Tunable Magnetic Properties of Layered Double Hydroxides: between Cluster Glass and Canonical Spin Glass
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Introduction

Layered double hydroxides (LDH) are 2D materials with remarkable chemical flexibility, offering
precise control over composition and properties. They consist of mixed-metal hydroxide layers
intercalated with anions and water molecules. This tunability, including the divalent-to-trivalent
cation ratio and interlayer anion species, makes LDH versatile for applications like magnetism. The
interplay between hydroxide layer chemistry and intercalated anions affects structural organization

and magnetic ordering, leading to complex magnetic behaviors in LDH containing transition metals.

Magnetic properties of LDH containing cations of transition metal Co and post-transition metal Al
have been studied as functions of composition and ratio.

Objective

This study focuses on Co-Al LDH with varying
cobalt-to-aluminum ratios to investigate their tunable
magnetic properties. We analyzed the dynamic
magnetic properties to understand the nature of the
observed glassy magnetic state at low temperatures.

Methods

Co-Al LDH with Co/Al ratios of 2 and 3 were
prepared using conventional methods, including co-
precipitation and anion exchange reactions to
introduce various intercalated anions (e.g., NOs;, COs,
OH, gluconate (GNT), and mercaptobenzothiazolate
(MBT)). Phase purity and crystal structure were
confirmed by powder X-ray diffraction. Magnetic
properties were measured on compacted powder discs
using complex ac susceptibility (y =y’ — iy") at
different frequencies and temperatures.



0.15 T T T T T T T T
Co,AI-NO, _ 401 4= AT,/[T, Alog(f)] = 0.027
——3.57Hz ‘©
2 o ——3589Hz O
87T T 2 The temperature-dependent ac magnetic
"o 5 susceptibility of Co-Al LDH shows strong X 39l
% = frequency dependence, indicating a glassy *““
005} 7 0.015 magnetic state at low temperatures.
] Co,Al-GNT
0.00 - = 7 0.005 Fig. 1 shows the frequency-dependent in-phase 1 . . . .
1 (x") and out-of-phase (") parts of the complex log()
L , , , 0.000 ac susceptibility for Co2Al-NO; and Co3Al- Fie. 2 The fiti ; ¢ the d . dbility dat
. . . . ig. e fitting procedures of the dynamic susceptibility data
2 4 6 8 10
T® NO;, illustrating this behavior. of Co2Al-GNT LDH. Estimation of a Mydosh parameter
according to from the slope of the linear fit.
0.10 T T T T o
_ CoANO, &
F'g ol 2571 "o The frequency-dependent shift of the freezing
—_—J. Z
> 0.05 ——35.69 Hz % temperature (Ty) of the x'(T) curves was used to
2 e L estimate the Mydosh parameter ¢ using
2 ST Fo. (1): 0 = AT, / (T, Alog.o§) JITR:
h illustrates the estimation procedure for Co2Al-
0.00 L - 0.005 GNT LDH.
0.000
2 4 6 8 10
T (K)

Fig. 1 The temperature-dependent in-phase (') and out-of-
phase (x'') parts of the complex ac susceptibility of Co2Al-
NO; (top panel) and Co3Al-NO; (bottom panel) measured at
different frequencies.



For some compositions, the x"(T) dependence

0.10 T T T T T T T T T
exhibits a complex shape with a frequency- 2L
0.08 - dependent maximum and a lower-temperature In(t) = In(zo) + E, / [ks(T;-To)]
‘ 8 shoulder, suggesting two relaxation a3l To=329K
"o o components. Fig. 3 shows this complex
% 0.06 = behavior for Co2Al-OH. Intralayer magnetic 4r
N
2 ;G-J’ interactions are experimentally found to be =4
D 0.04 0 OBS much stronger than interlayer interactions. >r
g :
6+
0.02 0.004
The frequency dependence of T cannot be 7L Co,AI-GNT
described by a simple Arrhenius law, R R S ST ST ST S
0.00 0.002 o . : : 14 15 16 17 18 19 20 21
indicating interactions between relaxing spins. T-T
The dynamics of the glassy state were re
Co oy ] 0.000 analyzed using the Vogel-Fulcher law:
2 4 T?K) 8 10 Eq. 2): f = fy exp(— EA/ (ke(Tr — To log(t) = log(x;) - zv log(T; /T, -1)
A non-zero T, value is associated with T T;=3.585K
Fig. 3 The temperature-dependent in-phase (x') and out-of-  interactions between relaxing species. Fig. 4
phase (x'") parts of the complex ac susceptibility of Co2Al-  (top panel) shows the Vogel-Fulcher analysis.
OH measured at different frequencies. =
Sal
Table 1 The Mydosh parameter (¢) of the magnetic LDH
under study estimated using .
-3+ Co,AI-GNT
Composition i parameter . . ‘ l ‘ l .
CouALNOS 0.017 The calculated ¢ values (listed in Table 1) 13 4.2 11 10 0.9
CoAl-NO5 0.052 range from 0.017 to 0.052. These values are log(T,/T-1)
CoAl-CO3 0.043 typical for cluster glass materials, higher
CoAl-CO3 0.031 than canonical spin glasses but lower than Fig. 4 Analysis of the ac susceptibility using the Vogel-Fulcher
CozAl-OH 0.030 . law (R«@@) (top panel) and the power law  (BsBEIN (bottom
Co,AL-GNT 0.027 superparamagnetic systems. panel) )

