
that unprecedented environmental changes, 
most likely related to climatic warming, have 
occurred since the beginning of the 19th 
century. Other workers, using different proxy 
methods, have also indicated recent climatic 
warming in different arctic regions (26, 27), 
but our data indicate an earlier (by over a 
century) start for these changes. 

Given the absence of comparable pale- 
olimnological studies from other high-lati- 
tude ponds, we cannot yet determine how 
widespread these changes have been. Any 
attempts at cataloging pristine arctic assem- 
blages may already be too late, as our data 
indicate that high-arctic ponds have already 
changed. 
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Strength of Diamond 
Donald J. Weidner, Yanbin Wang, Michael T. Vaughan 

The yield strength of diamond is measured under a pressure of 10 gigapascals at tem- 
peratures up to 1550°C by the analysis of x-ray peak shapes on diamond diffraction lines 
in a powdered sample as a function of pressure and temperature. At room temperature, 
the diamond crystals exhibit elastic behavior with increasing pressure. Significant ductile 
deformation is observed only at temperatures above 1000°C at this pressure. The dif- 
ferential yield strength of diamond decreases with temperature from 1 6  gigapascals at 
11 00°C to 4 gigapascals at 1550°C. Transmission electron microscopy observations on 
the recovered sample indicate that the dominant deformation mechanism under high 
pressure and temperature is crystal plasticity. 

Diamonds are widely used as indentors as 
well as cutting, drilling, grinding, and wire- 
drawing tools that are generally used under 
high-stress conditions. Diamond anvil cells - 
and large-volume, multianvil apparatus that 
use polycrystalline diamond compacts are 
the major instruments for high-pressure- 
high-temperature research (1-3). All of 
these applications require a knowledge of the 
strength of diamonds. However, quantitative 
data for diamond yield strength remain elu- 
sive because diamond is so difficult to de- 
form. To measure yield strength, it is gener- 
ally necessary to apply a force until the ma- 
terial flows, measuring the force and the 
resulting deformation while separating the 
effects of fracture from ductile flow. To do 
this, the deforming apparatus needs to be 
stronger than the sample; because diamond 
is the strongest known material, these mea- 
surements have been very difficult to accom- 
plish. Therefore, most of the previous 
strength measurements for diamond have 
been conducted with indentation ( 4 ) ,  tor- 
sion (5), and bending (6) techniques. The 
conversion of these measurements to com- 
pressional and tensile strength values is often 
ambiguous. The heating of diamond at room 
pressure in excess of 1500°C generally results 
in extensive graphitization (7). Furthermore, 
ductile deformation in most materials onlv 
occurs .under sufficient pressures, tempera- 
tures. or both ( 8 ) .  To determine the ductile , , 

deformation of diamond, it is necessary to 
make the measurements at high temperature 
and at a pressure within the diamond stabil- 
ity field so that neither brittle failure nor 
graphitization contributes to the results. 

Here we report results on the yield 
strength of a powdered diamond sample at 
temperatures up to 1550°C and at a pressure 
of 10 GPa, conditions that serve both to 
stabilize the diamond whase of carbon and to 
provide the driving force to produce devia- 
toric stresses at grain contacts (9). The ex- 

Center for H~gh Pressure Research and Department of 
Earth and Space Sciences, State University of New York, 
Stony Brook, NY 1 1794-21 00, USA. 

periment was conducted with a DIA-type, 
cubic-anvil, high-pressure apparatus, SAM- 
85 (1 0). A powdered diamond-polishing 
compound (Crystallite Corporation, Marina 
del Ray, California) with an average grain 
size of 3 pm fills a portion of the sample 
volume about 0.5 mm long and 1.2 mm in 
diameter, and powdered NaCl mixed with 
BN is loaded into the remaining portion of 
the sample volume. The equation of state of 
NaCl is used to determine the cell vressure at 
various temperatures ( 1 1 ). 

