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> 30 years since discovery of high Tc superconductivity



High Flux Beam Reactor (BNL)
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BROOKHAVEN NATIONAL LABORATORY’S
HIGH FLUX BEAM REACTOR

Compiled by S. M. Shapiro

I. PICTORIAL HISTORY

4

II. SCIENCE AT THE HFBR

The High Flux Beam Reactor (HFBR) at Brookhaven National Laboratory was
built in the early 60’s because of the constant needs of scientist to always want “more”.
In the mid-50’s the Brookhaven Graphite reactor was producing a number of important
new results when that generation of scientists realized the need for a high flux reactor and
started down the political, scientific and engineering path that led to the HFBR.  The

HFBR Experimental
Floor -1995

The spent fuel pool emptied of its
water in January 1998.  The pool
contained 68,000 gallons of water up
to 30 feet deep for cooling and
shielding radioactive fuel and other
components.

1965 - HFBR first goes critical

1999 - HFBR officially closed



Crystal structure of La2-xBaxCuO4

RECONCILIATION OF LOCAL AND LONG-RANGE TILT . . . PHYSICAL REVIEW B 91, 054521 (2015)

by the pair distribution function analysis technique. The
two approaches yield complementary evidence for dynamical
LTT-like tilts within the LTO phase, as well as local tilt
fluctuations in the HTT phase. We directly confirm the LTT-
like tilt fluctuations in the LTO phase through inelastic neutron
scattering measurements on a single crystal of La2−x Bax CuO4
with x = 0.125.

The rest of the paper is organized as follows: In Sec. II we
describe the experimental and analysis methods, and the choice
of reciprocal lattice used to index the reflections. In Sec. III
we present three subsections dedicated to our results on aver-
age crystal structure, local structure, and octahedral tilt dynam-
ics. In Sec. IV we discuss the various properties as a function of
the nominal Ba content and temperature, compare our results
with the literature, and in Sec. V finish with a short summary.

II. EXPERIMENTAL

Finely pulverized samples of La2−x Bax CuO4, with Ba
content in the 0.095 ! x ! 0.155 range, as well as an undoped
La2CuO4 polycrystalline reference, were grown using standard
solid state protocols; these were used for the total scattering
atomic PDF experiments. Neutron time-of-flight measure-
ments were carried out on the NPDF instrument at Los Alamos
Neutron Scattering Center at Los Alamos National Laboratory.
Powders (15 grams each) were loaded under helium atmo-
sphere into standard extruded vanadium containers and sealed.
Temperature-dependent measurements in the 15 K ! T !
550 K range were performed using a closed-cycle cryofurnace
sample environment for 2 hours at each temperature on each
sample, yielding good statistics and a favorable signal to noise
ratio at high momentum transfers. Raw data were normalized
and various experimental corrections performed following
standard protocols [34]. High-resolution experimental PDFs
were obtained from the sine Fourier transform of the measured
total scattering structure functions, F (Q), over a broad range
of momentum transfers, Q (Qmax = 28 Å

−1
). Data reduction

to obtain the PDFs, G(r), was carried out using the program
PDFGETN [35]. The average structure was assessed through
Rietveld refinements [36] to the raw diffraction data using
GSAS [37] operated under EXPGUI [38], utilizing I4/mmm
(HTT), Bmab (LTO), P 42/ncm (LTT), and Pccn (LTLO)
models from the literature [17]. Structural refinement of PDF
data was carried out using PDFFIT2 operated under PDFGUI [39]
using the same models.

