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The static and dynamic aspects of magnetic behavior of the complex of iron with 1-nitroso-2-naphthol 

Na[FeO6(C10H6N)3] as a function of temperature, frequency and magnetic field have been analysed. The ac suscep-

tibility ( ac) and dc magnetization (Mdc) were measured over a temperature range of 1.5–200 K in external magnetic 

field up to 90 kOe and over a frequency range of 95–2000 Hz. The experimental data indicate the absence of mag-

netic long range order in this complex. The magnetization does not reach a saturation in field of 90 kOe at 1.5 K. At 

low temperatures, the following characteristic peculiarities of magnetic behavior of complex studied have been 

found, namely : cusp-like anomalies in the ac susceptibility and zero field coold (ZFC) magnetization at Tcusp = 

= 17 K; frequency dependence of the Tcusp temperature; remanence and time-dependent relaxation of ZFC magneti-

zation. Attempts were made to compare the ac and Mdc anomalies in complex studied with those of other magnetic 

systems. Comparison of characteristic peculiarities of magnetic behavior of the spin-glasses and superparamagnets 

was also performed. Although superparamagnetic behavior should not be completely ruled out as an explanation of 

the freezing phenomena in sample studied, the analysis of experimental results strongly suggests that the spin-glass-

like behavior is a more consistent explanation. 

PACS: 75.10.Nr Spin-glass and other random models; 

75.20.Ck Nonmetals; 

75.60.Ej Magnetization curves, hysteresis, Barkhausen and related effects; 

75.50.Lk Spin glasses and other random magnets. 

Keywords: magnetization, susceptibility, spin glass, superparamagnet. 

 

1. Introduction 

The magnetism of the magnetic materials were always 

associated with the unpaired electrons located on metal 

atoms or ions. Today, many examples of organic- and mol-

ecule-based materials are discovered which exhibit mag-

netic ordering including ferromagnets, ferrimagnets, anti-

ferromagnets, spin-canted structures and spin glasses. The 

problem of magnetism in organic materials is one of the 

important in physics of low-dimensional systems. The in-

terest in molecular magnets is twofold, from both the basic 

and applied research perspectives. Organic-based magnets 

attract attention due to the ability to chemically tune their 

magnetic properties. They might be able to replace in some 

applications typical magnetic materials and to represent 

unique experimental realizations of theoretical models. 

One of the first examples of molecular magnets are the 

structures with intrinsic uncompensated spins (organic free 

radical-based magnets). Interactions between the unpaired 

electrons in organic free radical-based magnets generally 

lead to antiferromagnetic (AFM) exchange. The highest 

temperature of canted antiferromagnetic ordering (TN = 

= 36 K) for purely organic free radical has been reported 

for p-NC.C6F4.CNSSN [1]. The Curie temperatures of 

ferromagnetic (FM) materials consisting of purely organic 

radical are very low (for example, TC = 1.48 K is found for 

Rassat’s radical [2]). 
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An alternative approach to organic magnets may be 

based on π-conjugated polymers with large magnetic mo-

ment and magnetic order at low temperatures [3–6]. 

In parallel activity, the extensive studies of organo-

metallic magnets with the aim to find systems with high 

magnetic ordering temperature have been carried out. 

Some of the them have the Curie temperature close to 

room  temperature [7–12 and references therein]. 

Investigations of the static and dynamic magnetic be-

havior of the organic-based magnets help to study an influ-

ence of their structure on macroscopic magnetic properties 

as well as to elucidate the mechanisms of molecular mag-

netism. In series of works [13–16], the observation of 

magnetic behavior in an organic conjugated polymers re-

sembling those of spin glasses (SG) or superparamagnets 

(SP) below the blocking temperature was reported. 

