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1. Introduction

In two earlier issues of Swiss Neutron News
we described the development of neutron
diffractometers [1] and neutron spectrometers
[2] at the Swiss neutron sources (light-water
reactor Saphir 1957-1993, heavy—-water reactor
Diorit 1960-1977, spallation neutron source
SINQ 1996-present) located at Wiirenlingen/
Villigen from the early days up to the present.
This information is complemented here by a
summary of characteristic scientific and ap-
plied results which were obtained with use of
the Swiss instruments for neutron scattering
in the 20th century.

After the commissioning of the reactor
Saphir in the year 1957, an organization called
Delegation fiir Ausbildung und Hochschul-
forschung (Delegation AF) headed by Walter
Halg was installed at Wiirenlingen in order to
educate students in the field of reactor tech-
nology as well as to initiate research with
neutrons. Walter Halg immediately recognized
the potential of this new technique for mate-
rials research and started to build instruments
for neutron scattering experiments. In the year
1972, the Delegation AF was transferred into
the Institute for Reactor Technique (ETH Zu-
rich) also headed by Walter Hilg. After his
retirement in the year 1984, the neutron scat-
tering activities were continued within the

newly founded Laboratory for Neutron Scat-



tering (ETH Zurich) headed by Albert Furrer,
which became a joint venture with the Paul
Scherrer Institute (PSI) at Villigen in the year
1992. In the nineties neutron scattering stud-
ies were also carried out by members of the
Abteilung Spallationsneutronenquelle at PSI.
Nearly 1200 papers were published as a
result of neutron scattering experiments per-
formed at Wurenlingen/Villigen in the 20th
century. This was accomplished with a rela-
tively small number of staff members listed in
Table 1. The staff members made a special
effort to attract young and talented students
to start their scientific careers at Wiirenlingen/
Villigen by performing neutron scattering stud-
ies in the framework of Ph.D. theses (see Table
2). In addition, many post—-doctoral students
and guest scientists contributed to the scien-
tific output. From the very beginning in the
sixties, a large number of neutron scattering
studies were performed in cooperation with
a broad national and international user com-
munity. In this respect, the user system was
introduced at the Swiss neutron sources a

long time before it was copied later by most

(1]

50 years of Swiss neutron diffraction instrumentation

of the neutron scattering centers around the
world. The cooperations with Swiss scientists
listed in Table 3 were essential to maintain a
permanent home base for neutron scattering
experiments in Switzerland. More specifically,
the strong national user community was able
to exert sufficiently strong pressure to change
the plans for an early shutdown of the reactor
Saphir, to establish the Swiss partnership with
the Institut Laue-Langevin (ILL) at Grenoble in
the year 1988 as well as to get the green light
for the construction of the spallation neutron
source SINQ.

In the following sections we try to focus on
particular highlights resulting from neutron
scattering experiments in the different dec-
ades of the 20th century. Our selection is
somewhat subjective and by no means com-
plete in terms of a professional review, but it
should be regarded as being representative
for the particular decade. Of course, given the
names, affiliations, and thesis topics listed
in Tables 1-3, more complete information can

easily be obtained from the web of science.
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On the history of neutron spectrometers in Switzerland
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Table 1
Staff positions (>3 years) of scientists involved in neutron scattering at Wiirenlingen/Villigen
in the 20th century.

Name Period Name Period

Halg Walter 1953-1984 Zolliker Markus 1991 -2004
Schneider Toni 1964 - 1969 Medarde Marisa 1992 - present
Truninger Edwin 1964 - 1967 Mesot Joél 1992 - 2008
Fischer Peter 1966 - 2002 Allenspach Peter 1993 - 2004
Biihrer Willi 1969 - 1997 Clemens Daniel 1994 - 2002
Furrer Albert 1970 - 2004 Janssen Stefan 1995 - 2004
Benes Josef 1970 - 1982 Keller Lukas 1996 - present
Millhouse Arthur 1971-1975 Kohlbrecher Joachim 1996 - present
Tichy Karel 1972 -1984 Stuhr Uwe 1996 - present
Anderson lan 1986 - 1991 Roessli Bertrand 1997 - present
Schefer Jiirg 1987 - present Altorfer Felix 1998 - 2002
Boni Peter 1988 - 2000 Zaharko Oksana 1998 - present
Wagner Werner 1990 - 2014 Pomjakushin Vladimir 1999 - present
Table 2

Ph.D. theses in neutron scattering carried out at Wiirenlingen/Villigen in the 20th century.