The single crystal of La2−x Bax CuO4 with x = 0.125 was
grown using the traveling-solvent floating zone method and
has been characterized previously, as described elsewhere
[17]. The crystal, of size φ ∼ 8 mm × 20 mm, was studied
by inelastic neutron scattering using the HYSPEC instrument
(beam line 14B) at the Spallation Neutron Source, Oak Ridge
National Laboratory [40]. For the experiment on HYSPEC,
the crystal was mounted in a Displex closed-cycle cryostat.
With the c axis vertical, scattering wave vectors Q = (H,K,0)
are in the horizontal scattering plane. A fixed incident energy
of 27 meV and a chopper frequency of 300 Hz were used
for all data shown here, and the graphite-crystal array in the
incident beam was put in the flat mode (no vertical focusing) to
improve the resolution along Qz. For a typical measurement,
the position-sensitive detector tank was placed at a particular

mean scattering angle, and then measurements were collected
for a series of sample orientations, involving rotations about
the vertical axis in steps of 0.2◦. From such a set of scans,
a four-dimensional data set was created and analyzed with
the MANTID [41] and DAVE [42] software packages. Slices
of data corresponding to particular planes in energy and
wave-vector space can then be plotted from the larger data set.
Wave vectors will be expressed in units of (2π/a,2π/b,2π/c)
with a = b = 5.355 Å and c = 13.2 Å, corresponding to the
LTT phase.

The measurements of the soft phonon that tilts along the Cu-
O bonds were performed in the vicinity of the (330) position,
which corresponds to a superlattice peak in the LTT but not
the LTO phase. To sample the fluctuations associated with the
tilts of the LTO phase, it was necessary to tilt the sample so
as to put (032) in the scattering plane. We then looked at the
behavior along (H,3,2).

III. RESULTS

A. Average crystal structure

Typical Rietveld fits are shown in Fig. 3 for reference.
The resulting temperature evolution of the in-plane lattice
parameters is shown in Fig. 4, where the vertical dashed lines
indicate the temperatures of the structural phase transitions.

FIG. 3. (Color online) Rietveld fits of the average structure mod-
els to LBCO data at 15 K. Closed blue symbols represent the data,
solid red lines are the models, and solid green lines are the differences
(offset for clarity). Vertical ticks mark reflections. (a) x = 0 using
Bmab model, (b) x = 0.095 using Pccn model, (c) x = 0.125 using
P 42/ncm model, and (d) x = 0.155 using Pccn model.
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TABLE I. Wyckoff positions for atomic sites in each of the structural phases, which are identified by acronym and space group. We
distinguish between cases where orthogonal Cu-O(1) bonds are equivalent (OE) or inequivalent (OI); note that all O(1) sites are equivalent in
OE phases, but that there are two inequivalent O(1) sites in the OI phases. Relative to the HTT phase, the other structures have a doubled unit
cell volume.

HTT LTO LTLO LTT
I4/mmm Bmab Pccn P 42/ncm

OE OE OI OI

Cu 2(a): 0, 0, 0 4(a): 0, 0, 0 4(a): 0, 0, 0 4(d): 0, 0, 0

O(1) 4(c): 0, 1
2 , 0 8(e): 1

4 , 1
4 , z

4(c): 1
4 , 1

4 , z

4(c): 1
4 , 3

4 , z

4(e): 1
4 , 1

4 , z

4(e): 1
4 , 3

4 , 0
La, Ba, O(2) 4(e): 0, 0, z 8(f): 0, y , z 8(e): x , y , z 8(i): x , x , z

denote such a symmetry as “orthogonal equivalent” (OE). In
contrast, the tilt of an octahedron about a [100]t axis, as in
the LTT phase, leaves two in-plane oxygens within the CuO2
plane but shifts the orthogonal pair above and below the plane;
together with slight distortions of the octahedra to satisfy the
tetragonal lattice symmetry, this results in inequivalent O(1)
sites (see Table I) and two different Cu-O bond lengths. We
will label this case as “orthogonal inequivalent” (OI), and note
that the LTLO phase also has an OI symmetry. The phase
diagram for the relevant range of doping in La2−x Bax CuO4 is
shown in Fig. 2(a).

