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We study the ligand-field splittings and magnetiogerties of three B single-ion magnets which differ
in the peripheral ligand sphere but exhibit simfiest coordination spheres by inelastic neutroattseing

10 (INS) and SQUID magnetometry. The INS spectra efttiree compounds are profoundly different
pointing at a strong response of the magnetic ieh&wv minor structural changes, as theyeuge
encountered when depositing molecules on surfatesobservation of several magnetic excitations
within theJ = 15/2 ground multiplet together with single-crystaagnetic measurements allows for the
extraction of the sign and magnitude of all symmetfowed Stevens parameters. The parameter values

15 and the energy spectrum derived from INS are coeaptar the results of state-of-the-alt initio
CASSCEF calculations. Temperature-dependent altenatirrent (ac) susceptibility measurements
suggest that the magnetisation relaxation in thestigated temperature range of 1.9 K<5Kis
dominated by quantum tunnelling of magnetisatioth @vo-phonon Raman processes. The possibility of
observing electron paramagnetic resonance transitietween the ground-state doublet states, which ¢

20 be suppressed in perfectly axial single-ion magmetsders the studied systems interesting as
representations of quantum bits.

Introduction complexes hypersensitivity of the magnetic anigotréowards
the LF and that simple magneto-structural corretetiused for
transition element SMMs may fail completely for ghicting e.g.

sothe direction of the easy-axis of magnetisatiordfnSIMs 126
These results present a challenge for the designcantrol of
nanostructured devices relying on 4f SIMs and ptonthe need
for a detailed understanding of the sensitivitytlef LF towards
small changes of the first and second coordinatphere.

ss Mimicking the environment experienced by a 4f Siktside the
native crystallographic environment is a complidatéask.
Because of the difficulties in acquiring structuirdormation of

. . . metal ion complexes in solution or for surface-ted systems,

single-molecule magnets (SMMs) or single-ion magr(&iMs). such studies are best performed by structural rivatiibns in the

Re_c‘f”“)” prgmlslgghresults for tge |ncorp0;§t|on4®fSIMd§ n 2 solid state. Nevertheless, even in the solid stetemost detailed
= spintronics deviceshave opened Up questions regarding eunderstanding of the magnetic properties of 4fesystis in most

sen3|t|_vd|t)glof 'Fhetr:nagne:c propert:;es tov_\f[grds df;rllt)s;turb?tlor;s cases hampered by the lack of fundamental knowlatiget the
unavoidable in the anchoring or deposition o arules 1o eigenvalues and -—vectors of the single-centre dgdield

€.g. a nanotube or a substrate. ‘The strong responstheof operators. To obtain this information, the lumirersm®e pertinent

magnetlc p:operrt]lelz to tthe I|fganoll ﬁeldd.(LF) .'md'tllon;:ﬂg 65 to most 4f ions has gained increasing popularitgectroscopic
o magnets: aiso holds true for “lower-gimensional, tool to estimate LF splitings in SIMs, but the sessful

magnets like 4f SIM3.This has initiated several approaches to parameter determination is significantly limited bghe

e;tlmated.LtF.bspt).llttlgisb t.)y.t.caICl:Iatllotr'ls fromgé dabl |nt|t|6 cr)]r spectroscopic resolution, possible occurrence of™transitions
charge aistributions. INitio calcuiations on clusters have and non-radiative decd)}?'s Furthermore, the 4f-4f luminescence

shﬁwr;eatze_ cruqall role tpllayed by thetsecondbco'z:tcggj 70 iS not always accessible and can be screened twygstigand-
4 SPNETE.” UsIng single-crystal measurements, corroboralediny .o e optical transitions as in the case of podyaninate

initio_ calculations, Sessoli and co-workers demonstritedif systems. In solid-state physics, information onltRdevels in 4f

The strong magnetic anisotropy of 4f ions is areesal basis for
the properties of technologically applied magnetiaterials.
25 Magnetic anisotropy is determined by the localdidgor crystal)
field and a detailed understanding is of paramaupbrtance to
achieve control over it. Within the field of moléaumagnetism,
single 4f ions shielded from adjacent magnetic centrgscally
by organic ligands, have gained interest due tmbtservation of
30 intrinsic slow relaxation of the magnetisation wéthergy barriers
for magnetisation reversal of as much as 6521¢&nSuch
molecular systems are commonly referred to as maciear
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systems has traditionally been acquired by ineastutron layered with acetonitrilec@. 20 ml) and salicylaldehyde (0.24 g,
scattering (INS) but, surprisingly, this technigbas not been 2.1 mmol). Large pencil-shaped crystals developest a week.
used to study any LF spectra of 4f SIs. For 2, 3-iodo-5-methylsalicylaldehyde was synthesized as
Here, a small class of structurally similar"E8IMs has been described in literatur¥ For 3-I-5-Metrensal: to 3-iodo-5-
investigated by INS spectroscopy and magnetomeliye ss methylsalicylaldehyde (7.5 g, 29 mmol) dissolvedniethanol
compounds differ by peripheral ligand modificatioard the (100 ml) was added tris(2-aminoethyl)amine (1.5, mmol).
presence or lack of crystallographic trigonal syrmnef the 4f After cooling to room temperature, the crystallipellow product
centre. The parent complex; Er(trensdl) (Hstrensal = 2,22"- was isolated by filtration and washed with methaiYaéld: 7.8 g
tris(salicylideneimino)triethylamine), which is parof an (88 %). Calc. (found) for ggH33lsN,O5:C, 41.02 % (41.04 %); H,
isostructural serie¥, was studied by Riley and co-workers whao 3.79 % (3.48 %): N, 6.38 % (6.33 %). Subsequently,
parameterised the ligand field based on opticattspgcopy, but  Er(NO;);BH,0 (220 mg, 0.50 mmol) was dissolved in methanol
never reported on the magnetic properties. (20 ml) and added to a boiling methanol (150 mijutson of 3-I-
5-Me-trensal (0.40 g, 0.46 mmol) and triethylam{fel4 g, 1.4
mmol). The boiling was continued for 5 min, the tabe was
s cooled to RT an® was isolated by filtration and washed with
methanol. Yield: 0.44 g (88 %). Polycrystalline sd@s of 3
were synthesised as reported for the Gd analogdegaiven to
be isostructural from X-ray powder diffraction. Tiséructural
data for the Gd analogue with Gd replaced by Er emaployed
Scheme 1Pictorial representation df3.1: X = Y = H; 2: X = CH,, Y = 70 in theab initio calculations fo.1® Recrystallisation from boiling
151; 3: X = Cl, Y = H. The three-fold rotation axis Inand? lies along the ~ methanol affords single crystals suitable for ste
axial, tertiary amine N-Ln bond. determination (cfTable SlandFig. S3. This phase is found to
be different from the powdered sample used in tH8 land
magnetic measurements and no further studies vezfermed on
i this phase. The diamagnetic Y analogués3) were synthesized
similarly and shown by X-ray powder diffraction tbe
isostructural to the Er systems (dfig. S4-§. Er-doped1'
samples were obtained similarly. Elemental analysisults:
Calcd. (found) forl: C, 52.07 % (52.01 %); H, 4.37 % (4.01 %);
s0 N, 9.00 % (8.98 %). Calcd. (found) f@r C, 34.56 % (34.86 %);
H, 2.90 % (2.60 %); N, 5.37 % (5.38 %). Calcd. (fdufor 3
(CoH24CI3ErN4O3): C, 44.66 % (44.53 %); H, 3.33 % (2.95 %);
N, 7.72 % (7.65 %). Calcd. (found) fdf (C,7H,/N4OzY): C,
59.56 % (58.86 %); H, 5.00 % (4.95 %); N, 10.2926.52 %).
ss Calcd. (found) for2': C, 37.37 % (37.47 %); H, 3.14 % (2.79 %);
N, 5.81 % (5.77 %). Calcd. (found) f8r. C, 50.06 % (49.90 %);
H, 3.73 % (3.40 %); N, 8.64 % (8.58 %).