Name Period Topic

Fischer Peter 1961-1966 Neutron diffraction studies of MgAl;O4 and ZnAl;04
Stoll Erich 1963-1968 Lattice dynamics and electronic properties of Mg
Biihrer Willi 1964-1969 Lattice dynamics of copper

Furrer Albert 1965-1970 Lattice dynamics of lead at different temperatures
Waeber Waldemar 1966-1969 Lattice vibrations of gallium

Lutz Ulrich 1966-1970 Lattice dynamics of anthracene

Von Wartburg Werner 1969-1973 Magnetic structure of Ni2B70sl
Heer Heinz 1970-1978 Neutron spectroscopic studies of the Ce monopnictides
Meier Guido 1972-1977 Magnetic ordering in the Ce monopnictides

Tellenbach Ulrich 1974-1977 Spin waves in CsNiCls and CsCoCls



Name Period Topic

Schefer Jirg 1979-1983 Structural studies of metal hydrides

Hélg Beat 1980-1984  Spin dynamics of Ce and U monopnictides

Falk Urs 1981-1984 Magnetic exchange interactions in CsMnMgi-Brs
Stoéckli Armin 1983-1987 Dynamics of hydrogen bonds in carboxylic acids
Schmid Beat 1984-1988  Neutron studies of Prand U trihalogenides and Tb2Cls
Dénni Andreas 1987-1991 Neutron studies of CeX (X=S,Se) and YbX (X=N,P,As,Sb)
Elsenhans Olivier 1987-1991 Crystal-field interaction in RPd; (R=Dy,Er,Tm,Yb)

Zolliker Markus 1987-1991 Neutron studies of the shape-memory compounds CuZnAl
Allenspach Peter 1988-1991 Neutron spectroscopic studies of high—T. superconductors
Ridlinger Martin 1988-1992 Light induced structural changes in Na nitrosylprussiate
Mesot Joél 1989-1992 Crystal—field interaction in Er based high—-T. compounds
Staub Urs 1989-1993 Crystal—field and exchange effects in high-T; compounds
Altorfer Felix 1990-1994  Neutron studies of ionic conductors

Guillaume Michel 1991-1994 Neutron studies of high-T, superconductors

Keller Lukas 1991-1994 Neutron studies of lanthanide and actinide compounds
Roessli Bertrand 1991-1994 Neutron studies of HoBazCu4Os, Bi2CuO4, and CeGeOs
Fauth Frangois 1992-1996  Neutron studies of oriented HoBa,CusO, and ErBazCus0-
Marti Willi 1992-1995  Neutron studies of RGaOs; (R=La,Pr,Nd) and NdBa>CusO;
Rosenkranz Stefan 1992-1996  Neutron studies of RNiOs (R=rare earth)

Henggeler Wolfgang 1993-1996 Neutron studies of magnetic correlations in cuprates
Bottger Grit 1994-1998  Neutron studies of rare—earth based high-T. compounds
Loffler Jorg 1994-1997 Properties of nanostructured Fe, Co and Ni

Gasser Urs 1995-1999  Magnetic properties of RNi;B,C (R=rare earth)

Gutmann Matthias 1995-1999 Local inhomogeneities of high-T, superconductors

Tixier Sebastien 1997-2000  Structural characterization of metallic multilayers
Semadeni Fabrizio 1997-2000  Spin fluctuations in magnetically ordered systems
Cavadini Nordal 1998-2001 Magnetic correlations in quantum spin systems
Herrmannsdérfer Thilo  1998-2002  Neutron studies of strongly correlated electron systems
Rubio Daniel 1998-2002 Pseudogap and isotope effects in high-T, compounds
Bdhm Martin 1999-2002  Magnetic neutron scattering studies of CuB20a4

Schaniel Dominik 1999-2002  Structure of high knowledge content materials

Strassle Thierry 1999-2002 Cooling by the barocaloric effect in rare—earth compounds
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Table 3
Cooperations in neutron scattering established with Swiss research institutions in the 20th

century.

Organization

ABB Dattwil

EPF Lausanne

EPF Lausanne

EPF Lausanne

ETH Zurich

ETH Zirich

ETH Zurich

ETH Zurich

ETH Zurich

IBM Zurich

Univ.

Univ.

Univ.

Univ.

Univ.

Univ.

Univ.

Univ.

Univ.

Univ.

Univ.

Basel
Bern

Bern

Fribourg
Geneva
Geneva
Geneva
Geneva

Lausanne

. Zurich

Zurich

Institute

Research Center

Applied Physics

Micro— & Optoelectronics

Physics of Complex Matter

Applied Physics
Cell Biology

Crystallography

Physical Chemistry

Solid State Physics

Research Center
Physics
Crystallography

Inorganic Chemistry

Physics

Applied Chemistry
Crystallography
Physical Chemistry
Solid State Physics
Crystallography
Inorganic Chemistry

