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Introduction

Thermometer or freezer: dual functionality in a 2D
mixed-anion terbium(in) oxide carbodiimides

Juan Medina-Jurado,? YiXu Wang,® Hicham Bourakhouadar,® Moritz Koéller,?
Alex J. Corkett,® David Enseling,® Thomas Jistel 2 € and Richard Dronskowski (2 *2

Advances in the chemistry of compounds containing the NCN2~ complex anion are leading to the discov-
ery of new materials with interesting and promising properties. Here we present a comprehensive investi-
gation of the optical and magnetic properties of the 2D phosphor Th,O,NCN whose structure presents a
double layer of Th-triangular lattices separated from each other by the NCN?~ anion, offering a conjunc-
tion of luminescent thermometry and magnetocaloric effects. Temperature-dependent luminescence
studies reveal the typical behavior of thermal quenching, but when the temperature increases, a mecha-
nism of direct relaxation to the Dy levels of Tb** ions is activated, thereby giving rise to an anti-thermal
quenching effect. This peculiar feature has prompted us to explore the characteristics of Tb,O,NCN in
temperature sensing, using the classical approach of optical ratiometric thermometry as well as an
approach based on linear transformations (i.e., principal component analysis). The latter, by employing the
entire emission spectrum, offers better sensitivity leading to more accurate temperature values. The mag-
netic properties of Tb,O,NCN reveal a long-range antiferromagnetic ordering below Ty = 6.5 K as well as
first-order field-induced metamagnetic transitions. The absence of hysteresis and its high magnetic
density make Tb,O,NCN a fine candidate for magnetic refrigeration, with a surprisingly large value of
—ASyq = 117 3 kg‘1 K at 5 T, much more promising than those reported for other Tb-comprising
compounds.

Tb, Pr, Eu) or Mn** and Eu** divalent cations.”® Several
phosphor materials have been synthesized by substitution

In recent years, layered crystal structures incorporating the
NCN>*~ anion have been shown to display a wide variety of
desirable optical properties, as well as finding applications in
electrochemistry and photochemistry." Among the most pro-
minent examples are the MNCN (M = Zn, Mn, Fe, Co) binary
carbodiimide compounds, which exhibit outstanding perform-
ance as anodes in lithium- and sodium-ion batteries, and also
silver cyanamide, Ag,NCN, which has been used as a catalyst
for water oxidation.”® One area in which NCN-based com-
pounds stand out is that of luminescence, however, as they are
able to incorporate many of the most common activators into
their crystal structure, such as lanthanide ions Ln** (Ln = Ce,
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using as host lattice NCN-based structures such as those based
on binary carbodiimides, for example CaNCN:Mn**, SINCN:
Eu®’, and Gd,NCN;:Tb®*, or those synthesized based on
ternary cyanamides, such as Liln(NCN),:Tb*" or the recent
work on the alkaline-mixed compound Li,Na;_,Th(NCN),.*"*
Nonetheless, the mixed-anion oxide carbodiimides,
Ln,O,NCN, currently constitute the largest family of host lat-
tices suitable for the preparation of luminescent materials.
The crystal structure of Ln,O,NCN (Ln = Sm-Yb, P3m1) is
composed of alternating layers of [Ln,0,]*" and NCN>~ stacked
along the c-axis as shown in Fig. 1.>*** The structure of the cat-
ionic layer is formed by a block (or double-layer) of Ln** ions
composed of two sheets with a triangular Ln-Ln network extend-
ing throughout the ab-plane. The geometry of the crystal sublat-
tice of the Ln®* ions is such that the distance between sheets
within the same block, d;.r, is much smaller than the distance
between sheets of different blocks, di,r, S0 that the distance
arrangement between the Ln*" ionic planes is dintra—dinter—dintra—
dinter—. along the stacking axis, making it a structure that can
be understood as being two-dimensional. Luminescent
materials of this family have been developed, such as the substi-
tuted compounds Y,0,NCN:Eu*" and Gd,0,NCN:Eu®",Tb*",>>2°
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(a) Crystal structure of Tb,O,NCN with two different spacings between layers. (b) The terbium atoms (blue) are arranged in a double-layer

consisting of two sheets of triangular nets (in red) of terbium cations. (c) Arrangement of Tb** ions in shifted triangular lattice layers.

As in the case of the other luminescent compounds based on
the NCN group, however, the description of the optical pro-
perties is limited to the study of the excitation/emission spectra
and radiative decay curves but potential uses as a functional
material have not yet been explored in depth.

An application field receiving increased attention recently is
that of optical thermometry, where the temperature can be
determined by the emission characteristics of a luminescent
center present in the material hence called
“thermometric”.”’” Thus, by analyzing thermally induced
changes in specific spectroscopic parameters of the phosphor,
a direct correlation between said parameters and temperature
can be established. Accordingly, luminescent thermometry has
been developed on the basis of photoluminescent properties
such as the intensity of an emission band, spectral position,
bandwidth, radiative decay time, or, most importantly, the
ratio of the emission intensity (dubbed “ratiometric”) of two
different bands.>”***®*° The latter is the most frequently
employed approach, since this type of thermometry is not
affected by changes in the experimental conditions under
which the emission intensities are obtained.”®*°™*?

