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SUMMARY

Strategies for slowing magnetic relaxation via local environmental design are vital for developing
next-generation spin-based technologies (e.g., quantum information processing). Herein, we
demonstrate a technique to do so via chemical design of a local magnetic environment. We

show that embedding the open-shell complex (PhsP)2[Co(SPh)4] in solid-state matrices of the
isostructural, open-shell species (Ph4P)2[M(SPh)4] (M = Ni2*, §=1; M =Fe?* §=2; M =
Mn2* s = 5/2) will slow magnetic relaxation for the embedded [Co(SPh)4]2~ ion by three orders
of magnitude. Magnetometry, electron paramagnetic resonance (EPR), and computational analyses
reveal that integer spin and large, positive zero-field splitting (D) values for the diluent produce

a quiet, local magnetic field that slows relaxation rates for the embedded Co molecules. These
results will enable the investigation of magnetic systems for which strictly diamagnetic congeners
are either synthetically inaccessible or are not isostructural.
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Moseley et al. show, via paramagnetic dilution, that the single-ion magnet [Co(SPh)4]2~ exhibits
slowed spin relaxation in paramagnetic matrices if the environment is specially designed. This
result may have implications for future magnetic analysis experiments.

INTRODUCTION

Single-molecule magnets are potential next-generation components in information storage/
processing, 13 spintronics,* and magnetic resonance imaging.®> These complexes display

an activation energy barrier (U) to reorientation of the magnetic moment that can induce
extremely long magnetic relaxation times (t > s) at low temperature.5-12 Environmental
spins (which constitute the “spin bath™) frequently induce rapid relaxation through dipolar
interactions, and nearly all envisioned applications of single-ion magnets (the mononuclear
family of single-molecule magnets) involve the existence of a spin bath in some form (e.g.,
high-density arrays of open-shell molecules on surfaces or 1H nuclear-spin-rich aqueous
environments).13 Hence, developing new ways to study, understand, and chemically control
the impact of the spin bath on relaxation is vital to eventual application.

At low temperatures, the spin bath of a metal ion hastens relaxation by enhancing quantum
tunneling of the magnetization.1 In this process, a single-ion magnet’s spin will flip and
undercut the barrier.1®> Tunneling in these systems is typically driven by dipolar interactions
with adjacent molecules and can be disrupted by diamagnetic dilution.116 Diamagnetic
dilution is achieved by taking a magnetic molecule and either (1) dissolving it into an
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organic solvent or matrix (as was done for Mn{,015),1718 or (2) cocrystallization with

a structurally analogous, closed-shell species. For example, mononuclear M2+ complexes
can be diluted with Zn2*19 or low-spin Ni2* analogues2?; M3* species can be diluted with
low-spin Co3* 21 Y3+ 22.23 or Ga3+24: and M** species can be diluted with Ti4*.25 In these
dilute systems, wherein the size advantage of high-density molecular information storage is
lost, magnetic relaxation is often slowed by several orders of magnitude. It is vital to deviate
away from these magnetically quiet confines to discover how to slow relaxation rates when
the environment is noisy. Thus, it is essential to develop new, chemical means of modifying
the local magnetic environment to study mechanisms of magnetic relaxation.

Herein, we illustrate a way of chemically manipulating relaxation via cocrystallization
within a synthetically tunable paramagnetic matrix. Importantly, we use this method to show
that select S=1 and S= 2 ions can produce a spin bath that suppresses tunneling similar to
a bath of closed-shell Zn2*, yet still possessing unpaired electrons. This work focuses on the
single-ion magnet [Co(SPh)4]2~ (Figure 1), which demonstrates facile quantum tunneling at
low temperature in the pure phase.1® We measured the magnetization dynamics of dilutions
of (Ph4P)2[Co(SPh)4] (Co,S = 3/2) in the paramagnetic diluents (Ph4P),[Ni(SPh)4] (Ni, S=
1), (Ph4P),[Fe(SPh)4] (Fe, S=2), (Ph4P)2[Mn(SPh)4] (Mn,S = 5/2), and the diamagnetic
diluent (Ph4P)2[ZNn(SPh)4] (Zn, S=0). These data reveal an exciting disruption of tunneling
for baths of S=1 Ni and S= 2 Fe, like the effects observed for the traditional diamagnetic
diluent S= 0 Zn. Through EPR, susceptibility, and theoretical modeling data, we correlate
the viability of the S=1 Ni and S= 2 Fe diluents with the positive zero-field splitting (D)

of these species (see Note S2). This feature, we propose, makes them effective-spin zero
(Sefs = 0) at low temperature despite possessing multiple unpaired electrons (unlike Zn2*)
and effectively quiets the local dipolar fields that hasten relaxation.26:27 Although most
dilutions of single-molecule magnets exploit strictly diamagnetic environments, this study is,
to the best of our knowledge, the first to explicitly target magnetically concentrated diluting
conditions.

