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VERY HICH PRESSURY MYSSBAIER SPECTROSCOPY USING DIAMOND AWVIL CELLS

H Pasternak! , and R. D. Taylor

'School of Physics and Astronowy, Tel Aviv University, Ramat Aviv 69978, Israel, and
Physics DPivision, Los Alamos Mational Lazboratory, Los Alamsos, MY B7545, USR, Physics
hivision, Los Alamos Mational Laboratory, Los Alamos, M1 87545, USA.

The technique of generating very high pressure by mweans of [iawond
Avil Cells (DAC) for Mbssbauer Effect applications is outlined. A
comprehensive description is presenied of the principles of DAC,
wodification fur the use in Mosshauer Spectroscopy (MS), the
Merrill-Bassett and Bassett cells, of pressure mweasurements, of
gasketing and collimation, and of hydrostatic mwedia. Examples of
Y91By, '198n and 'YL are given showing the feasibility of DAC
applications in MS. Other isotopes with potential use fur high
pressure MS using DAC are suggested.

PACS mmbers: 67.68.4p, 31.78.Ks, 61.16.-d, 7.8 4y



1. TNTRODUCT I ON

Static high pressure techniques have been widely applied since the eariy days
of the Misshbauer Effect to imwestigate the effect of lattice spacing chenges on the
hyperfine interaction constants. The devices to zchieve high pressure was based
primarily on the Bridgwan amvil and the piston-cylimder concepts, both of which were
invented and developed by Bridgman and later improved by Drickaser and coworkers
/1,2/. Reviews of MBssbauer Spectrascopy with high pressure based on Bridgman cells
were written by several authors during the sixties 73,4,5,67, and, at the end of the
seventies by Williamson 77/, who emphasized the role of high pressure on ismmer shifts
On the practical side, the use of Bridgman cells for Mosshaver Effect was limited to

=158 Kbar maxiswm pressure /8/.

During the last 15 years, concurrently with numerous high pressure studies with
the Bridgan cells, a new technique was evolved which revolutionized the field of
static high pressure, namely the diamsond amvil cell (DAC). Today the DAC has became the

wost powerful ultra-high-pressure device, opening new venues for exciting studies of
condens=d watter. The first Mosshauer Effect DAC studies were reportad as early as 197%
by Huggins, Mao, and Virgu 79/ using an iron absorber. Source experiments with *’Co(Fe)
were first reported by Taylor and co-workers in 1982 /18,11/. Other M8 experiments
" with *’Fe (iron wetal and Fe,0,) to pressures beyond 588 Kbars were conducted by Swin
el. al. 7127 amd Nasv et. al. 713/, The first *'°Sn experiments in tin metal with DAC
were reported by Chow et.al 714/, 1Y in elemental I, by Pasternak et.ai., in 1906
AL/, and T Eu in Eu metal by Farrcll and Taylor 716/, Those studies proved that DACs
can practically be used as an ultra-high-pressure device not only for *7Fe MS, dut also
for other Mhsshauer isolopes providing the experimental conditions are properly

aplimized.
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The purpose of this paper is to introduce the DAC device technique for
generating high and ultra-high pressure in conjuction with the Mosshauer Effect. It
will be shown that by proper modification of the existing DACs it is possible to
coduct MS with absorbers with pressures at least to { Mbar. As an example for this
application sowe recent results will be presented /17/ of 1198n and 1231 MS in Snl,, a
wolecular crystal showing unusual structural and valence transforwations at elevated
pressure, and of '*'Eu in Europiue wetal 716/, We shall concentrate on the principles
of the DAC, emphasizing: 1- construction of the very simple wodified Merrill-Bassett
cell 718/ and the wore sophisticated Bassett cell 719/, where pressures to 358 Kbar and
bevond | thar are achieved, respectively; 2- in-situ pressure calibration and, 3-
particular details such as y-ray collimation, sources, hydrostatic pressure media, etc.
For a gewneral review of the DAC the reader is referred to the paper of A. Jayaramdn
7/

