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X-ray diffraction patterns from samples in the laser-heated diamond
anvil cell
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Thermal pressure and thermal expansion have competing effects on x-ray diffraction patterns
obtained from polycrystalline samples at high press(t8s-100 GPpaand temperaturg800—4000

K) within the laser-heated diamond cell. Modeling shows that realistic temperature and pressure
variations within the sample cause systematic shifts in diffraction-line positions and shapes,
predicting that inferred values of pressure and thermal expansion coefficient can be off by 0.5%—
20% and up to 50%—100%, respectively. Peak splitting due solely to temperature variations within
the sample can be spuriously ascribed to the occurrence of a phase transition. The Debye—Waller
factor has a systematic effect on diffraction-pattern intensities, but a negligible eff6ct% on

line positions except in extreme cases. 2002 American Institute of Physics.

[DOI: 10.1063/1.1435837

INTRODUCTION TEMPERATURE AND PRESSURE VARIATIONS IN THE
LASER-HEATED DIAMOND-ANVIL CELL

In situ high-pressure, high-temperature x-ray diffraction )
measurements are required for the accurate determination of CNhanging the temperature of the sample affects the ob-
the pressure and temperature of phase transitions, argrved x-ray d_lffracthn_llnes_ throggh t_hermal éxpansion of
pressure—volume—temperatue«V—T) equations of state the c_rystal I_attlce, shifting diffraction lines to _Iarger m_te_r-
of crystalline materials. The laser-heated diamond-anvil cell210MiC spacings. However, the thermal expansion coefficient,
coupled with x-ray powder diffraction, allows for structural ¢
and volume data to be obtained up to several megabar dlnV
(10 Pa) in pressure anet5000 K in temperature. 01:( aT )

X-ray diffraction measurements with continuous laser P
heating require a well-aligned system in which the x-rayis defined for constant-pressure conditions, whereas the hot
beam is collinear with either a single- or double-sided laseportion of the sample is confined by colder matefilg.,
heating systeniFig. 1). Temperature measurements are madeolder portion of the sample; thermally insulating or stress-
through spectroradiometfygither at a single point or as a relaxing medium around the sample; diamond apwisd
function of distance across the sample. These measuremenan therefore remain at a near-constant volume, resulting in
are typically performed along a viewing direction that is co-little or no shift of x-ray diffraction lines. Instead, the pres-
axial with the beam of the heating laser, and are thereforsure(P) in the hot region increases through thermal pressure,
insensitive to axial variations in temperature. That is, axialP:
gradients are not directly measured, although their magni-

()

Pn=P(T,V)—P \Y 2
tudes are often reflected through secondary effects such as n=P(T,V) = P(30K,V) @
broadening of x-ray diffraction lines. as

Systematic errors in the determination of the pressure Py = aK AT~ agKorAT, 3)

and temperature of a sample inside the laser-heated diamond
cell cause significant errors in the measurement of such propvhereV is the unit-cell volumeT is the temperatureAT is
erties as the coefficient of thermal expansion. An inapproprithe difference betweef and ambientKy is the isothermal
ate assignment of the peak temperature to the x-ray samplailk modulus, and subscript O indicates a value at zero pres-
volume results in as much as a 100% error in thermal exparsure [the approximation in Eq(3) is that the product of
sion values derived from the experiments, as does a systerthermal expansion and bulk modulus is constant, which is
atic error in the density determination. Here we examingustifiable at elevated temperatures and pres$dres
temperature and pressure variations in the laser-heated In reality, experiments have shown that neither limit of
diamond-anvil cell, and their effects on the x-ray diffraction constant volume nor constant pressure is accurate for
patterns that are used for determining crystal structures argmples inside the laser-heated diamondclstead, some
equations of state. degree of both thermal expansion and thermal pressure is
found. Therefore, the exact amount of shift of a diffraction
dpresent address: Department of Geological Sciences, University olgne depends on the .degree t,o which the sample is held at
Michigan, Ann  Arbor,  MI48109-1063; electronic ~ mail: Cconstant pressur@naximum shiff versus at constant volume
wpanero@umich.edu (minimum shiff.

0021-8979/2002/91(5)/2769/10/$19.00 2769 © 2002 American Institute of Physics

Downloaded 20 Sep 2002 to 164.54.160.87. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



2770 J. Appl. Phys., Vol. 91, No. 5, 1 March 2002 W. R. Panero and R. Jeanloz

X-ray beam tion. The magnitude and precise geometry of the temperature
variations depend upon the radius of the laser beam, the

Diamond thicknesses of the sample and any insulation layers, and the

Anvil specific material properties of the sample.

no insulation insulation Temperature variations within the diamond cell can in-

N T duce pressure variations due to thermal pres$bns. (2)

.