Co,AL-MBT 0.018




Table 2 Parameters obtained from analysis of the ac magnetic The parameters obtained from the Vogel- Table 3 Parameters obtained from analysis of the ac magnetic
susceptibility of the LDH under study using the Vogel- susceptibility of the LDH under study using the power law
Fulcher law (m using the method from ( using the method from doi:10.1063/5.0169800 and
doi:10.1063/5.0169800 and doi:10.1088/1361-648X/acdbfa) doi:10.1088/1361-648X/acdbfa) The analysis was performed
The analysis was performed also on low-temperature* or also on low-temperature* or high-temperature** maximum

Fulcher analysis (summarized in Table 2)
include activation energy Ea/ks (6.85-38.6 K),
Vogel-Fulcher temperature T (2.15-4.57 K),

high-temperature** maximum obtained from the x"'(T) data. and characteristic relaxation time 7o (10™"°— obtained from the x"'(T) data.
107 s).
Composition Ty (K) Epn/ky (K) 10 (5) Epn/kgTy Composition T, (K) . 0 (5)
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A AN 16 . o
Co,ANOs 340 3167 919510° 931 Crucially, the Eo/kgTy parameter is greater Co,AI-NOg 3.90 15.95 3.63 % 107'°
CosAl-NO, 215 35.92 1.59 x 10 1671 _ CoALNG. A0 101 4.05 x 10-°
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CoaAl-CO; 1.51 200,32 226 x 10 13266 ** CosALCOs 9.48 25,89 145 x 10-*
CopAl-OH 457 206 335 x 107" 451 glasses. Co,ALOH 513 9.10 57 4 101
C0,Al-GNT 3.295 7.78 1510 2.36 CoALGNT ane BE5 552 ¢ 1017
CazAl-MBT 3.33 19.075 276 x 10712 5.73 N

Co,Al-MBT 3.725 12.04 1.57 x 1071

An alternative analysis using a power law
|(Eq. 3): f=1f,'(T, / T, — )" EACRRUTINEA!
characteristic relaxation times (o) and power
law exponents zv (4—12) typical for spin glass
systems. Table 3 presents these parameters.

Discussion

The observed magnetic behavior can be understood as a cluster spin glass state where the magnetic moments of separate areas (clusters) are randomly oriented,
and random correlations exist between these cluster moments. The cluster glass behavior is influenced by both cation distribution within hydroxide layers and
interlayer anion effects.

While the Ea/ksT, parameter clearly indicates cluster glass behavior, the Mydosh parameter values and relaxation times for some compositions (Co2Al-NO;
and Co2Al-MBT, which have the lowest ¢ values) are close to those typical for canonical spin glasses. This observation might suggest a crossover between
spin glass and cluster glass with very small magnetic clusters. These magnetic clusters are associated with spatial domains exhibiting cation ordering, such as
2:1 ordering in Co2Al LDH.

Furthermore, Co-Al LDH demonstrate properties of both magnetic glass (related to cation arrangement) and structural glass (related to anion disorder in the
interlayer) with independent origins.
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Conclusions

* Co-Al LDH exhibit frequency-dependent ac magnetic susceptibility characteristic of glassy systems.

* Mydosh parameters (0.017-0.052) fall within the range typical for magnetic cluster glass (spin glass-like) materials.

* Analysis using the Vogel-Fulcher law is appropriate due to interactions between magnetic clusters.

* Vogel-Fulcher parameters, particularly Ex/kgTo > 1, strongly support the classification as cluster spin glasses.

* Some compositions (Co2Al-NOs;, Co2Al-MBT) show Mydosh parameters and relaxation times close to those of canonical spin glasses, suggesting a
potential crossover or the presence of small-sized magnetic clusters.

* The results highlight LDH as potential tunable magnetic materials, with spin-glass formation influenced by underlying structural and magnetic
changes related to cation and anion arrangements.

* Further advanced structural characterization is needed to elucidate the microscopic nature of cluster formation and its impact.
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