Z. TECHNIQUES

2.1 Principles of Diamond Amwil Cells

The DAC is forwed fram three basic parts, ramely: 1- a force generating device,
2- diamond amvils, and 3+ a smeple chamber wade from a metal gasket. The schematic
drawiwg describing the bastc principle of the DAC is shown in Fig.1. The high pressure
achieved with the dimond amwils is due to the extremely high strength of the diamond
simyie crystals and the relatively swall size of the sample chamber which allows use of

relatively small forces achieved norwally by the use of high streagth steel screws.

Diamond amvils are wade from high quality, flawless, brilliant cut gem stones.
For most high pressure applications diasonds in the range of 178 to 1/3 carat are used.
Ths culet tip is ground and polished to a bexa decagon surface parallel to the tahle in
the (188) or (118) plane of the diawond (see Fig.1). The diaseter of the awil is 1
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the range of 8.5 - 1.8 smm. For pressures exceeding 1 Mbar a bevel of 2 - ™ is added
to the amil face, producing a smaller awil surface of =B.2 wm. Diamond amvils are

cmmercially available either in standard or customwmade configurations 721/,

The gasket and the sample chamber are important factors in generating high and
hydrustatic pressures with DACs. The sample chamber is prepared by drilling a hole (8.2
- 8.3 m in diameter) at the center of an indentation made by tre amils. The final
thickness of the compressed gaske® is in the range of 2B - 48 pm. The gasket apart from
providing contaimwent of the pressure wediumm acts as a supporting ring around the
diamond tip, preventing failure of the amvils due strosses at the edge of the amil

faces.

2.2 Pressure Calibration

Due to its transparency to light one is able to use the ruby fluorescence wethod
to mweasure in situ pressures and pressure distributions. The two R lines of ruby, K,
and R,, are quite intense, fluorescing at 692.7 and 694.2 m, respectively. They can be
locally excited, for example by the qreen or blue lines of an argon ion laser or by the
blue line of a Cd-He laser. The wavelength of the R-lines increase with pressure,
linear to at least 34 Khar with the simple relation: P = 27.4A\ where P is in Khar
and A\ in m. The following relation holds to 1 Mbar /22/:

P(Mhar) - 3.8801(AN694.2 + 1)* 1] (1)

where A\ is nammeters.  Buby chips in the 18 - 58 pm size range are spread below and
on top of the sample. A laser microscope system for pressure calibration iz shown in
Fig.2 72¥. 1t is composed of a high quality wetallurgical wicroscope, a dichroic
wirror to allow the blue(green) light of the exciting laser to be almost 18/ reflected
into the MC and the red fluorescent ruby light to be transmitted, a fiber optic bundie
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to tranmit the light into a wonochromator, and a 8.1mwm resolution monochramator. The
laser-calibration system is a very important part of the C high pressure research.
Pressure calibration using several ruby chips ailows measurement of the pressure
distribution at a given setup /13/. One should be aware of the differences in pressure
while weasuring the ruby fluorescence at room temperature and the Mossbauer spectrum at
low or high temperatures. In the case of the cell used by us a 5/ pressure difference
was detected between 28 X to 388 K. The variation of pressure with temperature is a
characteristic of the particular DAC used and should be experimentally determined.

2.3 Pressure Media

To obtain a hydrostatic wedium for pressures to 158 Kbai: a mixture of methanol-
ethanol (4:1) is commonly used 724/, For higher pressures, condensed gases such as N,
Ar or Xe are preferable. They are introduced into the sampic chaaber either by
pressurizing the gas or imwersing the cell into the condensed gas prior to sealing the

cell.