&
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The trensal back-bone is relatively rigid when coordinating to
lanthanide ions and can easily be functionali$etin attractive
feature ofl1 is the presence of a crystallographic three-fol
2o symmetry of the Bt ion (P3cl space group) and the
concomitant reduced number of symmetry-allowed LF
parameters. Further, high-resolution optical speate available
from which all possible LF parameters were unravéle
Additionally, using the slightly modified ligand stgm 2,22"-
tris(3-iodo-5-methyl-salicylideneimino)-triethylang) (5-Me,3-
Itrensalky) gives Er(5-Me,3-I-trensal)2( cf. Scheme ) again
being trigonal P3 space group). On the contraryoihe-
substituted 2,22"-tris(5-chlorosalicylideneimino)-triethylamine)
(5-CltrensalH) yields Er(5-Cltrensal)3), which crystallises in
30 the monoclinicP2,/c space group with no axial, local symmetry.
For these reasons, the presented compounds afecisiglaeds for
the systematic study of LF perturbations induced rbipute
modifications of the LF geometry and strength. X-ray crystallography

2
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9 Single-crystal X-ray diffraction studies were perfed at 122(1)

. . K on a Nonius Kappa CCD area-detector diffractometer
Experimental section (equipped with an Oxford Cryostreams low-temperatigeice,
Synthesis using graphite-monochromated Mg, Kadiation 4 = 0.71073 A)

or on a Bruker D8 VENTURE diffractometer equippedhwito

. . : s K, high-brilliance S (micro-source) radiationl (= 0.71073 A),
and used without further purification. The largedscsynthesis of a multilayer X-ray mirror and a PHOTON 100 CMOS d#oe

1 was first performed by the procedure publishedbsnhardtet and a Oxford Cryosystems low temperature device. The

10a P
wal .I-!OWG\.IeI’:_thIS procedure O“ST‘ gave powder San_mleslnstrument was controlled with the APEX2 softwarackage.
containing significant amount of an unidentifiaplease. For this

o - The structures were solved using direct methodsE(St$97)
reason, we employed another, modified literaturec@dure of ) .
. . woand refined using the OLEX2 programiieAll non-hydrogen
Kanesato and Yokoyama which also proved usefubteio large

. . . 3 atoms were refined anisotropically, whereas H-atowemsre
single crystals suitable for single-crystal SQUIBgnetometry: . . . .
. . . isotropic and constrained. Crystal structure andtheefent data
45 In addition, all employed samples were rigoroudiaracterised

) . . for 1 (122 K),2 (122 K) and3 (122 K, recrystallised phase) are
by single-crystal or powder X-ray diffraction andemental summarised inTable S1 Powder X-ray crystallographic data
analysis. Er(CE50;)3;0H,0 (0.50 g, 0.64 mmol) and tris(2- y cry

aminoethyl)amine (‘tren”, 0.19 g, 1.3 mmol) werdiuged in wswere collected on a Ge Bruker D8 Advance Powder

L ) ) diffractometer operating in@8 configuration using Co K(A =
acetonitrile (15 ml) for 15 min. The solution wasoted and ) 7945 4) radiation. CCDC numbers 969146-969148 cortte
so placed at the bottom of a 35 ml glass tube £ 8 mm) and

crystallographic data reported herein. These databe obtained

3
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All starting materials were purchased from comnareburces
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free of charge from The Cambridge Crystallographita@®entre  Large single crystals of Er doped intol' were obtained as
via www.ccdc.cam.ac.uk/data_request/cif. described forl but employing Y(CESQ;)s@H,0 with a 5 mol%
presence of Er(GS0;);9H,0.