In this paper, the studies of the magnetic properties of the 

complex of iron with 1-nitroso-2-naphthol C10H7NO2 in the 

form of sodium salt Na[FeO6(C10H6N)3] are presented. The 

investigations have been performed over a temperature 

range of 1.5–200 K, in external magnetic fields up to 90 kOe 

and over a frequency range of 95–2000 Hz. The polymer 

complex studied was found to exhibit a spin-glass-like fea-

tures of dc magnetization and ac susceptibility. This fact was 

proved by comparison of the macroscopic and intrinsic 

properties of this complex with properties of spin glass sys-

tems, which were investigated earlier. The reliability of our 

interpretation was confirmed by performing several experi-

ments of different kind on the same sample. 

2. Experimental  

The sodium salt of 1-nitroso-2-naphthol iron complex, 

Na[FeO6(C10H6N)3], was synthesized by the reaction of 

bisulfite derivative of 1-nitroso-2-naphthol and iron (II) 

sulfate at the presence of NaOH and Na2CO3 according to 

a procedure described in Ref. 17. Molecular structure of 

the Na[FeO6(C10H6N)3] complex is shown in Fig. 1. 

In this complex, the Fe ion is surrounded by six oxygen 

atoms belonging to three molecules of an organic ligand 

Na[FeO6(C10H6N)3] [17]. According to the x-ray powder 

diffraction measurements performed at room temperature 

(CuK -radiation), the iron-1-nitroso-2-naphthol complex is 

the compound with a low crystallographic symmetry. Its 

crystal structure was determined to be monoclinic with the 

spatial group P21. The lattice parameters are: a = 11.157 Å, 

b = 8.76 Å, and c = 6.203 Å. The monoclinic angle is equal 

to  = 92.40 . Magnetic properties of this complex are most-

ly determined by the presence of Fe ions subjected to the 

influence of the crystal field created by the molecules of 

organic ligands. 

In this paper, the experiments of different kind being 

important for understanding of the magnetic state of 

Na[FeO6(C10H6N)3] complex have been performed. Mag-

netization, M(T, H), measurements were carried out using a 

vibrating sample magnetometer over a temperature range 

of 5–200 K. The zero-field-cooled (ZFC) and field-cooled 

(FC) magnetization were measured over a magnetic field  

range of 0.1–16 kOe. Real ( ) and imaginary ( ) parts of 

the ac susceptibility ( ac) were measured using a Lake 

Shore 7229 ac susceptometer with an excitation field hac = 

= 5.0 Oe over a temperature range of 1.5–140 K and in a 

magnetic field up to 5 kOe. The temperature dependence 

of ac at different frequencies was measured with heating 

the sample in zero field. The frequency was varied in the 

range of 95 Hz  f  2000 Hz. The magnetization iso-

therms (at T = 1.5 and T = 5 K) were measured in magnetic 

field up to 90 kOe. The magnetic measurements were car-

ried out on pressed powder pellets of cylindrical shape 

3 mm in diameter and 6 mm in length. 

3. Results and discussion 

The temperature dependence of in-phase component 

of ac magnetic susceptibility, (T), shows a steep rise 

below 50 K, with a cusp visible at Tf  17 K (Fig. 2(a)). 

The (T) dependence above Tf was fitted by the Curie–

Weiss law of  = 0 + C/(T – ) with 0 = 0.0017 emu/mol, 

the Curie constant C = 0.46 emu K/mol and the Weiss con-

stant AFM  = –2.4 K. The small AFM value indicates a rela-

tively small exchange, and the negative sign of AFM indi-

cates a predominant antiferromagnetic character of exchange 

interactions. 

It is well known that the cusp-like anomaly is observed 

in traditional SG systems [18]. The susceptibility of the 

usual Heisenberg antiferromagnet displaying a long-range 

ordering also shows a sharp peak at the Nèel temperature. 

In order to clarify both the characteristic features and the 

origin of occurrence of the (T) maximum, we have meas-

ured a variation of the temperature dependence of ac sus-

ceptibility with a change of both ac field frequency and dc 

magnetic field strength. 