In what follows we describe two well known types of DACs modified tn account
for the special requirements of the MS. In general they are mamufactured fros special
steels achieving high degree of strength and hardness after proper heat treatment. A

coamon non-ferrous material used is a Cu-Be alloy, whose advantage is its non-magnetic

property.
2.4 The Hodified Herrill Bassett (HB) Cell

The HB cell is the simplest DAC. It is extremely compact and was designed by
MHerrill and Bassett for the purpose of studying x ray diffraction. At its inceptiun it
was meant to gemerate pressures up to 158 Kbars. However, in a recent application of
thiz cell to 1290 M 72, pressures to 390 Knar were achieved, and it is believed by

the authors capable of pressures to 588 Xbar. A description of a MB cell showing its
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relative diwensions is shown in Fig.3. A photograph of a MB cell used by the authors is
depicted in Fig.4. Such a cell has been used for '1%Sn 717/, 1291 725/, and '*'Eu /16’
absorption experiments and for *’Co(Fe) source studies 711,12/, For the absorption
studies, a Tayg¥,, alloy gasket was used. This high-Z material mot only serves as a
gasket to contain the sample but also as a collimator for the 21 - 7B-kel y wrays
pertaining to these 1sotopes. This material has excellent gasketing properties, it
extrudes very well around the diamond and is believed to be the main factor for
obtainig pressures to 358 Kbar in the MB cell.

The B cell is cowposed of the follmwing parts: i- two opposite platens of
hardened metals or alloys. Three screws are used to pull the platens together and
provide the force for obtaining the high pressure. 2- two discs for holding the amvils.
One of the discs can be horizontallu moved for aligning the amnvils. 3 awvils and, 4-
gaskets. Parallel conditions of the two culets are achieved with the three screws
normally used for generating the high pressure, by observing the interference pattern
with the gasket removed. Amy differences in the overall thickness measured at the three
corners are maintained at all subsequent pressures.

+

An important aspect of the MB cell far MS is its adaptability to high magmetic
fields and very low temperatures. Due to its small size and the possible construction
nsing non-ferrous materials, it can be easily inserted in a standard large bore super

conducting magnet or attached to a dilution refrigerator 718,11/,

2.5 The Bassett Cell

The "Bassett” cell was introduced by Bassett et.a' “i9/. A wodified Rassett
cell designed for MS is shown in Fig. 5. With such a cell, one may reach 1 Hbar pressure
using flat culets, and pressures exceeding 1 Hhar with bw-lled culets . A version of
this Bassett (.1l similar to or: shaem 1n Fig.b was used by Syono et.al./12/ and



recently by Masu et. al. 713/,

2.6 Special Considerations

For absorption measurements one should consider the problem of ahsorber sample
sizes. This is an unique case where the absorber diameter is considerably ssaller than
that of the source! A tyvical absorber dimension is 308-ym diameter (?x18™ of ) and 8
um thickness Bue to its swall weight, loading of absorbers dome under a microscope
with special tools. All camercial sources have areas far larger then the absorbers. It
is desirable to reduce source diametars and at the same tiwe to increase its specific
activity. For iustance in the case of '**] Mbssbaver Effect , a special Mg,Tel, source
was made in a fom of Jwm diameter pellet 726/, However successful experiments were
conducled with comerrial 5-wCi CaSn0, and 16B-wCi '*'SwF, sources. It is worth
wentioning that with such large ratio of source/absorber radii, the absorber material
close to the gasket periphery is wostly shadowed. Rough calculations show that the
effective absorber diameter is 78/ of the actual ome. This reduction of absorber
diameter has a positive aspect in the sense that the material close to the gasket
(where the pressure inhomogenujty iz the largest) is not effectively scanned. Thus, the
absorption spectra emphasize those parts of samples with the least pressure inhmsogene-
ity

One wportant comsideration pertaining to the Missbauer Effect is the amvil
thickness. An average thickness for a pair of 8.3 carat awils is 4.5 wm. The
clectronic absorption of '*'Eu, *%Sn, or '**] y-rays is around B.58 whereas for *'Fe
is .93 Thus, for “"Fe DAC experiments one should consider using smaller amvils,

around B.18 cerat each, specially cut to increase the table size and decrease its
thickness 721/ .