Physics

Professors and Senior Scientists

P. Bruesch, T. W. Duerig, R.S. Perkins
F. Lévy

H. J.Scheel

R. Gotthardt

G. Kostorz, B. Schonfeld

K. Muhlethaler

Ch. Baerlocher, K. Girgis, F. Laves, A. Niggli,

P. Schobinger-Papamantellos, D. Schwarzenbach

R. R. Ernst, B. H. Meier

H. Arend, G. Busch, F. Hulliger, E. Kaldis,

W. Kénzig, K. Mattenberger, J. Karpinski,

H. R. Ott, L. Schlapbach, P. Wachter, O. Vogt
B. Luthi, K. A. Miiller, A. Segmiiller

H. J. Guntherodt, H. Rudin

H. B. Biirgi

S. Decurtins, H. Gamsjager, H. U. Gudel,

K. W. Kramer, A. Ludi

L. Schlapbach, A. Zittel

F. Kubel, H. Schmid, P. Tissot

R. Cerny, K. Yvon

H. Bill

R. Fliikiger, A. Junod, H. G. Purwins, E. Walker
D. Schwarzenbach

J.H. Ammeter

K. A. Mller, F. Waldner



2. Neutron scattering in the sixties

A prototype two—axis neutron diffractometer
was ready for experiments in the year 1960.
Fig. 1is a historical document, displaying the
very first measurement on a lead crystal per-
formed by Walter Halg. At that time the exper-
imental results had to be plotted manually,
and calculations had to be done by slide rules
(pocket calculators and PC’s did not exist).
Since auxiliary equipments such as cryostats,
furnaces and magnets were initially lacking,
the diffraction experiments mainly concen-
trated on room-temperature investigations to
distinguish neighboring elements or ions of
the periodic table (e.g. Mg?* and APR* with
equal number of ten electrons) [3] as well as

to locate light atoms (e.g. hydrogen) in the
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presence of heavy atoms [4], thereby demon-
strating two outstanding properties of neu-
trons in contrast to x-rays. In order to demon-
strate another important property of the
neutron, namely its magnetic moment being
an excellent probe to study magnetic phenom-
ena, cooling devices were required. As a first
step a liquid—nitrogen cryostat with styrofoam
shielding was produced internally by the work-
shop group. Later a commercial liquid—helium
cryostat was purchased, but its operation
turned out to be rather expensive, since there
was no He gas recovery system. Moreover,
liquid helium had to be bought and imported
from abroad, often with considerable losses
during the transport. Nevertheless, clear ev-
idence for magnetic phase transitions could

be provided for several rare—earth compounds

Figure 1

Walter Halg (right) plots
the data of the first neu-
tron diffraction experi-
ment performed for a
single crystal of lead at
the reactor Saphir (1
MW) in the year 1960
[1.5 A neutron (200) in-
tensity versus Bragg an-
gle 0 in the 0-20

mode].
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Figure 2

Neutron single crystal [1,1,1] scans of EuSe as a function of temperature (neutron wavelenth
A=1.39 A). At T=77.3 K only nuclear Bragg peaks with indices (h,h,h) are observed. At T=4.2

K EuSe is antiferromagnetically ordered according to a (++——)-configuration and propagation
vector k=[1/4,1/4,1/4]. At T=1.9 K partial ferromagnetism (k=0) is observed in the intensity
increase of the nuclear Bragg peak (1,1,1), whereas the antiferromagnetic moment compo-
nents are associated with the k vectors [1/3,1/3,1/3] and [1/2,1/2,1/2] (after Ref. 5).

[5] as illustrated for a single crystal of EuSe
(with neutron absorbing Eu) in Fig. 2.
Neutron spectroscopic experiments were
initially carried out with use of a rotating-crys-
tal time—of-flight spectrometer, later comple-
mented by a triple-axis spectrometer. These
instruments allowed to demonstrate another

unique property of neutrons, namely to meas-

ure excitations at any wavevector in the Bril-
louin zone, in contrast to optical spectrosco-
pies being confined to the zone center. The
aim of the first experiment was to establish
the phonon dispersion in a single crystal of
copper [6]. In later experiments the phonon
dispersion in single crystals of gallium and

lead were studied, and finally the mapping of
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the phonon dispersion curves in a single

—— Raman, ultrasonic exp. crystal of deuterated anthracene could be
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Figure 3

Dispersion curves of deuterated anthra-
cene. Comparison of calculated and
measured data (after Ref. 7).
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[3] Redetermination of the cation distribution of spinel (MgAl,04) by means of neutron diffraction
E. Stoll, P. Fischer, W. Halg, and G. Maier, J. de Physique 25, 447 (1964)
[4] Neutron diffraction study of D3Co(CN)s
H. U. Guidel, A. Ludi, P. Fischer, and W. Halg, J. Chem. Phys. 53, 1917 (1970)
[5] Neutron diffraction evidence for magnetic phase transition in europium selenide
P. Fischer, W. Halg, W. von Wartburg, P. Schwob, and O. Vogt, Phys. kondens. Materie 9, 249 (1969)
[6] Phonon dispersion in copper
W. Buhrer, T. Schneider, and W. Glaser, Solid State Commun. 4, 443 (1966)
[7] Lattice dynamics of deuterated anthracene
U. Lutz and W. Halg, Solid State Commun. 8, 165 (1970)
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3. Neutron scattering in the seventies

In this decade, the instruments for neutron
scattering (two diffractometers and two tri-
ple-axis spectrometers) were continuously
upgraded, and the sample environment in-
cluded state-of-the-art cryostats, furnaces,
and magnets, allowing experiments at the
forefront of science to meet the requirements
of the steadily growing user community.

