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Abstract7

Recently static pressures of more than 1.0 TPa have been reported, which raises the 8

question: what is the maximum static pressure that can be achieved using diamond anvil cell 9

techniques? Here we compile culet diameters, bevel diameters, bevel angles, and reported 10

pressures from the literature. We fit these data and find an expression that describes the 11

maximum pressure as a function of culet diameter. An extrapolation of our fit reveals that a 12

culet diameter of 1 µm should achieve a pressure of ~1.8 TPa. Additionally, for pressure 13

generation of ~400 GPa with a single beveled diamond anvil the most commonly reported 14

parameters are a culet diameter of ~20 µm, a bevel angle of 8.5o, and a bevel diameter to culet 15

diameter ratio between 14-18. Our analysis shows that routinely generating pressures more 16

than ~300 GPa likely requires diamond anvil geometries that are fundamentally different from a 17

beveled or double beveled anvil (e.g. toroidal or double stage anvils), and culet diameters that 18

are ≤ 20 µm.19

Introduction20

The diamond anvil cell (DAC) is the only device capable of routinely generating static 21

pressures more than 100 GPa. This relatively simple device has become the primary tool for 22

high-pressure research in the areas of physics, earth and planetary sciences, chemistry, and 23

materials sciences. For reviews on the history, basic design, and principles of operation of this 24

remarkable and widely used high-pressure device we refer readers to several review articles 1-6. 25

While the types of cells have changed throughout the years the basic principle of the DAC is 26

simple. A sample is mounted in a gasket that is held between two opposed diamonds with flat 27

surfaces and the pressure on the sample increases when a force pushes the anvils together.28

Figure 1 shows the basic parameters of various diamond anvil designs that are commonly used 29

by the community, and consequently these types of anvils were used in this study. Since 30

diamonds are transparent to a large portion of the electromagnetic spectrum many analytical 31

techniques can be employed to probe samples held at static high-pressures. DACs can be 32

heated using external or laser heating techniques, allowing experimental access to pressure and 33

temperature phase space that was previously only accessible with shock techniques.34

The maximum force that can be applied to the diamonds has an upper limit that 35

depends on cell design and how the force is applied (e.g. screws, screws with belleville washers, 36

membrane, etc.). To reach very high-pressures the area over which the force is applied is 37

typically decreased and beveled or double beveled anvils are used. Experiments 7-9 and finite 38

element analysis of different single-crystal diamond anvil designs 10-13 have contributed to the 39

optimization of beveled and double-beveled diamond anvils for generation of pressures up to 40
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~400 GPa 14-22. However, static pressures of more than 400 GPa using a DAC equipped with 41

single-crystal beveled or double beveled diamond anvils are less common in the literature 12,23-42
28, and the pressure reported in many of these studies is still debated 29-35.43

Recently, static pressures as high as 1.0 TPa have been reported using double stage DAC 44

(ds-DAC) 36-38 techniques where the second stage anvils are made of nanocrystalline diamond 45

(NCD) and pressures as high as ~600 GPa were reported using single-crystal toroidal DAC (t-46

DAC) 39,40 techniques. There seems to be two paths forward to achieving pressures greater than 47

400 GPa, the use of a nanocrystalline diamond in a ds-DAC configuration, and focused ion beam 48

(FIB) milled toroidal diamond anvils. These intriguing results suggest that reaching pressures 49

greater than 400 GPa cannot be achieved by simply decreasing the culet diameter to <20 µm50

and retaining a standard beveled or double beveled geometry. Here, we conduct a systematic 51

literature survey looking at various diamond anvil parameters and maximum reported 52

pressures to constrain the pressure limits of diamond anvils of a given culet diameter.53

Methods54

A literature survey was conducted 8,12,14-20,22-28,32,36,37,39-174, and articles that reported 55

using diamond anvil cell techniques to generate static high-pressure ranging from the late 56