RESULTS AND DISCUSSION

Synthesis

The (Ph4P)2[M(SPh)4] species (M = Mn, Fe, Co, Ni, and Zn), denoted Mn, Fe, Co, Ni, and
Zn, respectively, are isostructural mononuclear complexes.28:22 A tetragonal elongation in
the tetrahedral MSy4 unit of these complexes makes the local symmetry Dy4 and engenders
an extreme magnetic anisotropy and slow magnetic relaxation for Co.30 A slight change is
observed in the average M-S distances as a function of M (2.328(4) for Co,29 2.288(4) for
Ni,28 2.356(6) for Fe,29 2.442(3) for Mn, and 2.352(3) A for Zn),28 but all crystallize in

the Pbc2, space group. Furthermore, the same tetragonal distortion toward D,q symmetry is
seen in all [M(SPh)4]2™ units, with two S—-M-S angles exhibiting a “pinch” as a function of
the elongation. These pinched S—-M-S angles are 96.7(2)° (Zn), 92.0(2)° (Ni), 95.6(2)° (Co),
97.58(10)° (Fe), and 98.4(1)° (Mn). We note that these specific bond angles are bisected by
the magnetic easy-axis of the [Co(SPh),]2~ unit in Co. Finally, each metal ion has 12 nearest
neighbors, with closest M---M distances of around 10.456(7) A (Figure 1).2528
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Multiple sets of solid solutions of Co in Ni, Fe, Mn, and Zn were made to test the impact

of paramagnetic spin baths on magnetic relaxation of Co. First, we prepared variable
concentrations of Co in Ni (73%, 58%, 25%, 9%, and 3% Co relative to Ni). Second, we
prepared dilutions of Co in Fe (83%, 57%, 24%, 16%, and 6% Co to Fe). Third, dilutions of
Co in Mn (81% and 43% Co to Mn) and, finally, dilutions of Co in Zn (30% and 3% Co to
Zn). Powder X-ray diffraction (PXRD) patterns demonstrate that these dilutions assume the
same crystalline phases of their pure components, and preliminary energy-dispersive X-ray
spectroscopy (EDS) data suggest homogeneous distribution over micrometer-length scales
(see Note S1, supplemental experimental procedures and Figures S1 and S2).31

Direct current susceptibility

Magnetic analyses via direct-current (dc) magnetic susceptibility (yw 7) measurements
indicate that Co, Ni, Fe, and Mn are isolated spin systems with varying magnetic
anisotropies. Room temperature (300 K) y 7 values of 2.45, 1.34, 2.90, and 4.56 cm3K/mol
for Co, Ni, Fe, and Mn (Figure S3) indicate S =3/, 1, 2, and 5/, metal ions, respectively,
matching previous results.32 With decreasing temperature, am T decreases, most likely a
result of the zero-field splitting. This decrease is most dramatic for Ni, less so for Co and Fe,
and almost negligible for Mn. The yy, 7 data were fit with a spin Hamiltonian accounting
for zero-field splitting (using the program PHI33; see supplemental information for fitting
details). The final extracted D values are D~ -61 for Co, D= +68 cm™L for Ni, D= +5.85
cm~1 for Fe, and D= -0.12 cm™~1 for Mn; all values are in keeping with previous reports for
other similar, four-coordinate MS, complexes.34-37

High-field, high-frequency EPR

Electron paramagnetic resonance (EPR) measurements were pursued to better quantitate

the zero-field splitting for Mn, Fe, and Ni (Figures 2 and S4-S7), as dc susceptibility can
sometimes incorrectly assign the signs/magnitudes of these parameters.38 High-field and
high-frequency EPR (HF-EPR) analyses of Co were previously reported and generally agree
with the large, negative D obtained from dc susceptibility fits.3% For Ni and Fe, which

also appeared by y\ 7to have large D values, we used high-field (up to 17 T) and high-
frequency analyses (up to 650 GHz). For Fe, a highly frequency- and temperature-dependent
EPR spectrum was observed, with multiple sharp peaks detected at all frequencies (see
Figures 2 and S4-S6). In contrast, no EPR signal was observed for Ni from 0 to 17 T and
frequencies up to 650 GHz.

