
Introduction to resistively 
heated DAC techniques 

Max Wilke
Universität Potsdam
with material by C. Schmidt 

& A. Rosa

ESRF



Outline

•  Resistive Heating?
•  Technical Concepts 

Hydrothermal DAC  
Resistively Heated DAC for Megabars

•  Using resistively heated DACs
•  Examples of Application



Why using resistive heating?

H.P. Liermann, DESY Hamburg

•  Temperatures below 
1500 K

•  precise T-Control



Hydrothermal DAC vs. 
 DAC f. Megabars

Construction 
assembled HDAC on xyz-stage of Raman spectrometer"

Bassett"
et al. (1993) "

gas inlet

heater wires
to thyristor-driven 
power supplies 

thermocouple wires
to temperature controllers

driver screw
with Belleville

washerHydrothermal DAC ESRF-type DAC



Hydrothermal DAC - HDAC

•  particularly used for experiments with hydrous fluids 
e.g.  
23 GPa at 750 °C (Lin et al., 2004) 
1025±10 °C at ~2 GPa (Aude ́tat & Keppler, 2005) 

A new diamond anvil cell for hydrothermal studies to 2.5 GPa 
and from -190 to 1200 “C 
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959 National Center, US. Geological Survey, Resron, Vbgirzia 22092 
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A new style of diamond anvil cell (DAC) has been designed and built for conducting research 
in fluids at pressures to 2.5 GPa and temperatures from - 190 to 1200 “C. The new DAC has 
been used for optical microscope observations and synchrotron x-ray diffraction studies. Fringes 
produced by interference of laser light reflected from top and bottom anvil faces and from top 
and bottom sample faces provide a very sensitive means of monitoring the volume of sample 
chamber and for observing volume and refractive index changes in samples that have resulted 
from transitions and reactions. X-ray diffraction patterns of samples under hydrothermal 
conditions have been made by the energy dispersive method using synchrotron radiation. The 
new DAC has individual heaters and individual thermocouples for the upper and lower anvils 
that can be controlled and can maintain temperatures with an accuracy of ho.5 “C. Low 
temperatures are achieved by introducing liquid nitrogen directly into the DAC. The equation 
of state of Hz0 and the a-0 quartz transition are used to determine pressure with an accuracy 
of f 1% in the aqueous samples. The new DAC has been used to redetermine five isochores of 
Hz0 as well as the dehydration curves of brucite, Mg( OH)z, and muscovite, 
Kkl,(Si,Al)O,,(OH),. - 

1. INTRODUCTION 

Diamond anvil cells (DAC) have been used in a wide 
variety of studies both at room temperature and at high 
temperatures.‘T2 Shortly after the invention of the DAC in 
1959 (Refs. 3 and 4) a simple gasket was developed5 by 
drilling a hole in a 50-200 pm thick metal foil and placing 
the foil between the diamond anvils so as to create a sample 
chamber that could be filled with a fluid or a solid sample 
or a mixture of fluid and solid. DACs have been used to 
encapsulate fluids to provide hydrostatic pressures to 
single-crystal fragmentss7 and powders8*9 and to study the 
solidification of fluids at high pressures.10-‘2 A small high- 
temperature diamond anvil cell capable of pressures up to 
3 GPa and temperatures up to 450 “C was developed for 
single-crystal x-ray diffraction studies.i3 

Until recently, very few studies have been made of 
hydrothermal reactions or of equations of state of fluids in 
the DAC.‘“r6 The DAC described in this article is de- 
signed to make such studies reasonably easy and accurate. 

Ii. THE NEW STYLE OF DIAMOND ANVIL CELL 

The new DAC is similar in design to the cell described 
by Merrill and Bassett’ but is three to four times as large 
(Fig. 1). It consists of two platens with diamond anvils 
mounted at their centers. The two platens are drawn to- 
gether by tightening nuts on the threaded ends of three 
posts, thus applying pressure to a sample held between the 
diamond anvils. Holes through the centers of the platens 
allow visual and x-ray access to the sample along the com- 
pression axis. Molybdenum wires wrapped around the 
tungsten carbide seats which support the diamond anvils 

serve as heaters (Fig. 2). These can heat the anvils and the 
sample very uniformly and very constantly to temperatures 
in excess of 1200 “C. Electrical leads for the heaters and the 
thermocouples are fed through the platens. The volume 
containing the heaters, the anvils, and the sample can be 
enclosed and completely surrounded with a gas to prevent 
oxidation. We have found that a constant flow of a mixture 
of Ar with 1% H2 is very satisfactory for this purpose. 

