the 4T1H6A1 electronic transition of
Mn?* from MnXi‘ tetrahedra, which appear isolated within
the crystal.!-378!1 The Mn**(T,) green PL contrasts with
that attained in the analog trichlorides (CH;),NMnX; (X: CI,
Br), whose inorganic MnCl; anions are coupled, forming
linear chains of face-sharing octahedra (Figs. 1 and 2). The
sixfold coordinate D5, (nearly O,) Mn?* is responsible for
the intense red PL around 630 nm exhibited by this crystal at
ambient conditions. The absence of center of inversion in
MnXi_(Td) and the small crystal-field splitting between e-t,
3d-Mn2* orbitals, A=0.4 eV, increase the electric-dipole os-
cillator strength of Mn?* transitions, yielding an intense
green PL in [(CH;)4N],MnX,. On the other hand, the
MnX;Mn exchange interaction between nearest Mn>* along
the linear chains in (CH;),NMnXj together with the larger
crystal-field splitting, A=0.8 eV, are responsible for the en-
hanced absorption of the sixfold centrosymmetric Mn>* and
hence its intense red PL (Fig. 3). In both compounds, the
absorption coefficient of the crystal-field peaks in bromides
is an order of magnitude larger than the corresponding Mn*
absorption coefficient in chlorides’ '3 such as is illustrated in
Figs. 1 and 2 and Table I.

Despite Mn?* absorption enhancement in these com-
pounds, the oscillator strength of their crystal-field transi-
tions is however very weak (f~1075) leading to weak ab-
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sorption peaks in comparison to other transition metal
compounds.'*!>18 In [(CH;),N],MnBr, the most intense
crystal-field peak (*A; *E) has an optical density smaller
than 0.02 for sample thickness of 20 wm,' a limitation
which is crucial to perform high-pressure absorption mea-
surements, in diamond anvil cells (DAC). Therefore, in order
to achieve the goal of studying pressure variations in crystal-
field spectra in Mn?*(T,), we used high-pressure time-
resolved excitation spectroscopy. This technique enables us
to obtain precise excitation spectra at high pressure thus pro-
viding pioneering results on the energy variation in the
crystal-field states of MnX3~ (X: C1,Br) with pressure.

It is worth noting that the intense Mn?*(T,) green emis-
sion in [(CH;),N],MnX, is somehow subtle as can be modi-
fied by slight changes in the crystal volume and
temperature.'* In fact the PL quantum yield, which is near
to 1 at ambient conditions, drastically reduces by increasing
temperature. In [(C4Hy)4N1],MnCly, the PL drops an order of
magnitude few degrees above room temperature and eventu-
ally quenches at T=345 K.? The PL quenching was related
to de-excitation nonradiative phenomena caused by mul-
tiphonon (or multiroton) relaxation due to interactions be-
tween the (C4H,),N~ and MnCI;~ tetrahedra.> On the other
hand, earlier investigations on the pressure behavior of
Mn?**(T,) PL in [(C,Hs5)4N],MnBr, and [pyH],MnCl, in the
0-0.4 GPa range, reported large pressure-induced PL red-
shift: —=32 and —25 meV/GPa, respectively.* Later experi-
ments carried out in the doubly-red-green PL material
[(CH;3)sNH];Mn,Cl; in the 0—1.2 GPa range showed that the
red PL redshifted with pressure by =74 meV/GPa, which is
six times larger than the green emission redshift of
—-12 meV/GPa,? and 70 times larger than the ruby R-lines
widely employed as pressure gauge in high-pressure
experiments.”! Nevertheless the mechanism responsible for
the large pressure shifts and their different rate remain unex-
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plained. Furthermore the variation in the excitation spectra
and associated lifetime with pressure as well as the PL be-
havior at higher pressures (P>1 GPa) in this highly effi-
cient PL materials have not been explored yet. Recent find-
ings on fluorite-type crystals such as (Ca,Sr,Ba)F,:Mn>*
(Ref. 22) and rutile-type MnF, (Ref. 16) reveal the efficacy
of pressure-induced structural changes to induce, or even

[(CH;),N],MnCl,

Orthorhombic Pmcn

Super-exchange pathway

Mn-Mn distance : 3.25 A

PL intensity (arb. units)

T T T T

emission absorption
, T A A ‘T,,(D)
[(CH,),N]MnCl, .
A\EAL(G)

“T,(G)

=3

-2 0T

PHYSICAL REVIEW B 80, 085115 (2009)

=3

W2 01

(;-wo) 3 “uaroyo00 uondiosqy

MnCl,>

25
Photon energy (eV)

2.0

Mn-Mn distance : 7.89 A

T~

Photoluminescence intensity (arb. units)

3.0 35

Super-exchange pathway

emission.