The EPR spectra generally agree with the susceptibility analyses and were simulated with
Easyspin3? and the program SP/N (see Table S1 and supplemental information for full
details). First, for S= 1 Ni with a D of ca. +67 cm™1, we observed, as expected, no EPR
signal under the experimental fields and frequencies. Second, for Fe (S = 2), relatively
sharp, well-resolved peaks were observed, and the frequency/field dependence of these
peaks can be convincingly modeled with D= +5.848(1) cm™1, and £= +1.428(1) cm™1,

in general agreement with other lower-frequency EPR analyses (Figure 2).40-42 Finally, for
Mn, simulations of the 381-GHz spectra produce average Dand £ values of -0.12 cm™1, and
-0.04 cm™1, respectively, close to the small values from awm T simulations (Figure S7) and
the general expectations for an Mn2* ion.43-45
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Modeling the HF-EPR spectra of Fe and Mn was attempted for both positive and negative
values of the anisotropy parameters (D and £). The models for Fe obtained when D> 0
resulted in significant improvements over the model with D < 0 (Figure S6). In the case

of Mn, which possesses a much smaller zero-field splitting and higher rhombicity (£ D »
0.3), the simulations of the HF-EPR spectra were of generally equal quality with negative or
positive D.

Together, the susceptibility and EPR data highlight an important varying aspect of the
different bath spins, beyond just S. the ground-state Ms values (Figure 2). The large positive
D for Ni suggests that the Ms = 0 level of Ni bath spins is the lowest energy and separated
from the Mg = £1 levels by a ~67 cm™1 gap. The data for Fe likewise indicate that the Fe2*
ions possess a ground Ms = 0 level. However, the Mg = 0 level is only separated by ~3 cm™1
from the Ms = +1 levels and ~24 cm™1 from the Mg = +2 levels for Fe relative to the 67
cm~1 gap for Ni. Note that the Mg = %1 levels are split for Fe by a transverse anisotropy |£]
=1.43 cm™1, and this anisotropy also mixes these levels. For Mn, the separation in all Mg
levels is even smaller, with the Mg = + 5/2 levels separated from the Mg = +% levels by 0.88

cm~1 (Figure 2). As is shown below, these specific arrangements of Mg levels are critical to
the respective roles of Mn, Ni, and Fe as diluents for Co.

Alternating-current susceptibility

Out-of-phase, alternating-current (ac) magnetic susceptibility (ym”) measurements of pure
Co, Ni, Fe, and Mn reveal slow magnetic relaxation at zero applied dc field for only Co at ac
frequencies from 0.1 to 1,500 Hz. For Co, we observe a nonzero, frequency-dependent yp;”
with a peak at 27.7 Hz at 2.0 K (Figure S8). From 2 to 2.6 K, the frequency of this peak is
temperature independent, indicative of quantum tunneling. In contrast, above 3.0 K, the peak
position is highly temperature dependent. This behavior is typical of magnetic relaxation
that transitions to thermally activated processes.1946 In contrast Ni, Fe, and Mn display a
featureless y\” at zero applied dc field (Figure S9). The only indication of slow magnetic
relaxation in these latter compounds is in Mn, which shows a high-frequency rise in yn”
(200-1,000 Hz) under 500-1,500 G applied fields, but a peak maximum is never fully
resolved (Figure S10). These data establish the zero-field ac susceptibility measurement as
an effective probe of the dynamics of Co alone in the three probed spin baths (composed of
Ni, Fe, and Mn), owing to the absence of a zero-field y\” signal in these diluents.

