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Abstract
We measured the temperature dependence of the resistance in thinned samples of a 
layered transition metal dichalcogenide 1T-TiSe2. As a result, a thermal hysteresis 
of resistance was discovered in most samples with a thickness of 10 μm or less, but 
not in samples thicker than 100 μm. The onset temperature of this hysteresis was 
almost the same as the onset temperature of the charge density wave (CDW) transi-
tion, suggesting that this hysteresis is related to the CDW. All the samples with hys-
teresis exhibited one or a few jumps of resistance in the 110–190 K range in cooling. 
Moreover, the hysteresis was related not only to the history of temperature below the 
CDW transition temperature, but also to that above the transition temperature. To 
interpret these anomalous results, we discuss the effect of impurities on the domain 
structure of the CDW.

Keywords  1T-TiSe2 · Charge density wave · Electrical resistance · Thermal 
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1  Introduction

In recent years, the changes in the properties of the layered transition metal dichal-
cogenides (MX2) due to the decrease in layer thickness have been one of the major 
research topics. For example, the changes in charge  density wave (CDW) transi-
tion temperatures due to thinning to nanometer order were investigated in 1T-TiSe2 
[e.g., 1, 2] and 1T-VSe2 [3]. As a result, it was discovered that thinning increases 
the CDW transition temperature in TiSe2 and decreases that in VSe2, and the 
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relationship between the CDWs and the interlayer coupling was discussed based on 
these different thickness dependencies. Moreover, in 1T-TaS2 which exhibits a CDW 
transition and a Mott transition, it was found that thinning induces multiple meta-
stable states [4]. As described above, thinning has induced unexpected properties of 
layered materials, and therefore, it is expected that new properties will be found by 
investigating thinned materials with various measurement methods.

In the present study, we targeted TiSe2. TiSe2 exhibits a 2a0 × 2a0 × 2c0 modula-
tion (where a0 and c0 are lattice constants) of charge density and a periodic lattice 
distortion at temperatures below ~200 K, which have been attributed to CDW [5–7]. 
TiSe2 has a valence band whose top is near the Fermi level and a conduction band 
whose bottom is just below the Fermi level [8]. Therefore, both holes and electrons 
exist as carriers at high temperatures and their numbers depend on temperature [8]. 
The temperature dependence of the resistance shows a hump structure with a peak 
at about 165 K [5], which is proposed to be caused by the decrease in carriers due 
to the opening of CDW gaps [5] and the temperature dependence of carriers [8]. 
This hump structure has been reported in the previous studies, but it has not been 
reported that the height of the hump differs between cooling and heating.

Many previous studies have reported the properties of TiSe2 thinned to nanom-
eter order [e.g., 1, 2]. On the other hand, there are few reports on the properties of 
samples thinned to micrometer order although it was reported that the CDW transi-
tion temperature changed as the thickness changed in micrometer range [1]. There-
fore, we investigated the temperature dependence of the resistance for TiSe2 thinned 
to several micrometers in the present study.

2 � Experimental

We prepared single crystals of TiSe2 synthesized by I2 vapor transport. First, we 
sealed the materials of Ti (0.432  g, 99.9%), Se (1.568  g, 99.9%) and I (3  mg/cc, 
99.8%) in an evacuated quartz tube with an inner diameter of 1.5 cm and a length of 
15 cm. The tube was then heated so that the temperature of materials at the one end 
of the tube was 700 ℃, and the temperature at the other end was 600 ℃. After main-
tained at the temperature for 7 days, the tube was quenched in water. In this way, we 
obtained single crystals at the lower temperature end.

For the characterization of our crystals, the temperature dependence of the 
magnetic susceptibility (χ) was measured for samples thicker than 100 μm using a 
MPMS SQUID magnetometer (Quantum Design). The applied static magnetic field 
was 0.5 T.

We measured the resistances of thin samples with a thickness of 10 μm or less 
and thick samples with a thickness of 100 μm or more by a dc four-probe technique, 
using a laboratory-made resistance measurement system or a PPMS (Quantum 
Design). Clean and thin samples were prepared by cleaving and were simply placed 
on substrates without any glue. Gold wires with a diameter of 20  μm were then 
attached to the samples as terminals with carbon paste. The attached wires prevented 
the samples from going anywhere. The sample thickness was measured with a digi-
tal microscope. The temperature was measured using a Cernox resistance sensor.
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3 � Results

Figure 1 shows the temperature dependence of the χ for TiSe2 samples thicker than 
100 μm. As temperature decreased, the χ decreased in the high-temperature range 
(T > 95 K) and increased in the low-temperature range (T < 95 K). The slope of the 
χ–T curve became steep at about 205 K.