W ———

= TG TG AMEG)  TD) ED) TP
Z o8t
ob
g
£ 06
a
&
T 04 ook iy Apepp—— ofd Teof
L
£ /
g 02} \
[
&)
00 L v
25 3.0 35
Energy (eV)
T T T T
[(CH;),N],MnBr, absorption
A >
F emission
T A

)

E(D)

TG

| [(CH4),N],MnCl,

=

U0 0

L

“T,(D)

“A,E(G)

T, ‘

1

=3

U201

2‘.5 3.0
Photon energy (eV)

2.0 3.5

085115-2

(j-tuo) Y JusroLFo00 uondiosqy

FIG. 1. (Color online) Absorp-

tion and corresponding
emission spectra at ambient
conditions of single crystals

of [(CH3)4,N],MnCl, and
(CH3)4,NMnCl;. The peaks are
assigned to crystal-field transi-
tions of Mn** within the
MnX27(Tg) and MnXg (Oy), re-
spectively, and are labeled with
corresponding excited state irreps.
The schematic Tanabe-Sugano
diagram for Mn?* illustrates the
origin of the different green and
red emissions of each compound.
A schematic representation of the
hexagonal P63/m structure of
(CH3)4,NMnCl; and the ortho-
rhombic Pmcn crystal structure of
[(CH;3)4N],MnCly are shown. The
coordination polyhedron of Mn2*
and the super-exchange pathway
are indicated in each structure.

create, PL. phenomena in concentrated materials of transition
metal ions, yielding more efficient PL phases with multiband

The aim of this work is to correlate the variations in PL
induced by pressure with the variations undergone by the
corresponding crystal-field spectrum and associated PL life-
time of MnXi' in [(CH;3),N],MnX, for X: Cl, Br. Our inter-

FIG. 2. (Color online) Absorp-
tion and emission spectra at
ambient conditions of single crys-
tals of [(CH3)4N],MnCl; and
[(CH3)4N],MnBr,. The peaks are
assigned to crystal-field transi-
tions of Mn?* within the
MnXZ_(Td) and are labeled with
corresponding excited state irreps.
The energy level diagram corre-
sponds the calculated Tanabe-
Sugano diagrams for Mn>*(T,)
as a function of the crystal-field
parameter, A, for B=0.078 eV
and C=0.381 eV (C/B=4.88).
The experimental points corre-
spond to the peak energy for
[(CH3)4N],MnCl, (H) and
[(CH3)4N],MnBr, (@®). Symbols
in parenthesis: (squares in red
color) and (@ in red color) in
color (online). The Pmcn crystal
structure of the compounds show-
ing the organic (CH3),N* and in-
organic MnXi_ tetrahedra is
shown.
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A (V) A(eV) =1-3 are calculated (Table II).

est focuses on explaining the variations in electronic proper-
ties in terms of changes in local structure in the MnX;
tetrahedron: point symmetry and X-Mn bond distances. Fur-
thermore we investigate whether pressure is able to induce
aggregation processes among MnXﬁ_ and (CH3)4N* tetrahe-
dra yielding exchange-coupled phases involving Mn?* with
eventual changes in coordination. We have performed high-
pressure experiments in single crystals of the two title com-
pounds using time-resolved excitation and emission spec-
troscopy together with lifetime measurements in the 0-15
GPa range.

II. EXPERIMENTAL

Single crystals of [(CH3)4,N],MnCl, and
[(CH;),N],MnBr, were grown by slow evaporation at 30 °C
from HCI (or HBr) acidic solution containing a 2:1 stoichi-
ometric ratio of the tetramethylammonium halide
[(CH;),NX] and the corresponding metallic halide MnX,.?
The orthorhombic crystal structure, space group Pmcn, was
checked by x-ray diffraction (XRD) using a Bruker D8 Ad-
vance diffractometer: a=9.07 A; b=15.66 A; and ¢
=1233 A for [(CH;),N],MnCl,;; and a=9.23 A; b
=15.93 A;and c=12.63 A for [(CH;),N],MnBr,.>> A simi-
lar procedure was employed to grow and structural charac-
terize the hexagonal (P6;/m space group) trihalides
(CH;3),NMnCl; and (CH;3),NMnBr; (1:1 stoichiometric ra-
tio). Besides x-ray diffraction, the biaxial and uniaxial char-
acter of the tetrahalides and trihalides, respectively, was
checked with a polarizing microscope through their charac-
teristic conoscopic images. The absorption spectra at ambient
conditions were obtained with a Cary 6000i spectrophotom-
eter. Pressure experiments were performed on a membrane-
type DAC. The DAC was loaded with a suitable single crys-
tal (100X 80X20 um?) of either [(CH;),N],MnCl, or
[(CH;3)4,N],MnBr,, and ruby spheres (<10 um diameter)

using silicone oil (Dow Corning 200 fluid 300000 cst) as
pressure transmitting medium. The pressure was calibrated
from the ruby PL R-line shift. The ruby PL and the emission
spectra of the title compounds under high-pressure condi-
tions were primarily obtained using a cw Kr* Coherent In-
nova I-300 laser and a double monochromator (Jobin-Yvon,
Ramanor U1000). Time-resolved emission and excitation
spectra in the 410-900 nm range were obtained using a Vi-
brant B 355 II OPO laser as tunable excitation light. The
excitation light was focused backward on the sample with a
20X microscope objective, and the PL light was collected
upward with another 20X objective and dispersed by a 0.5 m
monochromator (Chromex 500IS). A Hamamatsu R928-S
photomultiplier was employed for light detection using
photon-counting techniques (SR 400). For lifetime measure-
ments, the PL decay signal was detected with a Tektronix
2430 scope using suitable interference filters. Figure 4 shows
a modification of the experimental setup described
elsewhere,?* for time-resolved spectroscopy.