Energy-dispersive x-ray diffraction data 
are collected at a fixed scattering angle of 
10" at the superconducting wiggler beam 
line (X17B1) at the National Synchrotron 
Light Source. The x-ray beam is collimated 
to 100 u,m in its vertical dimension and 200 
pm in its horizontal dimension. Diffraction 
spectra of the diamond are collected at the 
same position in the sample at various tem- 
peratures in an energy range up to 100 keV, 
with a collection time of 300 s. Estimated 
temperature variation in the diffracting vol- 
ume is less than 5°C (1 2). 

We use the method described in (9) to 
obtain information of stress in the sample 
from diffraction signals. Under a hvdrostatic 
pressure boundaryiondition, heterogeneities 
within the sample along with elastic anisot- 
ropy are responsible for generating stresses 
that vary from grain to grain. The effect of 
this microscopic deviatoric stress field 1s the 
broadening of x-ray diffraction lines, and the 
amount of line broadening is an indicator of - 
the distribution of longitudinal strain paral- 
lel to the diffraction vector ( I  3). The width 
of the diffraction lines is a convolution of the 
instrument response, sample response func- 
tion, and the longitudinal elastic strain dis- 
tribution parallel to the diffraction vector. 
Using the room pressure and temperature 
spectra as a reference for zero strain, we 
calculate the strain distribution in the sam- 
ple at elevated pressure and temperature as 
the root-mean-square broadening. By multi- 
plying the strain by an appropriate aggregate 
elastic modulus [in the experiment we used 
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the aggregate Young's modulus, 1050 GPa, 
for diamond (]#)I ,  we convert the strain to . 
stress. If sufficient deviatoric stress is gener- 
ated by the loading system to deform the 
sample plastically, then this stress represents 
the yield strength of the sample correspond- 
ing to a few percent strain. Several criteria 
have been established to determine whether 
the deviatoric stress reaches the yield point 
of the sample (9). 

During the experiment, the diamond 
sample was first compressed to 10 GPa and 
then heated to 1550°C. Figure 1 illustrates 
the (1 11) diffraction peak at selected points 
along this path. During the compression por- 
tion of the cvcle the diamond diffraction 
peak broadens asymmetrically, with the large 
d-spacing side of the peak remaining un- 
changed. This configuration indicates that 
in the diamond aggregate, some of the grains 
do not support any of the applied stress. 
Thus, the pressure is being supported by a 
subset of the diamond grains that are bridg- 
ing and not yielding. Figure 2 shows the 
deviatoric strain determined from the (1 11 ) 
reflection as a function of applied pressure at 
room temperature and as a function of tem- 

perature at 10 GPa. Strains corresponding to 
both the half peak height and the quarter 
peak height are indicated. The linear depen- 
dence of strain with wressure indicates that 
the loading process is elastic, thereby dem- 
onstrating that neither brittle nor ductile 
processes are activated. 

As temperature is increased to 1000°C, 
the shawe of the diffraction weak is main- 
tained but moves to higher d spacing, indi- 
cating the effects of thermal expansion on all 
of the grains. In this region, there is still no 
evidence of either ductile or fracture-in- 
duced stress relaxation. In fact, the slight 
negative slope in the strains is due to the 
pressure decrease with increasing tempera- 
ture. Furthermore, the constancy of devia- 
toric strain to 1000°C indicates that the 
supported deviatoric stress was less than the 
yield strength of diamond. 

Above 1000°C, the peak begins to nar- 
row and becomes symmetric. In this region, 
the grains that experience high deviatoric 
stress are yielding and redistributing the 
stress to the entire sample. Thus, we can 
estimate the yield strength from the magni- 
tude of the elastic deviatoric strain, as out- 
lined above. The temperature dependence of 
the yield strength is illustrated in Fig. 3. 
Because the plastic strain, as given by the 
amount of strain that relaxes at high temper- 
ature, is on the order of 1% of the total strain 
and the time of the experiment is a few 

Pressure (GPa) Temperature ("C) 

I 1 bar, 25°C ) 
L ~ ~ ~ r I ~ ~ ~ I ' ~ ~ ~ . l ~ ~ ~ ~ ~ ~ ' ' ' I  

1.90 1.95 2.00 2.05 2.10 2.15 

Distance for ( I l l )  line (A) 

Fig. 1. (1 11) Diffraction peak (in relative units) of 
diamond at the indicated pressure and tempera- 
ture. The initially symmetric peak broadens asym- 
metrically as pressure is applied. As the sample is 
heated, the shape remains constant up to 
100O0C, above which it narrows and becomes 
more symmetrical. 