Zero-field ac magnetic susceptibility studies of Co diluted to different extents in Ni (Figures
3, and S11-S13) reveal a slowing of magnetic relaxation at 2 K upon dilution in the S=1
bath. For pure Co, there is a region of temperature independence in y” below 2.5 K when
no external field is applied, an indication of magnetic dipole-mediated tunneling relaxation
processes. In contrast, for the dilutions, magnetic relaxation is increasingly temperature
dependent below 2.5 K with increasing dilution level, indicating that the tunneling process
is disfavored in the diluted samples. Furthermore, the y\” peaks for Co broaden at low
temperature when diluted, an additional indicator that the dilution process is effectively
modulating the tunneling-based magnetic relaxation in the 7< 3 K temperature regime
(Tables S4-S5).
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Quantitation of the relaxation times (t) from a Cole-Cole analysis#’ of the ac data enabled
the construction of Arrhenius plots (Figure 3) for the relaxation dynamics of Co in Ni. For
pure Co, t is temperature independent from 2.0 to 2.6 K at a value of ca. 36 ms (Figure
S8). The values of T become longer over this temperature window and generally more
temperature dependent with increasing dilution level in Ni. The parameter a,, which is also
obtained from the Cole-Cole fitting (and characterizes the broadness of the y\” peak),
increases from 0.276 at 2.0 K for pure Co to 0.579 at 2.0 K for the 1:34 Co:Ni dilution. A
larger value of a in the Cole-Cole analysis suggests a larger distribution of relaxation times
for the Co unit upon dilution in Ni, which is likely because of some inhomogeneity in the
disruption of the tunneling process.

The variable-temperature t data for pure Co can be easily modeled with two common
magnetic relaxation processes, Raman and quantum tunneling,1548 via the following
equation: 1/t = A7"+ 1/tgTMm (see Table S2-S3; Figure S14 for full details). Here, 1/t

is the relaxation rate, A is the Raman coefficient related to physical properties of the crystal,
n is the Raman exponent, 7'is temperature, and tgTm is the timescale of the quantum
tunneling of the magnetization. As a function of dilution, the best fits change, most notably
for the tunneling process, which slows considerably, with tgTm = 6.6(4) ms for pure Co
lengthening to tgTm = 41(3) ms for 1:2 Co:Ni (Table S2; Figures 3 and S15). These

data indicate a slowing of magnetic relaxation via reduction of tunneling with increasing

Ni concentration, just like dilution with Zn.19 At higher dilutions, tunneling is no longer
required to simulate the data, which can be modeled solely with a Raman process. The
parameters for the Raman process change upon dilution, with A ranging from 0.03(1) to
0.8(2) K™s™Land n = 5.6(1) to 7.96(9) for Co:Ni dilutions. The Raman process is predicted
to be dependent on dipolar interaction.*® These data may thus provide the first quantitative
evidence of the spin-bath impact on Raman relaxation; however, caution should be exercised
in analyzing this change too deeply as the present analysis only spans a 5 K window of
relaxation dynamics.

Additional variable-concentration ac susceptibility analyses of the dilutions of Co in $=2
Fe, s = 5/2 Mn, and S = 0 Zn were performed to test the effect of the different paramagnetic

baths (Figures 4 and S11-S19). Zero-field, 2 K analyses of dilutions with Fe demonstrate

a similar effect as Ni and Zn, in that increasing concentration of the diluent slows the
relaxation rate of Co and the y\” peaks broaden considerably. Importantly, however, Fe
appears slightly less effective as a diluent than Ni, as the relaxation rates for Co appear faster
in the Fe diluent at all studied concentrations. Just like with Fe and Ni, the peak in y” for
Co when diluted in Mn becomes broadened in frequency space, indicating a distribution in
relaxation times. However, in contrast to Fe and Ni, the y)” peak maximum for Co in Mn
rapidly moves to higher frequencies with increasing Mn concentration, indicating relaxation
rates that rapidly hasten beyond the detectable range of our magnetometer.

The presented relaxation time data suggest that the functional feature of the Fe and Ni spin
baths is related to the magnetic anisotropy of the spin-bath ions. For an integerspin ion with
a positive D (e.g., Ni and Fe), the ground Ms levels are Mg = 0 and bear no spin angular
momentum. Note that this scenario is distinct from being completely diamagnetic, as both
Fe and Ni still possess unpaired electrons (i.e., they are not undergoing a low-temperature
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spin crossover),49 and there is no zero-field splitting for an S= 0 spin state. At 2 K, the

67 cm~1 energy gap between the Mg = 0 and +1 levels in Ni is significant, and the Mg

