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SI. Identification of magnetic relaxation processes at H=0 and H=4 kOe

The real ’ and imaginary %’’ components of the ac susceptibility as a function of the temperature T and frequency
f=w/2n were measured at H=0 and 4 kOe, for the pure (x=0) and diluted sample (x=0.9). Different magnetic
relaxation processes could be identified from the y’, %’ data as the (H, T, f) conditions were varied. In this section,
the assignation of , x>’ peaks to the different relaxation processes is shown.

e At H=0, two different measurement runs were performed:
Raw data Run 1: %, x”*(f), with 0.01<f<10* (Hz), at different constant temperatures (1.9 - 6.4 K)
Raw data Run 2: y’, >°(T), with 2<T<10 (K), at different constant frequencies (10 - 9333 Hz)

e At H=4kOe only run 1 was carried out.

It was realized that, in some cases, a broad y’’(f) peak masked several different processes, which could not be
separated. However, by representing the same raw data as ’’(T), at different constant frequencies, the different
processes became distinguishable. In the next Figs. S1-S4, we present: the y’, ”’(f, different constant T) plots and
corresponding transformed v, (T, different constant f) plots obtained from run 1, the ¥, x > (T, different
constant f) measured in run 2 and the relaxation time as a function of the inverse temperature, #(1/T), deduced
from the y’’ peaks in both representations assuming that at the maximum rw=1 (©=2=f). In the #(1/T) plot the
points coming from the different runs and representations have been distinguished with different symbols.
Moreover, to facilitate the identification of the different processes, the positions of the peaks in the **(T, f) curves
have been marked with the same symbols used in the 7(1/T) plot. As deduced from X-ray experiments, {Dy(a-
fur)s}, complex contains two non-equivalent Dy sites, A and B, which relax differently. In Figs. S1-S4, points
coming from the relaxation of Dy(A) and D(B) sites have been marked with reddish and bluish colors,
respectively.
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Fig. S1. Relaxation data for undiluted sample x=0, at H=0: a) Raw data 1: Left: y’, x’’(f, at different T) plots: the % ’*(f)
peak at low temperatures corresponds to the relaxation of the Dy(B) type. At higher temperatures the broad peak probably
contains a contribution of the Dy(A) type; Right: y’, (T, at different f) plots deduced from the former data; b) Raw data 2:
¥,y (T, at different f) plot obtained from a different measurement run covering a larger, 2<T<10 K range, where the TAQT

relaxation of the two species can be appreciated; c) Relaxation time vs. 1/T determined from the peaks observed in the ¢*(T)
and >’ (f) representations.
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Fig. S2. Relaxation data for diluted sample x=0.9, at H=0: a) Raw data 1: Left: x’, %’ (f, at different T) plots, where the
signatures of relaxation of the Dy(A) and Dy(B) types have been signaled. At high temperatures the broad peak contains the
contribution from the two species; Right: y’, x* (T, at different f) plots deduced from the former data, where the position of the
relaxation peaks of the two Dy types can be better appreciated; b) Raw data 2: x’, %"’ (T, at different f) plot obtained from a
second measurement run covering a larger, 2<T<10 K range, where the TAQT relaxation of the two species is clearly
distinguished; c) Relaxation time vs. 1/T determined from the ’’(T) and yx’(f) representations. Note: the #(1/T) data obtained

from the ”’(f) peaks containing mixed contributions (linked by a red dashed line) fall in between the TAQT linear In #(1/T)
dependences of Dy(A) and Dy(B).
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Fig. S3. Relaxation data for undiluted sample x=0, at H=4 kOe: a) Raw data 1: Left: ’, x”’(f, at different T) plots, showing
the the TAQT relaxation of Dy(A) and Dy(B) types at high frequencies, and an additional peak at very low frequencies attributed
to relaxation of Dy(B) by a direct process. As the temperature is decreased, the peak corresponding to Dy(B) TAQT mechanism
decreases its intensity, whereas the direct process peak increases. Note there is an intermediate region where both mechanisms
occur simultaneously. Right: y’, (T, at different f) plots deduced from the former data, where the position of the TAQT
relaxation peaks of the two Dy species are signaled. As the frequency is decreased, the Dy(B) peak contains an increasing
contribution from the slow, direct process; c) Relaxation time vs. 1/T determined from the y”*(T) and y’(f) representations. Note