The new DAC can also be used for low-temperature 
work. By introducing liquid nitrogen into the brass cham- 
ber that forms the base of the DAC we have been able to 
lower the sample temperature to - 132 “C and by introduc- 
ing liquid nitrogen directly into the chamber surrounding 
the anvils, we have achieved temperatures as low as 
- 190 “C. The sample temperature can be controlled by 
reheating the sample using the resistance heaters and tem- 
perature controller to any temperature between - 190 “C 
and room temperature. 

The new style of DAC has been designed to incorpo- 
rate several principles important for application to fluid 
studies and especially for studies of hydrothermal systems. 
In the following description, we emphasize these princi- 
ples. 

A. Dimensional stability of the DAC 

The new cell is designed so that there are only three 
simple members (1/2-m.-diam posts) which carry all of 
the tensile stress f Fig. 1) . These are designed to undergo a 
minimum of dimensional change as the sample is heated. 
This is accomplished by (1) isolation from the heat 
sources, (2) by choice of metal, and (3) by air cooling 
through the hollow centers of the posts. If dimensional 
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HDAC Construction

Construction 
central portion with sample chamber"
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(e.g.,

quartz)

metal gasket
(Ir, Re ± Au coating)

heater wires
(Mo, Pt, PtRh, NiCr)

diamond
anvils

sample chamber, fluid thermocouples
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C. Schmidt, GFZ Potsdam



HDAC Construction
Construction 

upper and lower platen"

design minimizes temperature gradient in sample chamber and 
permits accurate measurement + control of sample temperature!

C. Schmidt, GFZ Potsdam

upper and lower platen

precise T control (± 0.1 K)
small T gradients 
fast T stabilization
accurate T measurement 



HDAC Construction

•  HDAC on stage of  
Micro-Raman spectrometer

•  Cell body is flushed with 
H2-bearing gas (Ar, N2) to 
prevent oxidation of parts

Construction 
assembled HDAC on xyz-stage of Raman spectrometer"

Bassett"
et al. (1993) "

gas inlet

heater wires
to thyristor-driven 
power supplies 

thermocouple wires
to temperature controllers

driver screw
with Belleville

washer

C. Schmidt, GFZ Potsdam



Temperature Calibration

•  Melting points at ambient pressure, eg. 
NaCl, 800.7°C 
CsCl, 645°C 
K2Cr2O7, 398°C 
NaNO3, 306.8°C

•  Triple point of H2O 
Ice I + liquid + vapor at 0.1°C, 0.6 kPa  
Ice I + Ice III + liquid at -21.985°C, 209.9 MPa



Temperature Calibration

•  α-β quartz transition: displacive, little hysteresis 
observation using crossed polarizers  
cut || c-axis 75 µm thick

temperature measurement  
calibration using α-β quartz transition"

573 °C 574 °C

•  displacive, very little hysteresis 
•  574 °C upon heating at 0.1 MPa 
•  optical observation under crossed polars 
•  should be cut parallel to c axis, section ~75 µm thick 

0.1 MPa

C. Schmidt, GFZ Potsdam



Pressure determination

•  Phase transitions and equation of state of the 
pressure medium (fluid)

•  Pressure calibrants  
X-ray diffraction: e.g. Au, Pt 
 
Raman or Fluorescence lines: 
fluorescence sensors: e.g. ruby, Sm:YAG 
Raman sensors: e.g. α-quartz, zircon



Pressure determination 
phase transitions and EoS of fluid 

pressure determination 
phase transitions and isochores in fluid"

modified from 
Schmidt and 
Ziemann 
(2000) "
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Pressure determination 
EoS of H2O for dilute solutions 

pressure determination 
dilute aqueous fluids: EoS of water"

equation 
of state: 
Wagner 
and Pruß 
(2002) "
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Pressure determination 
ν3(SiO4)-band zircon (ZrSiO4)

Pressure determination  
Raman bands: ν3(SiO4) band of zircon"

Schmidt et al. (in revision)"
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Ruby Fluorescence?