=0 level is populated by nearly 100% of the spins in the Ni bath (following a simple
Boltzmann distribution). Hence, to the magnetization dynamics of Co ions embedded in

the Ni bath, this” effective S= 0" state for Ni appears to wield the same impact as the S
=0 Zn bath, despite Ni being an open-shell complex and Zn closed shell. Fe is also an
integer spin with positive D, and hence it shows a similar effect on the quantum tunneling
process for Co, owing to a high population of the Mg = 0 level (73%). However, the data in
Figure 4 demonstrate that Fe does not disrupt the tunneling process as effectively as Ni, as
the relaxation rates for Co diluted in Fe are faster than when diluted in Ni at all measured
concentrations. To explain this discrepancy, we note that the D of Fe is smaller than that

of Ni by a factor of 11.7. This smaller D (and the appreciable £) for Fe means that one

of the Ms = +1 levels is populated by 26% at 2 K. Hence, Fe is less effective as a diluent
because there is sufficient population of the magnetic Mg # 0 levels at 2 K, and the spin
bath can hence induce quantum tunneling for Co. This explanation mirrors previous work by
Cornia and coworkers on chain compounds, which showed that integerspin ions with strong
easy-plane anisotropy incorporated into chains of open-shell species will block intrachain
exchange interactions.?0

In contrast to Fe and Ni, dilutions of with Mn hastened the relaxation time for embedded Co.
For half-integer, high-spin ions (e.g., Mn), no matter the sign of D, the ground Ms levels are
either Mg=t% or Mg= + 5/2 for the ion; both configurations are magnetic, and the small

D suggests that, even in the low- 7 regime, all Ms levels will be populated. As a result, Mn
provides a strongly magnetic local environment to drive tunneling beyond what is typical for
pure Co.

Dipolar field calculations

Intermolecular dipole-dipole forces strongly influence the rate of quantum tunneling for
mononuclear single-molecule magnets, and it is known that both axial (~#%;) and transverse
(H“'? ) dipolar fields increase the rate of tunneling.51:52 We hypothesized that the positive

D of Ni and Fe would subdue the magnitudes of dipolar fields, which would suppress
tunneling to enable slow relaxation rates. To test this hypothesis and characterize the local
dipolar field created by the paramagnetic diluents, we estimated the local magnetic dipolar
field of a Co embedded in matrices of Mn, Co, Ni, and Zn, using g, D, and Svalues from
EPR and \ 7 analyses for the diluting molecules (Figure 5). We note the general results

of Ni can likely be extended to the analogous, positive-D, integerspin Fe. We assumed that
the dipolar field h can be approximated by a zero-mean Gauss-Markov stochastic process

fully characterized by its autocorrelation function with variance cj, = (h,h,), with n=x, y, z,
and decay rate I'p, in the spirit of the Kubo-Toyabe theory of zero-field spin relaxation.>3 h

serves as a measure of the fluctuating h and is related to the Co spin relaxation time ¢ as
detailed in Note S3. ¢j; can then be calculated from the static spin-spin correlation function

of the bath spins, which are assumed to be independent as a first approximation. We selected
X, ¥, and zto be coincident with the zero-field splitting axes of the embedded Co species,
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taken from the crystal structure. Detailed computational methods and results can be found in
Note S3 and Figures S22 and S23.

The dipolar fields imparted on an embedded Co are anisotropic, shown by the different
magnitudes of ¢}, ¢}, and cf. For example, at 2.2 K, pure Ni produces cf, c},, and cj,

magnitudes of 0.32, 0.32, and 0.21 mT? respectively. This anisotropy stems from the
relative orientations of the surrounding spins since the molecular axes of each of the four
[M(SPh)4]2~ species in the unit cell are not aligned in the crystal structure (Figure S24). We
also determined that the field strength is not dependent on which molecular site we choose
as the origin, provided that the X, y, and z axes are defined according to the molecular axes
of that site.

More importantly, the calculated ¢, have different magnitudes for different bath spins,
especially at low temperatures. In contrast to the values for pure Ni mentioned above, we
found that at 2.2 K the ¢}, ¢}, and cj, in pure Co (S = 3/2) are much larger, 32.9, 34.4, and
21.9 mT?2, respectively, and those in Mn (S = 5/2) are even larger: 50.2, 51.9, and 45.8 mT2,

respectively (Figures 5C and S22). The fluctuating dipolar fields for the half-integerspin
baths are therefore one order of magnitude larger than that for the integerspin bath (Ni) at

low temperatures, in agreement with our qualitative picture above. That the cj;, for Mn is

larger than that for Co is mainly due to the larger spin of the former. A complete description
of the observed trends can be found in Note S3.