Typical examples of temperature measurements per-

formed in the field of Hdc = 0 for different frequencies f = 

= 95, 500, 1000, and 2000 Hz are depicted in Figs. 2 (a),(b). 
Fig. 1. Molecular structure of the Na[FeO6(C10H6N)3] complex. 
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The (T) anomaly (Fig. 2(a)) is accompanied by the on-

set of an out-of-phase component of ac susceptibility, , 

near Tf (Fig. 2(b)). As it is seen in Fig. 2(a), the  versus T 

curves display a frequency-dependent peak at Tf which shifts 

towards higher temperatures as a frequency increases. With 

increasing frequency, the peak of the (T) dependence de-

creases and the maximum observed on the (T) curve be-

comes progressively rounded and less intense. 

A presence of the frequency-dependent maximum on 

the (T) dependence is often taken as a sign of either spin 

glass or superparamagnetic behavior. To distinguish be-

tween these cases, we have estimated the value of the rela-

tive variation of the peak Tf temperature per decade of fre-

quency — K = ( Tf/Tf)/[ log (f)] using the frequency 

dependence of Tf. Here  refers to differences between 

measurements at different frequencies. The calculated K 

value is equal to 0.09, which is close to the extreme limit 

of 0.08 for traditional spin glasses, while for SP the K val-

ue is greater than 0.1 [18]. Thus it should be noted that the 

(T) susceptibility of the studied complex has a cusp-like 

anomaly at Tf observed in SG, while for SP the (T) curve 

shows a broad maximum and is slightly frequency-

dependent above Tf. The position of a cusp on the (T) 

dependence as a function of frequency was used to define a 

spin-glass freezing temperature. 

Another property of spin glasses is the dynamic slowing 

down of the fluctuations near the spin glass transition tem-

perature which has the well-known power law dependence 

 
1/

0[ ( )1 ]z
f GT T f , (1) 

where TG is the critical temperature of phase transition to 

spin glass state at zero frequency, z  is the dynamic critical 

exponent and the 0 value is usually taken equal to 10
–13

 s 

[18]. If one plots the measuring f frequency as a function 

of (Tf – TG) difference in a log-log plot, as shown in inset 

to Fig. 2(a), then in the result of fitting by a straight line 

one obtains the z  value of about 4. This dynamic expo-

nent is close to the minimal value characteristic for spin 

glasses [18]. 

The susceptibility decreases and the cusp in the (T, H) 

curves becomes more rounded with increasing Hdc field 

(Figs. 3 (a),(b)). In magnetic field of 1000 Oe, the anomaly 

in the  (T) dependences disappears completely. The be-

havior of ac susceptibility as a function of both frequency 

and magnetic field is similar to that which is observed for 

ordinary SG systems. However, the (T) curves measured 

in different dc fields do not tend to intersect at low temper-

atures, in contrast to the case of SG systems. With decreas-

ing temperature, the  susceptibility tends to flatten out 

and then turns upwards (Figs. 2(a) and 3(a)). This behavior 

can indicate the existence of the isolated Fe spins showing 

a Curie-like behavior at low temperatures. 

Fig. 2. Temperature dependences of  (a) and  (b) components 

of the ac magnetic susceptibility at different frequencies f, Hz: 95 

(), 500 (), 1000 (), 2000 (). In Fig. 2(b), the vertical axis 

is shifted at each frequency. Inset to Fig. 2(a) shows the log–log 

plot of the frequency dependence of (Tf – TG). 
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Fig. 3. Temperature dependences of  (a) and  (b) components 

of the ac magnetic susceptibility at frequency of 95 Hz for differ-

ent fields H, Oe: 0 (), 100 (), 200 (), 300 (), 500 ( ), 1000 

(), and 5000 (). 