NN VN R N N -

s Tinsutation
|

2X

I sample 24 and(3)]. Because of the temperature gradients, each portion
s insdiation of the sample can thus be under different pressure conditions,
T ro - - independent of pressure variations due to material strength
and nonhydrostaticity upon loading. Variations in pressure
Diamond due to laser heating need to be quantified so that x-ray dif-
% Anvil fraction of a sample under realistic conditions can be inter-
preted. However, few have closely examined the pressure
Radial temperature variations inside the diamond cell due to thermal pressure.
distribution Dewaeleet al® address the specific case of thermal-pressure
FIG. 1. Schematic cross section of a sample loaded between insulatioﬁﬁeCtS on the phase boundaries of a silica sample in an argon
layers in a laser-heated diamond anvil cell. Diffraction from an x-ray beampressure medium, and othefs.g., see Ref. 1lhave dis-

(diameter X), aligned colinearly with the beam of a heating lasesist ~ cussed possible effects of thermal pressure on equation-of-
2R: not indicated here is used to determine the lattice parameters of the state measurements.

sample of interest. The resulting temperature distributions are shown. The We d | . | del of steadv-state t t
radial temperature distributidril'(r)] is similar to that of the radial power e develop a simple model or steady-state iemperature

distribution in the laser beam, modulated by radial heat flow to give adnd pressure variations within thécw) laser-heated
half-width at half maximumo [see Egs(4) and (5)] (bottom. Axial tem-  diamond-anvil cell. These models apply to samples for
perature distributiongT(z) ] are shown on the sides. When using insulation \yhich the absorption of the laser beam is assumed constant
layers, the axial gradients within the sample are redydgtt side. With- ith thick This i imately t £ dielectri

out the use of insulation layers, the axial temperature distribution is approxiWI Ic n?SS' . IS 1S approx_ln_wa ely frue for dielectric
mately parabolic, dropping to ambient near-temperature at the diamond susamples, either if they are sufficiently transparéemeakly
faces (left sidg. Typical dimensions for such experiments areD 2 absorbing or, for more strongly absorbing samples, when
t:tl?_soﬂP'f:lt_ZOIfL?d 2;<:5—20Mm, 20~2R=30-100um, and  |gser heated from both sidésom above and below in Fig.
otal sample diameter of 50-50m. 1). Metallic samples absorb the heating laser beam within a

thin skin depth, such that the observed radial temperature

If temperature is constant within the x-ray volume, thendistribution is more readily interpretédsuch samples are
a well-calibrated internal standard intimately mixed with the therefore not explicitly considered in our general discussion,
sample can be used to constrain the magnitudes of therm@t Pecause metallic samples are equivalent to highly ab-
expansion and thermal pressure achieved during laser he&2rPing samples in the case of double-sided heating and very
ing. However, several models of the temperature distributioryMall thicknessesl {<D) our analysis can still apply.
inside the laser-heated diamond-anvil cell have demonstrated ASSuming a TEM, (gaussianmode for the heating la-

the occurrence of strong temperature gradients across ti&" the resulting radial temperature distribution is approxi-
sample?~8 mately gaussian and the axial variation is approximately

farabolic>>"® For a sample having constant thermal con-
within the diamond cell for at least two reasoffig. ). ductivity and no insulation, the half-width of the radial tem-

First, the power density of absorbed laser light usually varie©erature profile at half gh.e peak temperatihalf width at
across the focal spot of the heating-laser beam within th§alf maximum(HWHM)J" is

sample. Although use of multiple laser modes can help re-  ;—R(0.88+0.98/D/R) (4)
duce radial gradients of heatin@bsorbed laser power ) ) )

across the hot zone within the sampleeat conduction pre- Where R is the beam waist of the heating laser, arid &
cludes the complete neglect of radial temperature gradientéh€ gasket thicknessig. 1). For the case of a sample with
Second, because diamond anvils have a large thermal cofisulation layers, the width of the hotspot is only slightly
ductivity, the temperature at the diamond-sample interface igreater

approximately meient_, resulting in Iarge_ axial_gradients o= R(0.88+0.98\/m)[1.078—0.07&I/D)], (5)
through the(relatively thin sample: Thermal-insulation lay-

ers are often p|aced between the Samp|e and diamonds in g\(here 2 is the Sample thickness. These relations are S|Ight|y
attempt to reduce axial temperature gradients. While this cafodified for a sample with thermal conductivity inversely
significantly decrease axial gradients within the sample, th@roportional to temperature, as is typical for dielectric
use of insulation layers decreases the sample volume, raisgaaterials’

the potential for sample contaminatiée.g., by chemical re- For no insulation layers and constant thermal conductiv-
action with the insulation materjgl® and increases the un- ity, the complete temperature distribution is approximately
certainty in x-ray geometry. Moreover, temperature gradients _ (ro)2 2

tend to become larger with increasing pressure because the T(r,2)=(Tp=To)e "1 (2/D)*]+ T, ©)
sample and insulation layers become thinner, thereby inwhereT, is the peak temperatufge., the highest tempera-
creasing the relative amounts of axial to radial heat conducture of the three-dimensional hotspokj is the ambient tem-

