
Chapter 3 

Photoinduced Antiferromagnetic to Ferromagnetic Crossover in Organic 

Systems 

In this chapter we have theoretically designed and investigated the photomagnetic property 

azobenzene trans isomers convert into corre5ponding eLY forms 

light of appropriate wavelength. The coupling constant values have been 

in DFTframework. case, the trans isomer is 

found to be antiferromagnetic, while the cis form is ferromagnetic in nature. Therefore, 

photoinduced magnetic crossover from antiferromagnetic to ferromagnetic regime would be 

observed is a new observation in case the systems of organic origin. importance ofsuch 

systems for photomagnetic switches, sensors, high density data ,'J'torage, spin valves and 

semiconductor :spintronic materials have also been discussed with supportfrom density ofstate 

analysis, SOMO-SOMO energy gaps and spin density plots. 
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3.1 Introduction 

Magnetization reversal in magnetic materials is a fundamental issue in magnetic data 

storage, occurrence of such process at nanosecond timescale is useful in technological 

improvements. 1'
2 In current devices, either a high magnetic field or a radiofrequency field in 

combination with a static field is required to reverse the magnetization, which is difficult to 

implement. 1 However, photoinduced magnetization reversal is easier to accomplish and likely to 

find wide applications. 3 In organic systems, electron spins can be preserved for longer time 

scales and distances than in conventional inorganic materials, as a consequence, such materials 

are more useful in solid state devices.4 

Photomagnetism in the compounds of organic origin has attracted substantial 

experimentalists 5-
9 as well as theoreticians 10 in recent years. In photomagnetic materials, sites 

with unpaired spins are connected by photochromic coupiers, as a result the magnetic behavior 

changes when exposed to a particular external radiation. Among various photochromic spin 

couplers diarylethene, azobenzene, and so on have been isolated and characterized by Matsuda 

and coworkers.5
-
9 Ali and Datta have investigated theoretically the photomagnetic behavior of 

nitronyl nitroxide and imino nitroxide derivatives of substituted dihydropyrene. 10 In these 

studies,5
-
10 it has been observed that magnetic coupling constants change their magnitude when 

exposed to electromagnetic radiation of right frequency. 

Nevertheless, the most notable point is that the systems reported in the above mentioned 

investigations5
-
10 do not change the sign of the magnetic exchange coupling constant values by 

photoinduction, i.e., the very nature of magnetic interaction remains unaltered. This leads us to 

design and investigate systems of organic origin where photoinduced magnetization reversal 

occurs. To our knowledge, no such behavior in case of organic systems has been reported so far. 

It is needless to say that designability and ease of functionalization make such systems more 

suitable for technological applications. 11 The importance of materials with magnetization 

reversal for applications in spintronics has also been discussed by Thirion et al. 1 Inorganic 

systems in which magnetic crossover takes place are already known. 12 In suitably crafted 

azobenzene compounds light can reverse the magnetization at nanosecond time scale, 13 such 

systems are more useful for applications in modern technology. 1
·
2 

35 



Substituted trans azobenzene converts into its cis isomer when exposed to light 14 Trans 

azobenzene is more stable than cis azobenzene, as a result, the trans isomer is easier to isolate. 

Radicals belong to imino nitroxide, 15
'
16 nitronyl nitroxide, 17

•
18 and verdazyl, 19

'
20 families are 

known for their stability. In this work, we design six diradicals, (1) bis-imino nitroxide, (2) bis

nitronyl nitroxide, and (3) bis-verdazyl coupled through trans azobenzene and their cis isomers, 

which are illustrated in scheme 3.1, and predict the photoinduced magnetic behavior of them. 
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1. Imino nitroxide 2. Nitronyl nitroxide 3. Verdazyl 

Scheme 3.1 Photoinduced antiferromagnetic to ferromagnetic crossover in organic systems 