1970’s to present were used in this study. Only gasketed diamond anvil experiments with 57

diamond anvils mounted in an opposed configuration with matching culet diameters, and in-58

situ pressure determination were used in this analysis. Studies prior to 1985 are numerous, but 59

the details of the diamond anvils are frequently not reported. 60

We compiled a dataset consisting of culet diameter, bevel diameter, bevel angle and 61

maximum reported pressure. The bevel angle and bevel diameter were the most common 62

parameters that were not reported. We acknowledge that this analysis is not exhaustive. 63

However, it would be unfeasible to conduct a comprehensive literature survey of every 64

diamond anvil cell experiment. Thus, we compiled a dataset large enough to be statistically 65

significant that includes studies from multiple fields (e.g. physics, earth sciences, chemistry, and 66

materials sciences). 67

We note that not every experiment reported resulted in the failure of the diamond 68

anvils. This is certainly true in the lower pressure regime (e.g. < 50 GPa) where diamond anvils 69

are often used for multiple experiments. Hence, this analysis likely underestimates the 70

maximum pressure that can be generated by diamond anvils that have culets that are ≥ 400 µm 71

in diameter. We excluded studies that utilized Boehler-Almax anvils, round table anvils, 72

perforated anvils, diamond anvils used in double stage large volume presses 175, or multi-carat 73

CVD anvils optimized for neutron diffraction 176 in our analysis due to the vastly different 74

geometry of these anvils (e.g. different pavilion angles, and largely unsupported table, binding 75

ring support, confining pressure support) since they likely have a different culet diameter to 76

maximum pressure relationships. Several specific studies were also not included in this analysis 77

for the following reasons, (1) reported pressures were not measured using current community 78

accepted standards 12,23, (2) reported pressures are not supported by the yield strength of 79

single-crystal diamond 26,100, and (3) further optimization of the FIB microanvil technique is 80

required to understand the true potential of this configuration 177,178.81
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Discussion82

The maximum pressure that a diamond anvil can achieve is ultimately limited by the 83

failure of the anvils which is caused when shear stresses at the anvil tip are becoming too large 84
179. First-principles calculations of stress-strain curves for diamond under non-hydrostatic 85

tetragonal compression suggest that failure will occur when the shear stresses on the anvil tip 86

exceed ~100 GPa 180,181. Diamond anvils typically fail below this theoretical limit due to internal 87

defects, impurities, or inclusions which mechanically weaken the diamond anvil. Hence, anvils 88

are commonly selected for low birefringence (low internal strain) and low fluorescence (low 89

levels of impurities) to select the strongest diamond anvils. Failure of anvils along cleavage 90

planes is quite common and a change in diamond orientation with respect to the principal 91

stress axis should provide a greater resistance to failure by cleaving 182. Plotting the maximum 92

reported pressure as a function of publication year (Figure 2) reveals that pressures of more 93

than 400 GPa were first reported in the early 1990s. Interestingly, pressures of more than 400 94

GPa would not be reported again until 2009, and progress towards pressures over 500 GPa has 95

only been made relatively recently. Moreover, pressures over 500 GPa are being generated 96

using diamond anvil geometries that are different than a beveled or double beveled diamond 97

anvil.98

The pressure generating ability of a DAC depends on many factors. Perhaps the simplest 99

parameter to vary for achieving routinely higher pressures is the diameter of the culet, where 100

smaller culets allow for higher pressures to be reached. However, the achievable pressure that 101

a diamond anvil can achieve for a given culet diameter is not well constrained. It is generally 102

accepted that the maximum pressure a single-crystal beveled or double beveled diamond anvil 103

can achieve is around 400 GPa 22,24,25,27,28. Dunstan and Spain 4 suggest the following inverse 104

square relationship between culet diameter and maximum achievable pressure. 105

����[���] = 12.5�10�/(�(μ�)) (1)106

Where d=culet diameter, but the maximum pressure in experiments should be somewhat lower 107