The temperature dependence of magnetization, M(T), 

was studied at two regimes of the sample cooling: zero 

field cooling and field cooling. As it will been shown be-

low, the cooling conditions influence on a magnetic behav-

ior of complex studied. The ZFC magnetization measured 

as a function of temperature in a constant magnetic field at 

heating regime displays a maximum (Fig. 4). The MZFC(T) 

behavior is similar to the (T) dependence. The FC mag-

netization increases with decreasing temperature below Tf 

and shows no maximum in contrast to the behavior of con-

ventional spin glasses. 

The temperature, where MFC(T) and MZFC(T) curves 

split, can be used to define the irreversibility temperature 

(Tir). A difference between ZFC and FC magnetization 

observed below Tir indicates the freezing of the magnetic 

moments. The irreversibility increases as the temperature 

decreases and becomes more pronounced near Tf. A beha-

vior of both FC magnetization and irreversibility with de-

creasing temperature are characteristic of anisotropic mate-

rials. It should be noted that the Tir temperature is quite 

high, in contrast with both the typical SG systems, where 

the irreversibility starts below Tf, and the SP, where it oc-

curs just at T  Tf. The difference between MFC and MZFC 

is much greater in the sample studied than in the SG sys-

tems at low temperatures. As it is shown below, the diver-

gence of the FC and ZFC magnetization below the Tir tem-

perature is associated with both the opening up of the 

hysteresis loop and the definite value of coercitivity, which 

are a measure of the magnetocrystalline anisotropy. The Tir 

temperature depends on a applied magnetic field, namely, 

shifts towards lower temperatures with increasing Hdc. As 

Hdc increases to about 5 kOe, the Tir and Tf temperatures 

coincide. 

Both the cusp of MZFC (T) and the field-dependent irre-

versibility between MZFC and MFC reflecting a nonequi-

librium character of thermodynamic behavior of the magnetic 

system studied are also characteristic of SG systems. 

The low-field magnetization exhibits the magnetic hys-

teresis up to 200 K. Figure 5 shows the hysteresis loops at 

5 and 200 K. The values of remanent magnetization and 

coercive force were estimated to be equal to 3 10
–3

 emu/g 

and 60 Oe at 5 K and 1.3 10
–3

 emu/g and 30 Oe at 200 K, 

respectively. This fact can be also an evidence of ferro-

Fig. 4. Zero-field-cooled (;) and field-cooled (,) magnetiza-

tion for fields of H = 0.1 and 0.5 kOe, respectively. Inset shows the 

time evolution of MZFC magnetization at 100 Oe after zero-field 

cooling from room temperature to 5 K, for waiting time tw = 100 s. 
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magnetic interactions in this compound although a sign of 

the Weiss constant indicates the domination of antiferro-

magnetic exchange interactions. The presence of hysteresis 

and remanence over a wide temperature range is also a 

consequence of nonequilibrium state. The EPR spectra of 

the Na[FeO6(C10H6N)3] complex show that the iron ions 

are randomly distributed in the organic matrix and their 

mutual interaction is rather weak [19]. 

In order to obtain additional information on magnetic 

behavior of the complex studied, the measurements of 

magnetization relaxation have been carried out. After ZFC 

process, the sample was kept in zero field for a waiting 

time tw, before the magnetic field was applied. We have 

observed a relaxation of MZFC(t) as a function of time. 

Inset to Fig. 4 shows the time evolution of MZFC magneti-

zation at 100 Oe after zero-field cooling from room tem-

perature to 5 K, for waiting time of tw = 100 s. The MZFC 

versus log(t) plot has an inflection point at the time near 

the waiting time tw. This MZFC(t) behavior, called the ag-

ing effect, is also a characteristic feature of SG systems. 

The difference between MFC and MZFC below Tir and 

the presence of frequency–dependent peak on (T) de-

pendence indicate the absence of magnetic long-range or-

der in this complex. 