We measured the resistances of three samples with a thickness of 100 μm or more 
(thick samples) and 11 samples with a thickness of 10 μm or less (thin samples). As 
shown in Fig. 2a–c, the temperature dependence of the resistance showed a hump 
structure with a peak at about 165 K for all the thick and thin samples as seen in 
the previous studies [5]. For all the thick samples, the height of the hump in cooling 
was the same as that in heating as shown in Fig. 2a. On the other hand, for nine of 
the 11 thin samples, the height of the hump differed between cooling and heating as 
shown in Fig. 2b and c. The difference in the height of the hump was reproduced in 
different measurement systems. There were cases where the hump in heating was 
higher than that in cooling and vice versa. The insets in Fig.  2b and c show the 
difference in resistance between heating and cooling. The temperature at which the 
difference began to occur was 208 ± 4 K. The value of the difference did not show a 
monotonical change for the sample thickness although the difference was triggered 
by thinning.

As shown in Fig. 2d, the R–T curve in all the samples with the difference in hump 
height showed one or a few jumps of resistance whose widths were 0.5–5% of the 

Fig. 1   Temperature dependence of the magnetic susceptibility (χ) for TiSe2 samples thicker than 100 μm. 
The dash line is drawn at 205 K
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resistance at 280 K, only in the 110–190 K range in cooling. The sizes and appear-
ance temperatures of the jumps changed with each measurement even in the same 
sample. For 73% of the observed jumps, the resistance on the colder side than the 
jump was higher than that on the hotter side.

We investigated the temperature dependence of the resistance under various 
measurement conditions. The height of hump was independent of heating rate from 
0.5 to 1 K/min, cooling rate from 0.5 to 5 K/min and current density from 0.38 to 
1.9 × 102 A/cm2 as shown in Fig. 3a and b. Figure 3c shows the R–T curves when 
the sample was cooled from 300 to 4.5, 84, 118 or 154 K and then heated to 300 K. 
The hump in heating became monotonously lower as the lowest temperature that the 
sample experienced just before increased. Thus, the difference in resistance between 
heating and cooling monotonously decreased as the lowest temperature that the 
sample experienced just before increased as shown in Fig. 3d. Figure 3e shows the 

Fig. 2   Typical temperature dependence of the resistance of TiSe2. a Results for sample No. 4 with a 
thickness of ~ 220 μm. b Results for sample No. 1 with a thickness of ~10 μm. The inset shows the differ-
ence in the resistance between heating and cooling. c Results for sample No. 6 with a thickness of ~ 2 μm. 
d Enlarged view for sample No. 1 (Color figure online)
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Fig. 3   Results of resistance measurements for sample No. 1 under various measurement conditions. a 
Temperature dependence of the resistance for various current densities. b Temperature dependence of 
the resistance for various heating and cooling rates. c Temperature dependence of the resistance when 
the sample was cooled from 300 to 4.5, 84, 118 or 154 K and then heated to 300 K. d Difference in 
resistance between heating and cooling derived from panel (c). The jumps of the difference were due to 
the jumps of the resistance in cooling. e Temperature dependence of the resistance when the sample was 
heated from 4.5 K to 188, 220, 250 or 300 K and then cooled to 4.5 K. f Difference in resistance between 
heating and cooling derived from panel (e) (Color figure online)
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results when the sample was heated from 4.5 to 188, 220, 250 or 300 K and then 
cooled to 4.5 K. The hump in cooling became monotonously lower as the highest 
temperature that the sample experienced just before increased. Thus, the difference 
in resistance between heating and cooling monotonously increased as the highest 
temperature that the sample experienced just before increased as shown in Fig. 3f.