Since the very small ¢}, for pure Ni is a result of the dominant occupancy of the Mg =

0 singlet at low temperatures, we expect that ¢} will undergo a nontrivial transition upon
increasing temperature. Indeed, Figure 5A shows that ¢}, changes significantly around 7=
10 K, where yT exhibits the sharpest increase (Figure S3), again caused by the zero-field
splitting of Ni. Specifically, ¢jf dramatically drops from 41 mT2 at 25 K to 0.32 mT2 at

2.5 K, a 99% decrease, with ¢}, and cj; behaving similarly. In contrast, the ¢}, for Co and

Mn have much milder temperature dependence in the same temperature range (Figure S22).
For Co, two of the components, cj and ¢}, increase with decreasing temperature from 50 to
2.2 K, but not dramatically, and level off at 32.9 and 34.4 mT?2 at 2.2 K, respectively. In
contrast, cj, decreases for Co with decreasing temperature, eventually reaching 21.9 mT2 at

2.2 K. Mn is similar to Co, except there is only a pronounced temperature dependence below
approximately 0.5 K, consistent with the extremely small zero-field splitting.

With increasing dilution, both the local field magnitude and its temperature dependence
gradually change from that of pure Co to that of the diluent, as shown in Figure 5B for the
case of Co in Ni. At a fixed temperature, we found that cj, depends linearly on the dilution

for all baths (Figures 5C and S23), a consequence of our independent bath spin assumption.
The nice agreement between the linear dependences of ¢}, and the experimental 1/t data on

dilution confirms the applicability of this assumption.
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The observed orientation, temperature, and diluent dependence of the local dipolar fields
are all in agreement with our interpretation of the effect of the different [M(SPh)4]%~
environments. Importantly, the possibility of structural changes to [Co(SPh)4]%~ via
chemical pressure is ruled out via comparison of structural changes and predicted effects
(see supplemental information). Thus, we see the operative mechanism of the Ni and Fe
diluents. The Ms = 0 level is almost entirely populated at low temperature, causing all
dipolar fields to fall to 0. This reduction of the dipolar field then suppresses the tunneling
relaxation, as observed for diamagnetic Zn dilution. Furthermore, we see why Co and

Mn both enable tunneling of embedded Co species: the half-integer spins of these bath
complexes (in contrast to the integerspin, positive-D Ni) ensure that a substantial, nonzero
dipolar field (Mn larger than Co) exists at low temperature. Consequently, we see tunneling
proceed in pure Co and the relaxation rate increase when dilute in Mn. Note that although

¢, is an indicator of how noisy the spin bath is magnetically, it does not have a simple

proportionality relationship with the Co spin relaxation rate, which depends on complex
kinetic processes involving many spins coupled by dipolar interaction. Nonetheless, the

temperature dependence of ¢}, for Ni qualitatively agrees with the trend of the experimental

relaxation rate at low temperatures (Figure 3).

The foregoing dilutions harness zero-field splitting to suppress dipolar field fluctuations

and slow relaxation. In this context, the demonstrated dilutions expand a lineup of
possibilities for exploiting magnetic interactions to reduce environmental noise. For
example, antiferromagnetically coupled dicopper complexes, despite possessing 2 S=%
Cu?* ions, will produce magnetically quiet environments at low temperature and enable the
observation of relatively sharp EPR spectra.54-56 We also anticipate that other interactions
may work to produce new families of diluents. Dilutions using Eu3* may be possible for
rare-earth ions, where spin orbit coupling between the £ = 3 and S= 3 of the Eu3* ion cancel
to yield a magnetically quiet J= 0 state.5’

This demonstration is the first slowing of the magnetization dynamics of a single-molecule
magnet by deliberate chemical dilution with an open-shell diluent. Our results reveal that S
=1and S=2 complexes can be used to reduce quantum tunneling of the magnetization, like
S=0analogues, if Dis positive and of sufficient magnitude.

One implication of these results is the ability to magnetically dilute with open-shell
complexes, which may be useful when closed-shell analogues are chemically unstable

or non-isostructural, as, for example, radical-bridged bimetallic species®® or systems

where the diluent and ion of interest have substantially different ionic radii. There is an
enormous diversity of metal ions, spin states, and geometries that produce positive zero-field
splitting,®® and thus we hope this result will open the door substantially for what is possible
for achieving effective dilutions.