III. RESULTS AND DISCUSSION

A. Emission—excitation spectra and photoluminescence lifetime
of [(CH3)4N],MnCl, and [(CH3)4N],MnBr,4 at ambient
conditions

Figures 1 and 2 show the absorption and associated emis-
sion spectra of [(CH;)4N],MnX, and (CH;),NMnX; (X: ClI,
Br) at ambient conditions. The absorption peaks correspond
to electronic transition from the ®A; ground state of Mn?* to
different excited states of MnXi_(Td) in [(CH;3),N],MnX,
and the MnX2 (Oy) in (CH;);NMnX;. The peaks are as-
signed to tetrahedral or octahedral crystal-field transitions ac-
cording to the corresponding irreps (in T4- or Oy- symmetry
notation).'* Their excitation energies can be explained on the
basis of crystal-field models through the Tanabe-Sugano (TS)
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TABLE I. Experimental transition energy taken at the band maximum from the optical absorption and
emission spectra at T=290 K (Figs. 1 and 2), and calculated energies for Mn?* in T4 and Oy, symmetries. The
calculated energies were obtained by fitting the experimental energies to the energy terms of a d° electron
configuration. The fit Racah parameters B and C, and crystal-field splitting, A are collected together with the
standard deviation ¢.'*"!7 The Trees and Seniority parameters for Mn>* were kept fixed: a=0.0081 eV
(65 cm™!) and Q=—-0.0162 eV (=131 cm™!) (Ref. 17). The PL energy and the corresponding Stokes shift
for each compound are also included. Note that the smaller B and A values obtained for [(CH3)4N],MnBr,
in comparison to [(CH3)4N],MnCl, reflect the increase in covalence and bond distance on passing from
Mn-Cl to Mn-Br. Note also the increases in A on passing from [(CH3)4N],MnX, to (CH3),NMnX;(X:C1,Br),
responsible for the green to red PL change. The corresponding C/B ration decreases from 5 to 4.

[(CH5),N],MnCl, (CH;)4,NMnCl,
Excitation band Observed Calculated Observed Calculated
assignment (Ty4/Oy) (eV) (eV) (eV) (eV)
®AL(S)—*T(G) 2.65 2.62 2.33 234
—4T,(G) 2.77 2.83 2.79 2.77
—*A,, *E(G) 2.87 2.88 2.95 2.96
—*T,(D) 3.26 3.27 3.35 3.33
—*E(D) 3.38 3.35 3.48 3.50
—4T,(P) 3.46 3.45 3.79 3.79
—*A,(F) 4.53 4.77
—*T,(F) 4.56 4.82
—*T,(F) 4.65 5.09
Emission ‘T, — %A, 2.38 1.98
Stokes shift *T, < %A, 0.27 0.35
B 0.082 0.093
c 0.381 0.373
C/B 4.7 4.0
A 0.421 0.802
o 0.033 0.016
[(CH3)4N],MnBr, (CH3)4sNMnBr3
Excitation band Observed Calculated Observed Calculated
assignment (Ty4/Oy) (eV) (eV) (eV) (eV)
5A,(S)—*T,(G) 2.64 2.61 2.33 232
—4T,(G) 2.74 2.80 2.76 2.75
—4A,, “EG) 2.84 2.84 2.88 2.93
—*T,(D) 3.21 3.21 3.32 3.31
—*E(D) 3.30 3.28 3.48 3.48
—*T,(P) 3.42 3.41 3.73 3.71
—*A,(F) 4.45 4.45
—*T,(F) 4.47 477
—*T,(F) 4.56 5.04
Emission *T; —°A, 2.37 1.95
Stokes shift *T; < A, 0.27 0.38
B 0.078 0.095
C 0.381 0.363
C/B 49 3.8
A 0.398 0.772
o 0.029 0.020

diagrams.'*!> The TS diagram of Fig. 3 has been calculated ~ metries using the Racah parameters B and C obtained by
as a function of crystal-field energy (A) in T4 and O, sym- fitting the experimental energies obtained from the absorp-
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TABLE II. Experimental pressure derivatives of the excitation

and emission energies, 2—? for i=1-3, for Mn?**(T,) in the 0-10

GPa range in [(CH3)4,N],MnBr, and [(CH;3),N],MnCl, (Fig. 7).
The calculated pressure derivatives ';—P and % derived from the
Tanabe-Sugano diagrams of Fig. 3 are also included.
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FIG. 4. (Color online) Experimental setup for time-resolved ex-
citation and emission spectroscopy under high pressure conditions
using diamond anvil cells. For lifetime measurements, the PL decay
curve was detected by means of an oscilloscope using adequate load
resistors. The excitation spectrum was corrected by normalizing the
emission signal to the average energy of the excitation pulses for
each wavelength using a power meter. Time delays and photon-
counting times were selected and programmed in the SR400 photon
counter according to the excited state dynamics of the emitting
state.

tion (or excitation) spectra.'*!> The observed and calculated
energies for [(CH;3),N],MnX, and (CH;),NMnX; (X:Cl,Br)
at ambient conditions are collected in Table I, together with
the corresponding B, C, and A parameters derived by fitting
from the optical spectra of [(CH3),N],MnX,, orthorhombic
Pmcn (Refs. 25 and 26) and (CH3),NMnX;, hexagonal
P65/m,*” for X: Cl and Br.