•  at high T:  
two peaks merge  
intensity decreases 
à non-linear frequency 
shift with T

•  above 300°C  
pressure determination 
difficult

pressure determination 
fluorescence bands: ruby"

Datchi et al. (2007) "

with increasing T:  
•  broadening  
•  R1 and R2 merge 
•  intensity decreases 
•  strong and nonlinear 

shift in wavenumber 
    (∂ν�1/∂T ~ -0.14 cm-1K-1) 

accurate pressure 
determination becomes 
difficult at T >300 °C, 
particularly at relatively 
low P to a few GPa 

Datchi et al. 2007



Reaching conditions beyond HDAC

HDAC
H.P. Liermann, DESY Hamburg



Resistively Heated DAC for 
Megabars

External heater ring

TC on diamond

heater ring

DAC made of HT steel

vacuum box

TC on heater

External Heating

ESRF

Angelika Rosa, ESRF



Resistively Heated DAC for 
Megabars

0.25 mm

T diamond = 305°C 
T sample    = 306.4°C

molten
NaNO3

With courtesy of R. Jarnias

•  T limited to 600oC 
•  Slow T stabilisation, 20 min
•  Accurate T measurement

External Heating



Resistively Heated DAC for 
Megabars

Ceramic basin 
with graphite 

heater 

Electrical contacts 
(Mo) 

New ceramic junctions for 
electrical contact outside 

the cell 

Thermocouple 
underneath heater 

Diamond seat 
made of ceramic 
to reduce heat 
loss to cell body 

Internal Heating

•  T limited to 1200oC 
•  fast T stabilisation, immediate
•  Accurate T measurement

ESRF



Resistively Heated DAC for 
Megabars

thermocouple

Ceramic seats

Extra high diamonds (1 mm) 
enlarged to fit TC and heater) Graphite heater

ceramic basin 
for heater

TOP VIEW SIDE VIEW

Mo electrodes

•  New internal heating design
•  liquid graphite, T-stability > 3000°C

ESRF



Implementation at Beam line

ID 27
ü  XRF
ü  XRD

ü  Beam size 1*1 µm2 (-> 0.15 µm)
ü  20-30 keV

BM 23 (ID 24 DCM)
ü  XAS
ü  XRF
ü  XRD

ü  Beam size 3*3 µm2

ü  5-40 keV



•  first test runs at ID27 at ambient pressure using hex-BN 
and Pt as test samples

Resistively Heated DAC for 
Megabars

With courtesy of A.D. Rosa and G. Garbarino



Applications of HDAC and RH-DAC

•  optical microscopy, microthermometry
•  Raman & IR spectroscopy
•  synchrotron radiation X-ray fluorescence and absorption 

spectroscopy
•  inelastic X-ray scattering (X-ray Raman spectroscopy)
•  Brillouin spectroscopy
•  electrical conductance 
•  XRD

•  Zircon solubility and Zr complexation in fluids at high P&T
•  H2O at high P&T
•  Silicate Melts/Glasses at extreme pressure



X-ray spectroscopy with HDAC

XRF photonsto detector
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modified after Schmidt & Rickers 2003, Schmidt et al. 2007



Con-focal XRF detection

Beam

Beam

Wilke et al. 2010 Schmitz et al. 2009

Beamline L, DESY



Confocal XRF: Calibration
Standard Solution in HDAC with 1300 ppm Zr
21 keV excitation

Detection limit < 1 ppm for Zr

Wilke et al. 2010



Mobilisation and Transport of Zr

•  Zircon (ZrSiO4) in low-grade (350°C)  
meta-sediments

The Hf content of the outgrowth is approximately the
same as that of the host zircon (Fig. 7), but more variable
and higher than the dark BSE zircon. Zircon outgrowths
are enriched in non-formula elements but generally less so
than dark BSE zircon, and outgrowths display different
chemical trends to dark BSE zircon (Fig. 7).
Typically, zircon outgrowths are weakly luminescent

compared with the host zircon and produce very low IQ
EBSD patterns (Fig. 9e). Xenotime inclusions in out-
growths produce high IQ EBSD patterns.