3.2 Theoretical Background 

The interaction between two magnetic sites 1 and 2, is generally expressed by Heisenberg 

spin Hamiltonian 

~ ~ A 

H = -2JS1 • S 2 (3.1) 

A A 

where S1 and S 2 are the respective spin angular momentum operators and J is the exchange 

coupling constant. The positive value of J indicates the ferromagnetic interaction while the 

negative value indicates the antiferromagnetic interaction between two magnetic sites. For a 

diradical containing one unpaired electron on each site, J can be represented as 

Ers=JJ- Ers=o; = -2J. (3.2) 

The single deterrninantal wave function cannot adequately represent a singlet state of a diradical 

in the unrestricted formalism, which leads to spin contamination in such types of calculations. 
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Multiconfigurational approaches are suitable to describe pure spm states m an appropriate 

manner; however, these methods are resource intensive and not used in this work. Broken 

symmetry (BS) approach given by Noodleman21
•
22 in DFT framework is an alternative route to 

evaluate J, which is more useful due to less computational effort. The BS state is a weighted 

average of high and low spin states, which is not an Eigen state of the spin Hamiltonian. The BS 

solution is often found to be spin contaminated, and using spin projection technique one can 

overcome this problem. Many researchers21
-
28 have developed different formalisms to evaluate J 

using unrestricted spin polarized BS solution, depending on the extent of magnetic interaction 

between two magnetic sites. The equation for evaluating J proposed by Ginsberg,23 Noodleman24 

and Davidson25 is applicable when interaction between two magnetic orbitals is small. On the 

other hand the expression proposed by Bencini26
•
27 and co workers and Ruitz et al.,28 is 

applicable for large interaction. Nevertheless, the well known expression given by Yamaguchi29 

is applicable for both strong and weak overlao limits. Followin!l the well established30
·
31 and 

~ ~ ........... .ll '---' 

widely applied method,30
-
35 we use the Yamaguchi 29 formula for evaluation of J in this work, 

which is given by 

(3.3) 

where Ess, EHs and (S)ss, (S)Hs are the energy and average spin square values for corresponding 

BS and high spin states. 

In any photoinduced process estimation of excitation energy is of extreme importance. In 

case of the photomagnetic couplers under investigation, the transition would take place from 

bonding-type to anti bonding-type of n-orbitals in the azobenzene moity. This n ~ n* transition 

energy can be calculated through time dependent perturbative approach. Time dependent 

Hartree-Fock (TDHF) method is known to produce error in prediction of transition energy due to 

the problem of "near triplet instability".36 Prediction made by the post Hartree-Fock method are 

free from such errors, however, calculations involving such methods are computationally 

expensive and not being employed in this work. On the other hand, in time dependent DFT 

approach (TDDFT), which is essentially a response theory method, is known to produce less 

"near triplet instability" error. 37
'
38 The TDDFT method to obtain excitation energies is based on 
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the fact that the dynamic polarizability a( m) of a system has poles at frequencies corresponding 

to its transition energies. If one obtains the frequency dependent polarizability form TDDFT 

calculations and substitutes in the sum-over-states relation,36 

(3.4) 

where w1 are the excitation frequency and .ft are corresponding oscillator strengths. Here, we 

calculate n ------+ n* transition energy in case of substituted trans azobenzenes following TDDFT 

method described above. 

3.3 Results and Discussions 

this work, all the molecular geometries have been optimized using UB3LYP exchange 

with 

1G(d,p) and 6-31l++G(d,p) basis sets using GAlJSSIAN 03 

Optimized structures of the molecules in trans form ( 1 a, are 

these molecules are more stable, i.e .. the spins on individual radical 

sites are antiparallel to each other. In high spin states of planar trans isomers. the polarization 

coupler is blocked 

Jl..111··~ .. ,.4"~.· .. 
~·- ··~r 

L1 

3n 

3.1); 

