The [RM

Quarterly

Fall 2011, Vol. 21 No. 3

Rudolf L. Mssbauer,
1929-2011

Richard B. Frankel
Emeritus Professor of Physics

California Polytechnic State University
San Luis Obispo, CA 93405

Editor s note: As noted below, Mossbauer spectroscopy has
found applications in physics, chemistry, biology, biochemistry,
geoscience, archeology, metallurgy and materials science.
Because the technique largely targets Fe-bearing materials,
it has proved to be an invaluable companion to more standard
magnetic measurements in probing the composition and struc-
ture of magnetic mineralogy. Mdossbauer's legacy remains an
active area of research at the IRM, one of very few Earth Science
departments in the United States with a Méssbauer spectrom-
eter. We are grateful to Dr. Frankel for providing the following
retrospective of Méssbauer s life and work, as well as personal
memories from time spent in Méssbauer s lab.

Rudolf L. Mdssbauer, Nobel laureate in Physics in
1961 for the discovery of the effect that bears his name,
died in Germany September 19, 2011. Born in Munich
in 1929, he studied physics at the Technical University
(TU) there. He did his graduate research with Professor
Heinz Maier-Leibnitz, who directed his work on nuclear
resonance fluorescence. He made his famous discovery
at the Physics Institute of the Max Planck Institute for
Medical Research, Heidelberg, in 1957 and received his
PhD in 1958. In 1960, he accepted a research appoint-
ment at Caltech and was promoted to Professor of Phys-
ics in 1961, before he was awarded the Nobel Prize. In
1965 he became Professor of Physics at the TU. In 1972
he went to Grenoble, France as director of the Institute
Laue-Langevin and the High-Flux Reactor. He returned
to the TU in 1977 and retired in 1997. In the latter part of
his career he was engaged in neutrino physics as well as
Maéssbauer spectroscopy.

Mossbauer’s graduate research involved emission
and absorption of photons by nuclei. In a process called
nuclear resonance absorption, a nucleus in its ground state
(E=0) can be excited to a state of energy E, by absorption
of'aphoton of energy E,. Due to the uncertainty principle,
the excited state has a distribution about E, with a full
width at half maximum of " = //(21t), where 7 is the mean
lifetime of the excited state and / is Planck’s constant. If
the photon energy is substantially less than E -I' or greater
than E +T, resonance absorption will not occur. Because
electromagnetic radiation carries linear momentum, the
nucleus must recoil when it absorbs a photon, in order
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that linear momentum is conserved in the process. Thus
some of the photon energy goes into the recoil energy R
of the nucleus and is not available for nuclear excitation.
Since the recoil energy is generally much greater than T,
the energy available for excitation will be substantially
less than E -I" and resonance absorption will not occur.

Massbauer’s great discovery was that if the absorbing
nucleus is embedded in a solid, there is a certain prob-
ability that the recoil momentum will be taken up by all
the atoms in the solid rather than by the absorbing atom
alone. In this situation, linear momentum is conserved,
but the recoil energy R goes to zero because the mass of
the single nucleus is replaced by the whole mass of the
solid, that is, a mass of order 10* times or more the mass
of the single nucleus. Thus the full energy of the photon
is available for excitation. The same situation holds for
a nucleus that de-excites from a state at energy E, to the
ground state by emitting a gamma ray of energy E,. This
is called recoilless nuclear emission.

In his experiment, Mdssbauer observed resonant
absorption and excitation of the 129 keV first excited
state in "*'Ir, using radioactive ''Os as a source. "*'Os
undergoes beta decay to "'Ir, populating the 129 keV first
excited state, which subsequently de-excites by emitting
a 129 keV gamma ray. The gamma rays from the source
were passed through an absorber with ''Ir in the ground
state. The source and absorber were at rest relative to each
other. Behind the absorber was a detector to count the
129 keV gamma rays that passed through the absorber.
The temperatures of the source and absorber could be
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Chondrules are a major component of chondritic
meteorites. The mechanism of chondrule formation is an
important outstanding question in cosmochemistry. Mag-
netic signals recorded by iron nanoparticles in chondrules
could carry clues to their origin. This project aims to
examine the magnetic properties of nanoscale Fe-Ni par-
ticles within synthetic meteorite analogues, with the aim
of revealing the nature of the magnetic signals recorded
and assessing whether they have the potential to retain a
preaccretionary remanence.