Fig. 2. Deviatoric strain determined from the 
broadening of the (1 1 1) diamond diffraction peak. 
The strain metric (relative units) is the square root 
of the difference in the squares of the full width at 
half maximum (open squares) and full width at 
quarter maximum (closed diamonds) of the high- 
pressure peak and the room condition peak, as 
calculated from the raw data. The strain increases 
linearly with pressure to the maximum reached. As 
temperature is increased, the cell pressure drops 
slightly, resulting in the small negative slope up to 
1000°C with no evidence of sample yielding. 
Above 100O0, the relaxation of strain indicates 
ductile yielding as the strength of diamond falls 
below the deviatoric stress. 

minutes, the strain rate is on the order of 
s-l. The deduced strength can be di- 

rectly compared with that of Knoop hardness 
data at ambient pressure (1 5). For the sake of 
comparison, we converted the hardness (H) 
data of (1 0) to yield-strength values (o = ul 
- o,), based on the empirical relation H = 

Cu, with an arbitrarily chosen C = 3. For 
most minerals. C varies between 1 and 5 
(15). Analyses on three diffraction lines give 
consistent results. Previous three-point 
bending data at room pressure and 1800°C 
(6) are also indicated in this figure. Our 
results are consistent with these previous 
observations, despite the different experi- 
mental techniques, and the new data extend 
the results for diamond yield strength to 
lower temDeratures. 

Both the starting material and the de- 
formed sample were examined with trans- 
mission electron microscopy (TEM). In the 
starting material, the average dislocation 
density is low, <lo7 ~ m - ~ .  Many grains are 
flake-like, probably because of cleavage in 
the (111) plane (Fig. 4A). Some micro- 
cracks may also be present, although it is 
difficult to characterize them fully. The de- 
formed samwle exhibits a much higher dis- - 
location density, by at least three orders of 
maenitude: the distribution of the disloca- 

L 2  

tions appears rather uniform (Figs. 4, B and 
C). Two types of dislocations are observed 
in virtually every grain studied: long, 
straight dislocations preferentially in the 
(1 10) directions running through the entire 
crystallite (Fig. 4C) and an extremely high 
density of dislocation tangles (Fig. 4B). 

Fig. 3. Yield strength of diamond as a function of 
temperature, calculated from the multiplication of 
the strain-broadening of the indicated peaks by 
Young's modulusfor diamond, 1050 GPa. The two 
points at 1800°C were measured at room pressure 
by a three-point bending method (7 7) and are for 
type I (+) and type I I  (X) diamonds. For tempera- 
tures below 100O0C, the sample clearly has not 
been yielded (see Fig. 2); therefore, the measure- 
ment at 1000°C may not represent the strength. 
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These microstructural features indicate that 
the sample is deformed in the ductile field 
bv means of dislocations. The fact that there 
is no grain size reduction after deformation 
also suggests that brittle fracture or cataclas- 
tic flow as a ductile deformation mechanism 
does not make a significant contribution to 
the deformation. There is no evidence of 
graphitization in the deformed sample. 

Previous studies on deformed diamonds 
revealed slip systems on cleavage plane 
{Ill}, namely (1 10){111} (6, 17), giving five 
independent systems for crystal plasticity. 
However. the localized. stronelv directional " ,  
covalent. bonding in diamond creates an 
exceptionally large lattice resistance to slip 
on all these slip systems under normal pres- 
sure and temperature conditions (1 8). 
DeVries showed that ductility can be en- 
hanced by increasing pressure, on the basis 
of the onset of slip lines in single-crystal 
diamonds (19). The temperature at which 
the diamond begins to deform by crystal 
plasticity decreases from about 1500°C at 1 
bar to <lOOO°C at 6 GPa. Our x-ray data 
indicate that ductile flow in the sample 
begins at -10OO0C and 10 GPa, in good 
agreement with the results of (1 9) and sug- 
gest that most of the dislocation movements 
occurred only at high temperatures. 