Typically, in a ratiometric-thermometric material, two lumi-
nescent centers with different temperature response are
required.’®**** The design usually involves a lanthanide ion
(Ln*") acting as a reference and a transition-metal ion (M*>") to
detect the signal. This type of configuration is particularly
effective given the difference in the responsible ions’ thermal
quenching mechanism (i.e., how the emission of the centers is
affected with respect to temperature).*>*® In this way, one will
obtain thermometers with good accuracy (6§7) and thermal
sensitivity (S;). This technique still has some limitations,
however, mainly related to the need to spectroscopically
resolve the bands involved which is not always simple as there
may be band overlap. In addition, a good thermometric
material should be as thermally and chemically stable as poss-

This journal is © The Royal Society of Chemistry 2025

ible while its preparation process should be robust enough to
reproduce the results of luminescence evaluation,?”:>8:31,38:49,50

Hereby, we present the inorganic solid-state mixed-anion
phosphor terbium(m) oxide carbodiimide (Tb,O,NCN) as a
candidate multifunctional material, coupling magnetism and
photosensitivity in the same compound. The temperature-
dependent photoluminescence exhibits typical thermal-
quenching behavior at low temperatures but reveals, at moder-
ate temperatures, an antithermal-quenching mechanism, so as
to establish ratiometric thermometry with only one lumines-
cent center. This peculiar characteristic, together with the fact
that Tb,O,NCN presents high chemical, thermal and mechani-
cal stability and a facile solid-state synthesis process, make it a
promising material for thermal sensing at cryogenic tempera-
tures. In addition, we present an approach to thermometry,
which is receiving increasing attention, based on dimensional
reduction through principal component analysis (PCA): not
only the emission of two bands but the complete data of the
emission spectrum (high dimensional space) are considered
for the treatment of the information, thus eliminating pro-
blems related to spectral overlap or changes in the shape of
the emission spectrum.>'~>*

Tb,0,NCN also exhibits a temperature-dependent magnetic
behavior demonstrating a giant magnetocaloric effect (MCE)
such that it is also a promising candidate for a low-tempera-
ture refrigerant. The large ground-state spin of Tb*" ions and
the high magnetic density in Tb,O,NCN lead to a large mag-
netic entropy change (—ASy) manifesting its role for magnetic
refrigeration.>®>” Finally, this compound exhibits slow mag-
netic relaxation as a consequence of the inherent anisotropy in
the ions’ magnetic ordering, thus demonstrating a strong
structure—-property relation; the geometry of the crystal struc-
ture determines the processes related to the energy migration
of the photoluminescence as well as the magnetic interaction
between the Tb>" ions.
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Results and discussion

The fully inorganic 2D Tb,O,NCN was synthesized via solid-
state metathesis by heating a solid, homogenized mixture of
Li,NCN and TbOCI to 600 °C under argon flow, as described
recently.”® The powder X-ray diffraction pattern reveals high
phase purity (Fig. 2a) with hexagonal lattice parameters a =
3.75 A and ¢ = 8.20 A. Details of the Rietveld refinement, crys-
tallographic information and atomic positions are available in
the ESI (Fig. S1 and Tables S1, S2f). The structure of
Tb,0,NCN (P3m1, no. 164) is composed of a double-layer of
Tb*" ions with a bipyramidal-type coordination environment,
i.e., three NCN*~ units on one side and three oxygen atoms on
the opposite side, plus an additional oxygen atom forming a
Tb-O bond along the c-stacking axis (Fig. 2b). Each of the
TbN;0, polyhedra shares an edge with six other polyhedra in
the same layer and with three others in the next layer. The
terbium cations within the double-layer are bridged to each
other by O*~ anions, while the connection between terbium
atoms in different layers relies on NCN>~ anions. The arrange-
ment of the Tb®* magnetic ions in each sheet of the double-
layer forms an equilateral triangular lattice with distances dj,.
trasheet & 3.75 A and dintralayer & 3.65 A (Fig. 2b). An important
characteristic is that these triangular Tb motifs are displaced
from each other in such a way that the Tb** ion in one layer is
above/below the center of the triangle formed by the terbium
ions in the next layer of the double-layer, as shown in Fig. 2c.
Thus, the triangular layers alternate with the NCN®~ anion in a
stacking with an AB-NCN-AB-NCN-AB arrangement and an
interlayer distance dinceriayer & 5.69 A, so that we can expect a
behavior characteristic for a two-dimensional system.