4 � Discussion

In the χ–T curve for our crystals, the slope changed at about 205 K (Fig. 1). The 
same χ–T curve was reported in a previous study, and the temperature at which the 
slope changed corresponded to the appearance temperature of the satellite peak of 
the CDW observed by X-ray diffraction, that is, the onset temperature of the CDW 
transition [6]. Therefore, our result of χ indicates that the onset temperature of the 
CDW transition in our samples is about 205 K.

We found a difference in resistance between cooling and heating in most of the 
thin samples (Fig. 2b and c). The onset temperature of this difference in resistance 
was 208 ± 4 K, which was almost the same as the onset temperature of the CDW 
transition of ~ 205 K. Therefore, it is suggested that this difference in resistance is 
related to the CDW.

Possible causes of the difference in resistance below the CDW transition tem-
perature include the suppression of the phase transition due to rapid cooling rate, the 
sliding of CDW and the phase transition due to Joule heating, which are observed in 
other CDW compounds [4, 9–11]. However, they will not be the cause in our thin 
TiSe2 samples because the value of the resistance was independent of cooling rate 
and current density (Fig. 3a and b).

While the height of the hump was independent of cooling rate and current den-
sity, the hump in heating became lower as the lowest temperature that the sample 
experienced just before increased, and the hump in cooling became lower as the 
highest temperature that the sample experienced just before increased (Fig. 3c and 
e). These results indicate that the resistance of our thin TiSe2 samples depends on 
the history of temperature, i.e., there is a thermal hysteresis of resistance related to 
the CDW.

The thermal hysteresis of resistance related to CDW has been observed in a few 
CDW compounds and has been proposed to be due to the switching between two dif-
ferent CDW configurations or between incommensurate, nearly commensurate and 
commensurate CDWs [4, 10–12]. On the other hand, it is suggested that the CDW-
related hysteresis which appears in our thin TiSe2 samples has a different mechanism 
from the hysteresis in other CDW compounds, because the hysteresis in our samples 
had the following peculiar characteristics: (i) The hysteresis exhibited cases where 
the hump in heating was higher than that in cooling and vice versa (Fig. 2b and c). 
(ii) The hysteresis was related not only to the history of temperature below the CDW 
transition temperature, but also to that above the transition temperature (Fig. 3c–f). 
(iii) One or a few jumps of resistance were frequently observed (Fig. 2d). To inter-
pret these peculiar characteristics, we speculate that the CDW forms a domain struc-
ture in our thin TiSe2 samples, and the size and pattern of the domains are affected 
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by the distribution of impurities which changes between heating and cooling, and 
between samples. The following reports and suggestions by the previous studies sup-
port our speculation: (i) It was implied that the CDW has short-range order in thin 
TiSe2, from the experimental result that the CDW transition temperature changed 
due to the decrease in sample thickness [2]. (ii) TiSe2 crystals contain defects such 
as intercalated Ti atoms, substituted O atoms and I atoms and Se vacancies [13]. (iii) 
In CDW materials including TiSe2, CDW domains or domain boundaries form in 
impurities-rich regions, in short, impurities affect the pattern of short-range order 
CDWs [14, 15]. (iv) It was suggested that the impurities move depending on tem-
perature in CuxTiSe2 [16]. (v) In another material, it was suggested that the concen-
tration and the distribution of impurities varied among samples from the same batch 
[17]. Because the density of states is considered to depend on location in a CDW 
domain structure, as seen in CuxTiSe2 in which the CDW domains are induced by 
Cu doping [18], the resistance will vary depending on the size and pattern of the 
CDW domains. Thus, in our thin TiSe2 samples, the difference in the CDW domain 
structure between heating and cooling, and between samples will cause the differ-
ence in the height of the hump between heating and cooling, and between samples. 
In our speculation, the jumps of the resistance can be interpreted as a sudden partial 
change in the domain structure. Moreover, it can be interpreted that the effects of the 
history of temperature on the hysteresis are because the impurities move above and 
below the transition temperature.

5 � Conclusion

We found a thermal hysteresis of resistance in most TiSe2 samples with a thickness 
of 10 μm or less. It is suggested that this hysteresis is related to the CDW because 
the onset temperature of the hysteresis was almost the same as the onset temperature 
of the CDW transition. The hysteresis had various peculiar characteristics. Further 
studies are required to clarify the nature of this peculiar hysteresis and the reason for 
its appearance in thin samples.
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