The neutron diffraction experiments largely
concentrated on the characterization of mag-
netic ordering phenomena. Among the myri-
ads of samples studied, we mention as an

example the compound CeSb which exhibits

o
YR

1010

Figure 4

a remarkably complex magnetic phase dia-
gram with six partially disordered magnetic
phases below Ty=16 K [8] as illustrated for the
phases I and VI in Fig. 4. The magnetic mo-
ments are oriented along the directions
<1,0,0>, although the crystal-field interaction
favors <1,1,1> as easy directions. This is due to
strongly anisotropic exchange interactions
which were later established by neutron spec-
troscopy (see section 4 and Ref. 17).
Consecutively, neutron spectroscopic ex-
periments were carried to determine the crys-
tal-field interaction in these compounds, from
which the magnetic properties could be quan-

titatively reproduced in the mean—field approx-

Basic modulated antiferromagnetic structures of CeSb corresponding to Z domains. Left:
Phase VI(k =[0,0,1/2], T<8.9 K). Right: Phase 1(k =[0,0,2/3], T=16.0 K). The tetragonal

magnetic unit cells are shown. Open and filled circles represent Ce and Sb atoms, respec-

tively. Note the decreasing order from 100% to 67% in the magnetic planes with increasing

temperature (after Ref. 8).
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Dispersion of magnetic excitations of NdAl, at T= 4.2 K for wavevectors along the direction

<1,1,0>. The lines represent the best fit to a pseu
of the Nd* ground-state multiplet (after Ref. 9).

imation. When single crystals were available,
the dispersion of the magnetic excitations
could be mapped, vyielding additional infor-
mation on the exchange interaction as exem-
plified for the compound NdAI,in Fig. 5 [9].
The Middle East conflict due to the Suez
crisis resulted in a worldwide shortage of oil,
so that large efforts were undertaken to search
for alternative energies. Hydrogen was iden-

tified as such a substituent, and neutron

doboson model that includes all ten levels

scattering was the ideal tool to characterize

the proposed hydrogen storage systems.
Early neutron diffraction experiments were
carried out for the most promising candidates
FeTiD, and LaNisDy [10] to determine the deu-
terium positions as a function of deuterium
pressure. This information turned out to be
useful to reconstruct the diffusion paths of

the D atoms.
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Figure 6

(a) Energy spectra of neutrons scattered from [(ND3)sCrODCr(ND3)s]-D,0. (b) Q dependence
of the intensity of the |0>—|1> transition at T=4.2 K, exhibiting a sinusoidal modulation

characteristic of the scattering from magnetic clusters (after Ref. 12).

Other efforts towards technological appli-
cations were undertaken in the field of supe-
rionic conductivity. The phonon dispersion of
several silver halides provided essential in-
formation on the conductive behavior [11]. In
particular, a very-low-lying dispersionless
transverse optic phonon mode as well as
strong anharmonic effects were observed,
which can be attributed to the movement of
the Agions.

Neutron spectroscopic experiments were
started to study the excitations associated
with magnetic clusters embedded in molec-
ular complexes, which was a great challenge
due to the small number of atoms taking part
of the magnetic scattering process. Neverthe-

less, the first inelastic neutron scattering

experiment was successfully performed for
deuterated [(ND3)sCrODCr(ND3)5]-D,0 [12], in
which the weight of the dimeric Cr clusters
amounts to only 4 at%. As shown in Fig. 6,
three well resolved transitions showed up in
the experiments, so that the ground-state
exchange splitting of the Cr dimer could be
unambiguously determined. The scattering
law for magnetic clusters developed in the
course of this experiment laid the basis for
the many neutron spectroscopic studies of
molecular magnets which have been carried

out up to the present.

11Q1) [art. units]
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[8] Magnetic phase transitions of CeSb. I. Zero applied magnetic field

P. Fischer, B. Lebech, G. Meier, B. D. Rainford, and O. Vogt, J. Phys. C11, 345 (1978)
[9] Magnetic excitations in NdAl,

A. Furrer and H. G. Purwins, Phys. Rev.B 16, 2131 (1977)
[10] Neutron scattering investigations of the LaNis hydrogen storage system

P. Fischer, A. Furrer, G. Busch, and L. Schlapbach, Helv. Phys. Acta 50, 481 (1977)
[11] Lattice dynamics of silveriodide by neutron scattering

W. Buihrer, R. M. Nicklow, and P. Briiesch, Phys. Rev.B 17, 3362 (1978)
[12] Interference effects in neutron scattering from magnetic clusters

A. Furrer and H. U. Gudel, Phys. Rev. Lett. 39, 657 (1977)

4. Neutron Scattering in the eighties collimator was essential to remove disturbing
Bragg peaks originating from the sample sur-