To investigate the optical properties of Tb,0,NCN, photo-
luminescence emission spectra were recorded in the tempera-
ture range of 3-320 K (Fig. 3a). Upon excitation at 270 nm the
oxide carbodiimide exhibits typical Tb*>" luminescence with
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narrow and well-resolved emission bands. The spectrum con-
sists of multiple bands along five regions centered around 487,
543, 583, 621, and 658 nm corresponding to the [Xe]4f®-[Xe]
4f® intraconfigurational transitions of the Tb*" ions from the
°D, level towards the "F, levels with J = 6, 5, 4, 3, and 2, respect-
ively. The temperature dependence of the emission spectra of
Tb,0,NCN is provided in Fig. 3b and reveals two types of be-
havior. First, as the temperature increases from 3 to 140 K, the
intensity of the main emission (at 543 nm) decreases to about
55% of the intensity at 3 K, which typically is due to the
thermal activation of non-radiative decay mechanisms, an
observation well-known as thermal quenching. Quite surpris-
ingly, however, starting at 140 K the intensity increases pro-
gressively with temperature up to 320 K, an increase of about
200% compared to the intensity at 140 K, thus demonstrating
an anti-thermal quenching behavior.

To facilitate the analysis of the thermal and anti-thermal
quenching of the *D, — ’F, transitions, we segmented the emis-
sion spectrum into five different regions: Ry (J = 6, 480-500 nm),
R, (J = 5, 535-555 nm), R; (J = 4, 577-602 nm), R, (J = 3,
613-629 nm), and Rs (J = 2, 656-660 nm). The behavior of the
intensities (expressed as integrated area) of the five R; regions
with temperature, as well as the total emission, are shown in
Fig. 3c. Clearly, the intensity of the regions R;, R, (related to the
main emission at 543 nm) and R; mirror the thermal and antith-
ermal quenching behavior, although the effect is not as pro-
nounced in the R, case. In contrast, the intensity of the R, region
is not strongly affected by temperature until 200 K at which point
the intensity starts to increase up to 150% at 7'= 320 K compared
to the value at 3 K. The Rs region looks practically unaffected.
Thus, the anti-thermal quenching effect becomes dominant in
four out of five regions from 7= 200 K onwards.

This temperature behavior can be explained by two
different processes. A first mechanism takes place at low temp-
eratures, where under excitation at 270 nm the electrons pass

©
dmtm;hcrt =3.75 A dvmmhrm
—

d, =3.65A
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(a) Powder X-ray diffraction pattern of Tb,O,NCN and simulated reflections based on the previously reported model. (b) Connection

between terbium atoms within the double layer revealing two different spacings, dintrasheet = 3.75 and dintratayer = 3.65 A, as well as the communi-
cation between atoms of different layers at a distance of dintertayer = 5.69 A. (c) Topological arrangement of Tb** ions highlighting the three most

important distances: intrasheet, intralayer and interlayer.
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Fig. 3 (a) Emission spectra of Tb,O,NCN under e = 270 nm in the temperature range between 3 and 320 K, resulting in the transitions 5D, > 7F,.
(b) Temperature-dependent emission spectra showing the anti-thermal quenching effect for the main emission at 543 nm. (c) Temperature-depen-
dence of integrated intensities for the total emission and °D, — ’F transitions, Ry (J = 6), R, (J = 5), Rs (J = 4), R4 (J = 3) and Rs (J = 2). (d)
Schematic energy diagram of the cross-relaxation process between °Dz — “Fo and “Fg — °Dy. (e) Suggested configurational coordinate diagram for
the anti-thermal quenching process in Tb,O,NCN. (f) Decay curves for the transition °D, — “F5 at 100, 300, and 500 K. Inset: temperature-depen-
dence of the experimental radiative lifetime (o). For the excitation spectrum of Tb,O,NCN, please see ref. 58.

directly from the ground state to the 5d levels (Fig. 3d), where
by non-radiative processes they populate the °D; levels and
emit light mainly by °D, — “F, transitions. Thus, as the temp-
erature increases, the non-radiative transfer process becomes
more dominant and the intensity of the emission decreases,
which constitutes the thermal-quenching effect. This is
observed in the intensity behavior of regions R, and R; where
the intensity clearly decreases as the temperature increases.
Nonetheless, the fact that the intensity in the R, region (tran-

This journal is © The Royal Society of Chemistry 2025

sition D, — "Fs) is not so strongly affected by temperature can
be explained by a compensation effect resulting from Tb-Tb
energy transfer through a cross-relaxation mechanism between
the °D; — "F, and "Fg — °D, transitions. At moderate tempera-
tures, as the temperature increases multiple vibration states
above the 5d levels are formed. If they are energetically close
enough to the Tb-NCN charge-transfer state, the 5d electrons
relax directly towards the °D, levels, thereby increasing the
intensity of all radiative emissions towards the “F; levels and