Interpretation
Slates contain abundant dark BSE zircon and zircon out-
growths. This suggests that slate either contains inherently
more reactive detrital zircon or that the alteration and
growth of new zircon is enhanced by the presence of phyl-
losilicates (Dempster et al., 2008a, 2008b) and possibly con-
trolled by local variation in fluid composition (Rasmussen,
2005).

Zircon outgrowths can be linked via a series of
metamict-generated fractures to internally modified dark
BSE zircon that displays evidence of dissolution (Fig. 1c).
These fractures are often filled with dark BSE zircon and
provide pathways for fluids to both form the dark BSE
zircon and transport Zr to the edge of the grain. The out-
growths have a similar poorly crystalline structure to the
dark BSE zircon. Many zircon outgrowths are found on
the margins of completely unmodified zircon (Fig. 9c),
which suggests that Zr is transported by fluids from
zircon that has experienced dissolution elsewhere. No link
between the characteristics of adjacent grains has been
identified in two dimensions. However, the similar Hf con-
tents of the host zircons and the zircon outgrowths (Fig. 7)
may point to a local source. In comparison with dark BSE
zircon, the relative lack of non-formula elements in zircon
outgrowths may be due to these elements being more read-
ily partitioned into adjacent matrix phases.
The delicate structure of outgrowths (Fig. 9b) would be

unable to survive sediment transport. Outgrowths contain

Fig. 9. Zircon outgrowths. BSE images unless stated otherwise. (a) Frilly (top of grain) and larger (bottom right margin) outgrowths on host
zircon with light BSE^dark BSE zoned interior. Fractures in light BSE zircon are filled by dark BSE zircon that connects with outgrowths
(Eas1). (b) Inclusion-rich, patchy BSE intensity zircon overgrowth on a light BSE zircon host (Bal1d). (c) Zircon with variable BSE intensity
zircon outgrowths containing (bright) xenotime (Bal1b). (d) Zircon with crack sealed by dark BSE zircon. Xenotime forms high BSE intensity
outgrowth on upper margin and zircon outgrowths form on remainder of margin. (e) IQ-Inverse pole figures (IPF) EBSD map of (d) showing
epitaxial xenotime outgrowths. Zircon outgrowths give no EBSD pattern. Step size was 0!1 mm. (f) Zircon outgrowth on host zircon adjacent to
matrix muscovite and lacking outgrowths on right-hand margin adjacent to quartz (Bal1a).

HAY & DEMPSTER ZIRCON AND LOW-T METAMORPHISM

583

 at B
ibliothek des W

issenschaftsparks A
lbert Einstein on M

arch 13, 2012
http://petrology.oxfordjournals.org/

D
ow

nloaded from
 

Hay & Dempster 2009

Zircon Outgrowths



Zircon solubility in aqueous fluids
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Zr-complexation in fluid?



RIXS or HERFD-XAS on trace-
elements in aqueous fluids at P & T

crystals

HDAC

detector

from Glatzel & Bergmann 2005

Rowland Spectrometer at ID26 @ ESRF

RIXS:
Resonant Inelastic X-ray Scattering
HERFD-XAS:
high energy resolved fluo detected - XAS

HERFD-XAS

Zr 1s2p RIXS plane



HERFD-XANES vs. normal XANES
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Zr Complexation from  
HERFD-XANES
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Zr Complexation from  
HERFD-XANES

N
o
rm

a
liz

e
d
 I
n
te

n
si

ty

18120181001808018060180401802018000

Energy [eV]

Zrc + 16 wt% HCl sol.