Figure 3.1 Spin density plots for the diradicals 1-3 in their high spin states; green colour 
indicates up spin and purple colour indicates down spin situations. 
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as a result, ferromagnetic states are less favourable in trans forms, which is also in agreement 

with the spin density alternation rule.40 The geometries of the cis forms (1 b, 2b, 3b) are 

nonplanar and the corresponding triplet states are more stable, and these molecules are found to 

be ferromagnetic. Dihedral angle between -N=N- plane and benzene ring in cis forms are 50.89° 

, 50.42° and 48.27° in lb, 2b and 3b respectively. The itinerant exchange between unpaired 

electrons on radical sites through the coupler is forbidden due to their nonplanarity. In the 

crowded cis forms, the loss of planarity brings two magnetic sites closer in space; this allows the 

sites to participate in direct exchange. As J (Table 3.1) increases in the series 1 b, 2b, 3b, it has 

been observed that spin density values in the benzene ring of the azobenzene coupler is 

increasing gradually, this may lead one to conclude that there is itinerant exchange through the 

n- network. However, itinerant exchange through n-network should eventually lead to 

antiferromagnetic interaction as seen in the trans forms (geometrical isomers), this is also 

supported by spin density alternation rule.40 Nevertheless, to confirm the mechanism of magnetic 

interaction, we change the coupler in such a way that itinerant exchange through rc-network 

becomes impossible (Figure 3.2). Here, also we f!nd that there is a change in the spin density in 

the benzene ring as before, and still the molecules in cis forms are ferromagnetic in nature (J 

values are in Table 3 observation in turn suggests that the coupling mechanism is 

exchange in case of cis isomers. Thus, change in spin density in the benzene nng 1s not 

connected with the mechanism of magnetic interaction in 1 b, 2b and 3b, rather 

density on radical sites are to some extent dispersed on the benzene rings. The direct 

usually favours the ferromagnetic coupling following the Hund's rule. 41 Kanno et al. 42 

shown that if the radical sites are close to each other, then the spin alternation is 

as illustrated by spin density plots (Figure 3.1). 
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Table 3.1 UB3L YP Level Absolute Energies in au, (S2), and Exchange Coupling Constants m 
cm-1 

), Using 6-31 G( d,p) and 6-311 ++G( d,p) Basis set for Diradicals 1-3 

Diradicals 
6-31G(d,p) 6-311 ++G(d,p) 

Energy( au) (S2) J(cm- 1
) Energy( au) (S2) J(cm- 1

) 

la 
Triplet -1174.33982 2.040 

-2 
-1174.62103 2.041 

-7 
BS -1174.33983 1.042 -1174.62106 1.039 

1b 
Triplet -1174.31638 2.040 

29 
-1174.59722 2.039 

15 Bs· -1174.31625 1.040 -1174.59715 1.038 

2a 
Triplet -1324.67654 2.134 -1325.01057 2.119 

-31 
BS -1324.67678 1.147 -53 -1325.01071 1.127 

2b 
Triplet -1324.65324 2.133 

48 
-1324.98705 2.116 I 

64 
BS -1324.65302 1.137 -1324.98676 1.122 

3a 
Triplet ' -1166.64501 2.069 

-20 
-1166.92512 2.064 

-47 --
BS -1166.64510 1.077 -1166.92533 1.075 

3b 
Triplet -1166.64173 2.064 

26 
-1166.92173 2.058 

79 
BS -1166.64161 1.065 -1166.92137 1.057 

R R 

o• o• 
\ \ "N--NH 

R=~) --~) -{ > 
N N+ N-NH 

I 

t 
0 

t 
lb~ Imino nitroxide 2b. Nitronyl nitroxide 3b.Verdazyl 

Figure 3.2 Diradicals with breaking pi conjugation. 
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Table 3.2 UB3L YP Level Absolute Energies in au, (S) and Intramolecular Magnetic Exchange 
Coupling Constants (J, cm- 1