The experimental work profitted from the roundings. The triple-axis spectrometers were
availability of a dilution refrigerator to reach equiped with large focusing monochromator
temperatures down to 7 mK as well as of new and analyzer systems. All these measures
devices achieving uniaxial and hydrostatic resulted in intensity gain factors up to two
pressures up to 10 GPa. On the instrumental orders of magnitude which permitted new
side, the single detector of the powder dif- types of experiments.

fractometer was replaced by a BFj; based The research on many topics investigated
multidetector bank covering an angular range in the seventies was continued. The structures
of80° ,and the insertion of a radial oscillating  of novel metal hydrides were determined as
exemplified in Fig. 7 for MgoFeHs with a re-
markably high hydrogen density [13]. The
study of both magnetic ordering phenomena
and magnetic excitation spectra was ex-
tended to include more complicated ternary

materials. In particular, compounds of com-

Figure 7

Unit cell of MgyFeDg with Mg?* ions
shown as green spheres and with the
characteristic red D¢ gctahedra around
central violet Fe?* (after Ref. 13).
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YiBaCuyy  1Ammm)

position Cs3AsXg (A=transition metal or ra-
re—earth ion, X=halogen ion) with antiferro-
magnetically coupled A dimers were
intensively investigated due to their interest
in fundamental and applied research as novel
singlet-triplet systems and new candidates
for highly efficient upconversion lasers, re-
spectively. Neutron diffraction experiments
gave evidence for spontaneous magnetic or-
der induced by an intratriplet mode in Cs3Crslgy
[14]. On the neutron spectroscopic side, the
improved instrumental conditions allowed to
observe subtle details of the magnetic excita-
tion spectra, allowing an analysis beyond the
conventional Heisenberg model in terms of
higher-order and anisotropic exchange inter-

actions [15-17].

Figure 8

Crystal structure of the 80K superconductor
YBa,Cu40g characterized by double CuO
chains (after Ref. 18).

However, the highlight of the eighties was
the discovery of high-temperature supercon-
ductivity in doped La,CuQ4 by K. A. Miiller and
G. Bednorz. This set off enormous worldwide
efforts to search for other superconducting
oxides. Different copper—oxide superconduc-
of type RyCuO4,, RBa,Cu30s,,
RBa,Cu40g+y, and RyBasCusOis (R=yttrium or

rare—earth) were investigated by neutron dif-

tors

fraction to understand the structural and mag-
netic properties as a function of doping and
pressure. Fig. 8 illustrates the characteristic
double CuO chains of YBayCu4Og with T,=80K
[18]. It has been realized that the supercon-
ducting transition temperature is essentially
unchanged upon replacing the Y and La ions
by magnetic rare—earth ions, thus neutron
spectroscopic experiments to determine the
magnetic ground state through the crys-
tal-field interaction turned out to be most
useful. However, an unambiguous parametri-
zation of the crystal—field interaction (nine
independent parameters are required for or-
thorhombic symmetry) was not a trivial task,
but could successfully be achieved for the first
time for the compound HoBa,Cu307-, [19].

The structure and the dynamics of protons
in hydrogen bridges was studied in a series



of dimeric carboxylic acids which are fre-
quently used in the production of polymers,

pharmaceuticals, solvents, and food addi-
tives. It has been suggested that the double
proton exchange occurs through a torsional
motion of the entire COOH group, but the re-
sults obtained by quasielastic neutron scat-
tering unambiguously rejected this view in
favor of a translational motion [20].

Inelastic neutron scattering experiments
were started to investigate photoeffects on
the dynamical properties of chlorophyll mol-

M
neutron
manitor sam
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sample
|
R
ri +
! ér‘sl -;- L I
58 '%j% Figure 9
ral = [ 2] filter Conceptual design of the instrumental de-
L 1 ==4==3=3 chopper vice developed for simultaneous light irradi-
whael ation and neutron scattering at low tempera-
?nhuﬂgﬁer tures. The light beam is periodically
L interrupted by a rotating chopper wheel with
= regularly arranged openings. The neutron
count rates are separately stored for the
@ filter “light” and “dark” experiments by the coun-
o ters 1 and 2, respectively. The pulsed beam
d \ technique is essential to avoid sample heat-
\ ing upon illumination by light (after Ref. 21).
halogen lamp

ecules embedded in membranes. A special
device was developed to allow the simulta-
neous irradiation of the sample by neutrons
and light at low temperatures as shown in
Fig. 9 [21]. The illumination by light results in
a partial freezing of rotational modes which
may be attributed to a possible coupling with
particular mechanisms of the photosynthetic
process.

The compound NiTi exhibits a thermoelas-
transformation at

tic martensitic phase

Twn=278 K. After a special thermomechanical
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treatment the transition is associated with a  Fig. 10 [22]. More specifically, the transverse

reversible shape change when the tempera- acoustic phonon modes exhibit a convex
ture is cycled around T,.. The shape-memory

mechanism is reflected in unusual

behavior and a dip along the <1,1,0> direction

features which are considered as precursor effects of

of the phonon dispersion curves as shown in  the martensitic phase transition.