3 EXATLES OF HIGH PRESSURE ''%Swn, '5'Eu, AMD '2°] MUSSBAMER SPECTROSCOPY
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fAs an example of DAC applications for Missbauer Effect studies we present smwe
recent results of high pressure MS of !!9Sn 717/, 131y 716/, and '**] /. / . These
studies were perforwed in the temperature range of 4 - 388 K and with pressures up to
368 Kbar using the wodified Merrill-Bassett cell as described in 2.4. Measurewents were
ronducted in a bath-cryostat using He or N, exchange gas and with a source vibrated in

a vertical mode. A 1-wm thick Mal(T]) counter was used for most cases.

Mosshauer spectra of Eu metal at 44 K with varying pressure is shown in Fig.6.
The source used was a 4w diameter 168-uCi SoF, at 44 X. Typical accmulation time for
spectra was 24 - 48 hours. A sample 58 pm thick was placed in a 308-yum dimeter hole
drilled in a Ta,M,, gasket. Liquid argon was used as the bdrostatic pressure wedim.
fs can be seen, despite the relatively low count rate (5 - 28 c/s), spectra of
sufficient quality could be accumulated in the time period. Similar conclusions can be
derived for the case of "'*Sn. In Fig.? typical spectra of ''*Sn in a Snl, absorber at
various pressure and at 78 K are depicted. Measurements were done with a 6.6-wg
absorber thickness, enriched with !'?Sn, placed in a 278-pm-diameter 30-um-high cavity.
A2 uw Pd filer was used. The source was a camercial 5-wCi CaSn0,. Time periods for
oollecting each spectrm were 12 - 24 hours with a characteristic count rate of S8 c/s.

Missbauer spectra with '%*] pequire more stringent precautions as compared with
the Ev '»! Sn experiments. The 12'™Te source decays primarily by high energy beta decay
thus producing intense and energetic Bremstrahlung radiation, that is easily
transmi tted through the cell and the gasket. Furtherwore, the 27.8 kel MDssbhauer line
is heavily "contamineted” with the K-: ray of Te. Both these events contribute
imsensely to the background. A Mg,'!'Ted, source was used in the form of a Jwm
diaseter, 8.5wm thick pellet irradiated in a high flux reactor for three weehs period
and then annealed. A typical spectruw '2%1, at 278 Kbar and 4 K is shown in Fig.B. The
absorber thickness was 2B wg cw®, loaded into a 21B-uw diameter hole. Due 1o the
complex features of the quadrapole split spectrum, 2-3 daus were required to accumulate
sufficient counts to disentangie the several sites and hyperfine constants to a
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substantial degree of confidence. Spectra recorded with a Sn'2%l, absorber at 4K with

increasing (up arrow) and decreasing (down arrow) pressures are showm in Fig.9.

4. CONCLUSTON

So far we have presented DAC high pressure MS for several isotopes, namely:

S7Fe, 119Gn, 12%], and !5!'Eu. For other MS isotopes one should consider:

1- The use of “point" sources with high specific activity.

2- Problems related to the particular y-ray energy transition.
The first problem is straightforward. The problew of y-ray energy concerns both low and
high eneryies. In the case of lowenergy y-ray, the limit is the diamond thickness. at
the woment, for abscrption experiments 14.4 keV seems to de the lceer limit, aven with
saller (e.g. thinner) diamonds /27/. For isotopes with By ) 35 heU external
collimators are needed unless ''point" sources with diaseters less then =300 ym are
available. The following isotopes have wany of the right properties for DAC studies:
$77n, 15504 161Dy 170y) 193], 1974y and 237 pp,