2D

Laser-heated samples exhibit temperature gradien
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peraturez is the axial dimension, andis the radial dimen- 1.00 T )
sion. For the case of insulation layers and no axial gradients 8-28 [easyred® N,
within the sample ® 040 vertical)\\_
0'20 | averaged T
2 f
T(r,2)=(Tp—Toe "+ Ty |7|<I, (79) 0.00 . 1 -
2 -1 0 1 2
T(r,2)=(T,—T )e’(r/ff)2 1 (2=1) +To |2Z|>1 0.4 i
1 - m_ O - _ o . A —
(D-h b - 02 7
NO0O0F 3338 283 8
. . . 0.2 ~
To generalize the discussion of temperature and pressure _8‘i N I%%I
variations within the hotspot, the hotspot radius, sample 2 1 0 1 2
thicknesg, temp_eraturg, and thermal pressure can be ex- No Insulatior?/R Insuilation
pressed in nondimensional terms as - >
04F
p=rlo, (8a R =
Qoor 38z 3gys
[=12/D, (8b) -g i - \\‘.://
-v.ar | 1
7=(T=To)/(Tm=To), (80 -2 -1 0 1 2
O
p=Piun/KorT- (8d) 0.04fF T
. o _ o 0.03| Z,S‘:O(d)
Assuming no stress relaxation within the hot zone of the 20.02 vertically
sample, the nondimensional thermal presditg. (3)] and 0.01 averaged p .
temperaturd Eq. (6) (no insulation or Eq.(7) (with insula- o003 '1 (') p 5
tion layerg] for constant thermal conductivity are o/R
p(7)=ag(Tm—To) T (9 FIG. 2. Contour plots of normalized temperaturéh) and thermal pressure
p (c), and corresponding profild$a) and (d), respectively, for samples in
T(p,)=exp — p2)(1_ 4'2) (no insulation, (108 the laser-heated diamond anvil cell calculated assuming a cw heating laser
operating in TEMy mode. The left side/R<0) of each panel is calcu-
T(p,g“):eX[(—pz) (insulation; |§|<|/D), (10b) lated for a sample with no insulation laye&qg. (6)], and the right side

(a/R>0) for a strongly absorbing sample of thicknéss0.3D heated from
{—1/D both sides. Note that the effect of the insulation layers is to broaden the
T(p, g) = exp( — pz)( 1— —) (insulation; |§ hotspot radially by about 7%. A comparison between the maximum value, at
1-1/D z/D=0 (heavy solid curvg and the vertically averaged valuékin solid
curve in panels(a) and(d) indicates that both radial and axial variations in
|>|/D)- (109 pressure and temperature affect x-ray diffraction measurements. An experi-

The th | . . v i ith mental complication for optically thin samples is that the effect of the axial
e thermal pressure Is approximately linear wit temperat’emperature gradients is to produce a blackbody spectrum having contribu-

ture at high temperatures; under these conditions, the actugdns from the full thickness of the samdléashed curve iia)], such that
pressure in the sample varies linearly with temperature onljhe measured temperature is 3%—6% lower than the actual peak temperature
to the degree that the sample remains at constant volunféstibution az/D=0.
during heating.

Figure 2 shows temperatufe) and maximum thermal
pressure(p) contours for a sample assembly with constantmeasurements made from the two sides cannot be taken as an
thermal conductivity, assuming typical values af, indicator of axial temperature gradients under such
=105 K~ andT,,= 2500 K, both for a sample witfrighty ~ conditions*?
and without insulation layerfleft). The former, exhibiting Temperature gradients within the x-ray diffraction vol-
no axial gradients in the sample, is an idealization of aume act to lower the average temperature of the volume be-
sample that is well insulated from the diamonds and is reallow that of the peak temperature value. In fact, these lower
istic only for very thin (<D) and sufficiently absorbing temperatures tend to dominate the x-ray diffraction volume
samples heated from both sid&s. because of the cylindrical symmetry of the temperature pro-

With the usualalong-axi$ technique of measuring tem- files (i.e., greater areal or volume contribution from cooler
perature by spectroradiometry, the observed gray-body radiaegions of the sample, at large radius from the center of the
tion is obtained from all levels across the full thickness of ahot spoj.}* This is in contrast with the weighting of the
dielectric sample, yielding a Planck-like spectrum at an apsample’s blackbody spectrum toward the peak temperature,
parent temperature slightly lower than the true peakas just noted. The sample temperature to which the x-ray
temperaturé: a small, but systematic effe¢Eig. 2@)]. As diffraction is most sensitive thus depends on the ratio of the
blackbody radiation collected from optically thin samples isx-ray spot size(diffraction-volume radiusto the character-
dominated by thermal emission from the hottest portions ofstic dimension of the radial temperature distribution; the ef-
the sample, the temperatures measured from either side offact of axial gradients is largely independent of the x-ray
semitransparent insulated sample are not representative béam diameter. Therefore, it is the volume-average tempera-
the temperature of the sample surface, but of nearly the hoture in the part of the sample probed by the x-ray béaat
test portion of the sample. Thus, differences in temperaturéhe temperature of the sample’s average blackbody emjssion
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TABLE I. Models considered for calculating peak shapes. 0.92 T V| T
7 e
Ve / /
Temperature conditions considered P—V cases 20 25’ 30 35 0
090" : //4 451
_ ) ) ’ ;
| X=0 perfect !nsulatl'on A Constant volume ,’ CaseB Casa C'/ ,
Il X=o0l4 perfect insulation B  Constant pressure o / ’ ’
Il X=o  noinsulation C  Volume and pressure intermediate § 0.88 A 56‘
IV X=0¢/4 no insulation 4 / ‘
. 7/ 7/ Ve
0.86 -Case AL———ri—s
4 ’ 7 ’ /55
I'e 4 4
0.84 . ' '
that should be used to interpret diffraction patterns obtained 1000 2000 3000 4000

from the laser-heated diamond cell. Temperature (K)

FIG. 3. Pressurédashed contours, in GPas a function of volume and
temperature calculated for gold at an initial pressure of 20 GPa. The three
EFFECT OF TEMPERATURE DISTRIBUTION ON X- P-V conditions considered in the present models, A, B, and C, are shown.

