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§1. Method of electrical measurements 
 

  All of the single crystals used in the measurements were briefly checked using X-ray oscillation 

photographs to identify the crystal quality and the directions of the crystallographic axes. The data are 

shown as averaged values and the errors were estimated based on scattering of the data of independent 

measurements. After the measurements under UV radiation, the sample crystals were again checked with 

X-ray photographs, scanning electron microprobe [JEOL JSM-7500F or Topcon SM200; Figure S1(a)] and 

by the same measurements in the dark to confirm that there was no radiation damage. To check 

reproducibility and sample dependence, the resistivity measurements were examined repeatedly using the 

same samples, as well as different samples independently prepared/irradiated [Figures S1(b) and S1(c)]. 

The typical sample thickness is about 2 m [Figure S1(d)]. 

  The electrical resistivity was measured using a personal computer-controlled home-made cryostat system. 

The system is composed of an insertion module made of brass and copper with a high-vacuum jacket and a 

pumping/helium gas inlet valve, a Keithley 2400 SourceMeter, a Keithley 2182A Nanovoltmeter, a Keithley 

6487 Picoammeter / Voltage Source, a Keithley 7001 Switch System, and a LakeShore 331 Temperature 

Controller with a silicon diode thermometer DT-470-SD (~ 2mm 3mm mm; ~ 37 mg). Even the 

measurements under dark conditions at and higher than RT, the sample was completely sealed in vacuo or in 

a helium atmosphere in the metallic cryostat in order to eliminate electric noises. Photoconduction was 

measured in air using the same cryostat and an aluminum sample cover with a hole fit for the optical fiber 

head of UV laser (NEOARK TC20-3720-4.5/15). The distance between the end of the laser head and the 

surfaces of the samples were kept ca. 20 mm, and the laser beam was always set incident on the surfaces 

using an optical fiber alignement system (Suruga Seiki, resolution, x, y, z; 0.5 m, x,y,z ; ~30”). During 

photoconduction measurements the samples were also completely covered with metallic equipment to 

eliminate electric noises and stray light. Linearity between the applied current and the observed voltage drop 

in a sample (the ohmic contact) was checked at the beginning of every set of measurements. In both dark 

and UV-irradiated measurements, the sample temperature was measured with the thermometer buried and 

fixed with a minimum amount of Apiezon grease N in the brass stage immediately beneath the sample 

(distance  2 mm). Sample was fixed on a sheet of Kapton film on the brass stage; the film was electrically 

insulating but thermally conducting. The electrical resistivity was measured via a two-probe method along 

the longitudinal direction of the rectangular (salt 1) or diamond (salt 2) single crystals. These directions 

approximately coincide with the crystallographic b-axis for both salts, which is most conductive direction. 

At a given temperature the current-voltage curves were measured from -10 V to +10 V with an interval of 2 

V, and Iph was the observed current under an applied voltage of 10 V. Gold wires (25 m in diameter) and 

gold paste (No.8560, Tokuriki Chemical Research Co., Ltd.) were used as electrical contacts. The distance 

between the two electrical leads were decreased stepwise by adding the Au paste after each measurement 

[Figure 3]. The data were taken from 325 to 295 K in cooled processes with a rate of ~ 0.2 K/min with 1 K 

interval. Once the sample was heated using a commercially available heater (Lake Shore, cartridge heater, 

HTR-50, 50 W, ~ 6.3 mm 25mm, buried in the brass sample stage beside the thermometer) at > 325 K, 

then it was allowed to cool down naturally. During the measurements, in order to avoid unnecessary heating 

by Joule heat and heat involved with UV irradiation, the voltage was only applied at ~ 20 ms in each 
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measurement after the temperature was settled. The measurement at a given temperature took 3 sec on 

average. The UV irradiation was continued only during each resistivity measurement at a given temperature, 

i.e. 3 sec on average at a time. The resistivity was also measured in the heating processes to confirm that 

heating and cooling data agreed with each other. However, due to the much slower and more homogeneous 

temperature control (nearly quasistatic processes) available during the cooled processes, the data in cooled 

processes are presented in this work. The error bars were estimated from data scatterings among several 

measurements on the same sample with the same experimental conditions. 