The application of Mosshauer Spectroscopy to very high pressures, using PACs
has been established. Undoubtedly, modification of existing DACs and development of new
comcepts specifically addressing MS will contimue. Consequently, we may expect a
revival of high pressure MS studies extending to the very high, megabar region. The
need for these studies is clear. The Mbsshauer Effect is an unique ‘wicroscopic probe”
operating on the atomicwolecular-scale, with many special features for measuring
properties of condensed matter at very high pressures! In particular we emwvisage a
strong demand for this technique in geophysical and geochemical studies. It is well
known that iron is a prevailing elewent and a daminant part of wost compounds forwing

the earth and its interior where pressures in the Mbar reyion are prevalent.
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Furtherwore, we may expect an increasing mmber of MS studies in mwaterials that undergo
phase transitions at very high pressures, supplementing x-ray diffraction and optical
data.
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Figure Captions.

Fig.1 The basic opposed diamond anvil confignration used for DACs to pressures of (1
Kbar. For pressures exceeding { Mbar an additional bevelling is required (see text).

Ruby chips are spread at the sample top and bottam for pressure measurments.

Fig.2 Schematic of a lasermicroscope. 1) A BHT Olympus microscope, (2) [lluminator,
{3) x - y stage, (4) DAC, (5) An extra long-working-length 28X objective, (6)
I1luwinator, (7) A 28 - 168 oM variable power arqomion laser. (B) Laser power
controller. (9) A dichroic mirror passive to red and reflecting for the blue (green)
light. (18) Filters. A combination of filters and the blue or green optinns of the
dichroic filter (9) ailows the use of the bluetgreen, blue or green modes of the laser.
(11) Occular. (12) Fiber oplic bundle with a circular cross section at the microscope
exit and a rectangular section matching the entry =lit of the monochramator. (13) Mono
chramator (8.1 e resolution) with a computer controlled stepwotor. (14) 1hm-dimeter
‘photamul tipier. (15) PC for controlling the monochromator and collecting and analyzing
data fram the photamultiplier. (16) Camera.

Fig.3 A cross-section of the wodified MB-DAC. 1 Platens with three steel screws. 2
Supporting disks. 3 TayM,, gasket/collimator. 4 Diamond amwils. 5-Vibrating source.

6- Cowpressed gasket with the absorber chamber. 7- Ruby chips. 8 Absorber,

Fig.4 A photoyraph of copper deryllium Merrill Bassett BC. The upper part shows the



_13_

assembled cell. On the left of the lower part one notices the gasket (keld by two
pins), and the indented part where the abcorber chamber is drilled. The diamond amvil
glued to the disk is shown at the right part.

Fig.5 A sketch of a modified Bassett cell used for MS. The awils are placed between
the upper (1) and lower (2) tungsten carbide rockers. While adjusting the amvils, tie
rockers can be freely rotated (x, and y,), whereas the translational aligments (x¢ and
y¢) are achieved using external finc screws. 3- Cylinder. 4- Piston. 5 Thrust ring. 6-

Six screws. 7- Vibrating source.

Fig.6 Missbauer spectra of Eu metal at 44 K and 8, 62, and 98 Kbar. The source used
was ¢ QuF, at 44 X,

Fig.? Absorption spectra of '!*Snl, at 148 K and various increasing pressures. The
confiqurational phase transition of the Sn(IV) central ion with IS = 3.8 wm sect,

taking place with increasing pressure is ciearly observed.

Fig.® Bssbauer spectrum of 't*1, at P - 278 Mbar and T = 4 X and with a Mg,Tel,
source at 4 K. The solid line is a least-squares fit to the experimental points

assuming three quadrupole split componcnts (dashed and dotted lines).

Fig.9 Mossbauer spectra of Su'*l, for increasing {up arrow) and decreasing (down
arrow) pressures at 4 X. Spectra above 9 Kbar were Fitted with two quadrupole split

camponents. The occurence of a pressure hysteresis is clearly observed.
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