RAY DIFFRACTION PEAK SHAPES For a given case, each point in the x-ray volume can be found along the
curves as indicated; the only variak{ier a given material and peak tem-

The focus of the present study is on the effects of realPeraturg is then the pressure at 300 K.
istic temperature distributions on high-pressure x-ray diffrac-
tion patterns. Consequently, the models presented here ne-
glect sample-dependent diffraction effects that are
independent of temperature, such as atomic scattering facto@ial gradients across the sample. Therefore, models that ig-
and the absorption of x rays by the sample. We also ignor@ore axial temperature gradiersig. 1, right sid¢, should
experimental complications such as temporal fluctuations i€ taken as an idealization.
temperature, misalignment of the laser-heating spot with the  The x-ray beam used in the experiment is collimated or
center of x-ray diffraction, variations in sample thickness, orfocused to a size comparable to, and preferably much smaller
complications with the precision and accuracy of measuringhan, the diameter of the laser-heated spot. With increasing
temperatures and temperature gradients. pressure, however, a thinner sample has a small hotspot, such

We model four different geometries of laser-heating withthat the ratio of the hotspot size) to the x-ray spot siz€X)
x-ray diffraction(Table ): “perfect” insulation layers versus typically decreases with increasing pressure for a given
no insulation, as indicated in Fig. 1, and a relatively largesample, regardless of the insulation that is Us&bnse-
hotspot -=4X) versus a narrow hotspoicE=X). These quently, in addition to modeling the effects of two extremes
represent extremes in temperature gradients, from strong 8 axial gradients, we also model the effects of variations in
virtually none. For the extreme of a sample with no insula-radial gradientgTable .
tion layers, large axial temperature gradients are obtained When laser heated, the pressure in the sample changes in
within the sample,T’(z) (prime indicates differentiation response to thermal pressure and to stress relaxation of the
with respect to the indicated coordinat&ig. 1, lef). How- ~ sample and surroundinge.g., pressure medium and gagket
ever, the lack of insulation layers can serve as an advantagée measured unit-cell volumes correspondingly change in
because the temperature variations can be modeled precisel§sponse to thermal expansion and pressure relaxation of the
given just the peak temperature and the thickness of théample. Because of the competing effects of thermal expan-
sample (measured from the gasket thickness after thesion(at~constant pressur@nd thermal pressur@t ~con-
experiment® While this geometry may not be ideal for use stant volumg the precise®—V conditions are not knowa
in a P=V—T equation of state measurement, it does allowPriori. Therefore, temperature and unit-cell volume of a stan-
for a better constraint on the actual temperature variation§ard must be measured in order to determine the pressure of
within the x-ray diffraction volume than when insulation lay- the sample throughout the heating cypteg., see Ref. |3
ers are preser(as these |ayer5 require extra mode]ing Here we consider three differeRt—V paths in order to

At the other extreme, samples with perfect insulation arénodel diffraction patterns obtained during laser heating of
modeled as having no axial temperature gradightg. 1, samples inside the diamond cefTable I, Fig. 3: (A)
right). Insulation layers often have variable thickness and th&€onstant-volume“rigid container”) conditions, in which the
layers on either side of the sample may differ in thicknesslattice parameters of the sample remain constant upon heat-
especially when considering insulation layers loaded as #19; (B) constant-pressure conditions, in which the unit-cell
fluid (e.g., Ar, N&. With increasing pressure, the sample volume increases with increasing temperature at each point
thins, which facilitates axial heat conduction; thus, an in-across the sample according to the thermal expansion of the
crease in pressure generally increases both radial and axiaaterial; andC) an intermediate case in which the thermal
temperature gradient3; (r) andT’(z).” Also, traditionally ~ energy is split between increasing the pressure and expand-
chosen insulation or pressure-medium layers., NaCl, Ar, ing the volume of the sample. Specifically, at each point in
He) tend to be more compressible than the sample of intereste x-ray volume the unit-cell volume of the material of in-
so that the insulation layers thin more rapidly than theterest is defined by
sample with increasing pressure. This results in the occur-
rence of significant temperature- and pressure-dependeli(T,P)=V(300K,Pq)+ 1/ V(T,Py)—V(30K,Py)], (11
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TABLE II. Thermoelastic properties of materials considered.

Pt Au MgO Diamond NaCl
V, (A% 60.3& 67.83 74,67 45.38 179.2%
0 (K) 230° 17¢ 945 2230 304
Kot (GP3 278 167 (6)° 162.5(0.2° 444 (3)f 23.8(7.5"
Ky 5.6° 5.48(0.54¢ 4.13(0.09° 1.9(0.3f 4 (3.9"
v 2.4(0.5 2.95(0.43¢ 1.54 12 1.59(0.04
q 15 1.7(0.7¢ 12 12 12
aAssumed value.
bSee Ref. 20.
‘See Ref. 18.
dSee Ref. 21.
®See Ref. 22.
'See Ref. 23.
9See Ref. 26.
"See Ref. 24.
iSee Ref. 25.

where P is the actual pressure at that point, aRgl is the
pressure given isobaric conditions.

atP andT, andV, is the volume at zero pressure and 300 K.
The Debye temperature and @risen parameter are taken

Case A is trivial, as there is no shift in x-ray diffraction to be only functions of volume
peaks or shapes. Case B is extreme in assuming complete
stress relaxation and is generally not observed in _ din®
experiments. Therefore, case C is the most representative of dinV
typical experimental conditions, although it must be recog—,q
nized that states can range between A and C not only from
one experiment to the next but even within a single heating
cycle during one experiment.