It must be noted the drastic change in PL behavior on
passing from [(CH;),N],MnX, to (CH;),NMnX;. As shown
in Fig. 2, the green emission of the [(CH3),N],MnX, com-
pounds appears in the same spectral region; its maximum
being observed at 2.38 eV (521 nm) for X: Cl and 2.37 eV
(523 nm) for X: Br. The origin of the green PL in comparison
to the red emission of sixfold coordinated Mn>** peaking at
1.98 eV (626 nm) (Fig. 1) and 1.95 eV (636 nm)'>% for
(CH;3),NMnCl; and (CH;3),NMnBr;, respectively, is caused
by the weaker crystal field attained in MnXﬁ‘(Td) with re-
spect to MnXg_(Oh) (Fig. 3 and Table I). In particular, the
crystal-field splitting for MnCli_ is A=0.4 eV whereas A
=0.8 eV for MnCI¢~.'728-3% According to Figs. 1 and 3, this
difference in A is responsible for the green emission at 2.38
eV and the red emission at 1.98 eV, the energy difference of
which basically coincides with the crystal-field splitting dif-
ference exhibited by the tetra- and trihalides, respectively:
SA=A(0,)-A(Ty)=0.4 eV. The TS diagram of Fig. 3 illus-
trates this behavior. As A(Oy) is twice A(Ty), the first *T,
emitting excited state in Ty lies 0.4 eV above the *T, ¢ in Oy
thus yielding green and red PL, respectively. The crystal-
field parameters obtained for MnCI3~ and MnBr;~ are fairly

Energy derivative® [(CH3)4N],MnCl, [(CH3)4N],MnBr,

JE3/ 9P -12.3 -20.5
JE,/ 9P -14.6 -234
Experimental JoE,/ oP -18.6 -31.1
IE .,/ IP -13.9 -234
JdEgs/ IP —4.7 -7.7
JE |/ 9A -0.83
JE,/ A -0.23
Calculated 9E3/ 9A 0
Tanabe-Sugano
Di b JE\/ B =37
iagrams
JE,/ B -36
JE3/ B =35
dB/ P -0.35 -0.60
JdA/ P 8 13

“Energy derivatives as a function of the pressure are in meV/GPa
°C/B=5 and B=0.078 eV for dE/JA; and A=0.415 eV for JE/JB.

similar (Table I). Their main differences can be accounted
for by slight differences of B and A attained in MnBrﬁ_ (B
=0.078 eV; A=0.40 eV) as consequence of the larger cova-
lency of the Mn-Br bond in comparison to Mn-Cl (B
=0.082 eV; A=0.42 eV for MnClZ‘) and the faintly longer
bond length: 2.48 A for Mn-Br?” and 2.34 A Mn-C1.2 The
higher covalency of tetrahalides with respect to trihalides is
clearly evidenced by the slightly redshift of the
A-independent *A, *E peak, whose transition energy only
depends on B and C, and has values of 2.87 eV for
[(CH;3),N],MnCl, and 2.95 eV for (CH;3),NMnCl;. The C/B
ratio also decreases on passing from Ty (C/B=35) to O
(C/B=4). However, this variation is mainly due to the
larger variation in B with respect to C. It must be noted that
the PL Stokes shift between the first °A; —*T, excitation
and the corresponding “T;— ®A, emission, Ess=FE;-Epy, in-
creases significantly on passing from T4 to Oy. This well-
known result is associated with the increase in
JE(*T\=°A,) E, . . . .
A=——1—"="1 upon increasing A as is observed in the TS
diagram of Fig. 3. The slope A is directly related to the linear
electron-lattice coupling hence to the Huang-Rhys factor by
S« 2—;.18’31’32 Therefore the Stokes shift, which is related to A
and the frequency of the coupled mode (w) through the ex-
pression: Egs=2Shwoc (£)2,18223132 should increase with A,
provided that w varies less significant than A. The increase in
Egs from 0.27 eV in [(CH;)4,N],MnCl, to 0.35 eV in
(CH;),NMnCl; must be ascribed to the increase in A from
-0.83 for A=04 eV (MnCli_) to —0.96 for A=0.8 eV
(MnClg_) (Tables T and II, and Fig. 3), given that the corre-
sponding frequency of the a;, coupled mode changes only
from 32.0 meV (258 cm™") (Refs. 2 and 33) to 31.2 meV
(252 cm™),!134 respectively. Therefore the measured Stokes
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a) Emission Excitation b)

[ T (G) 4T,(G)

LA E(G)
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20 21 22 23 24 25 26 27 24 2.5 2.6 2.7 2.8 29 3.0 3.1
Photon energy (eV) Photon energy (eV)

FIG. 5. (Color online) (a) Variation in the emission spectrum
and (b) corresponding excitation spectrum of [(CHj3)4N],MnCl,
with pressure in upstroke. The excitation spectra were obtained by
detecting the emission light at 2.39 eV (540 nm) for 300 us after
the excitation pulse of an OPO laser. The average counting was 100.
The emission spectra were obtained upon excitation in 2.64 eV (470
nm) using the same photon-counting parameters employed for the
excitation spectra.

. . _ Egs(MnCI7") 027 . .
shift ratio, rgg= E—SS(MnC1§’)_0-35_O'77’ fairly c(())geiates with
the square ratio of correspondmg. slopes, 14=(=0¢) .:0.75. A
similar situation occurs for the isomorphous bromides. The
present analysis of the PL Stokes shift is worthy on discuss-

ing pressure effects in the optical spectra.