than this, such as 0.8*Pmax. Ruoff et al. 24 reported that Pmax varies linearly with d-1/2, where 108

d=culet diameter, and based on a fit to 4 data points they find 109

����[���] = 1856�[μ�]��.�� (2)110

Figure 3 shows culet diameter plotted as a function of pressure. With our fit to the entire 111

dataset of 224 points we find 112

����[���] = 1727�[μ�]��.�� (3)113

which is close to the equation proposed by Ruoff et al. 24. There are some trends that are 114

immediately obvious, double beveled anvils do not show a large improvement over single 115

beveled anvils (with one exception 100), static pressures above ~420 GPa have only been 116

achieved using toroidal diamond anvils 39,40 and double-stage DAC techniques 36,37, and there is 117

a large range of pressures reported for each culet diameter. Our fit to all of the available data 118

predicts an achievable pressure of ~498 GPa for a 10 µm culet while an achievable pressure of 119

587 GPa is predicted for a 10 µm culet using the equation reported by Ruoff et al. 24. It should 120
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be noted that ds-DACs 36-38 and t-DACs 39,40 have been invented recently, and these data better 121

constrain the smaller culet diameter (higher pressure) end of the spectrum (Figure 3).122

The behavior of flat anvils is described reasonably well using the inverse square 123

relationship proposed by Dunstan and Spain 4 (Equation 1 and Figure 3). The maximum 124

pressure reported for flat anvils is 126 GPa 94 and they used 200 µm culets. It should be noted 125

that culets that are ≥ 400 µm appear to fall off the main trend (Figure 3). This is not surprising 126

since flat anvils that are ≥ 400 µm are not often used to their maximum achievable pressure. 127

Moreover, the physics of large flat anvils is different than flat anvils with smaller culets and 128

beveled and double beveled anvils. To generate high pressure large anvils require a large force, 129

which results in high pressures (3-5 GPa) occurring at the table of the anvil. These high 130

pressures can lead to plastic deformation of the backing plates/seats 5. Large anvils are used at 131

pressures well below their yield strength and can be considered as essentially rigid 132

undeformable blocks. Thus, the apparent difference in culet diameter as a function of 133

achievable pressure behavior of beveled and flat diamond anvils may be reflecting the different 134

physics of large and small culet diamond anvils. This difference may also be due to a bias 135

towards pressures that are lower than the achievable pressure for diamond anvils with ≥ 400 136

µm culets due to the type of experiments that are performed using large culet diamond anvils. 137

With respect to beveled anvils their behavior is best described by the equation reported 138

here and the equation reported by Ruoff et al. 24. It should be noted that double-beveled anvils 139

do not seem to offer a drastic improvement in achievable pressure over single-beveled anvils of 140

the same culet diameter, but rather only a minor enhancement if any. The maximum pressure 141

reported using beveled anvils is 560 GPa 100, however this pressure has not been reproduced by 142

other researchers. It is generally accepted that beveled anvils can achieve pressures of ~400 143

GPa24,25,27,28 but these pressures are not routinely achieved (See Figure 2). Studies that utilize 144

beveled anvils with culets that are < 20 µm in diameter are incredibly scarce. Akahama and 145

Kawamura 27 report pressures of 265 and 305 GPa using double-beveled anvils with 15 µm 146

culets, and interestingly they report pressures of 372, 375, and 408 GPa using larger diameter 147

culets, 30, 30, and 20 µm respectively. Dalladay-Simpson et al. 22 report pressures of 388 GPa 148

utilizing 15 µm diameter culets. It should be noted that the experiments of Dalladay-Simpson et 149

al. 22 were focused on the high-pressure behavior of hydrogen which is notoriously difficult to 150

work with and may explain the relatively low pressure that was achieved with these diamonds. 151

However, this may also be indicating that simply decreasing the culet size below 20 µm while 152

retaining the single or double-bevel geometry does not result in higher pressures. 153