The structural transformations have been analyzed in
terms of a Landau-Ginzburg model, in which the degenerate
octahedral tilts about [110]t and [110]t axes are taken as the
order parameters [5,23]. When only one order parameter is
finite, one obtains the LTO phase; when both are finite and
equal, the structure is LTT. This model allows an elegant
analysis of the phase diagram, and predicted the possible

FIG. 1. (Color online) Structural details of La2−x Bax CuO4.
La/Ba are shown as large green spheres, Cu as intermediate blue
spheres, and O as small red spheres. (a) Basic structural motif is
shown for I4/mmm (HTT) phase, featuring CuO6 octahedral unit
and La/BaO9 cage. O(1) and O(2) denote planar and apical oxygen,
respectively. Panels (b)–(e) highlight various aspects of the average
crystal structures as follows: CuO6 octahedral tilt symmetry (top row),
in-plane bond-length distribution within CuO4 plaquette (middle
row), and dispersion of La/Ba-O distances within the La/BaO9 cage
(bottom row). Equal interatomic distances are represented by the same
color. HTT denotes high-temperature tetragonal (I4/mmm), LTO
is low-temperature orthorhombic (Bmab), LTT is low-temperature
tetragonal (P 42/ncm), and LTLO is low-temperature less orthorhom-
bic (Pccn). The underlying in-plane symmetry is OE in HTT and LTO
models, and OI in LTT and LTLO models, as indicated.

occurrence of the LTLO phase as confirmed in a closely
related system [25]. It has also motivated detailed studies of the
octahedral tilts in La2−x Srx CuO4 [26–28], La1.65Nd0.35CuO4
[29], and La2−x Bax CuO4 [30,31]; however, these studies have
been done at points of reciprocal space that have a finite
structure factor for both LTO- and LTT-like tilts. Hence,
while these measurements have been interpreted in terms of
LTO-like (OE) tilts, they could not uniquely distinguish the
fluctuations from LTT-like (OI) tilts.

Helpful guidance is provided by a calculation of the
potential-energy surface as a functional of octahedral tilts
performed with density functional theory for a rough model
of La2−x Bax CuO4 with x = 0.10 [32]. The calculation finds
that the lowest energy is given by LTT tilts, with local minima
corresponding to LTO tilts higher in energy by about 15 meV.
It was proposed that the LTO phase might be stabilized with
increasing temperature due to the entropy associated with
low-energy octahedral tilt fluctuations [32]. This proposal
gained support from a Monte Carlo study of the temperature
dependence of a model including both the mean-field potential
energy and interactions between neighboring octahedra [33].
The latter calculation yielded evidence for strong local LTT-
like tilt amplitudes throughout the LTO phase.

In this paper, we present neutron total scattering measure-
ments on polycrystalline samples of La2−x Bax CuO4 with x =
0.095, 0.125, and 0.155 obtained as a function of temperature.
We analyze these data sets both by Rietveld refinement and

FIG. 2. (Color online) (a) Average structure (x , T ) phase diagram
of LBCO which has been replotted to highlight whether the structure
is OE or OI. Open symbols and solid lines are from Hücker et al.
[17], solid symbols are from the present study. Shaded are regions
of interest for this study having average OE (HTT and LTO) and
OI (LTLO/LTT) symmetries, as indicated. (b) Local structure phase
diagram with phase designations based on the results presented in
this study. Please see text for definitions of OE and OI.
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Neutron Powder Diffraction

Bozin et al., PRB 91, 054521 (2015). 

“Lattice instability and high-Tc superconductivity in La2−xBaxCuO4” 
J. D. Jorgensen et al., Phys. Rev. Lett. 58, 1024 (1987). 