Elemental analysis

Elemental analysis for C, H and N was performed aitiCE = Modelling

Instrument: FLASH 1112 series EA, at the microasigly In order to compare the LF obtained from the puieids optical

laboratory, University of Copenhagen. spectra® as well as that fromb initio calculations we will use
sets of extended Stevens operator coefficients irorshort,
Stevens parameters. This involves a reduction efghantum-

s mechanical basis set to the states of th& Bround-state

10 SQUID magnetometer and PPMBhe magnetic data shown in multiplet 5, Such a procedure is justified because the
all figures exceptS51 and S52 were acquired on a Quantum- temperature range used in our measurements ligsefaw the
Design MPMS-XL SQUID magnetometer and a Quantumiddes  energies of the first excitéths,multiplet (<6000 crrh).
physical property measurement system (PPMS). M&geN  7¢(0 field splitting Hamiltonianin the following we will refer to
data were obtained with selected fields from O &nd ac data e zero-field splitting (zfs) Hamiltonian as theended Stevens

15 Obtained W'th freque_“c'es 1__1500 Hz (MPMS) andaift@ kHz operators parameterisation with only the grountestaultiplet as
(PPMS) with an ac field amplitude of 3.0-3.8 Oe WH) and 10 basis yide infrg. In contrast, the LF Hamiltonian operates on the

Oe (PPMS) with or without qppllcatlons of statlelq. _Slngle- full space of the 4t configuration with all possible multiplets of
crystals were checked by single-crystal X-ray diffion for Erl

phase purity before each measurement. Single tmysgnetic
20 data were obtained with a horizontal rotator sefpor to all
measurements the response of the rotator was deésnand
subtracted from the response in the real experiment
Polycrystalline samples were immobilised in hexatieme in
polycarbonate capsules. The diamagnetic contributio the ~ The eigenvalues and eigenvectors in theS,J,M) basig usin
s sample moment from the sample holder and sample wa®84 states at energies of up to ~50000"aaere exported into a
corrected through background measurements and IPasCyATLAB program?® The LF HamiltonianH.r in matrix form
constants, respectively. Paramagnetic rellaxati(mesti Were  was obtained by back transformatifip: = AHgi, gAT with A the
obtained fromy’(vzg data ag(‘l’) = [270maf(T)] ™ ) unitary matrix containing the eigenvectors as colamandHiyg
Hall mggngtometer'!’he field dependence of the isothermal the diagonal matrix of the corresponding eigenvalli® obtain
30 magnetisation of a single crystal bfof a mass of 0.26 mg was I - . .
ss the zfs Hamiltonian only the coefficients in thgeivectorsy,

measured with a home-built micro-Hall magnetometsr . . )

referring to the ground-state multipféts,, were considered and
temperatures between 1.4 and 8.4 K. The sweepiegofathe . . .

the resulting new eigenvectors were renormalizetbtonf;) = 1.

external magnetic field was varied in the rangenfrt60 to 2300 ) ) )
As mentioned later in the text least-squares fitsre

mT s?,
performed by minimising the sum of weighted and asqd

&

Magnetic measurements

75 The following procedure was applied to convertphblished LF
parameterisation into Stevens parameters: The ersgrgctrum
of 1 was calculated using the published LF model arst-fite
parameters? by using the same software written by M. F. Réid.

35

w0 deviations «° :Z(yohsi _ycam)zﬁhli With Yopsi and Yea; the
INS spectra were obtained on the time-of-flight cspmmeters ~ experimental and calculated values of KT) product, field-
IN4 and IN5 located at Institut Laue-Langevin, Grele, France.  dependent magnetisation and of the energies of IM®
Several grams of non-deuterated samples were neghsor  transitions. The weight; results from the inverse square of the

a0 double-wall Al/Mg sample cans or wrapped in Al fatlselected ~ estimated experimental errors. In the casg also the published
temperatures and incoming neutron wavelengths. W& s energy spectrum was included as observations asthaller
analoguesl’, 2 and 3 were systematically measured with the weight (v = 0.03 versus 0.1) was given to the high-energyqfa
same settings to facilitate a precise assignmerthefphonon  the spectrum which could not be observed by INS.
spectra. The data were reduced and analysed usind.drge Effective spin-1/2 Hamiltonianln this common simplified

sArray  Manipulation  Program  (LAMPY.  Magnetic  formalism given byHs = gyi,H, + g, txHx + g1 tyH, the zfs
(de)excitations were localised by their charactieril| (linear 10is omitted and the magnetic anisotropy is now prese theg-
momentum transfer) dependence which follows the netg factor. © has the properties of a spin-1/2 angular momentum
form factor, their temperature variation and thenparison with ~ mapped on to the lowest Kramers doublet. The coatdiframe
the spectra of the diamagneti ¥analogues. is chosen to be identical with that of the zfs Heonian Eq. 1

50 (vide infra), i.e., thez-axis coincides with the molecul@x axis.

105 All spin-Hamiltonian calculations shown in this #koare
based on full diagonalisation. The matrices of thdéended
EPR spectra were acquired on a Bruker Elexsys EfQipged Stevens operators were generated with the helphefstev
with a Bruker ER 4116 DM dual mode cavity, an EIP B38 function from the EasySpin package written by SteStoll?
frequency counter and a ER0O35M NMR Gauss-meter. TheThe powder average of the magnetisation for laigkld was

ss spectra were simulated or fitted using home-writseftware'® 110 generated using a 110-point Lebedev-Laikov gfid.

