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Abstract 

Single crystal diamond particles were heated with liquid phase alkali metals (Li, Na, K) in an argon atmosphere.  It 

was found that Li reacts with the diamond above 600 oC, Na makes the surface rougher on a nm scale at 800 oC, and 

K did not change the surface morphology.  The etching speed by the reaction with Li is the fastest on the (001) 

surface.  Photoluminescence of the NV− (negatively charged nitrogen-vacancy) center decreased only after the 

annealing with K.  DFT calculations explained the strong chemical interaction between Li and the diamond (001) 

surfaces, and upward band bending at the interfaces with Na and K.  The behavior of the NV −  center 

photoluminescence is consistent with the extent of band bending. 
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１．Introduction 

  Reactions and electronic interactions between diamond surfaces and metals are important in the application of 

the diamond as mechanical tools, and in thermal, electronic and quantum devices[1–4]. Stable bonding of diamond 

particles with metals via interface carbides are critical to fabricating machining tools[5,6].  The very high thermal 

conductivity of the diamond [2,6,7], which reaches maximum of 410W/cm K at 104 K when isotopically enriched, 

but theoretically higher is expected [2], has attracted research efforts on its composites with high thermal-conductivity 

metals and oxides [8–11].  Ohmic contacts, Schottky barrier formation and surface charge accumulations play 

essential roles in the electronics application of the diamond in power devices[3,12–17] and radiation sensors[18–20].  

Quantum devices using nitrogen-vacancy (NV) centers are intensively studied as a candidate for a quantum bit and 

in extremely sensitive magnetic, thermal, and chemical sensors[21–25].  Controlling the charge states of the NV-

centers by surface modification is important, and various methods have been reported[26–35].  The catalytic 

functions and chemical solubility of metals at the diamond interfaces can also be used for the precise machining of 

diamonds[36-40].  Since the diamond is chemically strong in reducing environments, there are many attempts to 

use it in rechargeable batteries using alkali metals, especially lithium[41,42].  It is important to examine the 

reactivity of diamond with alkali metals at elevated temperatures.   

  However, the interaction of diamond with alkali metals has not been studied in detail to the best of the authors' 

knowledge.   In this study, we experimentally evaluated the interaction between diamond and molten alkali metals 

(Li, Na, K) at elevated temperatures (500 - 800 oC) by heating alkali metals and diamond crystals in argon-filled 

niobium tubes.   The surface morphology after the interaction was studied in detail.  The photoluminescence of 

the NV centers was used as a probe of their charge states, which indicates the electronic interactions during the alkali 

metal annealing.   Based on density functional theory (DFT) calculations, we confirmed that the observed 

interactions, including the strong reactivity of Li and electron extracting tendency from a NV− center, can be 

reasonably explained.  

 

2.Experiment 
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   The reaction tube used in the experiments is shown in Fig. 1(a).  The sample was prepared in a glove box under 

an Ar atmosphere (<50ppm H2O).  Li (Kanto Chemical, 99%), Na (Sigma-Aldrich 99.8%), and K (Sigma-Aldrich 

98%) were cut to the appropriate size (> 0.3 cm3) and washed in hexane in the glove box.  The diamond was HPHT 

(high pressure high temperature) -synthesized particles (diameter ~300 µm) which contained nitrogen as an impurity, 

which was purchased from Global Diamond Co., Ltd., Tokyo, Japan.  The diamond particles were single crystals 

and their low-index faces can be recognized using a low magnification optical microscope (Fig.1(b)).  The density 

of the nitrogen impurities of the diamond particles was evaluated by microfocus SIMS (Isotope Microscope, 

Hokkaido University) using an HPHT single crystal (SumiCrystal, Sumitomo Electric Industries) as a reference.  It 

was found to be in the range of 30 - 60 ppm.  

  A Nb tube (Nilaco, 99.9%) with an inner diameter of 5mm was welded at one side in advance and washed with 

acetone.  Since we found that the photoluminescence of the NV centers was dependent on the particles and the 

positions in each particle, we chose one piece of the diamond particle with well-developed crystal surfaces for each 

experiment.  It was thoroughly characterized as described below and then put in the Nb tube along with an excess 

alkali metal chunk.  The end of the Nb tube was then pressed flat and welded for vacuum tight sealing.  All the 

above processes were done in the Ar glove box.  In order to prevent oxidation of the Nb capsule, it was put in a 

quartz ampoule, and sealed in a rotary-pump-vacuum by a hydrogen-oxygen flame.  We prepared 4 types of 

samples, i.e., diamond particles processed with Li, Na, K, and without any alkali metal (vacuum-sealed in the 

quartz ampoule). 

