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Abstract

:

High anisotropy and the existence of two-dimensional highly conducting interfaces at stacking faults parallel to the graphene planes of the graphite structure influence, in a non-simple way, the transport properties of highly oriented graphite. We report two related effects on the electrical resistance of highly oriented pyrolytic as well as of natural graphite bulk samples, measured with the four points method in the temperature range 300 K   ≤ T ≤   410 K. A qualitative and quantitative change in the temperature dependence of the resistance was obtained by simply enlarging the electrodes and contacting the edges of the internal interfaces on the same sample. Additionally, at temperatures   T ≳ 350   K the resistance can change with time. We show that this temperature-dependent annealing effect is related to the stacking faults and can irreversibly change the absolute value of the resistance and its temperature dependence. A partial recovery is obtained after leaving the sample at normal conditions for several days. The overall results stress the importance of the electrodes location on a bulk graphite sample, the contribution of the stacking faults in the interpretation of the measured transport properties and the need of systematic studies on the influence of high temperature annealing on the interfaces properties.
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1. Introduction


The electrical conductivity of carbon-based compounds, especially graphite, has been reported in a large number of studies in the last nearly 90 years, see in [1,2] and the references therein. Detailed studies of carbonaceous powders under different compaction pointed out the existence of different contributions to, and the complexity of, the electrical conductivity [3] as well as the effect of oxygen on it [4]. In highly oriented graphite samples with the narrowest rocking curve width, the typical size of the single crystalline regions, in the   a , b   direction parallel to the graphene planes, is of the order of micrometers [5]. Therefore, the electrical resistance of bulk samples of much larger size would have the intrinsic contribution of the graphene layers added to that of the grain boundaries. There is, however, a further effect that makes the estimate of the intrinsic resistivity difficult, namely, the large anisotropy of the electrical resistivity of graphite with its c-axis resistivity   ρ c   being much larger than the in-plane one   ρ  a , b   . This anisotropy was already reported at the end of the 1930s [6]. Although its value is sample-dependent due to the influence of defective regions in the samples, there is consent among different publications that the ratio    ρ c  /  ρ  a , b   >  10 4   . This anisotropy implies that the input current has a relatively small penetration depth in the   c −  axis direction, when the electrodes are located, e.g., at the top surface of a well-ordered graphite sample. Would a graphite sample be homogeneous from the structural and electrical point of view, i.e., with only one of the two possible stacking orders and without twisted regions around the common   c −  axis, then we expect to have similar results for the normalized resistance obtained by placing the electrodes at the sample top surface or at the sample edges. As we report in this study, this does not occur in graphite samples of large enough thickness due to the contribution of highly conducting stacking faults to the total sample conductance.



The existence of stacking faults or two-dimensional (2D) interfaces in well-ordered graphite samples has been recently reported by transmission electron microscopy (TEM) [7,8]. These TEM images together with high-resolution X-ray diffraction (XRD) [9] as well as transport measurements [7,8] revealed that most, if not all, thick enough highly ordered graphite samples have 2D stacking faults located between twisted crystalline regions with the same or different stacking orders. These faults can be embedded within the multilayer graphene matrix and can be found even at the sample surface [7,8,9,10,11,12]. These “interfaces” show qualitative different transport properties than those of the graphene planes in any of the two graphite stacking orders, i.e., Bernal and rhombohedral. Taking into account the electronic band structure at the interfaces between twisted graphite regions [10,13,14,15] or between the two stacking orders of graphite [16,17,18], such a difference in the transport properties is not surprising. For example, a recently published experiment was able to contact the edge of a relatively thin graphite sample, and thereby its embedded interfaces [19]. The obtained value of   10 2   for the (metalliclike) rest-resistance-ratio as well as the positive magnetoresistance of ≃10   7   at 21 T, at temperatures below 1K, are record-breaking values that emphasized the need to take into account these interfaces in the interpretation of the transport properties.