B. Pressure effects on MnX,

Figures 5 and 6 show the variation in the emission and
corresponding excitation spectra of [(CH3)4N],MnCl, and
[(CH;)4N],MnBr, with pressure at room temperature. Due to

[(CH;),N], MnBr,

a) Emission Excitation b)

‘A *E(G)

EoAT (@) T,(G)

PL intensity (arb. units)

0 GPa|

1 1 1 1 I
21 22 23 24 25 26 2.4 2.5 2.6 2.7 2.8 2.9 3.0 3.1

Photon energy (eV) Photon energy (eV)

FIG. 6. (Color online) (a) Variation in the emission spectrum
and (b) corresponding excitation spectrum of [(CHs),N],MnBr,
with pressure in upstroke. The excitation spectra were obtained by
detecting the emission light at 2.39 eV (540 nm) for 300 us after
the excitation pulse of an OPO laser. The average counting was 100.
The emission spectra were obtained upon excitation at 2.64 eV (470
nm) using the same photon-counting parameters employed for the
excitation spectra.
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instrumental limitations imposed by the OPO laser, excita-
tion spectra contain the first three crystal-field peaks, named
E,, E,, and E;, which are related to the Mn>*(T,) transitions
°A,—*T,, *T,, *A, *E, respectively. At ambient pressure,
the peak energies are located at £,=2.65 eV, E,=2.77 eV
and F3=2.86 eV in [(CH;3),N],MnCly, and 2.64, 2.74, and
2.85 eV, respectively, in [(CH;)4N],MnBr,. Figure 7 shows
the variation in the excitation and emission energies with
pressure obtained from the excitation spectra of
[(CH;3),N],MnX, (X:Cl,Br) and the corresponding least-
square linear fit equations. The experimental peak energies
were obtained by fitting each excitation spectrum to three
Gaussian bands taking the fitted parameters of each ambient-
pressure spectrum as initial parameters to fit the spectra at
higher pressures. Along with the fit, both width and intensity
of the three bands were kept in a limited range in order to
preserve the physical significance of the fitting according to
the spectral shape. The experimental data of Fig. 7 corre-
spond to the fitted energies following this procedure, and the
linear equations, E;(P) for i=1-3, are the least-square fit to
experimental data.

It is worth noting that the energies of the emission and the
three excitation peaks shift to lower energies with pressure
following a linear behavior with similar slopes for each com-
pound (Fig. 7; Table II). This behavior contrasts with the
TS-diagram trends foreseeing a weak pressure dependence of
the A-independent E; with respect to the A-dependent E, and
E,, provided that pressure mainly increases A. The fact the
three E;(P) variations run almost parallel with pressure
clearly indicates that the variations in B and C with pressure
are more important than the variations in A in order to
account for the observed shift rates. In particular, three
relevant features must be underlined: (1) the three excitation
energies E;, E,, and E5 decrease linearly with pressure, their
shift — rates being —18.6(*T,), -14.6(*T,) and
-12.3(*A; *E) meV/GPa, which are similar to the emission
rate of —13.9 meV/GPa in [(CH;),N],MnCl,; the corre-
sponding shift rates in [(CH;),N],MnBr, are —31.1(*T,),
-23.4(*T,) and -20.5(*A, *E) meV/GPa for excitation and
—23.4 meV/GPa for emission; (2) the pressure-induced red-
shift of the excitation energies runs nearly parallel to the
emission redshift thus indicating reduction of B and C rather
than increase in A; (3) the variation in the excitation and
emission spectra with pressure (Figs. 5 and 6), and their cor-
responding peak-energy variations (Fig. 7), show no evi-
dence of pressure-induced local distortions around Mn** be-
yond T4 symmetry. For example, a hypothetical low-
symmetry distortion of D,; symmetry in MnXZ‘ would split
the *T, , manifold in two states [*E+(*A,, *B,)] leading to
a bigger PL pressure shift in comparison to the correspond-
ing excitation redshift.'®!” Therefore we conclude that pres-
sure induces redshifts in both emission and excitation peaks
but keeping the T; symmetry of MnXi‘.

The slopes of E;(P) confirm that pressure-induced peak
shifts are first governed by a reduction of B and C, and
second by an increase in A due to shortening of the Mn-X
bond, i.e., increase in Mn-X bond covalency and A, respec-
tively. Pressure-induced shifts can be described in terms of
B, C and A through the equation:
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FIG. 7. (Color online) Experimental variation in the excitation and emission energies with pressure for (a) [(CH3),N],MnCl, and (b)
[(CH3)4N],MnBry. The least-square linear fit equations are included for the three excitation and the emission peaks.
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For a given C/B ratio, A; and D, are the coefficients of the
Racah parameter (B, C) for E;, and i stands for the three peak
energies, i=1-3."*13 Quantitative estimates of these two ef-
fects can be obtained from the experimental peak shifts and
the slopes JE;/ dA or JE;/ dB (i=1-3) derived from the TS
diagrams of Fig. 3. We know that the ‘A, ‘E energy (E;)

does not depend on A but B or C (JE3/ dA =0). It means that
its pressure dependence can be written for C/B=5 as:

dA
IA
JP

P/ p,

(1)

9B _dC
— 10— +5—=35—

oP TP @

However both *“T; and *T, energies (E; and E,, respectively)
depend on B, C, and A, and their slope can be derived from
the TS diagram as well (Table II). So that the energy varia-
tions with pressure can be expressed as follows:

IE, , (aEM) dB (aEm) aA
92 _(%Ri2) 95 22
dP dB |y\dP "\ 9A )pcoP
B [ OE aA
~35—+ (#> — (3)
P\ A JpcaP
or likewise
NE \p—E3) <3E1,2> A @)
dP IA g coP’