  The samples in the quartz ampoule were heated at 800 oC for 24 hours.  For Li, which reacted with the diamond, 

lower temperatures and shorter periods were employed as described in the next section.  After the heating, the quartz 

ampoules and Nb capsules were opened in the glove box, and the diamond particles were washed with ethanol and 

then water.  A laser microscope (Keyence VK-8170) and a Raman microscope (Renishaw inVia Reflex AP, 532 nm 

excitation) were used for the characterization of the surface morphology and photoluminescence of the NV0 and  

NV− centers.  It is noted that the boiling points of Li, Na, K are 1330 oC, 882.8 oC and 758.8 oC, respectively.  

Considering the amount of alkali metals (~30% of the Nb capsule), the vaporization molar ratio at 800 oC (less than 
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1/1000 even for K) and the experimental geometry, the diamond particles were immersed in the alkali metals in the 

liquid phase. 

   We measured the X-ray Photoelectron Spectra (XPS) of the diamond grains with and without the Na and K 

annealing (800 oC, 24h) treatments.  The samples were attached to an indium foil by mechanically pressing against 

the foil by holding their sides.  A JEOL JPS-9200 spectrometer with Mg K X-rays and 0.2 mm spot size was used 

for the measurement.  

 

   The interface structures and electronic structures were calculated using the DFT package VASP[43].  PBE 

functional[44] and ultrasoft pseudopotential [45,46] were used with the augmented plane wave method.   The initial 

structure for the optimization was created considering the bulk lattice constants of the Li, Na, and K.  3ൈ3ൈ4 unit 

cells of the diamond with 4 layers of alkali metal atoms on both sides were employed.  The lattices of the alkali 

metals of the initial structures were from a 10.4% compression to 2.4% expansion in comparison to the bulk density.  

We tried several starting structures of the alkali metals (lattice orientation and symmetry), and the final structure was 

almost the same after the energy optimization.  10 Å of vacuum was placed between the slab (alkali metal - diamond 

- alkali metal).  The structure was optimized to make the force below 50 meV/Å.  4ൈ4ൈ1 k-point grids were used 

for the electronic calculations.  The local density of states (LDOS) of each atomic layer was extracted from the 

VASP results using the python libraries of the "Materials Project"[47]. 

 

3. Results 

3.1 Chemical reactivity of diamond and alkali metals 

   Figure 2 shows the laser microscopy images of the same diamond microcrystals before (a, c, e) and after (b, d, f) 

annealing with the alkali metals.  The temperature and time were 650 oC and 20min for Li (Figs.2b), and 800 oC 

and 24 h for Na (Figs. 2 d) and K (Figs. 2 f), respectively.  Substantial etching was observed for the Li and a 

hexagonal-triangular etch pattern was evident.  When the diamond and Li were heated at higher temperatures or a 

longer time, the diamond crystal disappeared.  For Na, the images show a slight difference; Fig. 2d shows brighter 
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lines than Fig. 2c.  This difference is evidenced by the 3D roughness evaluation using the laser microscope by an 

automatic focal position distribution measurement (root-mean-square roughness 5.0 nm vs 8.5 nm for Figs.2 c and d, 

respectively).  K did not show this difference in the image and showed no change in the surface roughness.  This 

result indicated that the reactivity of Li, Na, and K with the diamond decreases in this order.  The etch rate of 

diamond with Li, Na, and K is >> 105 nm/day, a few nm/day (difference in the roughness of Figs.2c and d), and << 

1nm/day at 800 oC, resepectively. 

   We next examined the etching behavior of Li in detail.  Figure 2b shows the characteristic structure with 120o 

rotated edges.  It seems that the (111) surface remained.  We obtained 3D surface images using the laser 

microscope and created virtual cross sections.  Their typical images are shown in Fig. 3.  The right panel of Fig. 3 

shows the characteristic angles of 35o and 70o, which were frequently observed.  These angles correspond to those 

between {111} and {110} (35.26o), and between {111} and {111ത} (70.52o), respectively.  Other angles, such as 90o 

(the angle between {100} and {010}), 54.73o ({111} and {100}) or 45o ({110} and {100}) were not observed.  This 

result indicated that the etching speed of the {100} surface by Li is much higher than those of the {111} or {110} 

surfaces.   

  For application in lithium ion batteries, it is important to determine the temperature at which the etching starts.  