Inelastic neutron scattering

Electron paramagnetic resonance

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00-00 |3
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Ab initio calculationsTheab initio calculations were carried out  Er—Nine of 2.46—2.47 A, and the Erpanolate0f 2.18-2.19 Aare
using the Molcas 7.8 package progranThe calculations fol all in the typical range of Ln—N and Ln-O distanddsnce the
were performed using the measured crystal strustatel22 K e results of the present study can be consideredseptative for
and 293 K. The differences in the results are gdalé (see ESI).  these ligators.
s For 2 the measured crystal structure at 122 K and3fahe
structure of the Gd analogue with Gd replaced byve&ire used.
All elements were described using standard basss feem the
ANO-RCC library available in Molcas. The TZP basis seis
employed for Er and first coordination sphere atob®P for the
10 atoms involved in the aromatic rings around cergtaim and DZ
for the other atoms. Contractions of the employesishsets are
given in Table S2 In order to save disk space, the Cholesky
decomposition of bielectronic integrals was emptbyeith a
threshold of 0.5x 107. The spin-free wave functions and
15 corresponding energies were calculated within thenglete
Active Space Self-Consistent Field (CASSCF) mett{odhe
active space of the CASSCF method included 11 elestof EI'
spanning seven 4f-type orbitals. The spin-orbieriattion was
considered within the Douglas-Kroll-Hess Hamiltonian the e
mean-field approximation. The spin-orbit couplingsataken into
account within the restricted active space statraction
(RASSI) method® by mixing all spin-quartet states (35) and all
spin-doublet states (112). On the basis of the ltirguspin- Fig. 1. Structural overlays of with 2 (left figures) and3 (powder phase,
orbital multiplets, the SINGLE_ANIS@ program was used to right figures). The projections at the bottom ateng the three-fold

. ; 65 rotation axis ofl. Colour code: Er, purple; I, dark blue; Cl, greén;red;
25 compute the magnetic properties and the LF parametearther, N, blue; C, grey. With the exception of the substits, the remaining

we tested the effect of the crystal environment dMang  parts of the trensilligands are shown as wireframe for clarity.
potential) on the low-lying energy states. To tk@ed, the
Madelung potential was approximated by five layefspoint ~ The ground state of Eris well described by 115, Russell-
charges. Every point charge was placed at the Gamtessition Saunders term. In the absence of any symmetry nben®us
» of each atom belonging to the crystal environm@ie charge 7 number of 27 LF parameters is allowed to be nonzew the
value assigned to each atom was the calculatedkdnlcharge ~ Precise determination of a unique parameter seteisainly
of the corresponding atom in the ground state,rtdkem the impossible. In the presence of three-fold rotatiosammetry
previous CASSCF calculation on the individual molecuthe  (Cs), the number of symmetry-allowed terms drops dtarady
reason for describing the Madelung potential irs tway is to to 9. However, magnetisation and susceptibilityadat most 4f
;s give a realistic charge distribution in the crystalvironment s Systems, especially on polycrystalline samples, @oe very

2

o

formed by neutral molecules. distinct, hence the unambiguous determination gfagameter
values still remains a challenge. For compolindigh-resolution
Results and discussion optical spectra are available from which all posilF

parameters were unraveled by Riley and co-workérshe LF
The condensation products of tris(2-aminoethyl)@m(ttren”) g parameters were fitted to several multiplets, hawehere we are
with aromatic aromatic aldehydes have been extelysiv concerned with the magnetic properties which angely
wemployed as ligands for single lanthanide fénsand  determined by only the ground multiplet. Hence edcited
bicompartmental systenié.However, only few of the systems multiplets can be safely neglected. This can beetsidod by
possess the high symmetry that is beneficial fergfesent type  considering that the first excitelth s, multiplet is separated by
of study. For the unsubstituted, pristibethe crystal structure at s more than 6000 cthfrom the ground state while the full span of
room temperature was reported by Kanesato and Yokayand  the LF-split®l;s, ground multiplet is around 600 cht® The
45 our redetermination of the structure at 122 K rémbamly small limited resolution of the optica| spectroscopy ambroximations
differences with respect to the 300 K structuréne Btructure is  that result from the translation of LF into zereldi splitting (zfs)
shown inScheme landFig. 1 (Fig. S). 1 crystallises in the  parameters lead to only a rough prediction of thagmetic
P3clspace group and possesses crystallographic thik€@e o properties which are extremely sensitive to smiadnges in the
point group) symmetry of the seven-coordinaté Em. For the  |F. Therefore, an optimised set of zfs parametergHe ground
so novel 2 and3, the space groups a3  dPBl/c, respectively,  state multiplet ofl is sought by fitting the zfs Hamiltonian
and the Er sites have locak and C; symmetries. The bond simultaneously to the neutron and optical spectpiscdata as
lengths and angles of the first coordination spreme almost  well as to the temperature and field dependencethef
identical for1-3 as visible inFig. 1(Figs. S1-3. The root-mean- ¢ magnetisation.
square deviations of the central'Bon and the first coordination In order to compare theb initio calculated LF with that from
ss sphere are 0.082 Al(vs.2) and 0.17 A { vs.3), respectively,  optical spectroscopy both were translated into atergled

illustrating the strong similarity of the first caination sphere.  Stevens operator description working on thigs, ground
Importantly, the Er—Nnine distances of 2.67-2.70 A the average multiplet

4[Journal Name, [year], [vol], 00—00 This journal is © The Royal Society of Chemistry [year]
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M1 ——1(15K)

|_“|Z = B?éq Eq. (1) ] 1 (50 K, PhBG)
: k,-%sk “ ] ——1'(1.5K)
] Flanagan et al.
E —— CASSCF (2)

Magnetic field was taken into account in the pheeoahogical

s LF model by the effective Zeeman Hamiltonilp = gpuopzj-H
while an exact microscopic expression has been msah initio
calculations! From A = H, + H,;, the magnetic properties and
the INS spectra were calculated. Further, leastrsgufits to the
magnetic data and the neutron spectra were perébmmeind 3

10 optimised parameter sets. In the fits, g parameters were
fixed to zero which corresponds to a fixing of tbeordinate 1
frame hence it can be done without loss of gertgralio allow
for a comparison, thab initio calculated parameter sets and that

obtained from optical spectroscopy were transformedotations ~ Fig- 2. INS spectra ofi(black trace) and’ (grey) acquired witht; = 2.2
fth dinate f . der to iBe? = 0 55 A at T = 1.5 K. The intensity was summed over the corepetilableQ
15 0T the coordinate irame In oraer to giwg” = U. range. The calculated phonon background from th& Spectrum (see

main text) is shown as an orange curve (PhBG).ldWer red, blue and
Static properties of 1 green traces are simulations employing differents sef Stevens
parameters as described in the text.