Previous transport studies revealed the influence of the 2D stacking faults on the transport properties below 300 K of mesoscopic, thin (thickness   ≲ 100    nm and several  μ m   2   area) graphite samples by nanometer thickness reduction [20]. In this work, we are interested on the influence of the 2D interfaces on bulk samples, in particular in the temperature range above 300 K because of the expected superconducting [9,17,21,22,23,24] and/or magnetic transitions [25]. With a simple experimental approach and without the need of etching, lithography, or both processes, we show that the contribution of the interfaces can change qualitatively and quantitatively the resistance of a bulk graphite sample. Furthermore, at temperatures above ~  350    K we found that the resistance shows a non-monotonic change with time. We show that this high temperature effects are directly related to changes at the interfaces.




2. Materials and Methods


The main characteristics and dimensions of the measured samples in this work are listed in Table 1. Figure 1 shows a scanning electron microscope image taken directly at the edge of a bulk HOPG sample. One can recognize openings between regions of different gray color. Each of these regions can have a thickness from several tens to hundreds of nm, mostly with the Bernal stacking order, as TEM images revealed [7,26,27]. Regions with the minority rhombohedral stacking order phase also exist but are in general thinner [9,28].



The electrical resistance was measured using an AC LR700 resistance bridge (four points method) with a frequency of 16 Hz and input currents   ≲ 10  μ  A. To measure the electrical resistance as a function of temperature we have used two devices. The graphite sample in the device called minicryo was in a vacuum of    10  − 7      mbar during the measurements and attached to a small and high efficient cryocooler, with small thermal mass and consumption; for more details see in [30]. The sample thermometer was fixed on the same Cu-block where the sample was attached. The heater for the temperature stabilization was fixed around the main cooling finger, where at its top the sample/thermometer holder was.



The second device used was the main sample temperature stabilization space of a He-flow cryostat from Quantum Design with a sample holder that allowed also four points measurements of the electrical resistance. The temperature was measured and set with the available thermometer and stabilization program. In this device, the sample is not in vacuum but in a ~  0.01    mbar He atmosphere.




3. Results


3.1. Resistance before and after Contacting the Edge of a Graphite Sample


Several transport studies of different highly ordered graphite samples, from thin flakes of thickness   t ≳ 5   nm to bulk samples, indicate that the intrinsic electronic transport in ideal graphite is semiconducting-like. This means that the resistance decreases with temperature following a typical exponential function having energy gaps between   ≃ 0.04   eV for the Bernal stacking order and ≃  0.1   eV for the rhombohedral one [8,31]. The metallic-like part, which is measured in thick enough samples, is related to the contribution of 2D interfaces between regions of different stacking orders or twisted regions around a common   c −  axis [20]. This means that in a sample where the interfaces are located far away from the sample surface, i.e., at distances larger than the current penetration depth in the   c −  axis direction, we would expect that the resistance measured with the contacts at the top surface, as shown in the sketch of Figure 2a, shows a semiconducting-like behavior. Indeed, this is the case as we can see in Figure 2c. Note also that the irreversibility in the temperature loops is small and no time dependence is observed within experimental error, especially at high temperatures.



After we finished with the measurements shown in Figure 2c, we took out the sample from the cryostat and the electrical contacts were enlarged, contacting especially the side edge of the sample as sketched in Figure 2b. After waiting two days to dry the electrodes, the resistance was measured again during heating and cooling temperature cycles as shown in Figure 2d. Several remarkable changes were observed. First, the absolute value of the resistance at the beginning of the measurements was smaller by a factor 4. This decrease in the absolute resistance is not surprising because we are getting the contribution of several graphene layers in parallel contacting all their edges. However, the qualitative difference in the temperature dependence, a metallic-like dependence, can be interpreted as due to the contribution of certain stacking faults running in parallel to the graphene layers. It is also remarkable that the resistance decreases with time at temperatures above ≃380 K, whereas, for this sample, the temperature dependence below 380 K does not change significantly. Evidently, this decrease at high enough temperatures is related to the contribution of certain interfaces and it is observed in all bulk samples, as we show below in the next sections. It is important to mention that the observed changes are not related to the contacts; these were already several days old and any drying process should not have any influence on the measured resistance. As we will see below, the changes produced by annealing are reversible after leaving the sample at normal conditions for several days, ruling out contact problems as well.



