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Nonlinearity and harmonics of the magnetic susceptibility

of a Co2+ single-ion magnet in the paramagnetic region

above the magnetic ordering temperature
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In single-ion complexes based on Co2+ ions, the second and third harmonics of the magnetic susceptibility

were found at temperatures of 2−4K, which exceed the Neel temperature. The maxima of the second and third

harmonics of the magnetic susceptibility are observed at a frequency of ∼ 1Hz, at which the maximum of the first

harmonic is observed in a field of 3.2 kOe. An analysis of the dependences of the second and third harmonics

of the magnetic susceptibility on the field and temperature showed that the nonlinearity arises as a result of the

formation of a spin glass state at temperatures slightly higher than the Neel temperature. In this state, there is no

long-range spin order, but there are spin clusters in the spin glass state. The spin-glass state in a compound with

a Co2+ ion with a high magnetic anisotropy is unusual in that the exchange interaction is much smaller than the

single-ion anisotropy energy.
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1. Introduction

A lot of relatively recent work has been devoted to

nonlinear magnetic susceptibility in ferromagnets, where

the low-frequency dynamics of domain walls leads to a

resonant response to an external alternating magnetic field

and makes it possible to obtain data on the mobility of

domain boundaries [1–5]. The presence of second, third and

higher-order harmonics in the study of ferromagnets does

not seem unusual because the domain walls themselves

are solitons, and their dynamics are always significantly

nonlinear.

More intriguing is the fact that higher-order magnetic

susceptibility harmonics are also observed at temperatures

exceeding the magnetic ordering temperature. In [6] it is

established that in a cubic CdCrSe ferromagnet, higher-

order harmonics occur at T > TC . It is assumed that

these harmonics and nonlinearity arise because above the

temperature of the magnetic ordering (Curie or Neel), local
correlations of spins grouping into clusters with nonlinear

susceptibility still persist. At the same time, the state of

such a medium can be described within the framework

of the theory of spin glasses [7,8]. For the case of

rare-earth ions and transition metal ions with high values

of single-ion anisotropy, anomalous states of spin glasses

are well known, in which the energy of the exchange

interaction between the spins Eex is significantly less than

the energy of single-ion magnetic anisotropy Eanis . In such

magnetic states, the randomness of the spin distribution

is supported by the random orientation of the main axis

of magnetization of individual ions, and not by variations

in the inter-spin distances. Therefore, the spin glass state

can be realized in atomically ordered structures, and not

only in amorphous alloys. For the first time, the theory of

such spin Ising glasses with a high anisotropy value was

developed in [9,10] and experimentally confirmed in the

works of Almeida and Taules for DyFeB, PrFeB [11–14]
alloys.

Recently, a new very active field of research has emerged

for molecular or ionic metal-organic crystals, which use

metal ions with high spin-orbit energy and, accordingly, with

high single-ion anisotropy. They are called single-molecular

magnets (SMM) with conditionally long relaxation times

limited by the single-ion anisotropy barrier, or single-ion

magnets (SIM) with faster magnetic relaxation provided

by quantum spin tunneling and other types of relaxation.

Such materials are metal-organic complexes containing a

single paramagnetic ion capable of exhibiting slow spin

relaxation due, as a rule, to the presence of strong

magnetic anisotropy of the type
”
light axis“ [1,15–18].

These ions are separated by a significant distance in the

crystal lattice ∼ 1−2 nm, which weakens the exchange

and magnetic dipole interactions between them, leading to

the fulfillment of the above condition Eex ≪ Eanis . The

frequency of magnetic relaxation in such ions sometimes

falls into the frequency window f = 0.1−1000Hz, which
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is available for studies in SQUID magnetometers at low

temperatures ∼ 2K. In this case, the ion states with

different magnetic moment projections are separated by an

energy barrier, which leads to a long-term conservation of

spin coherence and makes such ions suitable for quantum

computing [19,20]. The prospect of storing magnetization

inside just one molecule or one ion arouses wide interest in

SMM and SIM, which can be used as platforms for quantum

computing.

SMM studies using the example of multi-spin SMM

complexes based on manganese acetate Mn12Ac by measu-

ring magnetic susceptibility in an alternating magnetic field

were intensively carried out and yielded important results,

which consist in the appearance of maxima of magnetic

susceptibility components during resonant tunnel transitions

in magnetic fields determined by the difference in the

Zeeman energies of the spin states of the complexes [21,22].
Although the study of linear susceptibility to an alternating

field has become a standard tool for determining whether

a molecular cluster has magnetic memory, the analysis

of nonlinear susceptibility provides additional information

about the relaxation process with little time and complexity

of the experiment. The nonlinear dynamics of suscepti-

bility depends not only on the relaxation time, as linear

susceptibility, but also on how sensitive the relaxation is

to an external magnetic field. In [22,23] it was shown

that the presence of spin quantum tunneling and its strong

dependence on the external field, which upsets the tunneling

levels, makes a very large contribution to the nonlinear

response of clusters Mn12. This
”
quantum nonlinearity“

can
”
be turned off and turned on“ by external magnetic

fields.