 For a given L in Figure 3, the I-dependence of Iph [Eq. (1)] and that of Ea [Eq. (10a)] were measured in 

series using the same sample in order to exclude the differences in irradiation conditions. The consistency in 

the obtained results (Figures 5-7) indicate that the irradiation conditions were kept to be identical among 

independent sample settings with different values of L. 

 

       

 

      
Figure S1(a). (Top) Photographs of sample surface of salt 1 before (left) and after (right) UV irradiation for 

3 h successively (375 nm, I = 7.3 Wcm-2). The radiation was carried out on the part in the broken red circle. 

No traces of damage were found. (Bottom) Scanning electron microprobe photographs of the same sample 

surface above before (left) and after (right) resistivity measurements under UV irradiation (Scale bar = 50.0 

m for left, 20.0 m for right). No traces of damage were found. 
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Figure S1(b). (Top) Time-dependence of observed photocurrent Iph during continuous UV irradiation on salt 

1. Although no traces of damage were found on the surface even by microscope observation after a series of 

measurement, the photocurrent gradually decreased with increasing scattering of the values suggesting some 

deterioration of the sample. This fact proves that Iph is the most sensitive and straightforward index to judge 

whether the sample is/was damaged by radiation. (Bottom) Scanning electron microprobe photographs of a 

faintly damaged sample surface (Scale bar = 10.0 m for left, 5.0 m for right). The UV irradiation was 

carried out on the surface indicated by the red arrow for 10 min successively (375 nm, I = 32 Wcm-2). Note 

that an oval part immediately in the red circle appears to be slightly darker than the rest. 
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Figure S1(c). (Top) Photographs of sample surface of salt 1 before (left) and after (right) UV irradiation for 

23 min (375 nm, I = 32 Wcm-2). The radiation was carried out on the part in the broken red circle. The 

irradiated part of the sample melted down to leave a hole. (Bottom) Scanning electron microprobe 

photographs of the damaged sample surface above (Scale bar = 20.0 m for left, 5.0 m for right). The 

sample crystal collapsed in pieces around the part of damage when it was removed from the resistivity 

measurement sample holder. 

 

 

 
Figure S1(d). Section of the typical single crystal of salt 1, showing its thickness of ~ 2 m (Scale bar = 2.0 

m). 
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§2. Fitting analysis of photoconduction properties 
In the actual fitting analysis shown in Figures 4(a), Eq. (S1) was used instead of Eq. (1), since it is 

convenient for comparison of the results from different samples. Different samples exhibit different Idark (~ 

10-5 mA at 300 K under applied voltage of 10 V). If experiments and analysis are all appropriate, the 

parameter  should be always equal to 1. 

 

       Eq. (S1)
 

where , , and  are fitting parameters summarized in Table S1. 

 

The proportionality constant A in Eq. (8) is derived as follows. 

Considering Eqs. (5) and (7) when I = 0, 

  0 		 ∵ 	 0 0     Eq. (S2) 

Thus 

		 ∵ Eq. 2      Eq. (S3) 

Here 

0      Eq. (S4) 

n : carrier density, v : volume of the sample 

and 

     Eq. (S5) 

: (dark) conductivity,  : mobility, e : elementary charge 

      Eq. (S6) 

V : applied voltage, I : current, R : resistance 

Here I corresponds to Idark. On the other hand 

      Eq. (S7) 

L : distance between the two electrical leads, S : area of the section through which the current flows 

Using Eqs. (S5)-(S7), 

     Eq. (S8) 

From Eqs. (S3), (S4) and (S8) 

2
	 ∵      Eq. (8) 

Note: If there are different kinds of carriers, e.g. electrons and holes, with different values of , the 

discussion above, i.e. Eq. (S8), should be appropriately modified as standard theory in semiconductors. 
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Table S1  Fitting parameters [K0’, K1’, K2’ and K3’ in Eq. (S1)] of best-fit curves for data shown in Figure 