Recently, research in this area has focused on ‘dusty
olivine’ grains within ordinary chondrites. Dusty olivine is
characterised by the presence of sub-micron Fe-Ni inclu-
sions within the olivine host. These metal particles form
via subsolidus reduction of the olivine during chondrule
formation [1]. The Fe-Ni particles have been proposed
to acquire a preaccretionary remanence as the chondrule
cools through the Curie temperature of Fe [2]. Furthermore
they are thought to be protected from subsequent chemical
and thermal alteration by the host olivine.

In preparation for my visit to the IRM I produced 3
sets of synthetic dusty olivines, using natural Icelandic
olivine (average Ni-content of 0.3 wt%), synthetic Ni-
containing olivine (0.1wt% Ni) and synthetic Ni-free
olivine as starting materials. The starting materials were
ground to powders and packed into a cubic hole within a
graphite crucible. The cube dimensions were 4x4x4 mm
for the first 14 cubes and 3x3x3 mm for all following
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Figure 1. REM ratio (NRM/SIRM ratio) of all samples. (SIRM =
IRM at saturation)Open circles: synthetic Nifree olivine; filled circles:
synthetic olivine containing about 0.1wt% Ni; diamonds: natural olivine
containing about 0.3wt% Ni. Curve fitting the points to function of
magnetisation in varation with applied field is shown in blue. Inset shows
calibration, ffactor derived from the fitcurve.

cubes. The crucibles containing the samples were placed
into a gas-mixing furnace, heated up to 1350°C under a
pure CO gas flow and kept at this temperature for 10 min-
utes. After this the samples were held in a fixed orientation
and quenched into water in a range of known magnetic
fields, ranging from 0.2 mT to 1.5 mT.

At the IRM I measured NRM demagnetization,
ARM acquisition and demagnetization, as well as IRM
demagnetization curves for all samples. I also recorded
room temperature hysteresis loops and first-order reversal
curve (FORC) diagrams for each sample. Low temperature
magnetic properties for a selection of 6 samples were
obtained via MPMS measurements in order to test for the
presence of magnetite. A TRM experiment on 6 selected
samples failed unfortunately, as the samples were highly
altered during the process.

In general, all samples showed uni-directional, single-
component demagnetization behaviour. However, even af-
ter applying the highest possible AF-field of 150 mT it was
not possible to fully demagnetize the samples. Preliminary
results from the demagnetization experiments are depicted
in Figure 1. It shows the REM ratio (NRM/SIRM ratio) of
all samples versus the respective magnetic field applied
during the production of each sample. The graph clearly
shows that there is a variation of REM with applied field.
The data were fitted to the theoretical expression for TRM
as a function of applied field (eq 7.6, [3]). As the lowest
magnetic field we could produce in the lab was about 0.2
mT, we clearly find the samples plotting beyond the region
of linearity. The calibration factor f, defined so that mag-
netizing field B (in puT) is equal to f¥*REM, derived from
the fit-curve is shown as inset in Figure 1. It increases at
high fields but trends towards a fixed value for low fields
in the linear region. For the fit shown here this value is
about 3000, which matches well with literature values
[4-5]. It appears that there is a distinct difference between
the three different types of samples: the ones with higher
Ni-content seem to exhibit a generally higher REM ratio.
Further work will focus on whether different normalisation
schemes (e.g. REM’ or ARM normalisation methods) are
able to reduce the scatter in the data and provide a more
tightly constrained calibration curve.