For each of the four geometries of temperature distribu-
tion, we model five simple materials having cubic unit cells: SUch that
Au, Pt, MgO, NacCl, and diamond. These materials are com- Yol (VIVg)9—1]

Of exp{ f] .

monly used as internal standaf@sg., see Ref. J5and rep-
For each point in the x-ray diffraction volume, the por-

resent extremes in thermal expansion and compressibility
(NaCl and diamony(Table 1I).

Throughout our analysis, the pressure—volume-tion of the sample intersected by the x-ray beam, it is there-
temperature relationships are defined by a Mie+®isen fore possible to calculate iteratively a unit-cell volume given
equation of statde.g., see Ref. |2 T(r,z), material propertiegTable 1), and assumptions on

the pressure conditions of the sample according to the curves
in Fig. 3. For all cases but constant-volume conditions, the
resulting x-ray diffraction peaks are shifted, changing in
shape and location due to the temperature variations. Be-
cause the geometry of the temperature distribution is such
that a greater portion of the x-ray diffraction volume is at
lower temperatures than at the peak temperature, calculated
diffraction peaks should have asymmetries reflecting the ac-
tual temperature distribution within the x-ray volume.

For purposes of illustration, diffraction-peak shapes are
calculated assuming a relatively high resolution, or narrow
isothermal peak profile, obd/d=0.15%, whered is the
interplaner spacing. This profile is representative of the peak
widths observed for hydrostatic samples using angular dis-
persive diffraction onto image plates, assuming a typical ex-

(16)

_dlny
9= dinv

(17)

C) (18

Y
P(V.T)=GEn(T.0)~En(300K,0) ]+ P3od V),
(12)
where 0O is the Debye temperature andis the Gruneisen
parameter. The thermal enerdyy,, is determined through

the Debye approximatiorin is the number of atoms per
chemical formula unitR the gas constank is @/T):

x§3

oe§_1

ONRT
En(T,0)= B

dé (13

and P;o( V) is determined by the third-order eulerian finite-
strain (Birch—Murnaghah equation of state

Paod V) =3Korf(1+2 )% 1-3(K' —4)f], (14  perimental geometry of a 25 cm sample-to-film distance and
an image plate resolution of 50m. Decreased resolution
where (wider isothermal pealissimply smears out the peaks ob-
f=1(Vo/V)23—1] (15  tained at high temperatures.

The contrast between constant-pressioase B; black
curves and constant-volume conditiongcase A; gray
curves is illustrated in Figs. &)—4(e) for each material of

and Kt is the zero-pressure isothermal bulk modulwith
pressure derivativi’). As before,V is the unit cell volume
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FIG. 4. Predicted diffraction-peak shapes for each material listed in Table I
assuming (a)—(e) constant-volume(gray curves: case JAor constant-
pressure conditiondlack curves: case)Bor (f)—(j) intermediate conditions

W. R. Panero and R. Jeanloz

Table Il under each of the four temperature conditions of
Table I. For specificity, these are calculated assuming a peak
temperature of 3000 K and an initial pressure of 20 GPa.
Under constant-volume conditions, the patterns are unaf-
fected by thermal expansion so that there is no effect due to
the temperature gradients: neither change in position or
shape takes place, even with extremely large temperature
gradients. However, the sample pressure is very different in
the two cases, A and B, and depends on the temperature
distribution for constant-volume conditioithe peak pres-
sure is 48 GPa in the latter instance for Au: Fi@. Bigures
4(f)—4(j) shows the predicted peak shapes for the intermedi-
ate casecase Q. Here, the pressure is 20 GPa for those
portions of the sample at 300 K, and highdue to thermal
pressurgfor portions of the sample at higher temperatures.
With the exception of those peaks reflecting negligible
temperature variation@.g., small x-ray beam and insulated
sample: Il of Table ), all peaks show significant deviations
from gaussian for either constant-press(Be or intermedi-
ate (C) P-V conditions. Notably, for a sample without any
axial gradients, a large-radius diffraction volume with
= (temperature condition) Iresults in a diffraction line
with a distinct shoulder—even for diamond, the material
with the lowest thermal expansion. The apparent splitting of
the diffraction peak results from the combined effectgipf
the T(z,r) temperature variations, with significantly more
signal coming from the lower- than the higher-temperature
portions of the sample; an@i) a thermal expansion coeffi-
cient rapidly changing with temperature, as implied by Egs.
(12) and (13). The diffraction peak is dominated by contri-
butions from the edges of the sample and from where the
coefficient of thermal expansion is not changing as rapidly.
The resulting peak shapes may lead to incorrect interpre-
tations of data. For example, the shoulder could be inter-
preted as indicating that the sample undergoes a high-
temperature phase transition that does not quench to room
temperaturdée.g., as might be expected for a displacive tran-
sition). In fact, indications of an orthorhombic phase of iron
reported at about 45 GPa and 2100%nd not seen at room
temperature, could instead be attributable to thermal expan-
sion effects in a sample with significant temperature varia-
tions. In these experiments, a diffraction-line splitting of
6d/d~1.9% was observed from an insulated Fe foil that was
laser heated from one side only, withvdX~ 1. Assuming a
linear temperature gradient through the sample, where the
unheated side of the foil is 60% of the laser-heated e,
gaussian radial temperature distribution wi¥=o and