The slopes (JE| 5/ dA)p ¢ or (JdE; ,/ IB) have been obtained
from the TS diagrams of Fig. 3 that we calculated as a func-
tion of A for fixed values of B and C, and as a function of B

keeping C/B constant for a fixed value of A. These coeffi-
cients together with the experimental pressure coefficients
for the three excitation peaks and their corresponding emis-
sion are collected in Table II. From Egs. (2) and (4) we
obtain dB/ 9P =-0.35 meV/GPa or dA/ P =
+8.0 meV/GPa for [(CH3),N]|,MnCly; or JB/dP=
—-0.60 meV/GPa or dA/IP =+13.0 meV/GPa
for [(CH;)4,N],MnBr,. Although JA/dP for Ty is about four
times smaller than in Oy, the values of dB/dJP are in fairly
agreement with those measured in sixfold coordinated sys-
tems as  MnCl¢(Oy) in  NHMnCls: éB/ P =
-0.3 meV/GPa or dA/JP=+35 meV/GPa '*3 and also in
MnCl, (dB/dP=-0.3 meV/GPa; dA/JP=+32 meV/GPa)
or MnBr, (-0.45 and +37 meV/GPa, respectively).® In
CsZnX,:Co* where the Co’* occupies the substitutional
Zn(T,) site as COXZ_, these variations are: dB/dJP =-0.7 or
—0.8 meV/GPa; JA/JP=9 and 8 meV/GPa for X: Cl and
Br, respectively,’” which are similar to those found in
MnX>". Although [(CH;),N],MnCl, is more compressible
than NH,MnCl,,® it is worth noting that the variation in B is
similar for both crystals but A varies three times bigger in the
perovskite. These results suggest that the local compressibil-
ity of MnX‘zf is smaller than the crystal compressibility. The
stiffness of Mn-X bonds in comparison to hydrogen bonds
governing the crystal compressibility is probably responsible
for such difference. Nevertheless the covalence in
MnXi"(Td), measured through B, has a stronger pressure de-
pendence than in MnXé'(Oh). At variance with sixfold coor-
dinate Mn?*, the main contribution to the pressure-induced
redshift in MnXi_ is reduction of B and C (covalence effect)
rather than increase in A. In fact, the covalency contribution
to the redshift is given by 35dB/dP =—12 meV/GPa for X:
Cl (=20 meV/GPa for X: Br) whereas the crystal-field con-
tribution is JA/JIP =8 meV/GPa for X: Cl (13 meV/GPa for
X: Br), and thus each contribution represents about 2/3 and
1/3 of the total redshift, respectively. It is worth noting that
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the unexpectedly weak contribution of the crystal-field to the
pressure-induced peak shift must be ascribed to the small
values of A in fourfold T4 systems in comparison to sixfold
Oy,. The strong covalence effect attained in Ty systems has
also important consequences in the pressure shifts of CoXi_
formed in different systems as Cs,CoCly, Cs,CoBr,, ZnO
and ZnS.’7 The present results on Mn>*(T,) are worthy to
explain the intricate behavior of Co’*(T,) systems under
high-pressure conditions.

Interestingly, the reduction of Mn-X distance with pres-
sure can be estimated from the optical spectra through
JA/JP, on the assumption of a R dependence of A
as R7.33235 Consequently, we can derive Ry, x/ P
through

the equation: yyp=¢-——=",". Taking A=0.398 eV and
" IRninmr _ 1 Rungr 9A

Rypp=2.48 A, we obtain e
=—§ X % %X 0.013==0.016 A/GPa. It means a local bulk
modulus for MnBr2~ in [(CH;),N],MnBry, Bjge=—Viocir

Voo
Ryin-Br <

==-3 #;:52 GPa. This estimate reveals that the local
MnBri_ compressibility would be significantly smaller (by a
factor 5) than the crystal compressibility. Analogously, we
obtain Bj,,=87 GPa for MnCI2~ in [(CH;),N],MnCl, taking
A=0421 eV,  Ry,c=234 A, or  ORy,c/dP=
—0.009 A/GPa. These values are similar to local bulk mod-
ulii ~ measured  for  CuCl{”  (B,.=63 GPa) in
(C3H;NH3),CuCl, using both x-ray absorption (XAS) and
XRD under high-pressure conditions.

The Stokes shift decreases with pressure by -4.7
and -7.7 meV/GPa in  [(CH;3),N],MnCl, and
[(CH;)4,N],MnBr,, respectively. Such a shift rate was ob-
tained from the linear dependence of Egg with pressure as
Ess(eV)=0.27-0.0047 P(GPa) and Egs(eV)=0.27
—0.0077 P(GPa), respectively. This behavior is similar to
findings in sixfold MnXg_ along the Mn?*-doped perovskite
series ABX5:Mn?* (X: Cl, F),'32% and reflects the hardening
of the vibrational coupled mode, w, with respect to the
electron-phonon coupling A. Given that the pressure deriva-
tives of the ®°A; — T, energy in Man[ is three times smaller
than in MnX;~, the Stokes-shift reduction by pressure is
more effective in Mn?*(T,) as is experimentally demon-
strated in the present work.

C. Pressure-induced structural transformation: change in
coordination MnX,«— MnXg

The emission spectra of [(CH3),N],MnCl, and
[(CH3)4N],MnBr, change drastically above 12 and 5 GPa,
respectively (Fig. 8). The single redshifted green emission,
which is characteristic of the MnXﬁ_(Td), transforms to an
inhomogeneously broadened green/red multiband emission
over the 500-800 nm range above these pressures, whose
associated lifetime is wavelength dependent. Figure 8 shows
the variation in the emission spectra upon pressure release
from the high-pressure phase. It must be noted that the PL
spectrum back transforms into a double band emission peak-
ing at 2.3 eV (green-yellow emission 550 nm) and 1.8 eV
(red emission 650 nm). Although the two bands and their
energy have been observed in different experiments and de-
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FIG. 8. (Color online) Pressure-dependence of the emission
spectra of (a) [(CH3)4N],MnCly and (b) [(CH3),N],MnBr, in
downstroke starting from 12 and 6 GPa, respectively. The emission
spectra were obtained by detecting upon excitation with an OPO
pulsed light of 470 nm for 300 ws after the excitation pulse. The
average counting was 100 spectra. The variation in the emission
energy at the band maxima and corresponding wavelength are in-
cluded below. Note the large redshifts exhibited by the red emission
with pressure as well as the pressure hysteresis along the process.