A typical FORC diagram of one of my samples (cube
10) is depicted in Fig. 2. One distinct feature showing up
in all FORC diagrams was a broad vertical spread of the
signal at very low coercivities. Closer inspection of the
individual FORC curves, however, revealed that the first
point of every curve was slightly offset (small inset in
Fig. 2). This artefact has been observed previously and
seems to be quite a common feature of FORC diagrams
recorded using a Princeton VSM. The origin of the artefact
is unclear, although it has been observed on a variety of
different samples and cannot be removed by increasing
the pause time during measurement, hence eliminating
the possibility that the offset is caused by time-dependent
magnetization processes. Removing the first point of
every FORC curve can be achieved using the “remove
first point artefact” feature of FORCinel v 1.19 [6]. This
procedure reveals the true nature of the FORC signal
and significantly improves the appearance of the FORC
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Figure 2. FORC data recorded for sample cube 10. Left: Individual FORCs, inset showing first point artefact. Right: Processed FORCs (SF = 4)

before (top) and after (bottom) removing first point artefact.

diagrams (comparison of a FORC before and after the
removal is shown in Fig. 2). We suggest that the origin
of this artefact be further investigated (possibly through
discussions with Princeton Measurements) and that users
pay particular attention to the first point in their FORC
curves, and remove the artefact if necessary.

The other (real) features showing up in the FORC
diagram are a horizontal ‘central ridge’ with broad coer-
civity distribution characteristic of non-interacting single-
domain particles [7], a broad positive peak at negative H_
values and 10 <H_< 100 mT, and a broad negative peak
just below the central ridge. The combination of this posi-
tive and negative peak can be attributed to a “butterfly”
structure characteristic of particles in a single-vortex state
[8-10]. This observation indicates that single-vortex states
are likely to be important remanence carriers in dusty
olivine. Accounting for their presence will be essential in
interpreting the remanence of natural samples.

Further work planned includes comparing different
methods of non-heating paleointensity determination, such
as REM’- and ARM-methods, with a new procedure to cal-
culate paleointensities using FORC measurements [11-12].
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At the XVIII Congress of the International Union
for Quaternary Research (INQUA) held in Bern 21-27
July, a special session was held to recognize the seminal
contributions of Professor T.S. Liu to our understand-
ing of past global change and to explore their continu-
ing impact. In a long and fruitful career, Liu Tungsheng
demonstrated—among many other things—that the
Chinese Loess Plateau (CLP) is the foremost terrestrial
archive of millions of years of paleoclimatic and pa-
leoenvironmental variability. Born in 1917, Liu lived
through the many turbulent events that rocked China
throughout the 20th Century (the Japanese invasion,
the Long March, the Cultural Revolution). His formal
education was also affected by World War II. Neverthe-
less he graduated in 1942, and in 1946 commenced what




INQUA Congress Bern, 21st July 2011. Friedrich Heller kicks off Session
59: The magnetostratigraphic and environmental magnetic work of T.S.
Liu and its continuing consequences. The screen behind Friedrich shows
Liu Tungsheng in his late eighties animatedly addressing a 2006 meeting
in Beijing. When last seen, the irksome obstruction in the foreground was
attached to Ted Evans. (Photo courtesy of Ramon Egli).

was to become an outstanding career as a geologist. His
early work involved fossil fish, but he was soon drawn
into loess research, partly as a result of the great excite-
ment surrounding the discovery of Peking Man. In the
early 1920°s the Austrian paleontologist Otto Zdansky
(1894-1988), began excavations at the now-celebrated
site of Zhoukoudian. The Canadian anatomist David-
son Black (1884-1934), who was teaching at the Peking
Union Medical College, argued that the fossils coming
to light represented a new hominid genus for which he
suggested the name Sinanthropus (see “Further Hominid
Remains of Lower Quaternary Age from the Chou Kou
Tien Deposit”, Nature 120, p.733, 1927). On the basis
of this—and further spectacular finds—Black received a
grant from the Rockefeller Foundation which he used to
establish the Cenozoic Research Laboratory in 1928, the
same year that INQUA itself was founded. Naturally, Liu
Tungsheng eventually became familiar with all these de-
velopments and the scientists behind them, but he seems
to have been most influenced by the paleontological
work and philosophical writings of the French polymath
Pierre Teilhard de Chardin SJ (1881-1955), who acted as
a consultant to the Cenozoic Research Laboratory from
its inception.