Dalton Trans., 2025, 54, 9726-9738 | 9729
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explaining the anti-thermal quenching effect, as shown in
Fig. 3e (violet line). Therefore, in this temperature regime, this
second mechanism compensates and exceeds the intensity
reduction originating from the intrinsic thermal-quenching
effect, so all the intensities of the R; regions increase. If the
temperature continues to increase, i.e., the compound is over-
heated, electrons could be thermally induced from the Tb-
NCN state to the ground state without light emission, thus
increasing the non-radiative energy loss (Fig. 3e yellow line).
To obtain information about the energy transfer process
between Tb>* ions, time-dependent luminescence measure-
ments (dexe = 270 nm) were carried out for the °D, — ’Fs tran-
sition in the 100-500 K range, as depicted in Fig. 3f. In all
cases, the decay curves do not show mono-exponential behav-
ior but the long-time part follows the mono-exponential decay
model: I = I, exp(—t/zo). By fitting the experimental data with
this equation, an experimental radiative lifetime of 7, = 13.6 ps
at T = 100 K is obtained, which increases to 19.4 ps at 500 K,
revealing that the energy migration process slows with temp-
erature and is consistent with the thermal intensity behavior
in the emission spectrum. Now, it is known that the prob-
ability (or rate) of energy transfer (P) can be expressed as P =
C exp(—2R/L), where R is the distance between the luminescent
centers, C is an interaction constant between them, and L is
the effective average Bohr radius (=0.30 A for Tb*" ions). Since
in the Th,0,NCN structure the intrasheet distance (x3.75 A) is
considerably smaller than the interlayer distance (x5.69 A) the
energy-migration rate is dominant along the Tb** ion double-
layer (Pintrasheet/Pinterlayer & 8 X 10°). To investigate the nature of
these short-distance interactions, the value of the critical
transfer distance (Rg) compared to the Tb-Tb distance in the
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triangular network (dintrasheet & 3.75 13) has been evaluated.
This very critical distance can be calculated according to Rc =

3v \? . . )
2( ) where V is the unit-cell volume, n is the number
Anxcn

of activators per unit cell, and xc is the activator concentration
(1.0 for Tb,O,NCN, a stoichiometric compound fully occupied

by Tb** ions). Thus, one obtains R¢ ~ 4.57 A > dinrasheet, indi-
cating that the energy-migration process is favored through an

exchange interaction mechanism.

In an attempt to take advantage of the particular thermal be-
havior of the emission spectrum, Tb,0,NCN was tested for ratio-
metric thermometry. We found that the thermal variation of the
intensities (expressed as integrated area, I5"?) of the emission
peaks in regions R, and R; provide good combinations suitable
for thermometric parameters, A = 5 /I3™%. The choice of 4
and 4, is made so that one of the intensities is strengthened at
low temperatures (cold band) while the other is weakened (hot
band). In this way, we have explored the temperature behavior of
two thermometric parameters Asss/sso = Lossnm/Tagonm aNd Asg7/504
= I /s as shown in Fig. 4. The experimental data can be
appropriately described according to the Mott-Seitz equation®**°
according to which Ay = Ay/[1 + oy exp(—AE;/kp-T) + o, exp(—AE,/
kg-T)], where Ay, @, and a, are fitting parameters and AE; and
AE, are the activation energies for the emissions. Fitting the
model yields that for thermometry based on Assyss0 Only one
channel is required (i.e., AE, = 0) so that AE; ~ 37 K while for
the thermometric parameter Asq7/504 values of AE; = 225 K and
AE, ~ 38 K (see ESIt for details) are obtained. Small values in
the activation energy could be related to a multiphonon quench-
ing mechanism while the higher value would be associated with
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Fig. 4 Top: thermometric calibration curves A(T) involving the integrated areas for the peaks (inset) and relative sensitivity dependence, S,(T), for
(a) the 552/580 nm area-intensity ratio and (b) the 597/594 nm area-intensity ratio. Red squares are experimental data while solid curves are the best

fit to the Mott—Seitz model. Bottom: temperature uncertainty curves §T(T).
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the thermal crossover mechanism described in Fig. 3. Moreover,
as shown in Fig. 4, the values of Ass,/559 decrease exponentially
with temperature, which explains the presence of only one non-
radiative decay channel, while Asg;/594 shows an “S-shaped”
decrease, making the presence of two channels AE; and AE,
with a considerable energy difference understandable.

The performance analysis of both thermometric curves was
carried out by inspecting the relative thermal sensitivity, S, =
|0A;/0T|/A, and temperature uncertainty, 6T = |54/A|/S..>”*%3®
This evaluation reveals that the wavelengths chosen provide
good values of S, and 67 (i.e., S; > 1% K" and 6T < 1 K) at rela-
tively low temperatures. The thermometric parameter Ass,/sz0
offers an operating range between 10 and 140 K with a
maximum sensitivity S, = 2.42% K" at 20 K while 4547/504 pro-
vides a maximum sensitivity S, = 1.13% K" also at 20 K but
with a wider temperature reading range between 10 and 180 K.
Similar results can also be obtained with the intensities associ-
ated with the maximum emission (Fig. S2t). Furthermore, it is
possible to establish a direct linear correlation between temp-
erature and the thermometric parameters Aso4/50; and Asgg/s97,
involving wavelengths of the transition D, — “F,, in addition
to Agpas597 related to the transitions D, — F; and D, — “Fy,
respectively. Hence, the thermometry appears in three different
temperature regimes: cryogenic (10-120 K), low (80-200 K) and
medium (180-320 K) as shown in Fig. 5. This type of thermo-
metry is simpler, more robust and reliable, and it does not
require any additional calibration. In addition, large values in the
slopes demonstrate a high sensitivity indicating that Tb,O,NCN
is an excellent self-referencing luminescent thermometer.