) Using 6-31G(d,p) Basis Set, for cis Diradicalslbt-3bt 

Diradicals 
6-31G(d,p) J(cm- 1

) 

Energy( au) (S) 

lbt Triplet -1252.9441239 2.04 
5.38 

BS -1252.9440993 1.04 
Triplet -1403.2808586 2.13 

I 2bt 
BS -1403.2808554 1.13 

0.7 

-" 

c-5;47 i Triplet -1245.2694019 2.06 
3bt 

BS -1245.2691399 1.06 j 

We have calculated the J all three systems in cis and trans forms. 

for both triplet and BS states are reported in Table 3.1. Though the magnitude of 

J does change to some extent with different basis sets, the sign of it remains unchanged. So it is 

reasonable to accept that the magnetic behavior predicted by our investigation is authentic, and 

more reliable J values are those obtained with higher basis set. We observe that the J values of 

species in trans forms are negative, but in case of cis forms, J values come out as 

positive. Thus, a magnetic crossover from antiferro to ferro would be noticed in all three cases 

when the corresponding trans isomers are subjected to isomerization induced by appropriate 

external electromagnetic radiation. Ferromagnetic systems behave as bulk paramagnets above a 

temperature of Jlks (where ks is the Boltzmann constant), as a result, such systems would be 

more useful for practical applications below Jlks. 

Table 3.3 Energy of SOMOs in au and their Differences in eV at the UB3LYP Level Using 6-
311 ++G( d,p) Basis Set for Diradicals 1-3 

--
Diradicals Es(l), au Es(2), au .6.Ess, eV 

la -0.21806 -0.14240 0.21 
1b -0.19466 -0.19466 0.00 
2a -0.18143 -0.12288 0.20 
2b -0.18560 -0.18551 0.0025 
3a -0.22648 -0.15580 0.22 
3b -0.21057 -0.21054 0.0008 
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Hoffmann43 proposed that if the energy difference between two consecutive SOMOs is 

less than 1.5eV then to maximize the electrostatic repulsion between two degenerate orbitals, the 

parallel orientation of spins occurs. Constantinides et al.44 showed that when the ~Ess > 1.3 eV, 

antiparallel orientation of spins results, i.e., singlet state is the ground state. Zhang et al. 45 have 

shown that the critical value of ~Ess is different in different cases. Nevertheless, in our 

investigation the ~Ess value is greater for trans isomers than the corresponding cis forms, i.e., the 

~Ess value is less for ferromagnetic interaction, which are given in Table 3.3. 

Table 3.4 The n-n* transition energy values in trans diradicals at UB3L YP(TDDFT) level 
using 6-31G(d,p) basis set 

I ---- I 
~ Diradicals I 

la ---
2a 

i 
E au 1 E rc, n*, au 

-0.21807 -0.09716 
-0.18143 -0.06179 ~ ----···--1--· 

3a -0.22644 -0.09294 

Transition 
Energy( e V) ' 

3.29 
--~,-~ 

3.26 --
3.63 

photoisomerization reactions from a to b are initiated in each case by a n-n* 

transition; therefore, we have calculated the transition energies in case of all three trans isomers 

in their ground states. The experimentally observed n-n* transition energy of trans azobenzene in 

gas phase is 2.82 eV.46 By DFT calculations, Fliegl et al.47 have found that the transition energy 

of trans azobenzene is 3.29 eV. Results obtained by TDDFT method known to become less 

reliable for open shell molecules due to spin contamination.48 Nevertheless, using TDDFT 

method, Radziszewski et al. 49 have calculated the transition energies for phenoxyl radical, 