We examined the temperature using the following procedure:  The Nb tube containing the Li-diamond mixture was 

first heated to 350oC.  The temperature was then ramped to the target temperature (T) in 3 hours at a constant 

increasing rate, and it was maintained at T for 20 min, then cooled by turning off the furnace.  The results are shown 

in Fig. 4.  The T=550 oC (not shown) did not make a noticeable change in the morphology.  At T =600oC (Figs.4 

ab), the etching started where the surface was not flat, but the flat region did not significantly change.  At T =625oC 

(Figs.4cd), the etching seemed to occur even on the flat surface.  Since the etching involves nucleation of the etching 

sites, it is difficult to quantitatively identify the threshold temperature and the involved parameters from the 

experiment.  Practically, we concluded that 600oC is the temperature when the etching start in the time scale of tens 

of minutes. 

   The etching of a diamond surface has been studied regarding the catalytic oxidation with a Ni film[36], at the 
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melt interfaces with KNO3[40] or in an aqueous solution (KCl + KOH)[48] but no reports are found about the 

reducing conditions.  We noted that the etching reaction by Li occurs at a much lower temperature compared to that 

by oxidation or by dissolution in lanthanoid metals[49]. 

 

3.2 Change in NV center charges 

   Figure 5 shows the photoluminescence of the NV centers measured with a 532nm excitation. The graphs illustrate 

the typical data of (a) vacuum annealing at 800 oC for 24 hours, (b)Li treatment at 500 oC for 24 hours (no significant 

etching), (c) Na and (d) K treatments at 800 oC for 24 hours.  The insets depict the NV− peaks after subtracting the 

broad background due to phonon-involved fluorescence and normalizing by the peak area around 573 nm (diamond 

Raman and NV0, see below).  We noticed that the fluorescence intensity was dependent on the diamond 

microcrystals and the positions of each microcrystal, thus we measured the same positions under ൈ50 objective lens 

before and after the annealing treatment.  Six ~ 12 samplings were employed and the results were statistically 

analyzed.   

   We noted that almost no changes were observed in the cases of vacuum annealing and the Li and Na treatments 

(Figs.5a-c).  The change in the normalized intensity of NV− (as shown in the insets) was negligible, which was 

less than ±20% for all of the measured samples and positions.  After the K treatment, however, a broad feature 

around 620 nm appeared and the NV−zero-phonon fluorescence (637nm, denoted as NV− in Fig. 5d) decreased (by 

-52% in statistical average).  The Raman signal of diamond (1333cm-1, 573 nm) coincides with the zero-phonon 

fluorescence of NV0 (575 nm).  A broad feature around 620nm (centered at 650 nm) has been assigned as phonon-

involved fluorescence from NV0 (denoted as NV0' in Fig.5d) in the literature[29,50].   The increase in NV0' 

associated with the decrease in NV− is reasonably explained by the change in the charge state.  It is contradictory 

to the fact that K has the lowest electronegativity among the three alkali elements and is a strongly electron-donating 

agent in chemistry.  This point will be clarified in the next section with the aid of DFT calculations. 

   We admit that the difference shown in Fig.5d is not high and there might be other explanations.  Especially, the 

position of the feature at 620 nm coincides with the second order Raman of diamond (2664 cm-1)[51].   However, 
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the shape and relative intensity of the peak are not identical to that of the reported second order Raman.  It is difficult 

to regard this feature as other carbon-related Raman or fluorescence because the G-band (1500-1600cm-1, 

corresponding to 578-581nm) is not observed.   It is desirable if an optically-detected magnetic resonance 

measurement can be performed before and after the alkali-metal treatments, but we found that the sample alignment 

to both the microwave and the laser was very severe for the 300m grain-shaped samples.  Therefore, we present 

the experimental results with one plausible explanation (change in NV0/NV- ratio) as stated in this section. 

 

3.3 Surface analysis by XPS 

   Figure 6 shows the XP spectra of C1s and O1s as non-treated and after annealing with Na and K.  We confirmed 

that the macroscopic surface charging effect during the XPS was not severe by using a neutralization gun.  It is 

noted that the non-treated and K-annealed samples show a similar peak position of C1s (binding energy (EB) ~ 288 

eV), which is characteristic of a single crystal diamond showing a microscopic charging effect [52].  The Na-treated 

sample shows the C1s peak with lower EB (285~287 eV) with broadening.  It indicated that the carbon at the surface 

partially changed its chemical or electrical nature, which resembles amorphization[53].   O1s shows a similar 

lowering of the peak EB only for the Na-annealed samples.   The O/C peak area ratios were 0.59, 0.44, and 0.37 for 

the non-treated, Na-annealed, and K-annealed samples, respectively. 