For Quaternary science in general—and for Ses-
sion 59 at the Bern Congress in particular—the legacy
of Zhoukoudian cannot be over-stated. Its impact on
the career of Liu Tungsheng was critical, for it was Liu
who went on to establish the “ground rules” that under-
pin paleoclimatic interpretations of the CLP record: (1)
loess (huang tu, or yellow earth, in Chinese) is an aeolian
deposit, (2) it accumulates during glacial periods when
the north-east winter monsoon dominates, (3) soils (now
buried and therefore paleosols) form during interglacials
when precipitation increases due to enhanced south-west
summer monsoons, (4) magnetic remanence locked in
the sediments of the CLP captures polarity reversals of
the geomagnetic field and thus furnishes a reliable chro-
nology, and (5) magnetic susceptibility profiles of the
loess/paleosol sequences provide a robust proxy record
of paleoclimatic variability that can be matched to the

oceanic oxygen isotope record.

The contributions to Session 59 (www.inqua2011.
ch) reflected these various aspects of loess magnetocli-
matology. Four invited talks from world leaders paid
tribute to the life and work of Professor Liu and demon-
strated that the topic is now a mature field of scientific
research. But much remains to be done. For example,
can the elusive goal of world-wide quantitative paleo-
climatology be achieved? This will require advances in
site-specific analysis to unravel the spatial variability in
source materials (i.e. not all loesses are alike), and in
local environmental conditions (i.e. not all pedogenetic
pathways are alike). Our understanding of how iron cy-
cling in soils takes place under widely differing condi-
tions will need to be greatly improved. But the task is
an important one. It offers the opportunity to map past
global change, and thereby to check the results of nu-
merical general circulation models (GCM’s), which, in
turn, offer one of the best means of predicting the cli-
mate change that awaits us. The oral presentations—to a
standing-room-only audience—were accompanied by a
lively poster session covering several related topics. Not
surprisingly, the CLP was strongly represented, but re-
sults from Korea, Serbia, Bulgaria, and Alaska were also
reported, along with contemporaneous data from marine
sediments in the Pacific Ocean were also reported. Tem-
porally, investigations were pushed back to 22 Ma—well
outside traditional INQUA enquiries, but highly relevant
to figuring out how the CLP evolved.

It is altogether fitting that Session 59 honored Liu
Tungsheng, who was a past president of INQUA, at the
first congress to be held after his death in 2008, and on
the occasion of the inaugural presentation of the Union’s
Liu Tungsheng medal.

Current Articles

A list of current research articles dealing with various topics in
the physics and chemistry of magnetism is a regular feature of
the IRM Quarterly. Articles published in familiar geology and
geophysics journals are included; special emphasis is given to
current articles from physics, chemistry, and materials-science
journals. Most abstracts are taken from INSPEC (© Institution
of Electrical Engineers), Geophysical Abstracts in Press (©
American Geophysical Union), and The Earth and Planetary
Express (© Elsevier Science Publishers, B.V.), after which
they are subjected to Procrustean culling for this newsletter.
An extensive reference list of articles (primarily about rock
magnetism, the physics and chemistry of magnetism, and some
paleomagnetism) is continually updated at the IRM. This list,
with more than 10,000 references, is available free of charge.
Your contributions both to the list and to the Abstracts section
of the IRM Quarterly are always welcome.