One of the biggest challenges related to ratiometric thermo-
metry is to extract intensities reliably and easily. In the case of
Tb,0,NCN, the wavelengths offering the best results in sensi-
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tivity (S;) and precision (5T) involve the °D, — F; transitions
(J = 4 and 3), which involve a high degree of complexity due to
the splitting of the emissions by the crystal field, and this
could hinder a future real application. For this reason, we have
explored the option of a thermometry involving, during the
analysis, information from the entire emission spectrum and
not just part of it, thereby eliminating any error upon intensity
extraction. To do so, we propose a multivariant thermometry
based on principal component analysis (PCA), a statistical
dimensionality-reduction method used to find combinations
of variables describing the behavior of large datasets. In this
way, the collected data were arranged in a 18 x 251 matrix X
where the number of rows corresponds to the number of
observations (i.e., the different temperatures in the range
3-320 K) while the number of columns represents the number
of variables, in our case the intensities at the wavelengths of
the emission spectrum between 450-700 nm. Thus, the PCA
was performed on this matrix X, producing a set of new vari-
ables, or principal components (PC;), which are related to the
original intensities I(4;) at a given temperature, by means of
PC; = Y ¢i(4;)I(%;) where c;(4;) represents the coefficients describ-
ing the behavior of each principal component.’*>*

After applying PCA to our experimental datasets, we found
that only three principal components are sufficient to describe
more than 90% of the variance of the original data. In
addition, the coefficients associated with each of the three
principal components reproduce the emission spectrum in
considerable detail (Fig. 6a), showing a shape and variability
very close to the original information in the regions of interest
R; (that is, where the transitions D, — "F; occur) while in the
areas outside their contribution is basically null, so that our
principal components are not only statistically relevant but
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dashed lines correspond to the best fit to a linear equation.
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Fig. 6 (a) Photoluminescent emission spectrum of Tb,O,NCN and the corresponding coefficients for the first three principal components: PCy

explains 65.7% of the original data’s variance while PC, and PC3 have values of 25.29% and 2.06%. (b) Relation between temperature and calculated
temperature by multivariate regression using principal components as input. Solid squares represent the experimental data while the dashed line
represents the best fit to a linear equation. In addition, the relative sensitivity dependence S,(T) is shown on the right axis.

also have physical meaning. As a result, temperature was
related to these new variables by multivariate linear regression,
obtaining a good correlation as shown in Fig. 6b. In order to
evaluate the performance parameters, the linear regression
equation was used as a basis Tcq. = fo + 2.5;PC; obtaining sen-
sitivity values (S;) well above 1.0% as shown in Fig. 6b and a
precision (67) of ~1.0 K (see ESIf for details). It is rather
obvious that PCA-thermometry offers better performance
results since it uses the entire experimental dataset to identify
the parameters that correlate with temperature, without the
need to pre-select regions or specific thermometric parameters.
The magnetic behavior of p-crystalline Tb,O,NCN was
investigated by susceptibility measurements using a SQUID
magnetometer. The value of the magnetic susceptibility y\T at
room temperature is 22.4 cm® K mol ™" in good agreement with
the theoretical value of 23.6 cm® K mol™" expected for two iso-
lated Tb>" ions (J = 6, go = 3/2).*”°""% Upon cooling, yuT
remains practically constant up to about 150 K, from where,
due to the depopulation of the excited levels of the “Fg ground
multiplet, it starts to decrease to a value of 2.1 cm® K mol™" at
3 K as shown in Fig. 7a. In the temperature range between
50-300 K the susceptibility yy follows the Curie-Weiss law y =
———— quite well, so that by fitting a 1/ vs. T curve the
T — Ocw
parameters fcw = —16.6 K and C = 23.75 cm® K mol™ are
obtained. The negative value of fqw indicates predominantly
antiferromagnetic interactions between Tb** ions in the para-
magnetic state, while the effective magnetic moment calcu-
lated from C yields 13.98y; (i.e., 9.70u5 per Tb** ion), in agree-
ment with the expected theoretical value
(Hetr = guA/J(J + 1) = 9.72u per Tb** jon).>”** Under 50 K,
the curve y(T) clearly shows the characteristic peak for a para-
magnetic transition to long-range antiferromagnetic order at
Tn ® 6.5 K (Fig. 7b). This low ordering temperature reflects the
Tb-Tb interactions: as already mentioned, the arrangement of
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the Tb** in Tb,0,NCN corresponds to three Th-Tb distances:
dintrasheet ~ 3.75 A; dintralayer ~ 3.65 A; and dinterlayer ~ 5.69 A
For our analysis we may ignore the intralayer interactions in
the same double-layer because (Fig. 7c¢) this interaction (/)
should be small since a positional shift in the triangular
network frustrates the intralayer magnetic coupling. Therefore,
we will limit ourselves to comparing the dingrasheet (J1) and din-
terlayer (J3) interactions. Given that the NCN?~ anion is between
the Tb>" ions in different layers, these are relatively far away
from each other, so a small value of J; can be expected com-
pared to J;. In fact, this can be seen if comparing the scale of
65-68 ) _ —HoHest”
4nR3
distance) from which D,/D; = 6.01 K/1.72 K = 3.49 is obtained,
reinforcing the idea of a two-dimensional system with mag-
netic moments located on the triangular lattice. Furthermore,
the frustration index f = |6cw/Tw| = 2.55 of Tb,O,NCN reflects
a geometrically frustrated system according to the criteria
established by Ramirez.®>’® Given that magnetic ordering is
observed at low temperature, however, we can conclude that
such geometrical frustration does not completely hinder the
emergence of magnetic ordering in Tb,O,NCN.