This study demonstrates that our experi- 
mental technique for measuring yield 
strength can produce a deviatoric stress field 

Fig. 4. Dark-field elec- 
tron micrographs of di- 
mond before and after 
the experiment. (A) 
Starting material. Some 
long, relatively straight 
dislocations are evident, 
indicating a previous his- 
tory with a certain de- 
gree of plastic deforma- 
tion. Free dislocation 
density is very low; be- 
cause of the small grain 
size, only an upper 
bound can be estimated, 
namely lo7  in-^. Some 
dislocation loops (L) are 
also present, which were 
probably formed during 
the diamond growth pro- 
cess. (B) Deformed sam- 
ple. Note the high dislo- 
cation density, resulting 
in the steel-wooHike ap- 
pearance. (C) Deformed 
sample. Tilting experi- 
ments indite that the 
long, straight disloca- 
tions have Burgers vec- 
tors of the (1 10) type. 
The high density of dislo- 
cation tangles are out of 

sufficient to introduce yielding in even the 
most resistant materials. The deviatoric 
stress that can be generated by the compres- 
sion of a loose diamond powder is found to 
be roughly twice the loading hydrostatic 
stress. The criteria for yield are clearly estab- 
lished: Yielding occurs as the stress redistrib- 
utes once the" yield strength of the most 
highly stressed grains is reached. Analysis by 
TEM of the recovered sample indicates that 
the dominant deformation mechanism is 
crystal plasticity. 

The temperature dependence of the yield 
strength obviously defies limitations on in- 
dustrial applications of diamond under pres- 
sure and temperature conditions. Knowledge 
of thii dependence is also relevant in the 
studv of inclusions in natural diamonds. es- 
pecially in estimating pressure conditions 
under which the inclusions are formed, thus 
providing bounds for the depths from which 
the samples were brought (20). In particular, 
a few studies have suggested that some 
diamonds found in South Africa may have 
been brought up from the lower mantle and 
that the inclusions with compositions of 
(Mg,Fe) SiO, and CaSiO, may have been 
back-transformed from their peromkite-type 
structures under the pressure and tempera- 
ture conditions (21). Indeed, with a yield 
strength of a few gigapascals at 1500°C, di- 
amond cannot maintain enough pressure for 
the peromkite-structured (Mg,Fe)SiO, and 

contrast in this micrograph. Diffraction conditions are indicated for each micrograph. Scale bars indicate 
0.5 pm. 

CaSiO, to survive under pressure and tem- 
perature conditions in the upper mantle. 

These results also have implications on 
the development of the next generation of 
high-pressure apparatus, with diamond as an- 
vil material. If high pressure and high tem- 
perature are desired, then the strength of 
diamond will be highly compromised at tem- 
peratures above 120O0C, where its strength 
becomes weaker than that of tungsten car- 
bide at room temperature. This limit suggests 
that internally heated, large volume systems 
that use sintered diamond anvils may pro- 
vide higher pressures at these temperatures 
than do externally heated diamond anvil 
cells if yield strength is the limiting property. 
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Vibrationally Coherent Photochemistry in the 
Femtosecond Primary Event of Vision 

Qing Wang, Robert W. Schoenlein, Linda A. Peteanu,* 
Richard A. Mathies, Charles V. Shank 

Femtosecond pump-probe experiments reveal the impulsive production of photoproduct 
in the primary event in vision. The retinal chromophore of rhodopsin was excited with a 
35-femtosecond pulse at 500 nanometers, and transient changes in absorption were 
measured with 10-femtosecond probe pulses. At probe wavelengths within the photo- 
product absorption band, oscillatory features with a period of 550 femtoseconds (60 
wavenumbers) were observed whose phase and amplitude demonstrate that they are the 
result of nonstationary vibrational motion in the ground state of the photoproduct. The 
observation of coherent vibrational motion of the photoproduct supports the idea that the 
primary step in vision is a vibrationally coherent process and that the high quantum yield 
of the cis+trans isomerization in rhodopsin is a consequence of the extreme speed of 
the excited-state torsional motion. 