Intensity / arb. unit

L AL B B L B UL L L
0 10 20 30 40 50 60 70 80 90 100 110
Energy loss / cm”

The INS excitation spectra fdr and 1' obtained at 1.5 K are ., aisg the calculated energies arising from highettipiets (J =
20 shown inFig. 2andFigs. S7-12For1, the spectrum is dominated 13/2, 11/2) compare very well (cTable 3. Further we have
by two prominent transitions labelled as P1 and aiidl located employed the experimental structure determined @ |
at 31 le and 53 crf, respectively. The peaks are intense andemperature §=122 K) for similarab initio calculations. The
nicely visible although the experiments were perfqd on non-  equiting energy spectrumTdble S3 and extended Stevens
deuterated samples. The phonon background cartib®atsl by . oarametersTable S3 are similar to those obtained for the room-
25 downscaling a high-temperature spectrum accordinipe Bose temperature structure.
factor® [1 — exp(—hw/kpT)] ™" as shown inFig. 2. Phononic The magnetic properties df measured as field-dependent
and magnetic peaks are distinguished by studyieglépendence  agnetisatiorM(H) and product of magnetic susceptibility and
of their intensity on .temperatureFlgs. S9—1;L_ on I|.near temperature ¥T) on a polycrystalline sample and on a single
momentum transfe® (Figs.S7-§, and by comparison with the , orystal parallel and perpendicular to the crysgrphic three-
w estimated phonon background and with the purelynpht 514 axis are shown iffigs. 3and4. The temperature dependence

spectrum of the nonmagnetit. Accordingly, phononic and 4t the magnetisation and the corresponding fits ngisi
magnetic features are labelled as d&hd M, respectively. The  pamiltonian Eq. 1 are shown fig. S25

temperature dependence of M1-3 indicates that #seciated
transitions are excitations from the ground statexcited states

35 (“cold transition8). Depending on the nature of the phonorf®
modes their energy is a function of the mass ofitlvelved 4f

Table 1.Ab initio calculated and observed energies of low-lying Keesm
doublets inl (293 K structure) in units of cth

ion thereby explaining the small difference betw#enspectra of Free-lon | One molecule One molecule Observed
1 andl' around the feature P1. The positions of M1, M2 &id Multiplet embedded in 5 layers Ref.11a
of 53, 102 and 111 crhare in perfect agreement with the CASSCF (1) of point charges
w0 energies reported by Flanagahal. of 54, 102 and 110 ¢t
Given the precise knowledge of the energy spectitins CASSCF (2)
interesting to perform a correlation with the ma@nproperties. 0 0 0
Also this provides one of the rare opportunities ftother 64 52 54
examine the performance of the LF parameters regoby 99 91 102
4 Flanaganet al. as well as state-of-the-art CASSCF/RASSI-SO . 103 93 110
calculations. Theb initio calculated crystal field components of lisi2 198 203 299
the J = 15/2 multiplet in1 taking into account the structure 421 410 568
obtained afT = 293 K are given inTable 1 The last column 459 448 610
indicates the multiplet energies extracted from ihescence 484 472 642
so spectra. The agreement with initio calculated energies is 6652 6650 6594
remarkably good for the lowest four Kramers doublef. Fig. 6687 6679 6612
2). 6692 6683 6621
(I 6705 6705 6690
6903 6892 6909
6904 6893 6928
6917 6906 6939

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00-00 |5
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Fig. 3. ExperimentalyT (y = M/H, H = 2000 Oe) products for a single
crystal of1 along ©) and perpendicular{) to the C; axis and for a
s polycrystalline sample ot (¢, H = 1000 Oe). For the polycrystalline
sample thegyT was calculated agiT + X,y T + Xz.T)/3. Calculations using

Eqg. 1 are shown as solid lines as indicated irptbe

8-
e
6
54

parallel

uHIT

Fig. 4. Experimental magnetization 8 = 2.0 K for1 along ©) and

10 perpendiculartf) to theC; axis and for a polycrystalline sample)( The
powder average of the magnetizatit) (vas obtained by averaging over
a spherical surface. The colour labelling of thedations and fit is
identical to the employed ifig. 3

15 The single-crystal magnetisation data are clearyvipg the
presence of strong magnetic anisotropy. Furthe3patK thexT
exhibits still a distinct anisotropy confirming tloerall span of
the LF split ground multiplet being comparable ke thermal 5
energy at room-temperature. The X-band EPR spetaa &' -

20 dopedl’ (ca. 5 mol%) single-crystal providg, = 11.8 andg=
3.53 (cf. Fig. S2§ in excellent agreement with the low-
temperature part of thgl data. Furthermore, the observation of
an EPR signal from the ground state doublet directigfirms
that the ground-state Kramers doublet transforike thel ;5

2 irreducible representati6has stated in reflla. The calculation

of the magnetisations parallel and perpendiculahéothree-fold
axis using the effective spin-1/2 Hamiltonian witte g-values
from EPR slightly underestimates the magnetisatmmpared to
the experimental data (dfig. S2§. This is particularly severe at
larger field due the admixture with excited staesding to a
change in the wavefunctions (second-order effedikp fitted
Stevens parameter set fbusing the zfs Hamiltonian Ed.yields
nearly perfect agreement with all magnetic and tspscopic
data. The effectiveg-factors of the lowest Kramers doublet
derived from the fitted Stevens parametersgare 11.9 andg=
3.36 which coincide almost perfectly with the vadeund from
EPR. Theab initio calculated main values agg=13.68 andyy =
2.28. Theg-factor anisotropy is somewhat overestimated, which
can be due to the following reason: The first ectiKramers
doublet possesses opposite magnetic anisotropy redthect to
the ground one, being of easy plane tyge=(2.87 andg, =
7.62). This means that small modifications of tirewill strongly
influence the magnetic anisotropy of the groundtiplet given
the proximity of the first excited Kramers doubleThe
calculations employing the low-temperature struztshow a
similar trend Table S5.