(case G. An initial pressure of 20 GPa and a peak temperature of 3000 Kpressure-volume case C produces a splitting of 1.8%, ap-

are assumed, and labels on the curves indicatd’thé case and tempera-
ture conditions according to Table I: Bold lines indicate o (conditions |
and Ill), thin lines indicateX=¢/4 (conditions Il and 1V, dashed lines
indicate no insulation layergonditions Il and 1V} and solid lines indicate
perfect axial insulatioriconditions | and II. All profiles are calculated as-
suming an isothermal peak widitHWHM) of 0.003 A (5d/d=0.15%).
The diffraction peaks shown are the 100% intensity line for each material
([111] for Au, Pt, and C{200] for MgO and NaC). While the temperature

proximately the observed splitting. This calculation requires
numerous assumptions; though plausible, without published
measurements of peak temperatures and radial temperature
gradients of the sample, it is impossible to provide a better
estimate.

While these findings are troubling, no evidence for such

and pressure conditions are above the melting point for some of the mat®dd profiles as shown in Fig. 4 have been reported to date.
rials, they represent the expected range of behavior for studies with thPeak widths obtained from energy-dispersive x-ray diffrac-

laser-heated diamond-anvil cell. Pressures at the hotspot center are 20 G
for all samples under constant-pressure conditimase B. Central pres-
sures are 38, 37, 28, 38, and 31 GPa, respectively, for Au, Pt, NaCl, diamo

and MgO under constant-volume conditiofcase A.

fiBn systems are 3—5 times wider than assumed in the present

nodels(due to limited energy resolution of current detec-
tors). However, when resolution improves—with the use of
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T T T T T T ening as evidence for minimal temperature variations also
(@) must invoke significant thermal pressure, either to reconcile
extreme thermal expansion values or to correct the internal-
standard pressure. However, an increase in pressure due to
heating requires that the volume of the cell is constrained,
restricting thermal expansion and therefore, the width of the
8d/d=0.15% peak. Even with the best possible resolution of an energy-
dispersive x-ray system, these effects are smeared out such
that only broadening is observed, with the non-Gaussian sig-
| ! | | nal significantly suppressed. Therefore, the lack of broaden-
226 228 230 2.32 234 236 2.38 ing of a diffraction peak does not necessarily demonstrate the
d-spacing (A) lack of temperature gradients if there is any evidence of ther-
Average Lattice | ' | Line T T mal pressgre.. .

Parameter | | Center (b) Complicating these arguments is the fact that even
though the bulk of the sample seems to follow a particular
P-V-T path upon heatingintermediate between isochoric
and isobaric conditions there is no reason to expect that
each point across the sample volume behaves the same way:
the coldest portions of the cell do not undergo the same
relaxation as the heated portions. Intergranular stresses
broaden the peak widths but have been shown to relax when
| heated to high temperaturésyhereas lower-temperature

5d/d=0.6%

0

=0.

.

226 228 230 232 234 2.36 2.38 portions of the sample are likely to retain much of this stress.
d-spacing (A) Temperature{and therefore position-dependent stress re-

FIG. 5. Predicted peak shapes for {id1] line of gold at 20 GPa deter- laxation can thus bias the peak widths towar.d those pprtlons
mined with a detection system having lower resolution than shown in Fig.4,Of the sample that are colder, further tendlng to shift the

5d/d=0.6% (gray) compared tosd/d=0.15% (blacK, for temperature ~ Observed peak position while smearing out the peak shape.
condition I. Models are fofa) constant-pressure conditiofmase B, and(b)
half the maximum thermal expansi¢case G. In the latter case, the center

of the peak(right-hand gray bar corresponding to a compressiiV, INFERRED PRESSURES OF SAMPLES:

=0.954, indicates a pressure of 24.0 GPa for a volume-average temperatu
of 2006 K. The average of the actual sample pressure is 25.5 GPa, corrg-%”:)l‘lCA—I—IONS FOR P—V-T EQUATIONS OF STATE

sponding to a compression 9fV,=0.927(left-hand gray bar leading to a

1.5 GPa underestimate of pressure. Because of the uncertainty of tie-V—T path followed

by the sample during laser heating, experiments require the

incorporation of a well-calibrated internal standard that can
high-resolution image plates, for instance—the peak shapdse assumed to experience the same pressure and temperature
derived in the present study should be observable. Figure &onditions as the sample. Thus, any high-pressure, high-
shows the effect of lower resolution on the predicted diffrac-temperature equations of state must be measwlative to
tion pattern for gold. In the case of no thermal presd@e  that of a well defined standard. In general, the maximum
some effect on the peak shape is evidgfig. 5a)]. Still,  temperature that is measured or some average temperature of
because constant-pressure conditions are unrealistic, it is retire diffraction volume is taken to be the temperature repre-
sonable that such results have not been reported. Indeed, feentative of the measured diffraction pattern, and it is as-
conditions intermediate between maximum thermal pressureumed that the sample of interest experiences the same
and maximum thermal expansi6@), the diffraction lines no  pressure-temperature environment as the internal standard.
longer appear splitFig. 5(b)]. However, the center of the diffraction peak expected for the