pend on pressure, their relative intensity however is sample
dependent and, for a given sample, varies upon excitation in
different zones of the pressurized single crystal. Further-
more, the two-color emissions induced by pressure release
undergo noticeable redshifts producing a marked piezo-PL
effect (Fig. 8). The observation of the two emissions down to
1 GPa is noteworthy. It means that the associated Mn>*
phases responsible for each emission coexist in a wide pres-
sure range near ambient pressure. At zero pressure the emis-
sion spectrum recovers the single green emission of
MnXi"(Td) in [(CH;3),N],MnX,. The large pressure range of
phase coexistence observed in downstroke foresees these
materials as a type of multiband PL behavior, whose proper-
ties can be tuned through pressure and eventually stabilized
at ambient conditions. The lack of complete recovery of the
PL lifetime, 7(P), at zero pressure in downstroke may be
caused by slightly residual stresses in the pressure cavity.
These experiments suggest that pressure induces aggrega-
tion processes between MnXﬁ_(Td) yielding Mn?* phases co-
existing in a wide pressure range. The pressure dependence
of #(P), shown in Fig. 9, supports this view. The reason is the
following: (CH3),NMnCl; and (CH;),NMnBr; have PL life-
times of 800 wus 3940 and 500 ,LLS,40’41 respectively, at ambi-
ent conditions. Like in most concentrated materials these de-
cay lifetimes are fully governed by the exchange
mechanism.'3!74041 With the exception of the abrupt in-
crease in 7 in [(CH3)4N],MnX, from 0.9 to 3.5 ms at 0.5
GPa,*? 7(P) continuously decreases with pressure in both
crystals. This lifetime decrease is contrary to the increase
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FIG. 9. (Color online) Variation in the PL lifetime 7(P) with
pressure for the green and red emissions in (a) [(CH3)4N],MnCl,
and (b) [(CH;3)4,N],MnBr,. Lifetime data for each emission were
derived from the single exponential decay curve /.,,(f) measured as
a function of pressure for the red and green emissions at 650 nm
(red) and 540 nm (green), respectively. The experimental [.,,(t)
curves were fitted to the equation Io.,(t)=Iy exp(-t/7)+1I,,. The
background intensity I, was measured from /() at times before
the excitation pulse. The red points at zero pressure represent the
PL lifetime values of (CH3),NMnCl; and (CH3),NMnBr; at ambi-
ent conditions.

observed in isolated Mn** (Refs. 16 and 22) as well as other
isolated transition-metal ions under pressure such as Cr** in
ALO; (ruby);?* and Cr** in LiCaAlFg and Rb,KCrFg
(fluoroelpasolites);*** or Ti** in Al,O5 (sapphire).*® There-
fore the observed decrease in 7{(P) with pressure is not asso-
ciated with nonradiative de-excitation processes within
MnX3~ (Refs. 1-3) but can be probably associated with an
increase in the Mn-Mn coupling interaction as a consequence
of the progressive approach of Mn?* ions with pressure. The
similarity between PL lifetimes of red and green emissions at
high pressure supports this interpretation. In fact, 7(P) de-
creases an order of magnitude in [(CH;),N],MnCl, in the
0-10 GPa range while decreases a factor 4 in
[(CH;)4,N],MnBr, in the 0-6 GPa range (Fig. 9). In down-
stroke, 7(P) varies differently for the red and green emissions
(Fig. 9). Its variation for the red emission is weaker than for
the green emission. The extrapolated red-emission lifetime at
zero pressure is 0.8 ms in both crystals. These values are
comparable to the Mn?* lifetime attained in the one-
dimensional (CH;),NMnCl; and (CH;),NMnBr; with life-
times of 800 us (Ref. 39) and 500 us (Ref. 41) at ambient
conditions, respectively. Therefore we can reasonably ascribe
red PL to sixfold coordinate Mn** (MnX‘é—) formed by
MnXi_ packing. Hence the formation of Mn?* phases similar
to (CH3),NMnX; from pressure-induce decomposition of
[(CH3)4N]2MHX4 is llkely

In order to reveal the microscopic origin of the two-color
emission of Mn?* in [(CH;),N],MnX, under high-pressure
conditions, we have performed time-resolved excitation
spectroscopy in the green and red emissions. The results for
[(CH3)4,N],MnCl, are shown in Fig. 10. Similar results were
obtained in [(CH;),N],MnBr,. The analysis of Figs. 8-10
shows that (i) both red and green emissions experience large
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FIG. 10. (Color online) (a) Emission spectra of

[(CH3)4N],MnCl, obtained in downstroke at 1.0 and 2.2 GPa by
excitation with an OPO pulsed light of 470 nm for 400 us and 3
ms, respectively, after the excitation pulse. (b) and (c) Excitation
spectra corresponding to the green emission at 540 nm and the red
emission at 645 nm, respectively. The crystal was excited with an
OPO laser as a function of the excitation wavelength. The PL light
intensity was detected by photon counting for 400 us and 3 ms,
respectively, after each excitation pulse. Spectra were corrected for
excitation pulse energy and averaged for 100 spectra. Note the dif-
ferent excitation spectrum obtained for each emission (see Table I
for comparison). Note also that the emission spectra shown at 1.0
and 2.2 GPa were obtained for counting times of 400 us and 3 ms,
respectively, in order to enhance the relative intensity of the red and
green emissions according to their respective PL lifetimes.

