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The spin state of the transition metal compounds is a 

major parameter determining the material’s chemical and 

physical properties. The properties may be as different 

for different spin states as if the metal ion were replaced 

by a different element. The metal ion in octahedral 

surroundings with electron configuration d
4
…d

7
 can exist 

in low spin (LS) or high spin (HS) state, depending on the 

energy separation of the t2g and eg levels caused by the 

crystal field [1, 2]. Upon external conditions, such as 

temperature, applied pressure, or strong magnetic field, 

irradiation by light, etc. the spin state of a compound may 

revert. With the spin state transition most physical and 

chemical properties of the system change, including bond 

lengths, multiplicity, density, electronic and heat transport 

properties. Determination of the spin state is therefore 

crucial in many fields, including inorganic and 

organometallic chemistry, solid state and geosciences. In 

a number of molecular systems of medium ligand field 

strength, the spin state can be switched back and forth 

between the LS and the HS states by triggering a 

redistribution of the 3d electrons on the t2g and eg levels 

[2]. The spin state can also change upon temperature in 

certain oxides with strongly correlated electrons: a 

prominent example being LaCoO3, in which the Co
3+
 ions 

in octahedral environment undergo two broad magnetic 

transitions, the one at higher temperature being 

accompanied by a metal-insulator transition. These 

transitions in LaCoO3 involve the change of the spin 

state; however, the nature of the transition is still debated 

[3,4]. Being crucial to the transport properties, knowledge 

of the spin state in such oxides is indispensable to the 

understanding the electronic structure [5]. In addition to 

thermal effects, external pressure often causes spin state 

transitions. In systems exhibiting temperature-induced 

transitions, this occurs at relatively low (≈10 kbar) 

pressures [2, 3]. Shrinking of bond length is accompanied 

by rapid increase in the ligand-field splitting 

(10 Dq ∝ r
-5
), therefore even compounds exhibiting high 

spin state at ambient conditions undergo a spin state 

transition to LS state at high enough pressures [6–10]. 

Sample environments necessary for extreme 

conditions or the presence of different magnetic 

components in the sample might limit or hinder the use of 

conventional techniques to determine the spin states of 

the transition metal in compounds. Element selective 

techniques with highly penetrating hard X rays therefore 

find numerous applications in determining the total spin 

momentum of the transition metal. 

Hard X-ray spectroscopies fulfil all criteria to probe 

the spin state in the bulk [11–14]. In order to demonstrate 

the above we have conducted systematic investigations on 

spin transition complexes of Fe
3+
, Fe

2+
 and Co

2+
 (well 

below and above their transition temperatures) [15,16]. As 

we shall see, these molecular compounds cover almost 

the entire d
4
…d

7
 range, have unambiguous spin states and 

show diverse spin transitions. As an example, the effects 

of the thermally induced transitions will be shown by X-

ray spectra of [Fe(phen)2(NCS)2], a widely studied family 

of spin-transition complexes, with a 3d
6
 central ion. The 

compound exhibits a 
1
A1g (t2g

6
eg

0
, S=0, LS) to 

5
T2g 

(t2g
4
eg

2
, S=0, HS) transition at 178 K. The full K-emission 

spectrum of [Fe(phen)2(NCS)2] is displayed in Figure 1 

for both HS and LS states. As it is seen, all emission fea-

tures undergo a relevant modification upon the change in 

the spin state. The Kβ intensity drops in the Kβ' satellite 

region when the 3d spin momentum is diminished. The 

variation of the Kα line shape is more complex, but the 

differences are substantial. The sensitivity of the Kα (Kβ) 

emission lines arise from the exchange interaction 

between the 2p (3p) core hole and the unpaired 3d 

electrons in the final state. The large spatial overlap of 

the 3d orbitals with the 3p core hole results in a large 

3p3d exchange coupling, which leads to a splitting as 

high as 15 eV. Beside this dominant feature, manifested 

in the clear separation of the Kβ' satellite, the spectrum is 

influenced by other interactions, too. Due to a smaller 

overlap, the 2p3d exchange coupling is smaller, which 

leads to a splitting of 1-2 eV in the Kα spectrum. This is 

in the range of the line width of the Kα lines, therefore, 

the change in the spin state appears as a mere variation of 

the line broadening. Thus, while the total variation of the 

Kα spectrum is bigger than that of the Kβ, as it is evident 

from the spectra in Figure 1, the interpretation of the Kβ 

spectra is more straightforward. An additional advantage 

of the Kβ is its higher energy especially in case of 

strongly absorbing samples or sample environments.  

The highest energy features in Figure 1, Kβ'' and 

Kβ2,5, emerge due to valence electrons filling the 1s core 

hole; their final states are identical to those in 

photoelectron spectroscopy, thus prominent chemical 

sensitivity is expected in this spectral region [11]. These 

peaks are also modified upon the spin transition; 

however, the spectral variations stem from the changes in 

the bonding. Being weak and unrelated to the spin 
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momentum, these high energy lines are of little use as 

probes of the spin state.   