The lack of diffraction-peak broadening in certain ex- volume-average temperature under the conditions defined in

periments has been cited as evidence for minimal temperdq. (11) (case C of Table)| is not the center of the calcu-
ture variation within the x-ray volum¥.To the degree that lated peak shape. There is a significant offset because the
the sample remains at constant volume, however, this arguaverage expansion across the temperature distribution is not
ment is not valid; more generally, it needs to be criticallythe same as the expansion derived for the average tempera-
evaluated relative to the resolution of the detection systemture. This difference introduces systematic biases in the in-
Figures 4 and 5 show that the position and width of eacHerred pressure, such that the measured pressure from an in-
diffraction peak are determined both by the temperaturgernal standard is typically less than the actual pressure.
variation across the sample and by the sped#ieV path Recent experiments have noted a discrepancy between
followed upon heating. As one example, assuming temperadata collected through differenh situ techniques: results
ture condition |, the diffraction-peak width for gold de- from the multianvil press and laser-heated diamond anvil cell
creases from 0.029 Asd/d=1.4%) in case B(constant have been shown to imply a 2—-3 GPa difference in inferred
pressurgto 0.015 A (5d/d=0.38%) in case C and 0.003 A phase boundari€$,as well as inconsistent determinations of
(i.e., the detector resolutiodid/d=0.15%) in case A(con-  thermoelastic propertiéd. Several explanations have been
stant volumg The same studies that cite lack of peak broad-suggested to explain these differences, from uncertainties in
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25 I I I J = FIG. 7. Diffraction-peak profiles for two samples contained between MgO

2500 K (b) insulation layers, with peak temperatures of 2158(0r5) K in both cases.
- - Gray bold line is for data collected from a sample heated using aghEM
mode laser X/o~1) at 27.4 GPa, while the black bold curve is from a

N
o

=
o
e
c
S
g 1.5 13000 K — sample heated by TE)M mode laser X/o~0.5) at 35.5 GPa. The 27%
g < greater width of the gray curve, relative the black curve, can be explained
O 10k \\ entirely by the greater temperature gradients in the x-ray volume. Thin
g "IS(EK—__\:_;_:_: curves are for a model of diffraction-peak shapes assuming an isothermal
B 0Bl e : - peak width of 0.02 A, as measured from postheating x-ray diffraction.
jol 1000K_ = T
E o™ - - - =
0.0 | | | | |
20" 40 60 80 100 ) o
Measured Pressure (GPa) with both determinations lower than the actual presshye
7%—12%.

FIG. 6. Correction to the pressure inferred from the diffraction pattern re- Viewed in another way, considering a sample with an
quired in order to obtain the actual pressure of the sampl& for- under ’

(8 constant-pressure conditions, aflil conditions intermediate between accurate pressure determination the systematic error _in vol-
constant pressure and constant voluicase |, G. Solid curves are for gold, ume determination causes an error of up to 100% in the
and dashed are for MgO. Black is for a volume-average temperature of 250fhferred thermal expansion. For instance, under the condi-
K, and shades of gray are for 2000, 1500, and 1000 K. tions of Fig. §a) (case B; temperature conditiop the vol-
ume for gold at 20 GPa and 3000 K would be overestimated

. . by 1.3%, leading to an overestimate of the averé@@0—
the thermal equation of state of the internal standard to thgnq, K) thermal expansivity by 5107 K1, a discrep-

presence of nonhydrostatic stresses.

As observed in Fig. ®), however, the lattice parameter
inferred from the center of the strongest diffraction peak for
gold is systematically larger than the actual average IattiC%OMPARBON WITH DATA
parameter (by 6d/d=0.28%), hence, the pressure that
would be inferred is lower than the actual average pressure Figure 7 shows energy-dispersive x-ray diffraction data
of the sample. The difference in measured and actual presollected at the GSECARS beamline 13-IDD. The sample of
sure is approximately the same magnitude as the uncertaimterest(a mixture of oxides was insulated from the dia-
ties in pressure due to uncertainties in temperature and in thmonds using polycrystalline MgO layers and heated to the
equation of state of the internal standard. These systematg&ame peak temperature, 216075) K, but using two differ-
effects can result in an incorrect determination of a phasent laser modes for heating, thereby varying Xie ratio.
boundary or the pressure derivatives of thermodynamic paBoth diffraction patterns were taken with the same x-ray
rameters. beam dimensionX=~ 10 um), yet the data collected using a

Figure 6 shows the pressure correction required in ordefEMg, mode (=8 um) at 27.4 GPa is 27% wider than the
to obtain internally consistent results, given the particulampeak collected using a TE) heating mode¢ =15 um) at
P-V conditions of the sample and the temperature distribu35.5 GPa. Given the peak positions, the pressures inferred
tion across the x-ray volume. With some indication of thefrom these diffraction lines would be 27.1 and 35.1 GPa,
sample condition, between constant-volume and constantespectively(systematic errors of 0.3 and 0.4 GP®hile
pressure, the appropriate systematic correction can be apiferent sample loadings, each of the diffraction patterns is
plied to the pressure calculated from a gaussian fit to thérom the end of a heating cycle and is therefore assumed to
diffraction peaks. Although small, this correction can helpbe for an annealed sample. Indeed, both samples exhibit a
explain the difficulties in determining relative equations of MgO peak width full width at half maximuntFWHM) of
state between well-studied materials. For example, at high.02 A after heatindto peak temperatures of 2308:90) K
temperaturegvolume average temperature of 2000, kK  and 2500 *75) K, respectively, comparable with the detec-
well-insulated sample of gold and MgO at 20 Gleanstant-  tor resolution of the energy-dispersive syst&rB0 eV at 25
pressure conditionsshould indicate pressures of 17.5 andkeV, or SE/E=6d/d=0.6%). The present measurements
18.6 GPa, respectively. This is not only a difference of presare therefore insensitive to microshear strain within the insu-
sure between the sample and standard of 1.1 GPa, but altation layers.

ancy of about 40%.
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Forward modeling of the peak profiles show that the I T T T T
P-V relationship can be determined for the sample, given a
known temperature distribution across the x-ray diffraction

. . no Debye-
volume. Modeling the peak shapes assuming half thermal Waller factor
pressure and half thermal expansion conditi@ase ¢, and
a linear temperature distribution through the sample, repro-
duces the observed diffraction lin€Sig. 7). While no peak
splitting or shoulders are observed, the diffraction peaks are
slightly asymmetric in accord with the model calculations. | !