Another parameter that was considered in diamond anvil optimization for ultra-high-154

pressures is the bevel diameter to flat culet diameter ratio. Originally this ratio was described 155

by Bell et al. 8 as A/B were B is the culet diameter and A is the bevel diameter. Mao et al. 183156

redefined the culet diameter as A and the bevel diameter as B, which would define the ratio as 157

B/A. To avoid confusion, we have simply named the culet diameter C and the bevel diameter B, 158

so the ratio is defined simply as B/C. The diamonds that Bell et al. 8 used in their experiments to 159

280 GPa had a slightly larger B/C ratio than the anvils used in the 172 GPa experiments 160

reported by Mao and Bell 92. This suggests that larger B/C ratios are needed to generate higher 161

pressures. With respect to double beveled anvils, we plotted the ratio of the 1st bevel diameter 162
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to central flat culet diameter. Figure 4 shows the B/C ratio plotted as a function of pressure. 163

The trend shows that as the B/C ratio of single beveled and double beveled anvils increases164

from 2-~16 the maximum pressure reported also increases. Interestingly, the two double 165

beveled data points at ~ 16.6 B/C are off the main trend. These points are from 27 and used 15 166

µm culets with 250 µm first bevel diameter at an 8o bevel angle. 167

Bevel angle was also considered during optimization of diamond anvils for very high-168

pressure work. As mentioned above, diamond anvils can fail when the shear stress on the anvil169

tip becomes too large. Another point of failure is contact of the edges of the culet due to 170

cupping of the diamond culet under load. Double cupping of the central flat culet and beveled 171

area was also predicted to occur above 300 GPa 13 and recently this has been observed 172

experimentally 28. The bevel reduces the high-stress concentration at the edge of the central 173

flat culet 10, and adding a second bevel should result in higher pressures while maintaining the 174

stability of the sample 11,12. We plotted bevel angle as a function of pressure (Figure 5) and they 175

range from as low as 3o to as high as 10o. Angles in the ~7-8.5 o are the most common with 8.5o176

bevels achieving the highest pressures. With respect to double beveled anvils we only plotted 177

the first bevel angle as a function of pressure. These results are not surprising considering that 178

bevel angles that are ≥ 10o produce too sharp of a pressure distribution 7 and angles between 6-179

9o are typically accepted as optimal 5,7. It should be noted that the two lowest pressure double 180

beveled data points at 8o were from experiments that used 15 µm diameter culets 27 and are off 181

the main trend.182

Conclusions183

There is a tradeoff between using an anvil geometry that maximizes the pressure on the 184

sample and one that maximizes the stability of the sample. A small culet with a large bevel 185

angle would increase the maximum achievable pressure at the expense of sample stability 184. 186

Thus, diamond anvil geometries that increases the achievable pressure (e.g. small culets ≤20187

µm) without sacrificing sample stability will need to be developed. This likely explains why 188

toroidal anvils and double stage anvils seem to be capable of achieving pressures higher than 189

400 GPa while containing a sample. The toroidal anvils utilize culets that are ≤20 µm and have a 190

vastly different geometry than a standard beveled or double-beveled diamond anvil.191

Static pressures of more than 1.0 TPa have been reported 38, and these were achieved 192

using a ds-DAC with a culet of ~4 µm. It should be noted that this “culet” or “contact patch” size 193

is an estimate, and at this end of the spectrum small changes in culet diameter result in very 194

large changes in achievable pressure. To echo Ruoff et al. 24 extrapolation is a dangerous 195

enterprise at best. Nonetheless, an extrapolation of our fit to these literature data suggests that 196

pressures of ~1.8 TPa could be achieved if you could maintain the alignment of a ~1 µm 197

culet/contact patch between two diamond anvils. Culets this small are also about the same size 198

or smaller than the current synchrotron micro-focus X-ray beams full width at half maximum 199

(FWHM), but they are considerably smaller than the tail of these micro-focus X-ray beams. 200