On the other hand, as will be shown in our work,

SIM complexes are capable of exhibiting unusual mag-

netic properties at low temperatures, similar to those

observed in spin glasses. Curie temperatures (TC) or

Neel temperatures (TN) are often not achieved in real

experiments in such compounds because the exchange

interaction is quite small, and the temperature range of

publicly available magnetometers is limited to temperatures

of 1.6−1.8K. However, at quite accessible slightly higher

temperatures ∼ 2K in them, one can expect the occurrence

of spin glass Ising states similar to what is observed

in works [1,2,4,5]. One of the ways to detect the nonlinearity

of magnetic properties is to register harmonics of the 2nd

and 3rd orders when measuring magnetic susceptibility in

an alternating magnetic field. In recent works [15,16],
the first harmonic of magnetic susceptibility in metal-

organic crystals based on [CoLCl2] ·H2O complexes was

studied in detail (L= the product of bis-condensation of

diacetyl and 2-hydrazinyl-4,6-dimethylpyrimidine), in which

the Co(II) ion is hexacoordinated [15,16]. The molecular

and crystal structure of this compound is shown in Fig. 1.

The crystal field parameters were set to [15,16] (axial crystal
field parameter 1ax = −1252.15 cm−1, rhombic crystal

field parameter |1rh| = 183.65 cm−1, spin-orbit coupling

parameter λ = −148.6 cm−1, orbit reduction coefficient

κ = 0.775, parameter of intermolecular exchange interac-

tion J = −0.085 cm−1). These parameters, calculated using

the Griffith Hamiltonian, indicate the presence of a strong

single-ion magnetic anisotropy of the light axis type with

weak rhombic distortions. The complex demonstrates two

relaxation processes that are 3.2 kOe in the magnetic field

are recorded as maxima on the frequency dependence of

the first harmonic of the imaginary part of the magnetic

susceptibility χ
(1)
Im ( f ), while the second maximum was

observed only at 3.2 kOe at low frequencies (< 1Hz) and

temperatures (< 5K) [15,16]. These complexes demon-

strate antiferromagnetic correlations between ion spins and a

Wess temperature of −1.4K, close enough to the extremely

low temperature available in a SQUID magnetometer based

on helium-2.

The purpose of this work was to attempt experimental

detection of the spin-glass state of the magnetic moments of

ions Co2+ by registering 2nd and 3rd harmonics, as well as

by establishing the influence of temperature and magnetic

field on the signal corresponding to these harmonics.

2. Experimental procedure and samples

The magnetic properties of the Co2+ complexes were

investigated using the MPMS XL SQUID magnetometer

(Quantum Design), which has the option of measuring

the real and imaginary parts of magnetic susceptibility in

an alternating magnetic field. The frequency dependences

of the real Re and imaginary Im parts of the magnetic

susceptibility of the complex with Co2+ are obtained in the

temperature range of 2−5K and the magnetizing DC fields

1 kOe and 3.2 kOe with the amplitude of the alternating AC

field 4Oe. The samples were a powder of the synthesized

compound SIM (Fig. 1) packed in a gelatin capsule in such

a way that the capsule’s contribution to the signal was

negligible. The signal from the SIM sample at 2K in an

alternating magnetic field is shown in Fig. 2 (points 1). This
signal has a distorted shape and cannot be approximated by

a pure harmonic function (see curve 2 in Fig. 2). Since

these distortions, indicating the presence of higher-order

harmonics, were small, in a separate series of experiments

we were convinced that in ions in which there is no

delayed relaxation at 2K, distortion of the sinusoidal signal

is not observed.