4(a).*1 

d / mm 0.03 0.20 0.34 0.45 0.63 0.71 

 0.998(8) 1.001(8) 0.995(7) 0.988(8) 0.998(3) 0.991(6) 

 / W-1cm2 0.141(5) 0.115(5) 0.125(4) 0.125(5) 0.072(2) 0.0862(4) 

 / W-2cm4 0.0103(4) 0.0101(4) 0.0037(4) 0.0009(4) 0.0020(1) (~ 0) 

 / W-3cm6 (~0) (~ 0) (~ 0) (~ 0) (~ 0) (~ 0) 

*1 Colors of figures correspond to the curves in the same color in Figure 4(a). Figures in parentheses are standard 

deviations in the last digits. All the measurements of different values of d [mm] in this table were carried out in series using 

the same single crystal. 

 

Table S2  Fitting parameters related to Eq. (10b) of best-fit lines for data shown in Figure 6.*1 

d / mm*2 0.60 0.40 0.13 

Idark = K0 / 10-5 mA*3 3.99(1) 5.39(3) 9.7(1) 

K1 / 10-6 mAW-1cm2 1.09(1) 2.76(4) 11.4(3) 

K2 / mAW-2cm4 (~ 0) (~ 0) (~ 0) 

K3 / 
mAW-3cm6 (~ 0) (~ 0) 1.7(1) 

Ea,0 / eV 0.252 0.243 0.245 

a’ / 10-5 eVmA 1.010(6) 1.321(9) 2.43(8) 

b’ / 10-7 eVmAW-1cm2 1.71(7) 4.0(1) 17.2(8) 
*1 Figures in parentheses are standard deviations in the last digits. 
*2 d = L – 2r, L: distance between electrical leads [mm], r: radius of the laser spot (2r = 0.10 mm) 
*3 V = 10 V. Idark depends on d [mm], because the contact resistance at Au paste changes at every time d changes. 
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Figure S2. I-dependence of Ea(I) for other samples and other measurement conditions. Data observed in air 

for (a) Sample #1 and (b) Sample#2, and best-fit curves using Eq. (10a) with fitting parameters in Table S3 

in Supporting Information. 

 

Table S3  Fitting parameters related to Eq. (10b) of best-fit lines for data shown in Figure S3.*1 

Sample # 1 [Fig. S3(a)] 2 [Fig. S3(b)] 

d / mm*2 0.40 0.00 0.53 0.28 0.03 

Idark = K0 / 10-5 mA*3 3.97(3) 17.7(6) 4.82(3) 7.0(1) 17.4(3) 

K1 / 10-6 mAW-1cm2 2.35(3) 19(1) 2.13(3) 5.5(3) 13(1) 

K2 / 10-8 mAW-2cm4 (~ 0) (~ 0) (~ 0) 9(1) 68(6) 

K3 / 
mAW-3cm6 (~ 0) 2.3(1) (~ 0) (~ 0) (~ 0) 

Ea,0 / eV 0.239 0.245 0.222 0.241 0.248 

a’ / 10-6 eVmA 9.46(8) 42(1) 10.6(1) 17.1(1) 42(2) 

b’ / 10-7 eVmAW-1cm2 4.68(7) 37(1) 3.3(1) 10.8(1) 29(2) 
*1 Figures in parentheses are standard deviations in the last digits. 
*2 d = L – 2r, L: distance between electrical leads [mm], r: radius of the laser spot (2r = 0.10 mm) 
*3 V = 10 V. Idark depends on d [mm], because the contact resistance at Au paste changes at every time d changes. 

 

 

 

CheM © [2015], Copyright CCAAS                                               Naoki Nagayama et.al., CheM 2015, 74-80

http://ccaasmag.org/CHEM



S9 
 

 

Figure S3. I-dependence of Ea(I)(Ki I
 i ) for other samples and other measurement conditions. Data 

observed in air for (a) Sample #1 and (b) Sample #2, and best-fit lines using Eq. (10b). For fitting 

parameters, see Table S3 in Supporting Information. 