The observed changes in the absolute values of the resistance already emphasize the inaccuracy one has when one needs an estimate of the intrinsic resistivity of graphite. For example, assuming an electrically homogeneous sample without electrical anisotropy, from the results of Figure 2 at 300 K we estimate a resistivity   ρ ( 300   K  ) ∼ 400  μ Ω  cm (electrodes at the top, case (c)) and ∼  100  μ Ω  cm (electrodes at the top and side, case (d)). Those values are within those reported in the literature for highly ordered graphite bulk samples [1,2]. Much smaller values are obtained in case (c) if we assume a much smaller thickness due to the finite penetration depth (∼  20    nm at low temperatures [20]). The intrinsic resistivity value for ideal graphite was estimated in [20] to be   ρ ( 300  K  ) ∼ 580  μ Ω  cm. The resistivity values in our sample are evidently smaller but not very different. The reasons for this relatively small difference are (1) the contribution of the 2D interfaces to the total conductance depends on temperature, getting weaker the higher the temperature [19,31], and (2) the electrical anisotropy also decreases with temperature.



Concluding this section, it should be clear that the temperature dependence of the resistance of bulk graphite samples is not unique but it depends on the location of the electrodes within the sample in a non-simple way, due to the high electrical anisotropy and the metallic-like contribution of certain interfaces embedded within the graphite structure. Upon the interface distribution within a sample, different and non-simple temperature behavior can be expected, in agreement with the results reported in [20], decreasing systematically the thickness of mesoscopic graphite samples.




3.2. High-Temperature Annealing Effects on the Resistance


Annealing effects in the diamagnetic susceptibility of bulk graphite at   T ≳ 400   K have been already reported that showed an irreversibly decrease in the total diamagnetic signal [32]. We note that a significant part of the diamagnetic response of bulk graphite samples is not due to the graphene planes but to embedded interfaces at some stacking faults, as recently done studies reported [33]. In this section, we demonstrate and discuss the partially subtle effects of time and temperature on the resistance observed at   T ≳ 350   K. For these measurements, we took a new natural graphite bulk sample (#2) with electrodes contacting its edges and fixed in the sample holder of the He-flow cryostat. Although in this cryostat there is no thermometer attached directly on the sample holder, it allows larger temperature changes in less amount of time. To check whether the sample reached the selected temperature, the measurement of its time dependence is necessary.



We programmed an increase in the thermometer temperature from 300 K to 390 K within 20 min, as shown by the red line in Figure 3a (right   y −  axis). After this temperature was reached at the thermometer, with a small overshoot recognized in Figure 3a, it remained constant within   ± 0.1   K. As expected for this sample, the measured resistance (black curve in Figure 3a (left   y −  axis)) increases, from which we infer that the sample temperature also increases but with a certain delay. Note that the temperature overshoot at approximately   t ∼ 20   min is also observed in the resistance with a short delay, see inset in Figure 3a. After reaching a constant thermometer temperature (region of constant T labeled in the inset) the time-dependent slope of the resistance changes, and at   t ≃ 32   min we observe a second change in the slope. From the data and the experience obtained from magnetization measurements with the same temperature inset, we estimate the delay between the thermometer and sample temperature to be of the order of   ≲ 15   min for this especial quick heating ramp. This means that at   t ≳ 32   min, the sample temperature can be considered as constant. Nevertheless, the resistance increases following an exponential function   R ( t > 32  min  ) ≃ R ( t → ∞ ) − a exp ( − t / τ )   with a relaxation time of   τ ≃ 23   min, as shown by the dashed red line in the inset. At   t ≳ 140   min, the resistance starts to decrease with a larger, temperature-dependent relaxation time, as we show in more detail in Figure 4 below. Note that in usual experiments even at these temperatures, one measures the resistance at smaller temperature steps taking a point after a waiting time of the order of 15 min. This means that this subtle increase in resistance is not always easily recognized. Annealing effects on the electrical resistance above room temperature are nowadays of importance because they can detrimentally influence the transition in the resistance observed at   T ∼ 350   K reported in [9,24].