Rinkevicius et al. 48 have investigated pbenoxyl radical, tetrathiofulvalene cation radical and 

naphthalene cation radical, and Hirata et al.50 have calculated the transition energies for aromatic 

hydrocarbon radical cations. They found that the calculated excitation energies are in close 

agreement with the experimental values. Thus, it bas been logically put that the exceptional 

performance of the unrestricted TDDFT method for open-shell molecules are validated only 

from computational experience and lacks a solid theoretical background.48 In our TDDFT 

calculations, we find that the transition energies for radical substituted trans azobenzenes in their 

ground states (Table 3.4), which are open-shell singlets, and the results obtained are in good 
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agreement with the previous calculations on azobenzene.46
,4

7 That indicates, upon irradiation 

with electromagnetic radiation of 340 - 3 80 nm, all three trans isomers would be converted into 

the corresponding cis forms through photoisomerization process. As a result, magnetization 

reversal from antiferromagnetic to ferromagnetic regime would be observed. 

lb 

Figure vs. F 

ferromagnetic configuration 

much larger than in the anti ferromagnetic arrangement. 51 From the spin density plots (Figure 

3.1 ), it is clear that the up spin density on both the radical sites are intense. When 

spin up electrons traverse the molecule tl'om one to another, 

electrons are blocked.~ 1 density states (DOS) plots are evaluated from the 

analysis fi to a u 

maximum of 0.1 using Gausssum software,52 which is being used widely by scientific 

community.53
-
55 Calculated density of states (DOS) for ferromagnetic cis forms show that the 

spins are highly polarized at Fenni level (Figure 3.3), whereas in case of trans isomers there is no 

spin polarization (see supplementary information). Thus, the cis forms show spin valve effect. 51 

Another important point comes from the DOS analysis that the difference between DOS of up 

and down spins at Fermi level of ferromagnetic cis forms (1b 1.733; 2b 1.775; 3b 1.951) is 

proportional to the magnetic exchange coupling constant hence ferromagnetic organic molecules 
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with higher J value will be more useful for technological applications. From the DOS plot of 3b 

it is noted that one beta HOMO resides 0.087 eV above the Fermi energy. This observation 

implies a non-Aufbau occupation of the molecular orbitals in this case. Westcott et al. show 

experimentally as well as theoretically that this non-Aufbau behavior in occasional cases is 

strongly favored by the electron-electron repulsion energies, regardless of electron relaxation 

energies with ionization, correlatio.n energies, exchange energies, or other contributions. 56 

Franceschetti and Zunger opine that the Aufbau principle can be violated due to a delicate 

balance between promotion energies, Coulomb repulsions, and exchange interactions. 57 The 

calculated HOMO-LUMO gaps of the molecules fall in the range 2.52- 3.36 eV (la 3.08 eV, 

3.36 eV; 2a 2.52 eV, 2b 2.83 eV; 3a 2.90 eV, 3b 3.31 eV) which is in the semiconducting r<>n., .... n 

as a result, ferromagnetic cis forms are active semiconductor spintronic molecules. The trans 

isomers are not spin polarized, however when isomerised by photoinduction, spin polarisation is 

observed. Thus, the molecular systems investigated 

behavior. 

3.4 Conclusions 

The phenomenon of photoinduced magnetization reversal IS prmmsmg in the field of 

information storage devices, spintronics applications, photomagnetic switches, sensors, spin 

valves etc. Organic systems exhibiting such behavior are more attractive for these purposes. In 

this work, we predict some organic systems where magnetic crossover takes place upon 

irradiation with light. ln all three systems investigated, antiferromagnetic trans isomers turn into 

ferromagnetic cis forms when exposed to light in the wavelength range 340- 380 nm. The extent 

of magnetic interaction in all six molecules have been quantified in terms of the coupling 

constant (J) through broken symmetry approach in the framework of density functional theory. 

Analysis of density of states shows intense spin polarization in ferromagnetic cis isomers, which 

supports the usefulness of such systems for above mentioned applications. ln ferromagnetic cis 

forms, difference in DOS of up and down spins at Fermi level is directly proportional to J values. 

Therefore, a system with higher value of exchange coupling constant would be more useful as 

spintronic material. 
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