Magnetic Fabrics and Anisotropy

Anchuela, O., A. Imaz, A. Juan, and J. Llorens (2011), Acqui-
sition and blocking of magnetic fabrics in synsedimentary
structures, Eocene Pyrenees, Spain, Geophys. J. Int., 186,
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independently varied. The idea was that thermal energy
could make up the loss of recoil energy and restore reso-
nant absorption in the absorber. Thus Mdssbauer expected
that heating and cooling the absorber should increase and
decrease absorption, respectively.

Here is Mossbauer’s description of the experiment,
taken from his Nobel Prize lecture: “If the relative shift of
the emission and the absorption lines resulting from the re-
coil-energy losses is only of the order of magnitude of the
line widths, a temperature increase leads, under favorable
conditions, to a measurable nuclear absorption effect...
The simultaneous cooling of the source and the absorber
with liquid air led to inexplicable results, for which I first
blamed effects associated in some way with the cooling



of the absorber. In order to eliminate these unwanted side
effects, I finally left the absorber at room temperature and
cooled only the source...In a second series of experiments
I attempted to explain the side effects which had appeared
in the simultaneous cooling of the source and the absorber
during the earlier experiments. The result of this attempt
was striking: instead of the expected decrease, a strong
increase in the absorption clearly manifested itself when
the absorber was cooled. This result was in complete con-
tradiction to the theoretical expectation. ...In considering
the possible sources of the anomalous resonance effect, I
now began to subject the hypothesis of the existing theory
to a critical examination. The views originally held as
to the shape and energy of the emission and absorption
lines were based on the assumption that the emitting
and absorbing nuclei can be treated as free particles. It
was therefore natural to modify this assumption, taking
into account the fact that source and absorber were each
used in crystalline form. Therefore, I first attempted to
explain the observed anomalous resonance absorption by
assuming that the recoil momentum was not transferred
to the single nucleus. It should rather be transferred to
an assembly of nuclei or atoms which include nearest
or next nearest neighbors surrounding the nucleus under
consideration. After the failure of this and other attempted
explanations, based on a purely classical point of view, I
turned my attention to a quantum-mechanical treatment of
the problem.” This meant a model comprising harmonic
oscillators with quantized, equally-spaced energy states,
with the separation between states comparable to the re-
coil energy. This model had been previously been used to
analyze elastic and inelastic scattering of x-rays in solids,
and supported his idea that resonant absorption increased
as the temperature decreased because of the increased
fraction of recoilless emission and absorption events.

In Mdssbauer spectroscopy, which followed the
discovery of recoilless nuclear resonance, the source
and absorber are put into relative motion, modulating
the energy of the gamma-rays recoillessly emitted by the
source. This technique has found applications in physics,
chemistry, biology, biochemistry, geochemistry, mineral-
ogy, archeology, metallurgy and materials science. It has
also been used for the study of extraterrestrial materials
on the surface of Mars, and for the study of meteorites
here on earth. According to Professor Bruce Moskowitz,
two memorable applications of Mdssbauer spectroscopy to
geophysics are: 1) the study of the magnetism and crystal
chemistry of the titanomagnetites by Subir Banerjee in the
1960’s, shortly after the technique became available; and
(i1) the recent discovery of (titano)magnetite in Martian
rock, soil, and dust by a spectrometer on the Spirit rover.

Many German physicists have won the Nobel prize
for Physics, but Mossbauer was especially significant
for being the first to win for work done in Germany fol-
lowing the devastation of WWII. As such he represented
the rebirth of German science after the war. Mdssbauer
tried to use his celebrity to reform the structure of science
in German universities toward the American model he
had experienced at Caltech. This meant moving from a
strongly hierarchical system, with one or two dominant

professors in a department, to an egalitarian system with
more or less equal full professors heading parallel research
programs. My impression is that this program, sometimes
called the Second Mossbauer Effect, has progressed, but
not uniformly, in German universities.