The magnetization of M in the variable field

HAC=h sinωt is a function of time t, which can be

decomposed as follows into a harmonic series [1,2,7]:

M(t) = M1ω sin(ωt + θ1ω) + M2ω sin(2ωt + θ2ω)

+ M3ω sin(3ωt + θ3ω) + . . . , (1)

where ω — the angular frequency of the external field

(ω = 2π f ), Mnω — n-th harmonic component (where n —
integer number), θnω — phase delay of the harmonic Mnω

relative to the external field HAC. The alleged and real
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Figure 1. Molecular structure (a) and projection of a fragment of the crystal structure (b) of the complex [CoLCl2] ·H2O (L= the

bis-condensation product of diacetyl and 2-hydrazinyl-4,6-dimetilpyrimidine), according to [15,16].

and imaginary components of the magnetic moment of the

sample can be written as

χ
(1)
Re = M1ω cos θ1ω,

χ
((1)
(Im) = −M1ω sin θ1ω,

χ
(2)
Re = M2ω cos θ2ω,

χ
(3)
Re = M3ω cos θ3ω . (2)

The first harmonic χ(1) of the magnetic moment is

directly proportional to the external magnetic field. Second

harmonic χ(2) is usually used to analyze materials that

have spontaneous magnetization [1,2]. Finally the third har-

monic χ(3) is a relatively exotic characteristic, different from

zero in relatively rare cases. One example of such situations

is spin glasses, where there is a locally cooperative, but at

the same time disordered on average, direction of spins [5].

Thus, a non-zero value of χ(3) usually confirms the presence

of a glassy state due to frustration of magnetic moments

of magnetic domains (without phase transition) or weak

ferromagnetism in antiferromagnets [1,2,5]. Therefore, to

search for a possible spin-glass state, we used the real and

imaginary parts of the third harmonic χ
(3)
Re ( f ) and χ

(3)
Im ( f ),

in addition to the second χ
(2)
Re ( f ) and χ

(2)
Im ( f ) and the first

χ
(1)
Re ( f ) and χ

(1)
Im ( f ) magnetic susceptibility.
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Figure 2. (1) Sample signal recorded by a SQUID magnetometer

in an alternating magnetic field HAC; (2, 3) — approximations

by pure harmonic function and expression (1), respectively;

(4, 5, 6) — contributions of the first, second and third harmonics

to the signal, respectively. On the insert, the dependence of the

signal The magnetization AC of the sample from the phase of

the alternating field, measured in a constant magnetizing DC field

HDC = 1000Oe. The amplitude AC of the field hAC = 4Oe.

3. Experimental results

3.1. The magnetic moment of complexes

in a constant magnetic field

The dependences of the molar magnetization M on the

field H at temperatures 2−10K are shown in Fig. 3, a.

There is no hysteresis on these dependences, which indi-

cates the absence of a long-range ferromagnetic order in the

samples. Saturation magnetization at 50 kOe corresponds

to the effective magnetic moment of the ion µeff = 4.2µB,

which is in good agreement with the data for Co2+ obtained

by other authors and is explained by mixing the orbital

moment of the ion L with the spin moment S = 1/2.

As a result, the total angular momentum of the ion is J
higher than would be expected for a purely spin moment.

This mixing occurs because the freezing of the orbital

moment by the crystal field in such ions occurs only

partially.

The temperature dependences of the molar magnetiza-

tion M multiplied by the temperature T in external fields

H = 1−4 kOe are shown in Fig. 3, b. The value of MT for

a paramagnet is convenient because in the high-temperature

region it should be independent of temperature, according

to Curie’s law M ∼ C/T . In the low-temperature region,

even in a paramagnet with non-interacting spins, this value

decreases as a result of the transition from classical to

quantum statistics of filling Zeeman energy levels. The

dependences are compared with the predictions of the

theory for a paramagnet with non-interacting moments of

ions and taking into account the interaction (solid lines

in Fig. 3, b). This will be discussed in detail further.

In this paper, in contrast to [15], where the full temperature

dependences of magnetization up to 300K are given, we

were interested only in the low-temperature part, the devia-

tion of which from the Brillouin function gives information

about the interactions between the magnetic moments of

individual ions.

In addition to dynamic magnetic susceptibility, static

magnetic susceptibility is often used in the literature, which,

instead of the derivative χ = dM/dH , is defined as the ratio

χS = M/H . This value is equal to the dynamic susceptibility

in the temperature range where the magnetization is directly

proportional to the magnetic field M ∼ H , i.e. in those

conditions when there are no nonlinear contributions of

various interactions to the magnetization. Fig. 3, c points

represent the experimental temperature dependence χS(T )
and its comparison with Curie’s law (solid line). It can

be seen that below 10K there is a significant decrease

in the value of χS compared to its values for an ideal

paramagnetic.

The presented results of studies of complexes in a

constant magnetic field indicate that at low temperatures

less than 5−10K, ionic magnetic interactions between ions

occur in the sample, which cannot be explained by the

magnetic dipole interaction, which is ∼ 0.1K.