Figure 3b shows the measured resistance vs. temperature from 300 K to 390 K with a warming rate of 5 K/min for sample #2. In the virgin, non-annealed state the sample resistance increases with T, while showing a change in its slope at ∼  350   K and at ∼  370   K. This behavior has been already reported and interpreted as a possible superconducting-like transition with a critical temperature of ∼  350   K [9,24]. We note that in those publications, a similar curve was obtained stabilizing the temperature for 15 min before taking a point. After the small temperature overshoot clearly observed in the resistance, see Figure 3b, we measured the resistance vs. time at 390 K. The sample temperature reached a constant value in the region described by the dashed line in Figure 3b. In the inset we show the time dependence of the resistance in a semilogarithmic scale in the time region where the sample temperature remained constant at   T = 390   K, similar to that shown in the inset of Figure 3a.



After   ≃ 5   h at   T = 390   K, we started to cool down the sample and measured its temperature dependence before the resistance decreases below a certain value, in order to check whether the increase in the resistance with time remains at lower temperatures. The blue curve (2) in Figure 3b shows that the resistance was larger than the one measured at the first warming, shown by curve (1). Note that the resistance in curve (2) does not show any change in its slope at   T ∼ 350   K, in contrast to curve (1). After cooling it down to 30 K the resistance was again measured to 390 K with similar rate. The result is shown by curve (3) in Figure 3b. We note that this curve does not show any change in its slope around 350 K, indicating that the anomaly at this temperature measured in the virgin state vanished after the temperature cycle.



The results of this temperature cycle clearly indicate that the temperature annealing to 390 K for several hours was enough to wash out the transition at certain interfaces observed at ∼  350   K in the virgin state. This effect of the temperature hysteresis cycle is in qualitative agreement with the partial vanishing of the diamagnetic signal after increasing the temperature above ∼  400   K in a bulk HOPG sample [32]. All these results stress that the phase that is responsible for the step-like change in the resistance in the virgin curve is very sensitive to high-temperature annealing and care should be taken. This vanishing may provide an answer to the difficulties one has to observe and reproduce the transition in some specific samples.



We discuss now the characterization of the relaxation time of the decrease of the resistance at different temperatures at   T > 350    K. For this characterization, we took sample #3 and measured the decrease of its resistance at different constant temperatures in a sequential manner. This means that after ≃  100   min, and after a certain decrease in the resistance was measured, we increased the temperature and started again with the time measurement. Note that the sample did not start at the different selected temperatures in its virgin state. The reason for the selection of this sequential procedure is the large relaxation time necessary for a full recovery of the sample, as we discuss in the next section.



Figure 4 shows the time dependence of the resistance at different constant temperatures. The three continuous curves through the experimental data are fits to the equation   R  ( t )  =  A 1  ∗  e  − t /  τ 1    +  A 2  ∗  e  − t /  τ 2    + c  , where the prefactors, as well as the relaxation times, are parameters we obtain from the fits. The first relaxation term (subindex 1) represents a rather short relaxation term with a nearly temperature-independent relaxation time,    τ 1  ≃  ( 7 ± 2 )    min, with also a nearly constant prefactor,    A 1  ≃  ( 0.05 ± 0.02 )    m Ω . This first relaxation is mostly related to a transient related to the temperature stabilization after a temperature step. The second relaxation process shows temperature-dependent relaxation times. The relaxation time as well as the prefactor of this process decrease with temperature, see the inset of Figure 4.




3.3. Influence of Air Atmosphere: Recovery of the Resistance


The observed time relaxation of the resistance at high enough temperatures when one contacts the edges of the samples, indicate that certain diffusion processes at the interfaces play a role. In this section, we demonstrate that there is a recovery of the resistance when one leaves the sample in air at normal atmosphere after the high-temperature annealing. The results indicate that at least part of the relatively large decrease of the resistance at high temperatures can be recovered. Figure 5 shows four temperature cycles (each cycle means   ≃ 300   K   → 400   K   → 300   K) measured after the sample preparation, i.e., starting with the sample in the virgin state. The results are similar to those shown in Figure 2d. We note, however, that the resistance of the sample decreased by a factor of two after the temperature cycles, in contrast to the few percent decrease observed when the maximum temperature of each cycle remains below 390 K; compare the results in Figure 2d with those in Figure 5.