[13] Crystal and magnetic structures of ternary metal hydrides: A comprehensive review
K. Yvon and P. Fischer, Hydrogen in intermetallic compounds I, Topics in Applied Physics 63
(Ed. L. Schlapbach, Springer-Verlag, Berlin 1988) p. 87

[14] Spontaneous magnetic order induced by an intratriplet mode in the dimerized singlet-ground-state system
Cs3Cralo, B. Leuenberger, H. U. Guidel, and P. Fischer, Phys. Rev. Lett. 55, 2983 (1985)

[15] Three—spininteraction in CsMno 2sMgo.72Br3
U. Falk, A. Furrer, H. U. Gudel, and J.K. Kjems, Phys. Rev. Lett. 56, 1956 (1986)

[16] Neutron spectroscopic study of anisotropic exchange in the dimer compound CssHo2Brg
A. Furrer, H. U. Giidel, E. R. Krausz, and H. Blank, Phys. Rev. Lett. 64, 68 (1990)

[17] Anisotropic exchange and spin dynamics in the type-I (-IA) antiferromagnets CeAs, CeSb, and USb:
Aneutron study
B. Halg and A. Furrer, Phys. Rev. B 34, 6258 (1986)

[18] Low—temperature anomalies and pressure effects of the structure and T, of the superconductor
YBazCu4Os (T.=80 K), E. Kaldis, P.Fischer, A. W. Hewat, E. A. Hewat, J. Karpinski, and S. Rusiecki,
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5. Neutron scattering in the nineties

At the end of 1993 the reactor Saphir was fi-
nally shut down, but the regular operation of
the spallation neutron source SINQ started
only in mid-1998. In order to avoid the threat-
ening neutron gap, a Swiss neutron base was
established at the ILL Grenoble from 1995-
1998 in the framework of a “collaborating
research group”, giving exclusive access to
the three-axis spectrometer IN3 (100%) and
the powder diffractometer D1A (50%). The

imposed limited accessto Swiss instruments

Figure 11
The organizing committee of the 1st European Conference of Neutron Scattering (ECNS 1996) in
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in the mid—nineties allowed the staff members
(see Fig. 11) to engage themselves in the or-
ganization of the first European Conference
on Neutron Scattering in Interlaken (ECNS
1996), which featured a record attendance of
more than 700 participants.

Many fascinating results were obtained by
both neutron diffraction and neutron spectro-
scopic experiments on multiferroic systems
(e.g. KNiPO4), heavy-fermion superconductors
(such as the highly cited compound UM,Al;
with M=Pd,Ni [23]), Kondo compounds (e.g.
YbCusM with M=Au,Pd), and “free—electron”

Interlaken. Front row (from left to right): J. Duppich, secretary, A. Furrer, secretary, W. Fischer.
Back row: J. Mesot, J. Schefer, P. Fischer, H. Heer, P. Allenspach, W. Biihrer, P. Béni, W. Wagner,

G. Bauer.
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rare—earth halides (e.g. RoXs with R=Ce,Pr and
X=Br,l). Outstanding concerning novelty was
the study of three—dimensional chiral, oxa-
late-bridged supramolecules containing mag-
netic ions such as Fe?* and Mn?*. This is ex-
emplified in Fig. 12 for MnyFeCzsD24NgO12 in
which three—dimensional antiferromagnetic
Mn2*
whereas iron does not order magnetically [24].

The research on high-temperature super-

ordering was found below Ty=13 K,

conductors was continued. A systematic neu-
tron diffraction study of the compounds
RBa,Cu30, (R=yttrium and rare earths, x=6
and 7) nicely showed how the apex oxygen
position monitors changes of the charge dis-
tribution in the copper—oxide planes [25]. Ef-
forts were undertaken to study the coexist-
ence of superconductivity and magnetic
ordering in the mK range due to the rare—earth
ions [26] as shown in Fig. 13 for both the
two—dimensional Dy ordering in DyBa,Cu4Og
and the three—dimensional Er ordering in
Er,BasCu;014.9. Neutron spectroscopic studies

of the crystal-field spectra gave evidence for

Figure 12

Antiferromagnetic Mn?* ordering (shown by
red and green spheres indicating an-
tiparallel moment orientation) in supramo-
lecular Mn,FeC35D24N¢O1, below Ty=13K.
umn=4.6(1) pg at T=1.8K (after Ref. 24).

a superposition of local regions of semicon-
ducting and metallic character [27], thereby
confirming the percolative nature of high—tem-
perature superconductivity. In addition, by
studying the relaxation rate of crystal-field
excitations large oxygen and copper isotope
effects on the pseudogap were observed as
shown in Fig. 14 [28], giving support for the
importance of electron—phonon induced ef-
fects in any model for high—temperature su-
perconductivity. The International Science
Index (ISI) identified Ref. 28 for the whole field
of physics as a so—called Fast Breaking Paper
which corresponds to the top 1% of highly
cited papers having the largest bimonthly
increase of citations in 22 broad fields of
science.