3.2. Nonlinear magnetic susceptibility

in alternating magnetic field

Two relaxation processes were detected in [15], one of

which is low-frequency) was detected at 1Hz, and other

(high frequency) — at 1000 Hz. A detailed analysis

of the temperature dependences of these maxima was

presented in [15]. In this paper, the emphasis is placed

only on the low-temperature region 2−5K, where coop-

erative spin phenomena are expected. Therefore, in this

work, the frequency dependences of various harmonics of

magnetic susceptibility were obtained in the fields 1 kOe

and 3.2 kOe in [15].

Fig. 4, a−f shows the frequency dependences of the

real Re and imaginary Im parts of the magnetic susceptibil-

ity for the first harmonic χ
(1)
Re ( f ) and χ

(1)
Im ( f ) (a, b), for the

second harmonic χ
(2)
Re ( f ) and χ

(2)
Im ( f ) (c, d) and for the third

harmonic χ
(3)
Re ( f ) and χ

(3)
Im ( f ) (e, f ) at 2−5K in a constant

magnetic field HDC = 1 kOe. Frequency dependences of

the real and imaginary parts of the first harmonic χ
(1)
Re ( f )

and χ
(1)
Im ( f ) (a, b) are similar to the dependencies obtained

in [15]. Dependency χ
(1)
Re ( f ) represents a step, and

dependency χ
(1)
Im ( f ) — maximum. Both of these features

shift with an increase in temperature from 2 to 5K in the

direction of high frequencies.

The amplitudes of the second and third harmonics

are expected to be small, but their frequency depen-

dences indicate the nonlinearity of magnetic susceptibil-

ity. The real part and imaginary parts of the sec-
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Figure 3. (a) Dependence of the magnetization M on the field H at temperatures 2−10K for a single-ion magnet Co(II). (b) The

temperature dependence of the magnetic moment M multiplied by the temperature T in the external fields H = 0−4 kOe for a single-ion

magnet Co(II). The dependencies MT (T ) are approximated by the Brillouin function at a constant field: the blue curves correspond to

the approximation with the parameter T0 = 0, the red curves correspond to the parameter T0 = 1.5K. (c) The temperature dependence of

the magnetic susceptibility χ = M/H for Co(II) (gray symbols 1) approximated by the Brillouin function divided by H : the blue curve 3

corresponds to the approximation with the parameter T0 = 0, the red curve 2 correspond to the parameter T0 = 1.5K.

ond harmonic χ
(2)
Re ( f ) and χ

(2)
Im ( f ) demonstrate maxima

near 1Hz at temperature 2K in a constant magnetic

field HDC = 1 kOe (Fig. 4, c, d). In the same magnetiz-

ing field near 1Hz, the maxima of the third harmonic

χ
(3)
Re ( f ) and χ

(3)
Im ( f ) are observed (fig. 4, e, f ). For all

harmonics, there is a slight rise in the frequency range

100−1000Hz, i.e. at the same frequencies where the

maximum of the imaginary part of the first harmonic is

observed.

With increasing temperature, the amplitude of the maxi-

ma of the second and third harmonics decrease rapidly and

approach zero already at 5K (Fig. 5).

In the field HDC = 3200 Oe the first harmonic demon-

strates a step for the real part of the magnetic susceptibility

χ
(1)
Re ( f ) and a maximum for the imaginary part χ

(1)
Im ( f )

at the same frequencies as the components of the total

magnetic susceptibility in operation [15] (Fig. 6, a, b). The

contributions of the second and third harmonics in this

field at 1Hz are even smaller in amplitude and are

detected only at the lowest available temperature 2K

(Fig. 6, c−f). These data directly indicate the occur-

rence of nonlinearity and the presence of interaction

between the magnetic moments of ions at low tempera-

tures 2−3K.

4. Discussion

First, we will discuss the deviations of the temperature

dependence of the magnetic moment of the sample from

the predictions of the theory for a paramagnet. In a constant

Physics of the Solid State, 2023, Vol. 65, No. 1
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magnetic field, the paramagnet must follow the Brillouin

function [24]:

BS(x) =
2S + 1

2S
cth

[

2S + 1

2S
x

]

−
1

2S
cth

[

1

2S
x

]

. (3)

x =
gµBB

k(T + T0)
S, (4)

x — the argument of the Brillouin function, which

determines the ratio between the Zeeman energy and

thermal energy, B = µ0H — magnetic field induction; J —
angular momentum of the metal ion; g = 2 — g-factor;
µB = 927.4 · 10−23 erg/G — Boron magneton; µ0 = 1 —
absolute magnetic permeability; k = 1.38 · 10−16 erg/K —
Boltzmann constant; T — temperature; T0 — para-

meter characterizing the energy of interactions between

ions leading to a deviation from the Brillouin func-

tion [24].
The dependences of MT (T ) in Fig. 3, a are approximated

by the Brillouin function at a constant field 1 cfu. The

blue solid lines correspond to an approximation with the

parameter T0 = 0K, which does not match the experiment.