“Structural phase transformations and superconductivity  
in La2−xBaxCuO4” 
J. D. Axe et al., Phys. Rev. Lett. 62, 2751 (1989).
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Antiferromagnetism in La2Cu04 —„
29 JUNE 1987

D. Vaknin, ' S. K. Sinha, D. E. Moncton, D. C. Johnston, J. M. Newsam,
C. R. Safinya, and H. E. King, Jr.

Corporate Research Laboratories, Exxon Research and Engineering Company, Annandale, Ne~ Jersey 08801
(Received 4 May 1987)

Powder neutron diAraction studies of undoped La2Cu04 —~ have revealed new superlattice peaks below
=220 K. The absence of corresponding x-ray superlattice lines and an observed susceptibility anomaly
near 220 K suggest the occurrence of antiferromagnetism. From the magnetic peak intensities we
deduce a structure consisting of ferromagnetic sheets of Cu spins alternating along the [100] orthorhom-
bic axis, with the spins aligned along the [001] orthorhombic axis. The low-temperature magnetic mo-
ment is approximately 0.5pa/Cu-atom. The tetragonal-orthorhombic transition at 505 K has also been
studied.

PACS numbers: 74.70.Ya, 74.70.Hk, 75.25.+z, 75.50.Ee

We report on a powder neutron and x-ray difIraction
study of the compound La2Cu04 y which is the parent
compound for the doped high-T, superconductors of the
type La2 „B„Cu04 ~, where B=Ca, Sr, or Ba. ' The
behavior of the undoped material La2Cu04 —y is of in-
terest as the starting point for a discussion of the physics
of the superconducting compounds, particularly with re-
gard to an evaluation of unusual microscopic mecha-
nisms for superconductivity. In fact La2Cu04 —y may it-
self be superconducting.
It is known that pure La2Cu04 —~ is tetragonal at

high temperatures and undergoes an orthorhombic dis-
tortion at lower temperatures. Neutron-diffraction stud-
ies on this compound have been carried out by Jorgensen
et al. and structural refinement has been done at several
temperatures. The tetragonal-orthorhombic transition
temperature To is highly sensitive to the concentration of
oxygen vacancies (y) in the material, varying from
450 to 530 K, depending on y. Magnetic susceptibi-
lity anomalies also occur in the undoped samples of
La2Cu04 —~, indicative of possible antifer rom agnetic
transitions at lower temperatures. The temperature at
which the susceptibility anomaly occurs is highly sensi-
tive to the value of y, increasing from TN =0 for y =0
to TN =295 K for y =0.03. The anomaly disappears
for La2 Sr„Cu04 ~ samples doped with Sr concentra-
tions x ~ 0.1.
The La2Cu04 ~ sample studied here was prepared in

air at 950 C and oven-cooled in air with use of the nor-
mal ceramic-preparation techniques described in the
literature. The susceptibility and ESR data for this
sample are given in Ref. 8. The sample was determined
gravimetrically to have an oxygen-vacancy concentration
corresponding to the formula La2Cu04 ~, where y=0.015. The sample was sealed in a low-pressure heli-
um atmosphere and mounted in either a Displex refrig-
erator or an oven on the neutron spectrometers H-4S and
H-4M at the Brookhaven National Laboratory High
Flux Beam Reactor. A neutron wavelength of X, =2.37

A was used, along with a set of pyrolytic graphite filters
capable of discriminating against the A./2 component in
the beam to better than 1 part in 10 . Powder neutron
diffraction studies at room temperature revealed no
detectable impurity-phase lines at an intensity level of
1'%%uo of a typical LaqCu04-~ line, i.e., the (200) line. At
room temperature, a profile-refinement analysis showed
the powder diffraction pattern to be consistent with the
orthorhombic structure parameters found by other work-
ers. ' The space group is Cmca; the a and c axes lie in
the basal plane parallel to the Cu-0 layers, and the b
axis is along the high-temperature tetragonal c axis.
Figure 1 shows the measured order parameter g of the