T h e  first step in vision, the light-induced 
isomerization of the retinal chromophore in 
rhodopsin, is complete in only 200 fs, mak- 
ing it one of the fastest photochemical re- 
actions (1-3). Our previous studies suggest- 
ed that coherent nuclear motion might ac- 
company this ultrafast, highly efficient 
(quantum yield = 0.67) reaction because 
the 200-fs reaction time is com~arable to or 
less than the period of torsional vibrations 
of the retinal chromophore (4). Does vibra- 
tional coherence play an important role in 
the first step in vision? Femtosecond optical 
techniques provide a powerful tool for ex- 
amining the role of vibrational coherence 
in ultrafast reactions bv creatine coherent " 
states of matter that reflect the motion of 
individual molecules. We reDort the obser- 
vation of coherent vibrational motion in 
the photoproduct of the ultrafast isomeriza- 
tion in rhodopsin. Our results indicate that 
the isomerization proceeds along a diabatic 
pathway connecting the excited state of the 
11-cis reactant with the ground state of the 
all-trans photoproduct (Fig. 1). The coher- 

Q. Wang and C. V. Shank, Materials Sciences Division, 
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ent nuclear dynamics observed here reveal 
the intimate connection between the speed 
of the cis+trans isomerization in rhodopsin 
and its photochemical quantum yield, 
thereby establishing a new paradigm for the 
photochemistry of vision. 

Vibrational coherence is a natural con- 
sequence of nonstationary vibrational states 
excited by femtosecond optical pulses [see 
(5)] and can result from at least three ele- 
mentary processes (6). First, coherent vibra- 
tional motion of the reactant in the ground 
state can be produced by femtosecond ex- 
citation through stimulated Raman scatter- - 
ing. For example, nonstationary ground- 
state vibrational motion has been observed 
in molecular crystals (7) and in the biolog- 
ical pigment bacteriorhodopsin (6, 8). Sec- 
ond, vibrational coherence can be produced 
on the excited-state potential energy sur- 
face and has been observed in a variety of 
dye molecules in solution (9) ,  in small mol- 
ecules in the gas phase (10, 1 l ) ,  and in 
bacteriorhodopsin (1 2). Recently, excited- 
state vibrational coherence has also been 
observed in photosynthetic reaction centers 
(13). The third case is where vibrational . , 

coherence persists throughout the time 
course of a ~hotochemical reaction and is 
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ciation of 1,- (14). We show here that 
coherent nuclear vibrations can also be ob- 
served in the product of an ultrafast photo- 
chemical reaction that occurs within a pro- 
tein at room temperature. 

Rhodopsin samples were prepared from 
bovine retinas and dissolved in Ammonyx 
LO detergent solution as described previous- 
ly (I ). Femtosecond pump-probe measure- 
ments were performed with 35-fs pump puls- 
es at 500 nm, and transient changes in ab- 
sorption were measured from 450 to 570 nm 
with 10-fs blue probe pulses and from 560 to 
640 nm with 10-fs red probe pulses. The 
method for generating 35-fs pump pulses at 
500 nm as well as 10-fs probe pulses is de- 
scribed elsewhere (15). The experimental 
configuration used to obtain time-resolved 
differential transmission sDectra was identi- 
cal to that used in previous experiments. The 
average pump power was -3 p W  at a repe- 
tition rate of 540 Hz. The pump (-0.5 mJ/ 
cm2) and probe (-0.04 mJ/cm2) beams were 
focused in a 0.3-mm jet of flowing bovine 
rhodopsin (15 OD/cm). The flow rate was 

I I-cis Rhodopsin Ail-trans photoproduct 

lsomerization coordinate 

Fig. 1. Schematic potential energy surfaces for the 
femtosecond isomerization of modopsin after opti- 
cal excitation of the molecule from the ground state 
So to the excited state S,. The wave packets in the 
photoproduct potential well illustrate how ground- 
state vibrational motion effects the photoproduct 
absorption. The dashed lines indicate the diabatic 
pathway along which the reaction proceeds. 
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