Isothermal magnetization measurements (Fig. 8a) in the
range of uoH = 0-9 T at various temperatures show a lack of sat-
uration, indicative of magnetocrystalline anisotropy. The slow
relaxation dynamics of Tb,O,NCN was studied by AC suscepti-
bility measurements at 2 K. In a zero DC field with an AC field
of 5 Oe in the frequency range of 10-10 000 Hz, a clear depen-
dence of the out-of-phase component of the susceptibility (")
on the frequency is revealed, although without the presence of
any maximum in the measurement range. Fitting simul-
taneously 4’ and y" to a generalized Debye model”"* (see ESI}
for more details) allows us to extract (Fig. 8b and c) the charac-
teristic magnetic relaxation time of 7, ~ 5.7 ps and a parameter
a = 0.01, indicating that the relaxation of the magnetic con-

the dipolar interactions (here R is the Tb-Tb

This journal is © The Royal Society of Chemistry 2025
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LiTbP,O,,

TbCrO,

(a) Magnetic entropy change (—ASy) as a function of temperature at several magnetic field changes in the range 1-7 T. (b) Selected Tb-based

magnetic refrigeration materials with Tb—Tb networks showing 1D, 2D, and 3D structural dimensionality.

figurations takes place simultaneously. Additionally, the curves
M(H) at temperatures between 2.5-8 K show a slope change at
~1.8 T that becomes evident when comparing the behavior at
low and high magnetic fields, clearly observed in the oM/0H
plot of Fig. 8a, which typically suggests a metamagnetic tran-
sition. To confirm and determine the nature of the magnetic
transition, the M-H data were converted into M*—uoH/M curves
(Arrott plot) depicted in Fig. 8d. According to the Banerjee cri-
terion,” a negative slope in the Arrott plot would indicate a
first-order magnetic transition.

These characteristics in the behavior of the M(H) curves,
together with the fact that Tb,O,NCN has a high magnetic
density (2 x Myp/M,, = 0.82) and is also magnetically reversible
(no magnetic hysteresis, see Fig. S3f), make it particularly
attractive for magnetic refrigeration applications. The magne-
tocaloric performance was evaluated by means of the magnetic
entropy change (—ASy), calculated from the isothermal
magnetization curves using the Maxwell equation
H GM
0 (ﬁ
entropy change curves as a function of temperature in the 1-7
T range. The maximum —ASy, at low field (3 T) reaches a value
of ~3.6 J kg™' K~ while in high field (7 T) a maximum of
~21.1 ] kg™" K™ is observed, but still far from the theoretical
maximum of —ASy; = nRIn(2] + 1)/My =~ 109.0 J kg™ K" (here,
n is the number of magnetic centers, R is the gas constant and
M,y represents the formula weight).”” A comparison of the
magnetocaloric performance of Tb,O,NCN with other Tb-
based compounds is summarized in Table 1, together with
sketches of the magnetic sublattices in Fig. 9b. These com-
pounds can be grouped according to the dimensionality of the
connected terbium ions. In the group of compounds with 3D
ordering, ThCrO, stands out: the TbOg polyhedra are arranged
in the tetragonal zircon (ZrSiO,) structure, with Th-Tb ~ 3.9 A
and a maximum magnetic entropy change of 16.2 J kg™ K" at
23 K.*' In turn, in TbBO;, 2D triangular nets of Tb*" are

ASy = g ) dH.”*% Fig. 9a depicts the magnetic
H

9734 | Dalton Trans., 2025, 54, 9726-9738

Table 1 Structural characteristics and magnetic features of selected
Tb-based compounds