orthorhombic distortion, i.e., the quantity 2(e —a)/(c
+a), as a function of reduced temperature T/Tp (Tp
was found to be 505 K), along with the values of c and a.
Also shown is the neutron diffraction intensity I of a typ-
ical orthorhombic peak, in this case the (041), which is
forbidden in the tetragonal phase. Both data sets indi-
cate a second-order phase transition, and are consistent
with our x-ray diffraction results (300—900 K, not
shown). From Fig. 1, I is not proportional to the square
of the orthorhombic distortion. This behavior is con-
sistent with the fact that there also occurs a rotation of
the oxygen octahedra around each copper atom, causing
a doubling of the unit cell. It has been suggested that
the orthorhombic distortion and oxygen-octahedron rota-
tion may even occur at different temperatures. ' Our
data on the present sample indicate that these tempera-
tures, if difIerent, are within =10 K of each other. It
can be shown that I' is proportional to the octahedral
rotation order parameter 8 for small b. The fitted curves
in Fig. 1(b) illustrate (1—T/To)o behavior for the
(041) peak intensity and (1—T/To) behavior for q. '

While the precision of the data does not warrant an in-
terpretation of these exponents in terms of critical ex-
ponents, the fits to the data do reveal that 6' ~g to
within our measurement accuracy over the full range of
temperatures measured.
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FIG. I. (a) Orthorhombic lattice constants a and c vs tem-
perature. (b) Orthorhombic distortion g and (04l ) nuclear
reflection intensity (arbitrary units) vs reduced temperature
(TO=505 K); the solid curves are power-law fits with the data
as discussed in the text.

FIG. 2. (a) Intensity vs scattering angle 28 for neutron
powder scans of the (100) peak region at 15 K and at room
temperature. (b) (100) peak intensity vs temperature. The
line is a spin- —,

' magnetization curve for TN =220 K, calculat-
ed from molecular-field theory.

As the sample was cooled below 200 K, an additional
weak peak [0.5% of the (200) peak intensity] appeared
at the (100) position of the orthorhombic structure. The
instrumental resolution was sufficient to determine that it
could not be a (001) peak. This peak at 15 K is shown
in Fig. 2(a) and compared to the same scan carried out
at room temperature. The (100) peak intensity (mea-
sured as peak height above background) is plotted versus
temperature in Fig. 2(b) indicating an ordering ternpera-
ture of =220~ 10 K. The symmetric line shape of the
peak indicates three-dimensional ordering, in contrast to
the asymmetric shape characteristic of two-dimensional
ordering. The peak width is resolution limited, indicat-
ing that the ordering is of long range. Additional low-
temperature peaks were also found at the (011), (031),
(120), and (300) positions, all of which are forbidden by
the orthorhombic crystal structure. X-ray powder dif-
fraction experiments carried out on a rotating-anode
source did not reveal any (100) or (001) peaks to within
0.1% of the (002) nuclear peak intensity. It seemed pos-
sible that a model involving oxygen-vacancy ordering
might explain these observed superlattice reflections.

However, preliminary calculations indicate that unreal-
istically high vacancy concentrations would be required
to explain the observed intensities of these reflections,
and the lack of corresponding x-ray peaks argues against
such an interpretation. Similarly, a displacive structural
phase transformation would yield superlattice peaks with
intensities increasing roughly as (sin8/X), contrary to
observation. A recent neutron diffraction study of
La2Cu04 ~ by Yamaguchi et aI. ' was interpreted as in-
dicating antiferromagnetism modulated along the [001]
axis, on the basis of an increasing intensity at the (021)
peak position with decreasing temperature below 240 K.
We doubt this interpretation since our (021) peak has no
magnetic contribution.
We therefore conclude that the (100) and the other

four peaks noted above are characteristic of an antiferro-
magnetic spin structure whose onset is associated with
the susceptibility anomaly. From an analysis of the in-
tegrated intensities of the (100), (011), and (031) peaks,
and assuming a magnetic moment on the copper sites
only, we find that the spins are aligned along the [001]
axis, while the antiferromagnetic modulation is along the
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L
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FIG. 3. Proposed spin structure of antiferromagnetic
La2Cu04-y. Only copper sites in the orthorhombic unit cell
are shown for clarity.