In 1967-68, I held a postdoctoral position in Mdss-
bauer’s research group at the Garching campus of the TU.
The group was quite large, comprising undergraduates to
visiting scientists. Mdssbauer was a handsome man with
a serious but friendly manner. Certainly he was more
formal than is common in the US, but that was generally
true of German professors. Most impressive to me was the
clarity and precision with which he talked about physics,
both informally and during lectures or public talks. The
lectures were meticulously prepared and were invariably
brilliant and illuminating. His students treated him with
great respect, holding his coat, opening the door for him,
fetching a chair when he came to the lab, etc. So I was
amazed to see the same students pouring beer on him at
parties during Fasching, the Bavarian equivalent of Car-
nival. He bore this indignity gracefully. The next day it
was business as usual at the laboratory. Here was a man
who had made a remarkable discovery and had received
great recognition, even adulation, as a graduate student.
Yet, in the ensuing years of celebrity, he had managed to
retain a healthy sense of humor.

For scientists, the importance of one’s work is ul-
timately decided, not by prizes or awards, but by the
influence the work has on the science done by others. It
is no exaggeration to say that many thousands of papers
have been published in which Mdssbauer spectroscopy
has played a significant role. By this criterion, Rudolf
Mossbauer’s scientific career was very successful indeed.

For more information on the
Maossbauer effect and geological applications
of Mossbauer spectroscopy:

Hunt, C., (1992), Mdssbauer: Marvelous measurements
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14:2.

Dyar, M.D., D.G. Agresti, M.W. Schaefer, C.A. Grant,
and E.C. Sklute (2006), Mossbauer spectroscopy of
Earth and planetary materials, Annu. Rev. Earth Plan-
et. Sci., 34, 83-125.

Murad, E., (2008) Mdssbauer mini-course notes, avail-
able on IRM website: http:/www.irm.umn.edu/IRM/
lecture_notes.html

The IRM Quarterly is always
available as a full color pdf online
at www.irm.umn.edu




University of Minnesota

291 Shepherd Laboratories
100 Union Street S. E.
Minneapolis, MN 55455-0128
phone: (612) 624-5274

fax: (612) 625-7502

e-mail: irm@umn.edu
www.irm.umn.edu

The IRM

Quar

The Institute for Rock Magnetism is dedi-
cated to providing state-of-the-art facilities
and technical expertise free of charge to any
interested researcher who applies and is ac-
cepted as a Visiting Fellow. Short proposals
are accepted semi-annually in spring and
fall for work to be done in a 10-day period
during the following half year. Shorter, less
formal visits are arranged on an individual
basis through the Facilities Manager.

The IRM staff consists of Subir Baner-
jee, Professor/Founding Director; Bruce
Moskowitz, Professor/Director; Joshua
Feinberg, Assistant Professor/Associate
Director; Jim Marvin, Emeritus Scientist;
Mike Jackson, Peat Selheid, and Julie
Bowles, Staff Scientists.

Funding for the /RM is provided by the
National Science Foundation, the W. M.
Keck Foundation, and the University of
Minnesota.

Pz

terby

The IRM Quarterly is published four
times a year by the staff of the /RM. If you
or someone you know would like to be on
our mailing list, if you have something you
would like to contribute (e.g., titles plus
abstracts of papers in press), or if you have
any suggestions to improve the newsletter,
please notify the editor:

Julie Bowles

Institute for Rock Magnetism
University of Minnesota

291 Shepherd Laboratories
100 Union Street S. E.
Minneapolis, MN 55455-0128
phone: (612) 624-5274

fax: (612) 625-7502

e-mail: jbowles@umn.edu
www.irm.umn.edu

The U of M is committed to the policy that all
people shall have equal access to its programs,
facilities, and employment without regard to race,
religion, color, sex, national origin, handicap, age,
veteran status, or sexual orientation.

JA

UNIVERSITY OF MINNESOTA

NONPROFIT ORG.
U.S. POSTAGE
PAID
MINNEAPOLIS, MN
PERMIT NO. 90155

Save the Date:

Ninth Santa Fe

Conference on
Rock Magnetism

Santa Fe, New Mexico, USA

June 21-24, 2012