An overview of the Stevens parameters obtainedLfby ab
initio calculations, from optical spectroscopy and frots fo the
magnetic and INS data is given ifable 2 There is good

so agreement between the different parameter setsanfeters

forbidden inCz symmetry come out to be non-zero fraiminitio
calculations because of limited numerical accurabye to
employment of Cholesky decomposition of the bietautr
integrals>® however, they are small compared to most of the
allowed parameters of the same rd&nlSince the comparison of
sets of Stevens parameters is rather abstracoftdseat help to
examine the performance of tlad initio calculations and LF
parameters from optical spectroscopy in reproducithg
magnetic and INS data. Notably, as visible from the
magnetisation and susceptibility data, the paransetes obtained
from optical spectra andb initio calculations suggest slightly
stronger anisotropy than what is consistently oleti from
single-crystal magnetic data and EPR measurements.

Static properties of 2

The INS spectra d and the dc magnetic data are showFigs.

5 and6, respectively. The detailed temperature dependehtte
INS spectra o2 and2' is given inFigs. S13-17 The neutron
spectra o (Fig. 5) are remarkably different from those bfThe
magnetic and phononic features were disentangleg tise same
criteria and procedures as fhrin the 2.8 A spectra, a prominent
peak, M2, is observed at 70 Thand a weaker feature M1 at 37
cm. In the 1.4 A spectrum the magnetic features atevary
strong. An additional magnetic feature M3 at anrgpdoss of
140 cm*can be identified (cfig. S13.

6|Journal Name, [year], [vol], 00—00
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35 calculated curves obtained from the model of EqFikld-dependent
magnetisatioM(H) at 2, 4 and 6 K is shown in the inset.

Static properties of 3

For 3, a representative INS spectrum at 2.2 A is showfFig. 7.

40 More INS data of3 and 3' are shown inFigs. S18-22 The
comparison of the spectra®fnd3' reveals magnetic excitations
at 29 cm* (M1), 76 cm* (M2) and 106 cit (M3). An inspection

l of the temperature dependence indicates that Mte3 cald

A T | N transitions. Comparing the 1.1 A spectra indicate fudgher

020 a6l Sl el 120, 920 e 180 200 4s magnetic excitations up to energy transferscaf 500 cm?.

Energy loss / cm’” However, in the temperature dependence of the 2@dktra, a
Fig. 5. INS spectra o (black and blue traces) ar®tl (grey and green  magnetic excitation (m4) starting out from an esdistate (“hot”
traces) obtained with incident neutron Wavelenglﬂ"ns_4 A (atT=1.5K) transition) was located at 48 cmThe parameters derived from
and 2.8 A (atT = 2 K). The curves are offset to improve clarithe L .

s calculated phonon background from the 40 K spectisirshown as a ab initio calculations, done for the room-temperature simecof

solid orange line. The red and purple lines areukitions with 50 Gd(Cl-trensal)® in which Gd has been replaced by Er, do not

resolutions comparable to the 1.4 and 2.8 A datarespectively, as  satisfactorily reproduce the experimental data Tebles S9-11
described in the text. Inset: Zoom of the low-egenggion of the 2.8 A gnq Figs. S35-3). Structural changes due to the exchanged
spectra around peak M1. central ion, or changes not detectable in powder XdR8or due

to the low temperatures in the experiments are amts/reasons

Least-squares fits of alCs-allowed Stevens parameters to thes fOr this discrepancy. A fit to the magnetic datal dNS spectra
magnetic data and the INS spectra Dfwere performed as USing theab initio derived parameters as initial values stops in a
described for compound. The best-fit parameters and the l0cal minimum. To extract LF parameters within our
corresponding simulated curves are showfighle 2and inFigs. ~ Phenomenological model, fits using random initialues were
155 and6. By using random initial values we were able toagpt ~ Performed. The best results are plotted as satieslinFigs. 6
three parameter sets only slightly differing 4 (cf. Modelling and 7.While there are several parameter sets which leaant
Section) that reproduce all available data very Lwed  ©xcellent reproduction of th#i(H) and T, the INS plays a
comparison of the three sets yields that the ‘apialameter®? |, decisive role here. Only one of the parameterregio©duces well
B? andB are quite robust, while the ‘non-axial’ partere are also the warm INS tra_1n3|t|on m4 (&fig. S20. In t_hese fits, c_JnIy_
» fluctuating. Theab initio calculated magnetic properties and INS Parameters allowed i€; symmetry were considered which is
spectra, which were based on the 122 K structuath,dare  Certainly a strong approximation in view that tmempound
presented inFigs. S32-34 While the calculated magnetic 2actually possesses lower symmetry. However thednution of
properties are only slightly deviating from the esimental data, ~More fit parameters would not lead to a significamprovement
the INS spectra do not match well. Given that #ieinitio ~ ©f the fits since a good fit can already be actdeveth the
25 predictions for the similar compoundisand? are expected to be Culrent parameter set. In such a situation, inrorldind values
of equal accuracy, the likely explanation for tharger ™ of all 27 LF parameterab initio calculations are indispensable.
discrepancy ir2 is that the employed 122 K structural data differs Our study shows that the ligand field spectrumanttianides is
significantly from the geometry at 1.5 to 40 K, wiehe INS highly sensitive to the structural details. Thesaymmot be
experiments were performed. In such a situation #N8 optical correctly captured by the structures of isostradtaompounds as
2 spectroscopic data are indispensable for an aecdescription ~ €Mmphasized by the example of compo@nd

Intensity / arb. unit

10

of the electronic spectra of lanthanide SIMs. IS
12 ]
=
Y =}
" 'E :
g ©
L) >
S =
S 2 -
~ 9
N € ]
2 o i i . i ]
0 1 2 3 4 5 =)
uwHIT
O T T T T T T ! ! ! T r
0 50 100 150 200 250 300 0 20 40 60 8(1’ 100
T/K Energy loss / cm™
Fig. 6. 4T (x = M/H, H = 1000 Oe) products for polycrystalli@eand3. Fig. 7.INS spectra o8B (black trace) an@' (grey trace) acquired with an

Open symbols correspond to the experimental daifigl dines are incident neutron wavelength of 2.2 A &t= 1.5 K. The red line is the
simulation using the best-fit parameters as desdrib the text.