The red solid lines correspond to the parameter T0 = 1.5K,

the introduction of which leads to a satisfactory agreement

with the experiment. Parameter T0 = 1.5K is at least

an order of magnitude greater than the interspin dipole-

dipole interaction ∼ 0.1K. It could be explained by the

splitting of the energy levels of a single ion in a crystal

field, as it is convincingly shown in [15]. However, the

presence of 2nd and 3rd nonlinear harmonics of magnetic

susceptibility (Fig. 3) strongly indicates interionic exchange

interactions. Therefore, the most probable reason for

the deviation of the field dependences of magnetization

from the Brillouin function at low temperatures — is the

occurrence of spin correlations, which does not lead to a

long-range order up to the lowest temperature 2K used

in our experiments. However, at the same time, spin

correlations known from the literature arise in the sample

regions, leading to the state of spin glass at temperatures

higher than the temperature of magnetic ordering. Since at

T < 5K the magnetization lies below the Brillouin function,

and the Weiss temperature defined in [15] is negative,

it can be assumed that at T < 2K there should be a

transition to the antiferromagnetic state and the Neel point

TN < 2K. The presence of nonlinear harmonics of magnetic

susceptibility suggests that at 2K the system is not far from

the point of magnetic transition to the antiferromagnetic

state, and there are magnetic correlations in it. These

conditions, as is known from experimental [25,26] and

theoretical [27,28] studies, are sufficient for the formation

of a spin glass state.

There are two models of spin glasses: Ising and

Heisenberg. These models differ in the restrictions imposed

on the orientation of the spins: the Ising model is due

to the near magnetic order, describes the spin rotations

up or down, while the value of the random magnetic

anisotropy is D ≫ J (J — exchange interaction), and in the

Heisenberg model (D ≪ J) spin rotation can take different

directions, because it is caused by the long-range magnetic

order [29].

The typical properties of spin glass include: the presence

of a sharp fracture in the dependence of magnetic suscepti-

bility χ on temperature T in small magnetic fields (∼ 1Oe)
and at low frequencies (∼ 100Hz). The fracture usually

turns into a smoothed maximum when the field increases

to ∼ 100Oe, which is observed in our work. There is a

strong dependence of χ on the magnitude of the magnetic

field H , but the dependence on the magnetic background

of the sample [7] is not obvious and requires additional

research. The presence in the spin glass of a large number of

degenerate or metastable states separated by energy barriers,

which at sufficiently low temperatures are almost infinitely

high, causes a similar behavior of magnetization and

magnetic susceptibility and macroscopically long relaxation

times [7].

Similar situations are known from the literature. In

the paramagnetic state YbFeTi2O7, the fracture on the

temperature dependence of the magnetic moment and the

dependence of magnetization on the magnetic prehistory

of the sample with a decrease in temperature indicates

a transition from the paramagnetic state to the spin-

glass magnetic state with predominantly antiferromagnetic

exchange interaction in the spin system [30]. In [31],
the analysis of the temperature dependence of magnetic

susceptibility allowed us to establish that at low tem-

peratures in polycrystals of HoFeTi2O7 spin glass states

with competing exchange interactions between the nearest

neighbors, as well as frustration of exchange interactions

in the absence of a long-range magnetic order, are ob-

served.
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Figure 6. Frequency dependencies of the real χ
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(3)
Im (f ) parts of the magnetic

susceptibility of the sample in a constant field of 3200Oe for harmonics n = 1, 2, 3 at a temperature in the range 2−5K.

5. Conclusions

In the low-temperature region 2−5K, where deviations

of the temperature dependence on the predictions of

the Brillouin function are observed, nonzero frequency-

dependent components of the second and third harmonics

of magnetic susceptibility are found. These components

indicate non-linearity in the spin system when a magnetic

field is applied and may be related to the inter-spin

interaction.
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Antiferromagnetic correlations of the spin complexes are

observed in the studied temperature range, however, the

Neel temperature is not reached at the lowest available

temperature of 2K. The sample is in a spin glass state,

in which there are spin-matched ion clusters, but there is no

long-range magnetic order.

The high energy of single-ion anisotropy of Co2+ ions,

exceeding the exchange interaction between ions, suggests

that spin glass can be described within the framework of

Ising theory, in which even in the absence of an amorphous

disordered state of the crystal lattice, disorder in the spin

subsystem is provided by local single-ion anisotropy, unlike

from the Heisenberg model.
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