 

4. Discussion 

   The reaction of alkali metals with a diamond surface has not been systematically studied to the best of the authors' 

knowledge.  Only Li2C2 is known as an alkali metal carbide[54].  We found the comparison of the formation energy 

for Li2C2 and hypothetical Na2C2 and K2C2 by DFT calculations from the alkali metals and graphite, which gives the 

values of 0.015eV, 0.241 eV, and 0.250 eV, respectively[47].  The formation energy of diamond from graphite is 

0.136 eV[55], and by subtraction of this value, the reaction energy of Li, Na and K with the diamond yields -0.121 

eV, +0.105eV and +0.114 eV, respectively.  It reasonably accounts for the reactivity of Li, Na, and K with the 

diamond surface.   
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   We performed DFT calculations of the alkali metal / diamond (100) interface to elucidate the nature of the strange 

behavior of the charge states of the NV center.  We have calculated 4 atom layers of alkali metals (Li, Na, K) on a 

diamond 4 atomic layer-thick (100) slab, which is half of the symmetric unit of the calculation.  The structure was 

optimized starting from various initial arrangements.  We then calculated the electronic structure.  We found that 

the optimized structure converged to a structure specific to each alkali metal.  They are shown in Fig. 7. It is noted 

that Li atoms at the interface are located much closer to the diamond surface than the Na and K, and two layers (Li3 

and Li4) are at the same height.  This feature specific to Li is probably related to the strong chemical interaction 

between the Li and carbon atoms. 

   The local density of states (LDOS) of the atomic layers are presented in Fig. 8 to examine the electronic structure 

at the interfaces. The Fermi levels are located at E = 0. The numbers of atomic layers are indicated in Fig. 7.  The 

LDOSs of the alkali metal layers far from the interface (Li1, Na1, Na2, K1 and K2) are almost identical to the second 

layer from the interface (Li2, Na3 and K3, respectively); they are not shown in Fig. 8.  This result indicated that the 

thickness of the alkali metal layers was sufficient to take the bulk of the alkali metals into account. 

   It is easily noticed that the Li interface gives distinctly different LDOS features from those of the interfaces with 

Na and K.  This indicated the strong chemical interaction between Li and the diamond surface.  The diamond 

interfaces with Na and K have similar features. C1 shows hybridized states near the Fermi level (E= -0.5~+0.5 eV) 

and these gap states decay as the distance from the interface increases.  This is typical for the metal-induced gap 

states at insulator surfaces[56].   The valence band features (E= -4.0 ~ -1.5eV) are shifted to the shallower side 

(positive E) at the interface (C1 and C2).  We noted that the energy of the s bands of the alkali metals becomes 

shallower in the order of Li < Na < K, corresponding to the electronegativity of these elements.  It is then reasonable 

that the hybridized levels of the carbon and alkali metals become shallower in this order.  Almost no DOS of the 4s 

electrons are found for K below E = -2eV, where the main valence states of diamond are located.  It is consistent 

with the weak chemical interaction of K with diamond, and the stronger upward band bending at the K interface 

shown below.    

    The band bending can be estimated by DFT calculations without explicitly considering the dopants by watching 
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the shift in the valence states near the interface[57].  Without shallow dopant atoms, the length of the band bending 

region becomes infinitely long, and the bending energy can be obtained by comparing the LDOS features of the bulk 

semiconductor and that of the interface with the metal.  The shift of the valence bands of diamond is evidenced in 

Fig. 9, in which the fourth layer carbon (C4) LDOS is plotted for (a) pure diamond(100) (vacuum interface), (b) 

Na/diamond(100), and (c) K/diamond(100) . In Fig.8(a), the LDOS is shifted to align the Fermi level, which should 

be located at the center of the band gap in the bulk.  The upward shift (band bending) of the valence band of diamond 

at the Na interface is ~ 1.0eV and that of K is ~1.2 eV.   

   It is reported that the hydrogen termination of diamond reduces the negative charge of the NV centers (NV0 

increases while NV- decreases)[30], while fluorine termination increases it [25,58]. This is explained by a band 

bending model in which the NV− and NV0 levels are located at 2.9eV[30,49] (or 2.0 eV[25,58]) and 1.2 eV[25,58] 

higher than the valence band maximum, respectively.   When the surface band bending occurs to the shallower side 

(H-termination), the electronic level of the NV− center becomes higher than the Fermi level and the negative charge 

is lost.  The surface band bending occurs at the deeper side (F-termination), the NV− center level becomes below 

the Fermi level and the negative charge is gained.  In the present case, upward band bending occurs in the Na and 

K, and the threshold for losing an electron of NV− is presumably passed only in the case of K, which produces a 

stronger band bending.  If we assume that the NV− level is 2.9eV[30,50] above the valence band maximum (VBM) 

and that the Fermi level is at half of the NV− level and VBM, the threshold band bending for the charge of NV− to 

escape is 1.45eV.  This is close to the calculated band bending of 1.0 eV (Na) and 1.2eV (K), and the difference of 

0.2eV between Na and K can affect the results at elevated temperatures.    