Second, although the diluents still create a magnetically silent environment, the unpaired
electrons of these bath spins are still potentially addressable via spin resonance methods.
Hence, materials based of the presented design strategies may enable tests of the needed

Cell Rep Phys Sci. Author manuscript; available in PMC 2022 April 13.
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multi-spin manipulations (and associated relaxation processes) in high-density arrays, a
necessary capability for spin-based quantum computation.2-3

Finally, we note that this work describes the impact of magnetic baths on a single-molecule
magnet with easy-axis magnetic anisotropy, for which quantum tunneling is the dominant
relaxation mechanism. There are many other relaxation mechanisms that are predicted to
be affected by dipolar fields, but these predictions have yet to be quantitatively tested.80-62
Future work will test these theories with the paramagnetic dilution approach, and those
results will be presented in due course.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact—*Further information and requests for resources should be directed to and
will be fulfilled by the lead contact, Joseph Zadrozny (joe.zadrozny@colostate.edu).

Materials availability: All materials generated in this study are available from the lead
contact upon request.

Data and code availability: Datasets generated during this study are available upon request.

General methods

Detailed syntheses, magnetic analyses, and additional spectroscopic data and interpretation
can be found in the supplemental experimental procedures.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
Integerspin, positive- D diluents are effective at slowing magnetic relaxation
Tunneling is disrupted when dipolar field amplitudes approach zero

There is a linear dependence of the relaxation rate on dilution level
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Figure 1. Summary of present work
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(Left) The local environment of [Co(SPh)4]2~ in crystals of pure (Ph4P)2[Co(SPh).] (Co)

is rich in high-spin Co(ll) ions. (Right) We show via chemical control of the spin bath

that certain paramagnetic diluents can lengthen magnetic relaxation times (t) analogous to

diamagnetic diluents, like Zn2*.
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Figure 2. HFHF-EPR data summary
(Top) The 633-GHz EPR spectra for a powder of Fe collected at 20 K. See supplemental

information for experimental and simulation details. (Middle) Field versus frequency
dependence of the EPR transitions for Fe. Each circle represents a transition observed at
that field and frequency. Green, blue, and red lines were calculated with the Fe x, y, and z
axes, respectively, aligned with the magnetic field. (Bottom) Zero-field energies of the Mg
levels for Ni, Fe, and Mn calculated using the spin Hamiltonian parameters derived from
EPR and dc susceptibility analyses. Note that Ms labels for Fe correspond to high-field
values; near zero-field, the Mg = +1 levels are highly mixed by £, and for Mn, the energies
of the Kramers doublets (e.g., the 15/2 Ms levels) are actually degenerate but depicted as

separate for clarity. Levels for Mn are depicted assuming D < 0.
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Figure 3. Ac susceptibility and extracted relaxation times
(Top) Out-of-phase ac susceptibility data (ym”) for a 1:9 dilution of Co in Ni as a function

of temperature in zero applied magnetic field. Data were collected at temperature intervals
of 0.3 K from 1.8 K to 2.7 K and intervals of 0.5 K from 3.0 to 6.5 K. Lines were generated
via fits to the Cole-Cole equation (see supplemental information). (Bottom) Temperature
dependence of the zero-field relaxation times (z) for Co dilutions in Ni. Solid black lines are
fits of the temperature dependence following the Raman and tunneling model proposed in
the main text. Inset: 1/x (at 2.0 K) as a function of dilution level.
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Figure 4. Dilution-dependent relaxation rates

40 6
[Co] (%)

Variable-concentration relaxation rates (1/x) for Co diluted in Ni, Fe, Mn, and Zn. All
relaxation rates were extracted from variable-frequency ac susceptibility measurements at 2
K and zero applied magnetic field. Inset: scale altered to show Mn dilution data.
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Figure5. Dipolar field calculations

(A) Computed variable-temperature local dipolar field variance for the x; y; and z

components (c,"”"*) of pure Ni.

(B) Computed variable-temperature cj;, for a [Co(SPh)4]2~ embedded in Ni.

(C) Computed variable-concentration cj; for [Co(SPh)4]2~ diluted in Mn, Ni, and Zn at 2.6

K.
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