Ocw Tx —ASy“ (T kg™ Tb-
Material (K) (XK) KNHats5T arrangement
TbCrO, ** — 221 16.2 (T=23K) 3D framework
TbBO, ¥ -11.0 <2 5.97 (T=2K) 2D layers
LiTbP,O,, * 0.86 <2 15.9 (T=2K) 1D channels
LiTbeO¢(BO;); #*  —12.4 <2 6.58 (T=4K) 3D framework
TbMnO; *° — 7.0  6.75(T=16K) 3D framework
Tb,0,NCN? -16.6 6.5 117 (T=9K) 2D double

layers

@ At 2 T for LiTbsOg(BO3);. ® This work.

observed forming monolayers with intra- and inter-layer dis-
tances of 3.8 A and 4.4 A, respectively, with a value of —ASy, of
5.97 J kg™" K" at 2 K.*? In LiTbP,O;,, terbium ions form 1D
channels with intra- and inter-channel distances of 5.6 A and
6.4 A, the maximum value of —ASy being 15.9 J kg™* K™* at
2 K.®* Tb,0,NCN, however, with a double layer arrangement
and intra- and inter-layer distances of 3.75 A and 5.69 A, far
surpasses all their performances under the same applied field
and temperature. Apparently, the effect of magnetic frustration
compensation on Tb-Tb interactions in this type of structure
plays an important role. We conclude that Tb,O,NCN would
be an excellent candidate for practical application as a cryo-
genic refrigerant.

At this point, it is clear that the arrangement of Tb** ions in
the Tb,O,NCN structure plays a key role in determining the
properties even though it is not only the arrangement: the
interatomic communication may perhaps be even more deci-
sive. Hence, the density of states (DOS) and crystal orbital
Hamilton population (COHP) for the interactions involving Tb
were calculated to analyze the electronic structure of
Tb,0,NCN (Fig. 10). From the local DOS, the expected, domi-
nant contribution of the N 2p and O 2p levels is seen at the

This journal is © The Royal Society of Chemistry 2025
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actions. In all cases blue and orange lines represent interactions between nearest and second-nearest neighbours, respectively. (e) Possible com-
munication pathways between terbium atoms: direct or via oxygen or the N of the NCN?~ unit.

valence band maximum (VBM) between —2.5 and 0 eV, while
the conduction band minimum (CBM), between 3.75 and 5 eV,
is Tb-centered. The Crystal Orbital Hamilton Populations
(COHP) for Tb-X (X = Tb, O, N) interactions shows that Tb-O
bonds are stronger than Tb-N bonds (a higher value in the
integrated COHP), while, curiously, Tb-Tb interactions show a
bonding character in the empty conduction band, unlike Tb-O
and Tb-N interactions. This suggests that under excitation at
270 nm (~4.45 eV) Tb-Tb communication (i.e., the energy
migration process in luminescence) would take place directly
(attractively in terms of Tb-Tb but not necessarily reducing
terbium) and not through O~ or NCN®". In contrast, the
strong bonding character of the Tb-N bond near the Fermi
level (Eg) indicates that Tb-Tb magnetic interactions will occur
through the NCN®~ unit, thus explaining the communication
of the triangular nets of different layers when long-range mag-
netic order is established.

Conclusions

Both spectroscopic and magnetic investigations on solid-state
Tb,0,NCN have allowed us to explore its potential for lumines-
cent thermometry and magnetic refrigeration applications at
low temperatures. The crystal structure can be understood as a
two-dimensional system, formed by alternating layers of the
extended NCN> anion and [Tb,0,]** which, in turn, consist of
a double-layer of Tb triangular lattice, all stacked along the
[001] direction. Thanks to its anti-thermal quenching behavior,
Tb,O,NCN is suitable for optical thermometry using appropri-
ate thermometric parameters offering good sensitivity (S, > 1%
K™") and precision (6T > 1 K). In addition, the option of an
instantaneous, linear and simple thermometry has been
explored that allows covering a wider temperature range
thanks to dimensionality reduction (PCA) offering better per-
formance. In turn, magnetic investigations show that
Tb,O,NCN contains magnetic frustration between Tb*" ions.
This frustration is topological, a consequence of the arrange-
ment geometry, since the Tb-triangular lattices are shifted

This journal is © The Royal Society of Chemistry 2025

from each other in the double-layer, separated by the large
NCN?~ anion. Given the comparatively large Tb** magnetic
moment, however, the frustration is insufficient to suppress
the magnetic order observed from Ty = 6.5 K. Furthermore,
magnetocalorics of Tb,O,NCN was investigated, thanks to
first-order metamagnetic transitions taking place at around 1.8
T. The maximum for the magnetic entropy change achieves
—ASy ~ 21.1 J kg™' K™ at 7 T. Furthermore, —ASy = 11.7 ]
kg™ K" at 5 T is considerably larger than those reported for
other materials incorporating trivalent terbium under the same
magnetic field change and temperature. These excellent results
establish that Tb,0,NCN is an extremely promising material for
applications in thermometry and magnetic refrigeration.