 Another point to mention is the probing depth of fluorescence (~1m in the present case) and the depth of the band 

bending region.  Although the band bending length can be estimated from the dopant concentration (~100nm in this 

case), it becomes greater if the co-dopants or defects can act as charge compensators.  We speculate that the 

statistical deviation in the NV− decrease by the K-treatment is related to the spatial distribution of the NV centers 

and other dopants.  

   Another important factor is the difference in the surface composition detected by XPS. The XPS results are 
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summarized as follows:  (i) The chemical / electrical nature of the surface carbon atoms changes from pure diamond 

after the Na-annealing.  (ii) The amount of the surface O-atoms becomes lower after the K-annealing (from 0.55 to 

0.37 as O1s/C1s peak ratio), which suggests that the surface O-termination is partially replaced by H-termination.  

The latter is consistent with the report that H-termination reduces the NV- ratio[25,29,30,35], and it may provide 

another explanation of the diminished NV- fluorescent signal observed in the present experiment.  Since the ethanol-

water treatment to remove alkali metals after the annealing is a very complicated process, it is difficult to clarify its 

atomistic details.  However, the clear difference between the Na and K-treatment effects in the XPS observation is 

surely related to the electronic interaction at the diamond-alkali metal interfaces revealed by the DFT calculations.   

   Finally, we compared our results with previous theoretical studies.  Alkali metal (co-)absorption on a diamond 

surface with a monolayer thickness has been computationally studied [59,60].  It is noted that the Li monolayer 

adsorption gives the greatest negative electron affinity among the alkali metals.  The difference between the 

monolayer adsorption and the bulk metal interface is mainly due to the existence of free electrons in the bulk metals.   

 

5. Conclusions 

   We studied the interaction of diamond and Li, Na, and K liquids in an inert Ar atmosphere at high temperature.  

Significant etching by Li occurred at 600oC or higher temperatures.  Na induced a nm-thick surface roughness by 

heating at 800oC for 24h.  K did not induce any morphological change on the diamond surface.  Photoluminescence 

measurements of the NV centers showed a decrease in the negatively charged NV− compared to the neutral NV0 

only in the case of annealing with K.  DFT calculations revealed upward band bending at the Na and K interfaces, 

and the bending is greater at the K interfaces.  This result reasonably explains the behavior of the NV− charge by 

annealing with K. 
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Figure captions 

Fig.1: Sample preparation.  (a) A picture and description of the reaction vessel.  (b) Crystalline diamond particles.  

 

Fig.2: Laser microscope image of diamond grains before (a,c,e) and after (b,d,f) the molten alkali metal treatment. b: 

Li, 650oC, 20min.; d: Na, 800oC, 24h; f: K, 800oC, 24h.  a and b, c and d, and e and f show the same particles, 

respectively.    

 

Fig.3: Surface morphology analysis of diamond surface etched by Li melt treatment. Left panel: A laser microscope 

image. Right panel: Cross section plots along A-B and C-D lines in the image.   

 

Fig. 4: Optical microscope images of before and after the annealing with lithium for 20 min.  At 600oC, flat region 

(a) only showed etching from the edges and from dimples.  Regions with imperfections (b) showed substantial 

etching.  At 625oC, etching of the flat region started to occur(c).  Regions with imperfections (d) showed more 

etching.   

 

Fig.5: Photoluminescence before and after the heat treatment in a vacuum(a), with Li(b), Na(c) and K(d).  Insets 

show the NV- peaks after subtracting the broad background due to phonon-involved fluorescence and normalization 

by the peak around 573 nm (diamond Raman and NV0).  

 

Fig.6: XPS (a)C1s and (b)O1s of the diamond crystalline particles without treatment and after annealing with Na 

and K at 800oC for 24h. 

 

Fig.7: Optimized structures of alkali metal / diamond interfaces by DFT calculations. 

 

Fig.8: Atomic-layer decomposed local density of states (LDOS) of alkali metal / diamond interfaces. Labels for the 

atoms are shown in Fig. 7. 
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Fig.9: Valence band LDOS at the 4th layer carbon (C4).  (a) Interface with vacuum (used as reference of pristine 

diamond), (b) Interface with Na, (c) Interface with K.  (a) is shifted to align the Fermi level with those of (b) and 

(c). 
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