 

Table S4  Fitting parameters [K0’, K1’, K2’ and K3’ in Eq. (S1)] of best-fit curves for data shown in Figure 

7(a).*1 

d / mm 0.03 0.00 

 1.005(7) 0.94(1) 

 / 10-2 W-1cm2 7.27(8) 9.6(4) 

 / W-2cm4 (~ 0) (~ 0) 

 / 10-4 W-3cm6 (~ 0) 2.3(1) 

*1 Colors of figures correspond to the curves in the same color in Figure 7(a). Figures in parentheses are standard 

deviations in the last digits. All the measurements of different values of d [mm] in this table were carried out in series using 

the same single crystal. 
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Table S5  Fitting parameters related to Eq. (10b) of best-fit lines for data shown in Figure 7(d).*1 

d / mm*2 0.03 0.00 

Idark = K0 / 10-5 mA*3 5.66(4) 18.3(3) 

K1 / 10-6 mAW-1cm2 4.11(4) 18.6(8) 

K2 / mAW-2cm4 (~ 0) (~ 0) 

K3 / 
mAW-3cm6 (~ 0) 4.5(2) 

Ea,0 / eV 0.256 0.260 

a’ / 10-5 eVmA 1.43(2) 4.9(2) 

b’ / 10-7 eVmAW-1cm2 7.6(2) 38(2) 
*1 Figures in parentheses are standard deviations in the last digits. 
*2 d = L – 2r, L: distance between electrical leads [mm], r: radius of the laser spot (2r = 0.10 mm) 
*3 V = 10 V. Idark depends on d [mm], because the contact resistance at Au paste changes at every time d changes. 

 

§3. Physical properties of salt 2 
 

Figure S4. Crystal structure of salt 2. Yellow, blue, pink, and green spheres designate sulfur, carbon, 

nitrogen, and nickel atoms, respectively. Hydrogen atoms are omitted for clarity. MV2+ cations and 

[Ni(dmit)2]
- anions make cation-anion-mixed stacking sheets parallel to the crystallographic ab-plane, which 

serves as conduction sheets. Under UV irradiation, the photo-produced localized spins are mainly localized 

on the MV2+ cations, while photocarriers move mainly through the [Ni(dmit)2]
- anions’ network comprised 

of sulfur-sulfur intermolecular contacts. 
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 Figure S5.  Temperature-dependent magnetic susceptibility p of salt 2.  ; theoretical model 

(singlet-triplet model) for interacting spins in an antiferromagnetic way,  ; observed. The fitting equation is 

as follows;  

χ
4

3 2  

where the fitting parameters C1, C2, J and 0 mean a constant for the singlet-triplet model, Curie constant, 

antiferromagnetic interaction and temperature-independent contribution, respectively. The obtained best 

parameters are (C1, C2, J, 0) = (0.4171 [cgs emu K], 0.00430 [cgs emu K], -106.34 [K], 0.00173 [cgs emu]). 

This result indicates that the unpaired electrons on [Ni(dmit)2]
- exhibit strong antiferromagnetic interaction 

among them, and that they practically behave as if they were paired electrons localised between every two 

neighbouring Ni(dmit)2 molecules because of the strong magnetic interaction. This is consistent with its 

highly insulating (few carriers) and practically non-magnetic (few local spins) properties under dark. (T. 

Naito et al., Adv. Mater. 2012, 24, 6153-6157.) 
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Figure S6.  Arrhenius' plot of temperature-dependent electrical resistivity of salt 2. This type of behaviour 

belongs to typical thermally-activated behaviour of materials with finite energy gaps at EF. The activation 

energy, obtained as the slope of the best-fit line of the data above, is 0.28±0.03 eV on the average of 

different runs. (T. Naito et al., Adv. Mater. 2012, 24, 6153-6157.) 
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