Experimental section
Synthesis

Preparation of Tb,0,NCN. The stoichiometric terbium oxide
carbodiimide, Tb,O,NCN, was prepared on a 0.4 g scale by
solid-state metathesis reaction between TbOCI and Li,NCN in a
2:1 molar ratio under argon protective atmosphere. The
mixture was homogenized using a mortar and pestle agate,
transferred into an open dry glass capillary and loaded into a
glass ampoule. The sample was heated in a horizontal tubular
furnace at 600 °C under flowing argon for 18 h, with heating
and cooling rates of 2 °C min~". The product is an air-stable
powder which was washed several times with water and acetone
to remove the LiCl metathesis salt, finally dried in air at 100 °C.

Powder X-ray diffraction analysis

Powder X-ray diffraction data of washed Tbh,O,NCN were col-
lected employing a STOE STADI-P powder diffractometer with
a flat sample holder (Cu-Kyy, linear PSD, 260 = 4-120° with
individual steps of 0.015°). Rietveld refinement was performed
using GSAS IL.%° In the final cycles of least-squares refinement,
lattice parameters, fractional coordinates, site-occupancy
factors and isotropic thermal displacement parameters (Uis,)
were refined for all atoms with a constrained Uiy, for chemi-
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cally reasonable sorts of atoms, in particular all C and N
atoms.

Luminescence spectroscopy

Excitation and emission spectra of Tb,O,NCN sample were
recorded wusing a fluorescence spectrometer FLS920
(Edinburgh Instruments) equipped with a 450 W xenon dis-
charge lamp (OSRAM) as the radiation source. For the data col-
lection, a R2658P single-photon-counting photomultiplier
tube from Hamamatsu was used. For temperature adjustment
a cryostat “MicrostatN” from Oxford Instruments had been
mounted on the spectrometer. Liquid nitrogen was used as a
cooling agent. The photoluminescence decay curves were also
recorded on the FLS920 spectrometer, while a 270 nm laser
diode from Edinburgh Instruments was used as an excitation
source.

Magnetic measurements

Magnetic  susceptibility measurements of powderous
Tb,0,NCN were performed using a Quantum Design SQUID
MPMS-XL magnetometer. Samples were placed in PTFE con-
tainers and data were recorded in the temperature range
4-300 K in a field of 200 Oe. Magnetization data were collected
at several temperatures in the field range 0 < uoH(T) < 9. The
AC magnetic susceptibility measurements were performed in a
PPMS-DynaCool system using the vibrating sample magneto-
metry option in an oscillating AC field of 5 Oe with frequencies
from 10 Hz to 10 kHz in a zero-DC field. The magnetic suscep-
tibilities were corrected for the sample holder and the intrinsic
diamagnetic contribution of the compound (ym,qia = —1.95 x
10~* em® mol ™).

Dimensionality reduction

Before performing the PCA, the data in the X matrix (18 obser-
vations x 251 wavelengths) were pre-processed. First, each
observation (i.e., each row) was normalized using the intensity
maximum, and subsequently each column was adjusted to the
normal distribution by the transformation z = =£. The result-
ing matrix Z served as input for PCA. In overall, PCA is a tech-
nique that transforms a set of correlated variables p in a new
set of independent variables g, denominated as principal com-
ponents. The first stage involves the calculation of the covari-
ance matrix and then, the eigenvalues and eigenvectors are
determined, sorted in descending order according to their
eigenvalues. The number of principal components was deter-
mined by using the scree plot as criterion (Fig. S47).

Computational details

Density-functional theory calculations were performed using
the Vienna ab initio simulation package (VASP, version
6.1.1).8%% Projector augmented wave pseudopotentials with
Perdew-Burke-Ernzerhof (PBE)*° parameterization were used.
The generalized gradient approximation (GGA)*® scheme was
chosen for treating both electron exchange and correlation.
800 eV was set as the cutoff for the plane-wave basis set. A I'-
centered Monkhorst-Pack k point mesh was used throughout
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for sampling the first Brillouin zone, the distance between two
adjacent k points being always below 2x x 0.02 A~*. The experi-
mentally obtained structure was first optimized on this level of
theory until energy and force differences between consecutive
iterations fell below thresholds of 10™% eV and 107® ev A7,
respectively. Gaussian smearing with 0.02 eV as the smearing
width was set to treat partial occupancies for each orbital. It is
worth noting that, due to the well-known self-interaction
errors, the 4f orbitals of Tb were downfolded in the core, and a
special “trivalent” GGA potential (designated Tb_3) was used.
Following the structure optimization, self-consistent field
(SCF) calculations were carried out. Only time-reversal sym-
metry was considered during the SCF calculations and tetra-
hedron method with Bloéchl corrections® was utilized for
Brillouin zone integration. Wavefunctions were written out by
the end of SCF calculations. Subsequently, a reciprocal space
unitary transformation®> was performed by using the Local-
Orbital Basis Suite Towards Electronic  Structure
Reconstruction (LOBSTER, version 5.1.1)*>°* suite to extract
both density of states (DOS) and chemical-bonding infor-
mation. The outputs from LOBSTER were automatically post-
processed by LOBSTER’s postprocessor (LOPOSTER).”
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