there is a region of temperatures where Dy(B) can relax either via TAQT or direct process; as the temperature is decreased, a
crossover towards a direct process occurs (blue circle/triangles symbols).
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Fig. S4. Relaxation data for undiluted sample x=0.9, at H=4kOe: a) Raw data 1: Left: x’, x’’(f, at different T) plots,
showing the TAQT relaxation of Dy(A) and Dy(B) types at high frequencies, and a peak attributed to a direct process of
Dy(B) at very low f. As T is decreased, the peak corresponding to Dy(B) TAQT mechanism decreases its intensity,
whereas the direct process peak increases. Right: y’, x*’(T, at different f) plots deduced from the former data, where the
position of the TAQT relaxation peaks of the two Dy species are signaled. As the frequency is decreased, the Dy(B) peak
contains an increasing contribution of the direct process mixed with the TAQT process; ¢) Relaxation time vs. 1/T
determined from the x”’(T) and y’(f) representations. For the Dy(B) type, note the transition from the TAQT linear

dependence to the direct process curve (blue square/triangle symbols).
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Table S1. Characteristic relaxation times, 1, activation energies, U, of the TAQT relaxation processes and Quantum Tunneling
characteristics t corresponding to the Dy(A) and Dy(B) types, for the pure (x=0) and diluted (x=0.9) samples, at H=0 and H=4

kOe.
Dy(A) Dy(B)
x=0 x=0.9 Xx=0 x=0.9
H=0kOe  Ulkg (K) 29(3) 30(2) 80(3) 77(3)
T0(S) 5(3)x10°8 7(3)x10°° 6(4)x10™ 3(1)x10H
71(S) - 4(1)x10™ 3(2)x10* B,
H=4kOe  Ulkg(K) 38(5) 32.4(5) 79(3) 80.5(6)
To(s) 2(1)x10 4.5(5)x10°° 7(1)x10° 5.7(2)x101

71(s) - - 4(1)x10t 1(1)x10
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SlI. Identification of magnetic relaxation processes as a function of the field

The real x’ and imaginary %’° components of the ac susceptibility as a function of frequency f=w/2m were
measured at T=2.4 K at different applied fields between 0 — 4 kOe, for the pure (x=0) and diluted sample x=0.9
(Fig. Sb). Figure S6 summarizes the field-dependence of the relaxation time, t(H), and the intensity of the peaks,
1"’ max(H), for the different processes observed.

SI11. Simulation of powder a.c. susceptibility field dependence in the quantum tunneling regime
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Fig. S6. Field-dependence of the relaxation time, t(H), and intensity of the peaks, y’max(H), for the different



Electronic Supplementary Material (ESI) for Dalton Transactions
This journal is © The Royal Society of Chemistry 2013

The inversion of the magnetic moment direction in an uniaxial anisotropic hindering barrier may occur at very low
temperature and zero field, through resonant tunneling between the ground state degenerate levels, or at H#0,
when there is level crossing of the Zeeman split electronic states. In the case they consist of Kramers doublets
resonant tunneling is forbidden, unless dipole-dipole and exchange interaction and non-local symmetry perturbs
the diagonal Hamiltonian, allowing the mixing of the two states [1].

The ligand field interaction splits the °H;s;, Dy ground multiplet into Kramers doublets. For a Dy ion, with
high uniaxial single ion anisotropy, the ground state doublet anisotropy is described by its §" tensor components

g, =9, <<g,, and the bias field is caused essentially by dipolar interactions. Hyperfine effects could play also a

role since two isotopes support a nuclear moment that could contribute to the bias field through the hyperfine
interaction; namely, *'Dy and Dy isotopes, with a natural abundance of 18.8 and 24.9 %, respectively, both
have a 1=5/2 nuclear spin. It could play a role at very low temperature, depending on the hyperfine interaction
constant value. In {Dy(a-fur)s},, no hyperfine effects have been observed down to 60 mK, so this contribution is
considered as negligible.

According to the Proko’fev and Stamp [2, 3] approximation, at H=0, the average bias dipolar field is zero,
and consequently, no tunneling would be possible. However, there are spin fluctuations that give rise to a
broadening in the probability of non-zero dipolar fields P(cgi;), at any given time. The transverse component of

this non-zero field o,,,,,, promotes tunneling. However, the tunneling energy window 4, =g, uzH,, ., is very

small with respect to the dipolar bias energy &;, = g,1;H, , , 0 the transition tunneling probability of a probe spin

is very small. It is assumed that the subsequent rearrangement of the spins after reversal by tunneling of that probe
spin modifies the spin arrangement and allows to invert some formerly improbable moments. Given sufficient
time, the whole spin array may have the possibility to tunnel, and the QT process may become macroscopically
observable.