After we reached 290 K, at the end of the fourth temperature cycle starting with the sample in the virgin state, we took the sample out of the minicryo and left it at that temperature in air for two days. Afterwards, we measured its resistance and its temperature dependence within one temperature cycle. The result is the blue curve in Figure 5. We note that the initial resistance at 290 K was clearly higher than just after finishing the previous four cycles. The single temperature cycle measured for the sample, see blue curve in Figure 5, demonstrates the reversibility of the whole annealing process and suggests that the resistance might be fully recovered after a long period of time at normal conditions.





4. Discussion


Time-dependent effects in the resistance were reported in studies of graphene. For example, in [34], net charge density during air exposure leads to similar time dependence as described in this work. The interaction between O   2  /H   2  O redox couples and graphene has been proposed [35] as a possible origin, which leads to electrochemical p-doping [36].



Carbon nanotubes in humid atmosphere also showed time-dependent changes in the electrical resistance [37]. After the injection of water vapor onto a carbon nanotube sample measured in vacuum, the conductance decreases with small volumes of water. However, it increases again after injecting larger amount of water vapor. The authors assumed that water molecules can be absorbed on the surface and act as electron donors to the initially p-type semiconducting nanotube surface [37]. Thereby, until the compensation point is reached, the resistance will increase because the available free carriers will cancel each other out. Injecting even more water has the opposite effect: the additional free electrons do not get compensated anymore, and thereby the amount of free carriers increases. The time constant for this diffusion process is similar to those measured here in bulk graphite. Additionally, it was shown that the diffusion process of water into the sample can be inverted by heating the sample in vacuum, which is the situation in our experiments. The authors of [37,38] showed a variety of responses to NH   3  , NO   2  , CO   2  , N   2  , and air atmosphere in nanotubes. Because the effects of the atmosphere in graphene and carbon nanotubes are comparable, it suggests that water vapor alone can lead to n-doping, while water in combination with oxygen can lead to p-doping, thereby increasing the importance of the atmospheric humidity even more.



Another group of carbon-based materials, where related effects were measured, are carbonaceous powders. For example, in [4], the resistance of those materials was shown to be strongly dependent on the oxygen concentration at the surface. The closely related structure of graphite, carbon nanotubes, and graphene, and the similarity in the observed time dependence of the resistance, strongly suggest a similar origin and provides a possible explanation for the measured behavior in Figure 3, Figure 4 and Figure 5. Therefore, we may assume that the origin of the observed changes in the resistance of bulk graphite is related to the diffusion of hydrogen, water, or oxygen molecules. Because no such annealing effects were measured when the contacts electrodes were located at the top of the selected bulk sample (see  Figure 2c), the diffusion processes should happen mainly within the stacking faults, observed when the electrodes were located at the sample edge (see Figure 2d). Whatever the detailed origin for the observed large changes in the resistance at high enough temperatures, our results indicate that the superconducting properties of the interfaces can vanish after annealing.




5. Conclusions


Two effects related to the existence of stacking faults in bulk graphite samples were measured. The first effect is a further, clear proof of the importance of these interfaces in the temperature dependence of the resistance: By contacting the sample on the top sample surface, parallel to the   a , b  -plane and graphene layers, the influence of the interfaces is substantially diminished. This lead to a semiconducting-like behavior, which is the expected intrinsic one of ideal graphite. Afterwards, enlarging the same electrodes on the same sample to contact its edge leads to significant changes. Not only does the absolute resistance drop by a factor of four, but also the temperature dependence turned to metallic-like.