redshifts with pressure, their relative intensity and corre-
sponding lifetime being different. Note that the enhancement
of the red emission with respect to the green emission at 1.0
GPa in contrast to the emission spectra taken at 2.2 GPa (Fig.
10) is due to the choice of parameters used in the time-
resolve emission spectra. While at 1.0 GPa the counting gate
was fixed at 3 ms, which is about the MnCli' lifetime at this
pressure, the gate was reduced to 400 us at 2.2 GPa, thus
favoring the emission of MnClg_ with respect to the longer
lived MnCli_. (ii) the associated excitation spectrum is dif-
ferent for each emission, the spectral shape and transition
energies clearly revealing which Mn?* centers are respon-
sible for each emission. By comparing the excitation spectra
of Fig. 10 with the absorption spectra of Fig. 1 we conclude
that the green emission corresponds to MnClﬁ_, while the red
emission is associated with MnClg_. The slight blueshift of
the red-emission-related A, *E excitation peak (2.92 eV)
with respect to the green-emission-related *A, *E excitation
peak (2.82 eV) and, particularly, the different position of the
first *T, excitation peak, 2.28 and 2.53 eV for red and green
emissions, respectively, clearly support this interpretation.
(iii) The resemblance between the excitation spectrum of
MnCI¢™ and the absorption spectrum of (CHs),NMnCl; (Fig.
1) suggests that pressure induces decomposition or solid-
state reactions within [(CH;),N],MnCl, leading to partial
formation of either (CH;3),NMnCl; with linear chains of
face-sharing MnCl¢~ or other mixed compounds such as
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[(CH;);NH];Mn,Cl; having MnCI~ and MnCI¢™ centers
simultaneously.*’ In either case we conclude that red and
green emissions are not correlated and arise from differently
coordinated Mn?* centers, thus revealing formation of
pressure-induced aggregated phases.

D. Structural model

Although a phase transition from [(CH;),N],MnCl, to an-
other sixfold-coordinate Mn?* phase should not be ruled out
a priori, the observation of an intense red PL in the high-
pressure phase at room temperature, having a PL lifetime of
0.6 ms at 3.2 GPa discards any structure showing either three
dimensional (3D) or two dimensional (2D) Mn?* ordering.
Besides one dimensional (1D), room-temperature PL is un-
like in 2D and 3D Mn** structures due to exciton migration
and subsequent transfer to nonradiative traps.'®~'® Hence, we
consider that a 1D-Mn?*-like structure or simpler dimer-like
Mn-Mn systems are feasible high-pressure phases that could
account for the red emission. Furthermore the excitation
spectra show that green and red emissions come from differ-
ent centers, the green corresponding to either
[(CH;),N],MnCl, or a distinct Mn?* compound containing
MnClﬁ_ sites. A plausible scenario for explaining the
unexpected PL behavior under high-pressure conditions
envisages phase coexistence of 1D (CH;),NMnCl; and
3D [(CH;3),N],MnCl,. Pressure can induce solid-state reac-
tion yielding decomposition [(CH5)4N],MnCl,
— (CH;3)4,NMnCl;+(CH3),NCI. A similar scenario can also
accounts for [(CH3),N],MnBr,. X-ray diffraction experi-
ments under pressure aiming to elucidate whether a pressure
induced phase transition or a chemical decomposition takes
place in [(CH3)4,N],MnX, (X=Cl,Br) are currently in
progress. Interestingly, the large pressure range with two co-
existing phases foresees these materials as attractive PL sys-
tems to eventually stabilize multiband emission at ambient
conditions.

PHYSICAL REVIEW B 80, 085115 (2009)

IV. CONCLUSIONS

The pressure dependence of the excitation and the emis-
sion spectra of tetrahedral MnX; formed in
[(CH;),N],MnX, (X=CI,Br) shows that both the excitation
and corresponding emission peaks shift to lower energy at
similar rates (about —10 and —20 meV/GPa for chlorides
and bromides, respectively). Crystal-field analysis reveals
two main contributions to the redshift: reduction of the Ra-
cah parameters B and C, and increase in crystal-field A due
to Mn-X shortening. At variance with sixfold coordinate
MnX¢~ centers, the main contribution to the pressure-induced
redshift in MnXﬁ_ is reduction of B and C (covalence effect),
which represents 2/3 of the total redshift, rather than increase
in A representing 1/3. On the other hand, the pressure depen-
dence of the peak shift in MnXg‘ (X: CI, F) is mainly gov-
erned by variations in A rather than B and C. We show that
the PL Stokes shift decreases with pressure in both crystals.
We experimentally demonstrate that such behavior is due to
the relatively weaker increase in the electron-phonon cou-
pling than the hardening of the coupled vibration.

We have induced a two-color PL in [(CH;),N],MnX, (X:
Cl, Br) above 10 and 6 GPa, respectively. This phenomenon
is interpreted in terms of chemical decomposition of
[(CH;)4,N],MnX, yielding at least two coexisting phases as-
sociated with MnXi_ (green emitter) and MnXg_ (red emitter)
PL centers. The red emission arises from MnX‘g_, whose
structure probably corresponds to face-sharing MnXg_ octa-
hedra like that attained in the 1D (CH;),NMnX; structure.
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