Debye-
Waller factor

Data collected from a system with better resolution will be 226 2.28 2.30 2.32 2.34 2.36 2.38
required in order to measure the predicted peak shapes in d-spacing (A)
detail.
FIG. 8. Effect of the Debye—Waller factor on a diffraction-peak shape
(gray) compared with the predicted peak shape assuming a constant Debye—
EFFECT OF THE DEBYE-WALLER TEMPERATURE Waller factor over the temperature range in the x-ray voluiriack) for
EACTOR case B and condition |. The Debye—Waller factor acts to decrease intensity

at highd spacings, corresponding to the hotter portions of the sample, rela-
An additional complication of x-ray diffraction measure- tive to low d spacings.
ments from samples under temperature gradients is the effect

of the Debye—Waller temperature factor, which predicts a .
S . . . . . . values(hence, lower temperatupe®ut simply, a larger frac-
decreasing intensity of diffraction due to increasing ampli-

T , tion of the x-ray diffraction volume within the sample is at
tudes of atomic vibration@.e., less coherent scatteringith . .
. ) ) lower rather than higher temperatures. The second reason is
increasing temperaturé. The Debye—Waller factor is ap-

: . : . . ; the greater diffraction intensity of the crystal at lower tem-
plied directly to the intensity of the diffraction peak peratures due to the Debye—Waller factor. Therefore, both

I=1ye"2M, (199  the geometrical and thermal effects cause the x-ray diffrac-
tion measurement to be more sensitive to the lowegher
than the highesttemperatures in the x-ray diffraction vol-
ume. In an effort to quantify this effect, a weighted average
temperature of the x-ray diffraction volume is defined. If
each point of the sample volume is then weighted by the
Debye—Waller factor, we can define a weighted average tem-
erature according to the intensity of x rays coming from
ach point within the diffraction volume

x & T—_fEfée*ZMT(r,z)rdrdz
W D %e Mrdrdz

1
d(x)= ;Lde (21)
whereT(r,z) is defined by Eq(6) or (7).

For each material, the geometrically averaged tempera-
The Debye-Waller effect depends on pressure througmres (e 2M=1; unweighteajgare systemgtically ?arger thzn
t(rlg v(ollg)r]neodepttagl d?nce of tthe Debye te”?gle ra[l%?s. th the weighted averages, reflecting the fact that the x-rays are
-0)—(Fo)]. DVer the temperature range possivie within epreferentially diffracted from the lower-temperature regions

diffraction volume, the effect of the Debye—Waller factor can s the sample(Fig. 9). Those geometries with the smallest

o ) o L
be significant: up to 60% variation Iril; for gold. However, temperature variations are less affected by such a phenom-

the pressure effects are much smaller, because the pressur : o
P Press on; however, the present models are an idealization, and

variations within the hotspot are smaller, such that even i, , sample is likely to have such small temperature varia-
the most extreme case of isochoric conditions, the Debye—

Waller fact I o5 bv-10% or | due 1 tions. When combining the temperature variation across the
aller factor only varies by-1U% or less, due to pressure sample with the Mie—Gmeisen equation of state, the differ-
variations across the sample.

. . . ences in inferred temperature affect the inferred pressure of
Figure 8 illustrates the effect on the inferred peak shap b P

She sample, potentially resulting in errors in assessing the
for gold of the case involving full thermal expansion of the . ' .
sample[viz. Fig. 4(b)], showing the additional effect that equation of state or phase boundary of the sample. Figure 9

inclusion of the Debye—Waller factor has on the calculate right sidg shows that the effect on the inferred pressure of

. o . . ) . his difference in temperature is systematic, though smaller
diffraction line for gold. Because the intensity of diffraction P y g

) in magnitude than the influence of peak shapes due to the
is greater at low temperatures, the low-temperature end Shermal expansion effects discussed earlier

the diffraction curve is emphasized but the general peak
shape is unchanged.

X-ray diffraction is more sensitive to those parts of theSUMNIARY
x-ray volume that are at lower temperature for two reasons. The models presented here illustrate some of the factors
The first is the cylindrical symmetry of the hotspg@&ig. 2),  that must be included in the analysis of x-ray diffraction
which preferentially weights diffraction from large-radius patterns taken from the laser-heated diamond(cell, in the

wherel is the intensity of the peakg is the intensity at 0 K
and, for cubic materialdyl is

_ 6h°T X (sin0
- mkO? 41\ A

whereh, k, m 6, and\ are Planck’s constant, Boltzman'’s

constant, mass of the atom, diffraction angle and Wavelengtlg
respectively, withx=0/T. The function®(x) is

2

M d(x)+ ; (20

(22

and can be evaluated through series solutfSns.
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