The characteristic time of the tunneling process can be related to the distribution of energy bias of dipolar
energy, P(&gip)= 9,*1s P(c4ipz), and the tunneling energy 4 [2]:

h
I 1
#{#.0) Z(H,0)P(%r) g

If P(&qip) is assumed to be a Gaussian function,

1 Si
P[éx ): — x exp| — * £ ’ [2]
o 27Z-gzﬂBadip,Z Zglzluéo-gip'z

that for H=0 and 6=0, then only the spins with a dipolar energy &gy=0 fall within the condition for tunneling,
A /2<&4,< A /2, and the tunneling time constant is obtained:

h

= . 3
"TAP(E,=0) Bl

If an external field H is applied at an angle 6 with the anisotropy axis z, only those spins with &, =+&,,.,,..,, that

is, with a dipolar energy that is compensated by the Zeeman term so that the total energy is within the tunneling
window, will undergo spin reversion by QT. The bias energy is:

Siip = +g, 1zHcos@ [4]
and the tunneling splitting:

4 (H,0)=Goy 11501y + Hsin ) . [5]
Substituting in Eq. [1], one obtains the dependence of the tunneling time constant:

h\/ﬁgzadip,z (HZCOS2 6’] [6]

r(H , 6’) = P

pE; exp
/ungy Hp (O-dip,xy +H sin 0)2 dip,z
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The real and imaginary components of the a.c. susceptibility are obtained by substituting t(H,0) in the
Kramers-Kronig equations for a fixed temperature and excitation frequency:

[T, H,0)- 1]

Z’[w,T,H,&): + Xs 7a
1+a?c(H,0f 7 L7l
p (T, H,0)
X (O),T,H,H):—, [7b]
1+w’c(H,0F
where:
2 (T.H,0) = (29,,°sin” 6+ g,? cos® 0) g 1 3k, T . [8]

The final step consists in calculating numerically the angular averaging over angle :

|5 #(T,H,0)sin6do

J'(;r sin 6d 0 ol

(o, T,H)=

In the {Dy(a-fur)s}, case, for the Dy(B) center, the experimental parameters used have been 7=3x10™s,
&aip/ke=Tn=0.66 K and the width of the bias field o,,, =500 Oe. The value of g, =19.5 has been fixed, after the

ab initio calculations. The y”(f=2n®) curves have a single maximum at each field, that decreases strongly in
height and broadens in Inf. The average tunneling time, as deduced from the condition wt=1, thus, are evaluated at
each field. In the present case, for increasing field it decreases for small fields, shows a minimum at a field
700<H<1000 Oe, and increases for larger fields. The slope of the decrease depends strongly on the ratio
Ciipxy / Caip, » AS depicted in Fig. S7.
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Fig. S7. t(H) calculated after the simulations of x"(f, H), for varying cg;,, xy and gy,* values.

The calculation of the y*’(f, H) curves for g,,*=0.0061, g,*=19.5, and bias fields values of oy xy=0tip, =500
Oe and ayip xy=0uip,,=50 Oe (Fig. S8) reproduce qualitatively the experimental field dependence of the Dy(B) QT
peak for the x=0 and x=0.9 cases respectively (Fig.S5a,b), at least for low enough fields. The stronger shift of the
QT ’(f) peak with the field observed for the x=0.9 compound is thus explained by the simulations in terms of a
decrease of the bias field, proportional to the magnetic dilution. The simulated y’’(f, H) peak value is larger than
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the experiment since it has been assumed in the simulation that all spins belong to the same type (Dy(B)), while in
the experiment the Dy atoms are distributed in Dy(A) and Dy(B) types.

The comparison between the experimental and low field simulations of () for a powder sample let us prove
that the tunneling relaxation rate may decrease or remain close to constant with the field, depending on the actual

values of ogipxy and g, .
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Fig. S8. Simulations of x*’(f, H) curves for the values g,,*=0.0061, g,*=19.5, with (8) Oyip.xy=04ip,=500 Oe and (b)
Oipxy=0dipz=20 Oe, mimicking the x=0 and x=0.9 experimental cases (Figs. S5a,b), respectively.
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