As a consequence of the hype with
high—temperature superconductors, the neu-
tron scattering studies of the cuprates were
extended to other perovskites such as ra-
re—earth based manganates, nickelates, and
gallates, which exhibit interesting physical

properties as a function of temperature, pres-
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Figure 13
(a) Two—dimensional antiferromagnetic Dy** order-
ing in DyBa,CusOg at 7mK and corresponding mag-
netic difference neutron diffraction pattern (7mK -
1.2K) from DMC. The observed points are corrected
for paramagnetic diffuse scattering. Filled and open
circles indicate antiparallel alignment of the mag-
netic moments perpendicular to the (a,b) plane. (b)
Three—dimensional magnetic Er** ordering in super-
conducting Er,BasCu;049, corresponding to
k=[0,1/2,1/2] and associated magnetic difference
neutron diffraction pattern (25mK - 3K), measured
on D1A at ILL. Black and white spheres indicate an-
tiferromagnetic ordering with the magnetic mo-
ments oriented parallel to the b—axis; T,=89K and
Tn=0.54K (after Ref. 26).

Figure 14
Temperature dependence of the intrinsic linewidth

of the lowest ground-state crystal—field transition in
HoBa,Cu4%0gand HoBa2Cu4'®0s. The lines denote
the linewidth in the normal state. T* corresponds to
the temperature where the pseudogap opens (after
Ref. 28).

sure, and doping. Neutron diffraction experi-
ments revealed essential information on
specific interatomic distances and superex-
change angles relevant for the understanding
of the different types of phase transitions
(structural, magnetic, metal-insulator), most
prominently present in the rare—earth nick-
elates. The structural study of the metalliza-
tion process in PrNiO3[29] profitted from the
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Characteristic field dependence of the magnetic excitation modes in the gapped
phase of KCuCls at T=2 K. The application of a magnetic field (3T, 5T, 6T, 14T)
splits the singlet-triplet transition (ZF) into three modes (after Ref. 32).

development of a zero—matrix pressure cell

allowing pressures up to 5 GPa. An interesting
oxygen isotope effect was detected for the
of the
(Lao.25Pro.75)0.7Ca0.3sMn0O3; the sample with the

magnetic  structure compound
isotope '%0 is ferromagnetic, while the sample
with the isotope '80 displays antiferromag-
netic ordering [30]. The pressure—induced
structural phase transition observed for the
compound PriLa,NiO3 and the corresponding
change of the crystal—field ground state veri-
fied by neutron spectroscopy was the basis
for the first experimental demonstration of
cooling by adiabatic pressure application [31].

Detailed neutron scattering studies of

novel quantum spin systems were initiated

on the compound series ACuCl; (A=K, TI, NH3)
which are characterized by antiferromagnet-
ically coupled copper dimers. The resulting
triplet nature of the excitations was confirmed
by the observed three—fold splitting of the
modes in a magnetic field as shown in Fig. 15
[32].

Investigations on a series of binary metal
systems were carried out to determine short-
range order effects by diffuse neutron scat-
tering measurements, which provide informa-
tion on the effective pair potentials. The
experimental strategy was to collect a com-
plete set of diffuse scattering data, preferably
covering the irreducible part of the Brillouin

zone, as exemplified in Fig. 16 for a-brass [33].
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Figure 16
Diffuse elastic scattering observed for
o—brass in the reciprocal (001) plane.
Experimental results (as measured)
are compared with model calculations
(as fitted). The lines correspond to dif-
fuse scattering with equal intensity
(after Ref. 33).

Figure 17

Setup for light irradiation of a single
crystal of sodium nitroprusside to cre-
ate maximum population of its longliv-

ing metastable states at low tempera-

The application of polarized laser light for
4-circle neutron diffraction measurements on
single crystals at low temperatures was suc-
cessfully developed, starting from a previ-

tures. These states may be controlled
by measuring the transmission by
means of the optical fiber connected
to a photodiode situated outside the
cooling system at room temperature.
The photo shows this optical setup
mounted on the 4-circle neutron dif-
fractometer TriCS at SINQ.

ously discussed experimental setup [21]. With
this technique shown in Fig. 17, precise data

sets of neutron intensities were collected on

a single crystal of sodium nitroprusside



26

NayFe(CN)sNO - 2D,0 at 80 K, both in the state differs from the ground state by distinct
ground state and in a mixed state of ground  modifications of the Fe-N-O bond. The system
state and a long-living excited state [34]. From has proven to be a promising material for
the derived crystal structures evidence was optical storage on the molecular level.
obtained that the light-induced metastable
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6. Aglance into the 21st century

The performance of the spallation neutron
source SINQ was gradually improved since its
first operation, exceeding a thermal neutron
flux of 10" n‘cm™s™ for the first time in the
year 2000. In addition, the instrumental park
was continuously extended, including also
The real
strength of SINQ lies on the cold neutrons

world—class radiography stations.

rather than on the thermal ones due to the
optimum placement of the cold D, source in
the moderator tank. As a consequence cold
neutron instruments at SINQ are often com-
petitive with corresponding instruments at
high-flux neutron sources, so that novel
classes of neutron scattering experiments
become possible which could hardly be car-
ried out with use of the Swiss installations
available in the 20th century. Among the many
highlights resulting from experiments at SINQ
in the new millenium we present below some
examples of topics which were already tackled
in the nineties, but came to fruition shortly
after the year 2000.