In the spin transition regime the XES spectra were 

shown to consist of superposed HS and LS states [17, 16, 

18]. This allows a precise determination of the HS 

fraction for two-state transitions [16], and has been 

exploited in several studies [3, 10, 18, 19]. Reassuringly, 

XES and soft X-ray absorption spectroscopy (XAS) gave 

similar results for the less unambiguous transitions of 

LaCoO3, [3, 4] (see Figure 2). XES with careful line-

shape analysis is becoming an established probe of the 

spin state [16, 7, 18].  

As the rearrangement of the electrons at the spin 

transition affects the electronic structure and the local 

geometry, XAS can also be used to follow spin 

transitions. K-edge X-ray absorption was applied by 

several authors to study structural variations accompanied 

by the spin transition, or to follow the evolution of the 

transition [12, 13]. The pre-edge region, stemming from 

1s→3d transitions (in case of an octahedral environment), 

is expected to be most sensitive to the spin state, since the 

variation in the 3d populations obviously change the 

density of states and the electron-electron interaction 

energies alike. However, due to its quadrupolar origin, 

this spectral region is of low intensity, not well separated 

from the edge tail, poorly resolved, therefore little effort 

has been made to explore spin states from such spectra. 

Better separation of the pre-edge features is achieved by 

combining XAS with XES. This technique, the resonant 

X-ray emission spectroscopy (RXES), provides details on 

the redistribution of electrons on the 3d levels associated 

with the spin-state transition. It reveals features at the 

X-ray absorption pre-edge that are hardly accessible 

through standard XAS measurements; this is clearly 

demonstrated in Fig. 3 with spectra of [Fe(phen)2(NCS)2]. 

In addition to the above techniques, non-resonant 

inelastic X-ray scattering has proven great potential in 

studying d-d excitations [20]; therefore, it can open new 

opportunities in spin state studies. 

Finally, we report on hard X-ray induced excited spin-

state trapping (HAXIESST) in [Fe
II
(phen)2(NCS)2] [21]. 

In Figure 4, results of a rapid energy scan are displayed at 

30 K, far below the transition temperature, reflecting an 

LS state. However, according to a second, longer scan by 

the intense X-ray beam an anomalous metastable HS state 

appears to form. Previously green light had been found to 

populate the metastable low-temperature HS state of this 

molecule; a phenomenon called light-induced excited 

spin-state trapping (LIESST). This switching to the HS 

state proceeds through several excited states; the 

excitation and relaxation mechanisms are determined by 

the strongly coupled electron, magnetic, and structural 

dynamics. With a certain branching ratio the molecule 

transforms to the HS state. The relevant vibrational 

modes being inactive, non-adiabatic multi-phonon 

relaxation is hindered below 50 K, which leads to a very 

small HS→LS tunnelling rate [22]. At higher 

temperatures, where the higher vibrational states of the 

HS become populated, the relaxation speeds up as a result 
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Figure 1. Full K-emission spectra of 

[Fe(phen)2(NCS)2] in the HS (thick line) and LS (thin 

line) state. The Kβ and the valence emission regions 

are also shown in magnified forms. Below the spectra, 

the shaded area displays the HS–LS spectral 

difference. 
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Figure 2. Temperature evolution of the average cobalt 

spin momentum in LaCoO3. The analysis based on the 

XES data [3] is in fair agreement with the results 

obtained from L2,3 spectroscopy [4].  
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Figure 3. Top: The pre-edge region of the Fe K 

absorption edge of [Fe(phen)2(NCS)2] [12]. Middle: 

transitions predicted by multiplet theory. Bottom: 

1s2p3/2 RXES spectra. (Above the spectra the 

distribution of the 3d electrons on the t2g and eg levels 

is shown.) 
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Figure 4. Magnetic moment of [FeII(phen)2(NCS)2] 

determined from X-ray emission data (circles with 

symbol X) and from conventional magnetization 

measurements (solid line).  

 

of a larger overlap of the higher lying vibrational 

wavefunctions of both spin states. The remarkably similar 

temperature dependence of the metastable HS population 

created by light and X-rays suggest similar relaxation 

mechanisms. While the low-T HS state and its decay 

conditions are the same in LIESST and HAXIESST, the 

excitation is obviously different: visible light can induce 

the necessary ligand-field excitations, unlike the hard 

X-rays. The spin-state trapping occur via relaxation 

processes that follow electronic excitations caused mostly 

by secondary electrons. Irradiation with hard X-rays may 

populate metastable states even when optical excitation is 

limited by sample characteristics or by its environment, as 

in the cases of non-transparent samples or cells for 

extreme conditions. This result unveils the non-innocent 

nature of low-temperature hard X-ray investigations, 

where spectroscopy or diffraction experiments might lead 

to excitations similar to visible light-induced excitations.  
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