Thus, accurate pressure determination of a 1 µm culet diamond anvil would be challenging at 201

best. 202
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The yield strength of diamond should also be considered when discussing the achievable 203

static pressure of a DAC. Experimental and theoretical results show that plastic deformation of 204

single-crystal diamond anvils begins at pressures of 130 to 200 GPa depending on orientation 205
185-188 and that the achievable pressure is 2.5-3 times higher than the yield strength 187. The 206

yield strength of (NCD) microballs has been shown to be higher than that of single-crystal 207

diamond 36. It should be noted that confining pressure likely plays a key role in the pressures 208

that are achieved in t-DACs and ds-DACs. Confining pressure increases the yield strength of the 209

central culet or NCD microball which results in higher achievable pressures. Indeed, the yield 210

strength of an NCD microball was reported to be 462(22) GPa at a confining pressure of 72(2) 211

GPa 38. Interestingly, ds-DACs equipped with beveled single-crystal diamond second stage anvils 212

have so far not yielded any improvement over standard beveled or double beveled diamond 213

anvils 177. Moreover, Kono et al. 175 achieved pressures of ~92 GPa using 800 µm culets in a 214

double stage large volume press where the diamond anvils were under a confining pressure, 215

and Boehler et al. 176 achieved pressures of ~90 GPa using a binding ring supported 1000 µm 216

beveled conical diamond anvil. Hence, support of diamond anvils under confining pressure is 217

likely critical for optimizing diamond anvils for ultra-high-pressure experiments (e.g. >400 GPa). 218

We note that culet diameter is not the only factor that controls the achievable pressure 219

of a DAC. Diamond selection, diamond geometry, gasket geometry, gasket material, sample 220

properties, and diamond alignment all play a role in the achievable pressure. However, the 221

perhaps oversimplified idea that the maximum achievable pressure is higher with smaller 222

diameter culets is somewhat robust (Figure 2). Decreasing the culet size below 20 µm on a 223

beveled or double beveled geometry does not appear to be the path forward to routine 224

pressure generation over 400 GPa (Figure 2 and 22,27). We also encourage researchers to report 225

all the parameters of the diamond anvils that are used in their multi-megabar experiments, as 226

well as how many experiments were needed to achieve pressures > 300 GPa. This is especially 227

important since new toroidal diamond anvil cell techniques are achieving pressures >400 GPa 228

routinely 39,40. Accurate pressure determination in the multi megabar regime is also extremely 229

important, and currently very few pressure standards are calibrated to pressures of more than 230

500 GPa. There is also a considerable disagreement in the literature between some reported 231

equations of state (EOS) (e.g. Re EOS 36 57) so one needs to be cautious when extrapolating an 232

EOS into the ≥400 GPa regime.233
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Figure 1. Various diamond anvil geometries that were considered in this study. C is diameter of 703

culet, B diameter of single bevel, B2 diameter of second bevel, α1 single bevel angle, α2 angle of 704

second bevel.705

Figure 2. Highest reported pressure as a function of publication year and diamond anvil 706

configuration 8,12,14-20,22-28,32,36,37,39,41-174.707

Figure 3. Pressure as a function of culet diameter 8,12,14-20,22-28,32,36,37,39-174. Dashed line after 708

Dunstan and Spain 4, dotted line after Ruoff et al. 24, and solid line is our fit to all these data.709

Figure 4. Pressure as a function of B/C ratio (B) bevel diameter (C) culet diameter 710
8,16,17,20,24,25,27,28,32,41,43,44,46-50,52-56,58-71,73,79-83,85-87,89-93,97-99,103-107,109,111,112,114-119,169-174. 711

Figure 5. Pressure as a function of bevel angle, showing that angles between 7 and 8.5o have 712

the highest reported pressures and are most commonly used 8,16,17,24,25,27,28,43,44,46-50,52-56,60-713
62,64,65,69-71,73,79-81,83,85-88,90,91,93,97-99,103,105-107,109,111-117,119,169-174.714
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