Zrc + 6 wt% NaOH sol.

standard solution

5000 ppm Zr

ZrO7 cluster

ZrO8 cluster

ZrO4Cl3 cluster

Wilke et al. 2012

XANES taken on Fluids 
at P and T
equilibrated with zircon

calculated with Feff



Zr Complexation from  
HERFD-XANES
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X-ray Raman Scattering with HDAC
Structure of supercritical water 
H-bonding --->  O K-edge

Sahle et al. (2013) PNAS, doi: 10.1073/pnas.1220301110ID 20, ESRF

O K-edge	



Structure of supercritical H2O 
H-bonding

Sahle et al. (2013) PNAS, doi: 10.1073/pnas.1220301110

O K-edge
experiment simulation

Structure from Molecular 
Dynamics



Silicate Glass/Melt at extreme 
pressures

Melts?

Cross Section Earth

136

BM 23, externally heated DAC	



Ge-doped Silicate Glass/Melt at 
extreme pressures

According to this the highest disorder in the first Ge-O shell is around 20 GPa where the largest

structural diversity in the system dominates. Rather constant value of DW for higher pressures may

indicate that maximum structural disorder is reached and that at higher pressures the system moves

towards pure octahedral coordination which is completed at around 30 – 35 GPa.

Figure 13. First shell Ge fit. Upper line ADN glass, lower line AN glass. Left: coordination number 

as a function of pressure; centre: bond length as a function of pressure; right: Debye-Waller factor as 

a function of pressure. Symbols: black circle shows values for data measured without DAC (at p = 0 

GPa); black square shows values for data measured with DAC. 

In order to obtain reliable data of the x-ray absorption coefficient only the data in the energy range

up to 10.4 keV was used (Figure 12 right).  At higher energy range both glasses show glitches

caused probably by the Pt absorption edge (coming from the Pt-mirror). 

Figure 12 right shows the k3-weighted χ (k) XAFS spectra obtained for AN (top) and ADN (bottom)

glass under compression. The spectra show four peaks of the XAFS oscillations determined using

Gaussian. Slight shift towards lower k values can be recognized, however a bit stronger shift shows

clearly only the third peak at 17.2 GPa (AN glass) and at 27.11 GPa (ADN glass).  

At lower k-values (under 5 Å-1) of the XAFS one can see that the spectra at low pressure differ from

those for higher pressure. Narrow sharp peaks dominate below ~ 5 GPa. Between ~ 5 GPa and ~ 25

Gpa  (23 GPa for AN glass and 27.11 GPa for ADN glass) one can observe changes in the peak

shape indicating intense structural changes in this pressure range. Above ca. 25 GPa all spectra at

lower k-values show stable broad peaks indicating stabilization of the system and attenuation of the

structural changes.  One of the structural features is splitting into two peaks at 8.44 Gpa (AN glass)

and at ca. 16 Gpa (ADN glass) with later merging of the two small peaks into one broad peak. 

Figure 12 left shows the XAFS amplitude |χ (R)|, from the Fourier transform of k3 χ (k) for the

measured EXAFS spectra.

The main peak which corresponds to the first Ge-O distance is for lower pressure rather narrow and

elongated in comparison to higher pressures. In AN glass this trend ends at ~ 23 GPa, and in ADN

glass at ~ 27 GPa. 

Figure 12. 
Left top: XAFS Fourier transform |χ(R)| for Ge-O at AN glass with increasing pressure; Left 
bottom: XAFS Fourier transform |χ(R)| for Ge-O at ADN glass with increasing pressure.
Right top: XAFS k3 χ(k) for Ge in AN glass with increasing pressure; Right bottom: XAFS k3 
χ(k) for Ge in ADN glass with increasing pressure.
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Ge-doped Silicate Glass/Melt at 
extreme pressures
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Conclusion

•  Resistively Heated DAC usable up to ca. 1500 K
•  Precise Temperature Measurements
•  HDAC for work with aqueous fluids
•  RH-DAC for Megabars are complementary to 

Laser-heated DAC
•  XRD, XRF, XAS, Raman spectr. etc. Construction 

assembled HDAC on xyz-stage of Raman spectrometer"

Bassett"
et al. (1993) "
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