The magnetization measurements results of the 

Na[FeO6(C10H6N)3] complex performed at 1.5 and 5 K in 

magnetic field up to 90 kOe are shown in Fig. 6. The be-

havior of the isotherms differs from the typical ferromag-

netic behavior. The complete saturation is not attained 

even at 90 kOe and 1.5 K. 

Thus, both types of magnetic measurements, i.e., ac sus-

ceptibility and dc magnetization, strongly support the hy-

pothesis that a disordered spin state is realized in the 

Na[FeO6(C10H6N)3] complex, namely, a spin-glass-like 

state with the freezing temperature Tf  Tcusp  17 K. 

A spin-glass-like behavior manifests itself in several typical 

features, such as the cusp-like anomalies in both the ac sus-

ceptibility and the ZFC magnetization at Tf, frequency- and 

field- dependences of the Tcusp temperature as well as 

remanence and magnetic relaxation as a function of time. 

Experimental data obtained suggest that the transition from 

the paramagnetic to the spin-glass state, caused by freezing 

of decoupled paramagnetic spins, is more likely due to com-

peting ferromagnetic and antiferromagnetic interactions. 

However, the behavior of magnetization shows some de-

viations from typical SG, namely: i) irreversibility appears at 

T >> Tf; ii) after field cooling, the magnetization decreases 

continuously with decreasing temperature, whereas in SG 

the magnetization is nearly constant at T < Tf. The latter fact 

can be understood if one assumes that at low temperatures a 

certain number of non-frozen moments still exists. 

It should be also noted that the noticeable hysteresis, 

the existence of remanence and the dependence of Tcusp on 

frequency may occur in other systems, such as superpara-

magnets. 

Therefore, we have performed an analysis of revealed 

peculiarities of the magnetic characteristics of the 

Na[FeO6(C10H6N)3] complex from the point of view of 

superparamagnetic behavior. We have supposed that the 

magnetic ions are coupled by AFM exchange interactions 

inside clusters (  < 0). The Langevin I(H) function (Eq. (2)) 

was used to fit the M(H) dependence to the experimental 

points. As it can be seen in Fig. 6, the fitting procedure leads 

to an acceptable agreement between the experimental curve 

and the theoretical dependence at 1.5 K. This means that the 

superparamagnetic particles can be presented in the sample 

studied. 

By fiting the theoretical Langevin function I(H): 

 ( ) coth B

B

k TmH
I H nm

k T mH
 ,(2) 

where m and n are the magnetic moment of cluster and the 

number of clusters in mole of the compound, respectively, 

kB is the Boltzman constant, to the experimental magnetic 

Fig. 5. Magnetic hysteresis loops at 4,2 and 200 K. Fig. 6. Experimental magnetic field dependences of magnetiza-

tion for the Na[FeO6(C10H6N)3] complex at 1.5 () and 5 K (). 

The Langevin function (Eq. (2)) was used to fit the M(H) depend-

ence to the experimental points at 1.5 K (solid line). 



V.P. Dyakonov, E. Zubov, E. Aksimentyeva, K. Dyakonov, S. Piechota, and H. Szymczak 

840 Low Temperature Physics/Fizika Nizkikh Temperatur, 2014, v. 40, No. 7 

field dependence of magnetization, Mex(H), we have ob-

tained the following values: m/k = 3.23 10
–4

 emu/mol and 

nm = 986.8 emu/mol. Then the magnetization value of one 

particle and the number of superparamagnetic particles in 

mole were found to be equal to m = 4.5 10
–20

 emu/mol and 

n = 2.2 10
22

 mol
–1

, respectively. Thus, the number of unit 

cells in one cluster, NA/n (NA is the Avogadro number), is 

of about 27, and the average size of a superparamagnetic  

particle is of about 16 Å taking into account that the vol-

ume of unit cell is equal to 606 Å
3
 .The x-ray diffraction 

data also show that the particles of the size of 100 Å or 

more are not detected in the sample. 