The second effect is related to the influence of temperature annealing and of the atmosphere on the transport properties of bulk graphite: When bulk graphite samples are prepared under standard atmosphere and measured in vacuum or low-pressure helium atmosphere, the sample undergoes significant non-monotonous changes, when it is heated to temperatures above 350 K over time spans of one to several hours. In a first stage, the resistance increases with time with a relaxation time of ∼20 min at 390 K. This first annealing effect already changes the temperature dependence of the sample resistance, in particular, the change of the slope of the resistance vs. temperature at ∼350 K and ∼370 K did vanish. Additionally, the resistance decreases exponentially with a temperature dependent time constant of several hours. This decrease in resistance is partially reversible when leaving the sample at normal conditions for several days.



By measuring and quantifying these two effects, the study done in this work emphasizes the importance of the atmosphere, the measuring time, and temperature when it is above 350 K, and the electrode positions on the resistance of bulk graphite samples with stacking faults. It appears compulsory for every researcher in this field to take care of the here observed changes. Disregarding the reported influence can result in unexpected large changes in resistance with a large impact on the sample transport parameters and can be a source of irreproducible results.
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	XRD
	X-ray diffraction



	TEM
	transmission electron microscopy



	HOPG
	highly oriented pyrolytic graphite



	AC LR700
	Alternating Current Linear Research 700



	2D
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Figure 1. Scanning electron microscope image of the edge of a bulk HOPG sample where one can recognize interfaces. The   c −  axis of the graphite structure is normal to the graphene layers and the stacking faults or interfaces. 
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Figure 2. The upper pictures show sketches that describe the electrodes positions prepared on the same HOPG sample #1: (a) sample with top contacts and (b) top and side contacts. Panels (c,d) show the respective temperature dependence of the resistance obtained with the electrodes shown in the upper pictures. The labels indicate the sequential measurement step (1 or 2) and if it was measured by warming (Up) or cooling (Down). The measurements were done in the minicryo with a heating rate of 0.4 K/min and passive cooling with a maximum cooling rate of 0.4 K/min. 
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Figure 3. (a) Resistance of sample #2 as a function of the time (black curve, left   y −  axis) and the temperature measured by the thermometer in the He-flow cryostat (red curve, right   y −  axis) in double linear scale. The sample site edge was contacted. The inset shows the resistance vs. time in semilogarithmic scale. The time region depicted by the arrow indicates the period where the temperature of the sample remained constant. (b) Measured resistance of the same bulk sample in the virgin, non-annealed state, during heating (1), cooling afterwards (2), and a following second heating (3). Both heating and cooling rates were 5 K/min. The inset shows the change of the resistance with time measured in the region depicted by the dashed arrow in the main panel. 
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Figure 4. Change of the resistance with time at different constant temperatures of a natural graphite sample (  # 2  ) measured in the minicryo. Each of the experimental curves at a fixed temperature was obtained during 100 min. The sample temperatures were magenta (360.3 K), red (365.5 K), orange (369.5 K), yellow (373.3 K), green (377.2 K), light blue (381.0 K), dark blue (384.6 K), purple (387.5 K), and black (390.9 K). The three continuous lines are fits to two exponential time decay terms (see main text). The inset shows the respective temperature dependence of   τ 2   (black points, left   y −  axis) and the prefactor   A 2   (red points, right   y −  axis). 
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Figure 5. Two independent measurements of the same HOPG sample #3 in the minicryo. The orange curve shows the temperature-dependent cycles of the sample starting just after the sample preparation in the virgin state. At the starting point of the cycles, the resistance at 300 K of this sample was 12.1 m Ω  decreasing to 6.2 m Ω  at the end of cycles at the same temperature. Afterwards, the sample was left for two days in air at normal conditions. After this time, the resistance of the sample was measured again with one temperature cycle as show by the blue curve. 
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Table 1. Origin and dimensions of the measured samples. HOPG: Highly oriented pyrolytic graphite. Further characteristics of the internal structure of the HOPG sample, in particular TEM images, were reported in [7,8,26,29] and of the natural graphite sample in [9].
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	Sample
	Origin
	Dimensions (mm    3   )





	#1
	HOPG-Advanced Ceramics
	4.63 × 1.3 × 0.47



	#2
	Natural Graphite-Sri Lanka
	3.2 × 0.5 × 0.14



	#3
	HOPG-Advanced Ceramics
	4.4 × 1.28 × 0.35
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