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00-00 |7
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T = 1oty + CT™ Eqg. (2)

Dynamic magnetic properties of 1-3
The temperature dependencies of the magnetisaélaxation  gives an excellent fit to the experimental dataheEr-doped.'.
times of 1 (polycrystalline and as oriented single-crystal); E g, The first term takes into account temperature-iedelent QTM
s dopedl’ and3 measured by ac SQUID magnetometry are shownyhile the second term represents a two-phonon Ranasess.
in Fig. 8.1n the absence of a static field none of the camds  The pest-fit parameters extracted using Eq. (2Care0.17(3) &
1-3 showed a peak in the out-of-phase componghtdf the ac K™, n = 8.0(1) andrery = 1.93(5) ms and the corresponding
susceptibility Figs. S42, S47-48 In small dc fields, clear calculated curve is shown iRig. 8 For a two-phonon Raman
maxima iny" (v, are observed fot and3, whereas only onsets ;; process an exponent nf= 9 was predicted for Kramers idffs
10 Of peaks are observed with v,c< 1.5 kHz at 1.8 K (cfFig. but n may vary depending on the exact energies of thedb
S47). The magnetisation curves of an aligned (magn#id  Kramers doublet¥® Experimentally thd™ power law was indeed
applied parallel to th€; axis) single crystal were also measured found with an exponent deviating from= 9 in most case¥>%9
using a micro-Hall sensor at temperatures down.®Kl and  From this viewpoint the value of the exponent fourate is in
magnetic field sweep rates up to 2.3F. sowever, magnetic , reasonable agreement with the expectations for panon
15 hysteresis was not observed (€fgs. S51-5¢ A polycrystalline  Raman processes. Also, the values @rand Tory are in
sample of 10% Et doped intol' shows almost the same reasonable rangé® Further confirmation for the importance of a
temperature dependence as the pristin€he field dependence two-phonon Raman process comes from fits for Er-dope
(cf. Fig. S50, however, hints at a weak effect of intermolecula using a complete model (cf. Fig. S50Here, all four processes
interactions, which are suppressed in the dilutedpe. For this (QTM, Orbach withAy = 54 cnt, direct and Raman) were
wreason we focus here on the latter compound, irerotd  jncluded and the fit took into account simultanépuboth
investigate the mechanism that dominates the maafieh  temperature and field dependent relaxation timea.dat fit
relaxation. assuming only an Orbach mechanism, the direct pspcand
! QTM fails to reproduce the data. For both compoumasore or
70 less pronounced increase of the relaxation timeb ¥ield is
visible reaching a maximum at fields ad. 1 kOe, followed by a
strong decay upon further increase of the fielddslling these
data is challenging because of the complexity ieduby the
simultaneous presence of more than one relaxati@teps.
75 Similar to other studiese(g ref. 30ef) the data on Er-dopet
can be understood by the quenching of tunnelintpenlow-field
o 1 (oot sowden regime and the direct process becoming dominahigét fields.
3 (polycryst. powder) The complete fits reproduce the data very well, grelderived
L 3 7 parameters for the four relaxation mechanisms dstrate that
T (K) s0 both the Orbach and direct processes are smatimpared to the
Fig. 8. Arrhenius plot forl as single crystal measured wita. = 900 0Oe ~ QTM and Raman processes (for details see ESI). Vherfine
applied along th€; axis, as polycrystalline materidfi{. = 900 Oe), and  field of By, oc= 17 mT deduced from th#, parameter describing
25 as Er doped intd’ (Er:l'), Hoc = 1100 Oe. FoB, the data were acquired  the field dependence at low fields is consisterh B}, epr= 26
on a polycrystalline sample onljH{ = 700 Oe). The solid red line mT extracted from EPR measurements. The observatiense
represents the best fit to the Erdata using the model of Eq. 2. The . . .
dashed solid line is the Arrhenius predictigf) = 9 psx exp[54 cm illustrate nicely the presence of a non-Orbach ggsedn a 4f SIM
I(keT]. at low temperatures corroborated by the spectrascpmof.
Notably, this behavior parallels Na[Dy(DOTAH,O in which
w0 With the frequently made assumption of an Orbadftess the first excited state was estimated from roompenature
Ofuminescence spectfa.

and a temperature-independent quantum tunnelling
magnetization (QTM) as dominant relaxation processegood o, \When comparing the magnetic and spectroscopiceptiep of
compoundsl-3 studied in this work, it becomes clear that they

fit can be obtained yielding a barrier for magregten reversal of
Aerr = 20(1) ?rﬁl- The size of this barrier is, however,_lnot are vastly different. This is also reflected in tesults of theab
3 compatible with the observed excited-state sefaraif 54 ¢ jnitio calculations. Interestingly, the introduction afbstituent
and an Orbach process can be ruled out as a damgnat groups far from the first coordination sphere leadsdrastic

54cm’ 1
barrier

7 (ms)

@ Er1” (10%)
—fit
Q@ 1 (single crystal)

o
o
=

T < 5 K. In view of this narrow temperature range ahe
gradually increasing slope towards higher tempeeatit might
40 however be possible that the Orbach process becttradsading
mechanism at elevated temperatures. It has beepoged

changes are not at all just a small perturbatiohéosystem. The
strong effect of the second coordination spher¢heranisotropy
of the metal ion in a Clg(calix-8-arene) complex was found by
ab initio calculations to originate from the significantiyanger

theoretically and experimentally that first and aeborder ., chemical bond within the ligand group than betwées ligand