Using the blocking model of superparamagnetic parti-

cles we have also estimated the blocking Tf temperature 

change as a function of frequency using the following ex-

pression [20]: 

 0exp( / )a Bf f E k T , (3) 

where f0  10
8
–10

10
 s

–1
 is the characteristic frequency for 

SP [21] and Ea is the anisotropy energy of particles. Let us 

suppose that at experimental frequencies of f = 100 Hz and 

20f = 2000 Hz the blocking temperatures are Tf1 and Tf2, 

respectively, which depend on the Ea value. However, the 

relation between Tf1 and Tf2 does not depend on Ea and has 

the distinct value at designated limits of relaxation (f0). Then 

the Tf1/Tf2 relation derived using the formula (3) has a form: 

 1 2 0 0/ ln (20 / )/ln ( / )f fT T f f f f , ,(4) 

where Tf1/ Tf2  0.8. On other hand, the experiment gives 

the Tf1/ Tf2 value of 0.87, somewhat different from the the-

oretical value calculated. 

In the spin-glass theory [22], the Tf1/ Tf2 ratio is equal 

to one half of the square root from the right-hand part of 

the expression (4). This gives the value of 0.9 at f0 = 

= fSG  10
11

 s
–1

 (fSG is the characteristic frequency for 

SG). So, in this case the agreement between experiment 

and theory is better. 

From the experimental data it is evident that the iron-1-ni-

troso- -naphthol complex has a very wide temperature 

interval, in which the relaxation phenomena are observed. 

This is in agreement with superparamagnetic properties 

of an assembly of stable single domain particles. 

Thus, the experimental data obtained and their analysis 

strongly support the hypothesis of spin-glass-like behavior 

of the Na[FeO6(C10H6N)3] complex. But there are some 

peculiarities of magnetic properties, which allow us to pre-

sume that this complex displays a superparamagnetic be-

havior at high temperatures and becomes spin-glass-like 

system with decreasing temperature. 

4. Conclusions 

In this work, we have presented a complete characteri-

zation of the magnetic behavior of the molecular-based 

magnet Na[FeO6(C10H6N)3]. The paramagnetic suscepti-

bility data obey the Curie–Weiss law. Experimental data 

show the lack of long range magnetic order. The magneti-

zation as a function of magnetic field does not reach a satu-

ration up to 90 kOe at 1.5 K. On the basis of the experi-

mental results and their analysis we have reported several 

typical evidences of a spin-glass-like properties of the 

Na[FeO6(C10H6N)3] complex, resulting from the competi-

tion of ferromagnetic and antiferromagnetic interactions. 

The (T) dependence is accompanied by the onset of an 

out-of-phase component of the ac susceptibility. The com-

pound studied shows a cusp-like anomalies in both the ac 

susceptibility and the ZFC magnetization near Tf = 17 K, 

the frequency- and magnetic field- dependences of the 

Tcusp temperature, the noticeable hysteresis and remanence 

as well as a time-dependent relaxation of MZFC magnetiza-

tion, which is expected on approaching the spin-glass state 

from the paramagnetic state. 

However, some revealed peculiarities of magnetic behav-

ior of the Na[FeO6(C10H6N)3] complex are indicative of a 

possibility of an occurrence of superparamagnetic particles 

at high temperatures, e.g., the difference between MFC and 

MZFC is much greater than expected in the SG phase at low 

temperatures; the irreversibility starts at T >> Tf indicating 

that a correlation between magnetic moments appears and 

decreases with increasing magnetic field, whereas in the SG 

case it occurs below Tf; the FC magnetization decreases 

monotonically with increasing temperature in contrast to 

spin glasses, where it is nearly constant at T < Tf . 

Although superparamagnetic behavior should not be 

completely ruled out as an explanation of the freezing phe-

nomena in studied sample, the preceding analysis strongly 

suggests that the spin-glass-like behavior is a more con-

sistent explanation. 
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