The magnetic ground state of CuB,0y is
incommensurate at low temperatures and
undergoes a continuous phase transition to
a noncollinear commensurate antiferromag-
netic state at T*=10 K. Coexistence of long- and
short-range magnetic order is observed in
both phases which suggests that the associ-
ation of the Dzyaloshinski-Moriya interaction
and anisotropy leads to the formation of a
magnetic soliton lattice [35].

Below the ferro—quadrupolar ordering tem-
perature Tq=6.1 K of HoBg high—resolution neu-
tron diffraction measurements on HRPT clearly

detected at high scattering angles a structural
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phase transition from the cubic space group
Pm-3m to a rhombohedrally distorted struc-
ture with space group R-3m. The correspond-
ing angle o increases from 90 to 90.26 de-
grees at T=2.1K which is clearly related to the
ferro—quadrupolar ordering of HoBg [36].

The vortex lattice in Lay-,Sr,CuO4 was in-
vestigated by SANS experiments which re-
vealed a crossover from triangular to square
coordination with increasing magnetic field
[37]. The existence of an intrinsic square vor-
tex lattice was never observed so far in high-T,
superconductors and is indicative of the cou-
pling of the vortex lattice to a source of aniso-
tropy, such as that provided by a d-wave order
parameter or the presence of stripes.

Chiral fluctuations in a noncentrosymmet-
ric crystal of MnSi were observed by using
polarized neutron spectrometry, but without
disturbing the sample by a magnetic field [38].

Based on the previous work on novel quan-
tum spin systems [32], the first observation
of the Bose-Einstein condensation in a mag-
netic material was reported for TICuCl; at a
critical magnetic field, where the energy of
the lowest triplet component intersects the
ground—state singlet, resulting in a field—in-
duced magnetically ordered state [39].

An effort was made to search for the origin
of the biquadratic exchange interaction re-
ported for CsMn,Mg,Brs in earlier experi-
ments (see Ref. 15). Among the many possible
explanations, exchange striction turned out
to be the proper mechanism [40]. This effect
is commonly applied in submarine telephony
and also explains the permanent hum of a
transformer’ s iron core, as highlighted in
Physics Today 57 (issue 8, August 2004, p. 11).
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7. Concluding remarks

The scientific highlights presented in the
preceding sections are to a large extent the
result of neutron scattering experiments per-
formed at the medium—flux reactors Saphir
and Diorit with thermal neutron fluxes around
10" n‘cm™2s™ which is an order of magnitude
below the flux of the worldwide leading neu-
tron sources. Nevertheless, the work per-
formed at Wiirenlingen/Villigen turned out to
be absolutely competitive on an international
level and repeatedly touched innovative fron-
tiers of condensed—-matter science. The reason
for these achievements is clear. The neutron
source is only the first element of a usable
facility, but its power can be dramatically
enhanced by optimizing the instrumentation.
This was made possible in Switzerland by a
reasonably good level of funding and most
importantly by clever staff members assisted
by expert technicians who persistently tried
to incorporate innovative ideas into the in-
struments with the aim to transport as many
useful neutrons as possible to the detector.
The excellent conditions offered at Wuren-
lingen/Villigen attracted a large national user
community to perform joint experiments in

the fields of crystallography, solid-state phys-

[41] Analytical report
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ics, chemistry, and materials science, thereby
establishing the world’ s strongest per capita
national research community in neutron scat-
tering [41]. There were almost no administra-
tive hurdles in the allocation of beam time,
i.e., the users usually got rapid access to the
instruments whenever their research pro-
Unfortu-

nately, instruments for soft-matter research

grammes required neutron beams.

could not be provided due to the lack of cold
neutrons. Early plans to install a cold-neutron
guide hall at the reactor Saphir were given up
in favor of the spallation source SINQ which
concentrates on cold neutrons and therefore
offers experimental possibilities in new fields
of research. These new opportunities have
been fully exploited by the Swiss user com-
munity. Indeed, an expert commission of the
European Union made the following statement
on the proposal “Access to the Neutron Scat-
tering Facility SINQ” in the year 2001: “Recent
scientific highlights listed in the proposal are
impressive in both quality and range of topics
covered.” We therefore realize with pleasure
that the tradition of neutron scattering at
Wiirenlingen/Villigen established in the 20th
century has been taken over and further de-

veloped in the 21st century up to the present.
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