Raman processes may be significinindeed we find that the

relatively simple model for the
4s magnetisation relaxation times

atoms and the metal iGA Accordingly, in lanthanide complexes

temperature-depemde the sensitivity of the magnetic anisotropy to mindifions in the

second (and more distant) coordination sphere eaxpected to

8|Journal Name, [year], [vol], 00—00
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Compoundl Compound2 Compound3
ab initio . ab initio . .
k q Flanagaret. al Best fit Best fit Best fit
CASSCF (2) Iref. 11a] CASSCF (2)
2,-2| 3.780x10° 3.244x 10°°
2,-1| -5.321x10°® 6.266% 10°
2,0 —-0.8776 -0.975 —-1.07(2) -2.824x 10 —1.9(6)x 10! 1.22(2)
2,1 | 5.058x10° -3.124x 107
2,2 | 3.439x10* 1.775x 10°
4,-4 | 1.274x10* -1.964 x 10™
4,-3 0 0 0 0 0 0
4,-2 | 1.273x10* -1.894x 10
4,-1 | -7.482x 10° 1.359%x 10°*
4,0 | -1.010x10° | -0.260 x 10° -0.2(2) x 10° -1.461x 107 —6.0(6)x 10°° —3.9(5) x 10°
4,1 6.359x 10° -2.101x 10°
4,2 | 8.629x10° -3.777x 10°
4,3 0.1770 0.287 0.255(5) 1.707x 107 1.1(4)x 10* 1(1) x 10°
4,4 | -1.121x10* 1.348x 10°
6,-6 | 1.555x10° 5.89 x 10* 3.5(5) x 10° 4.235x 10° 1.6(7)x 10 1.2(1) x 10°
6,-5 | 1.335x10° -4.616x 10°°
6, -4 | —4.404x 107 5.479x 107
6,-3 | —1.165x 10" —2.45 x 10* —1(2) x 10* -2.341x 10* 1.3(2)x 10° 7(7) x 10°
6,—2 | —2.360x 10° 1.853% 10°
6,-1 | 3.101x10° -6.209% 10°
6,0 | 9.685x10° 1.23 x 10 1.25(1) x 1¢ 8.896x 107° 9.5(6)x 10° -1.07(3) x 1¢¢
6,1 | —2.971x10° 1.485% 10°
6,2 | —1.892x10° -1.123% 10°
6,3 | —0.8741x10° | -0.943 x 1C° —-1.27(2) x 16 -5.176x 10* -1(5)x 10° 3.13(8) x 10°
6,4 | 8.189x 107 -8.547x 107
6,5 | 7.960x 10° 4.747% 10°°
6,6 | 0.8663x 10° 1.03 x 10° 1.27(2) x 16° 7.316x 10 4.2(8)x 10° 1.4(1) x 10°
Oer 6/5 6/5 1.18(1) 6/5 1.18(1) 1.18(1)

3

1

o

15

20

be even higher. As depictedkig. 1the first coordination sphere

of the series-3 is largely similar. Therefore, the differences ins Table 2. Stevens coefficients,! for compoundsl-3 in units of cn.
the properties are likely to arise from two conitibns. One  CASSCF calculations are based on 122 K structurtal.d

comes from the difference in the electron withdrayvior

donating effects imposed by the substituents anthan from the ~ 11€S€ results should have an impact on the cuetatts of
subtle structural distortions of the first and seteoordination  Studying surface-deposited SMMs and SIMs and tladting of

sphere. The latter contributions are likely to lssogiated with *°SUch Species on to carbon nanotubes and other tnartased
materials. It certainly cannot be taken for grantbdt the

magnetic properties remain unchanged after thetiggafor

surface deposition process even if the molecutactsbmetry is

retained and the molecules seem to be intact. @dy suggests
35 that even if the first coordination sphere remainshanged after
the surface deposition, the interaction of the ridyavith the
surface may have similar effects as the ligand tfanalisation

changes insr interactions that are expected to be strongly
dependent on the tilting of the aromatic rings.afssevidence for
this picture, changes in the first coordinationesghhave induced
strong changes in the magnetic behaviour for"-Th
phthalocyaninate systems, where a contraction ef lipand
sphere lead to an increase of the barrier for ntagaton

reversaf! A few recent studies further suggest that subtle 8 )
changes in the far range can also have strong teffen studied here. However, it should also be noted tiatpresent

lanthanide anisotrop}?. A strong response of ti& e Mossbauer ~ €SUlts can be seen as an opportunity to use tfeceln order to
spectra was detected in a,Bg, SMM upon peripheral ligand modify the rr?agn.etlc properties of the deposited WM SIMs.

substitution suggesting a concomitant change oflanehanide ~ Currently, this still seems to be out of reach matmécause the
anisotropy and 3d-4f exchange couplifigMoreover, similar ~ Understanding of the observed effects is underdpeel.

effects were proposed on the basis ofasninitio study on the ~ Controlling and harnessing such interactions mayrage paths
SIM Na[Dy(DOTA)]@H,0.° These recent studies already shed to achieving unprecedented spintronic applications.

some light onto this topic but it was so far difficto imagine *

that the spectroscopic changes were so profound.

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00-00 |9
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Conclusions

In summary, an extensive study of the magneticlandenergy
spectroscopic properties of a small family of'EB3IMs has been
performed. The measured data are compared to sefoin
s previously published optical spectroscopy as welta state-of-
the-artab initio CASSCF/RASSI-SO calculations. The peripheral
ligand functionalisation leads to largely unexpdctdrastic
changes in all properties. These results are irapbith view of
the on-going grafting of SMMs and SIMs on to suefaand
10 nano-objects suggesting that changes far away floanfirst
coordination sphere can lead to vastly differentgmnedic
properties. If control over these effects can bieiea®d, it may
open a path to obtaining superior magnetic progery using
advantageous combinations of SIMs and surfaces.

Moreover, strong evidence is delivered that theba®h
mechanism is of minor importance for the relaxatiof
magnetisation in these systems at temperaturek £ 9 < 5 K.
In contrast, it appears that the relaxation is datad by
tunnelling of magnetisation at the lowest tempeestiand that
20 two-phonon Raman processes are dominating at tetopesa

close to 4 K.

15
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