[100] axis. The corresponding spin structure is depicted
in Fig. 3. This structure is similar to the well-known
antiferromagnetic structure of the similar compound
K2NiF4, which, however, has the undistorted tetragonal
crystal structure and a slightly diferent ordered spin
structure. '

From the assumed structure and the integrated mag-
netic nuclear peak intensities we may deduce pf for each
magnetic reflection, where p is the copper magnetic mo-
ment in Bohr magnetons (pB) and f is the copper mag-
netic form factor. The values of pf at 11 K deduced
from the intensities of the (100), (011), (120), and
(031) peaks are 0.35, 0.33, 0.374, and 0.384, respective-
ly. The corresponding values of sinO/k are 0.093, 0.10,
0.120, and 0.147. Measurements of the Cu magnetic
form factor f(Q) in the related compound' K2CuF4 in-
dicate a shoulder at roughly the above sinO/X values due
to covalency eA'ects. Thus the nondecreasing values of
pf are consistent with such a form within experimental
error. However, K2CuF4 is a ferromagnet and the shoul-
der on the form factor may arise from interference
eAects associated with an opposed F -ion moment. It is
not clear whether the oxygen ions in the present com-
pounds would contribute in this way to the form factor.
Single-crystal data are required. to resolve better this
question regarding the form factor. Note that the (120)
peak sits on the shoulder of a nuclear (021) peak and its
intensity estimate is subject to greater error. The (300)
peak encompasses a total of four magnetic reflections
[(300), (013), (071), and (251)] as well as the weak nu-
clear (152) peak and thus its intensity was not used in
calculating pf.
With the assumption of a value' of f(g) =0.75 at

the observed sinO/X values, the Cu moment at 11 K is
calculated to be (0.48~0. 15)pB. On the other hand,

the assumption of a pure Cu++ form factor (unlike that
of KqCuF4) would yield a slightly smaller moment per
Cu atom, i.e., 0.4pz, which is within the error limits just
quoted. An assumption of Cu++ ions with spin 5= —,

'

and g factor g =2.28 would yield a moment of
p =gSpB =1.14pq per Cu ion. The observed lower value
may arise from quantum zero-point fluctuations and/or
covalency eAects; alternatively, a subset of the copper
ions may not carry a local magnetic moment, possibly
because of inhomogeneous oxygen-vacancy concentra-
tions. Figure 2(b) shows a spin- —,

' molecular-field calcu-
lation of the magnetization, assuming TN=220 K. TN
as observed occurs somewhat below the peak of the sus-
ceptibility anomaly (230 K) observed by Johnston et
al. ' for the same sample, suggesting possible antiferro-
magnetic fluctuation eA'ects above TN as might have
been anticipated from the planar configuration of the Cu
atoms within the structure.
As noted above, the existence of a small oxygen-

vacancy concentration (y &0) appears to be crucial for
promoting antiferromagnetlsm as other La2CUO4 —y
samples with increasing oxygen concentrations closer to
stoichiometry do not seem to exhibit magnetic ordering.
The fact that a magnetic instability occurs in pure
La2Cu04 —y has interesting implications for possible
correlation-induced mechanisms of superconductivity in
the corresponding doped compounds. ' ' In principle,
the occurrence of the Neel state means that the "reso-
nating valence bond" or spin-liquid idea' for the ground
state of pure La2Cu04 ~ may have to be modified (at
least when oxygen vacancies are present), but it does
mean that electron correlation eA'ects are important in
these materials. It is interesting that the ordering does
not further double the orthorhombic unit cell, and in fact
occurs at the wave vector which corresponds closely to
the nesting-Fermi-surface instability in the tetragonal
(undistorted) phase. ' A crucial unanswered ques-
tion in this context is whether the magnetic moment on
the copper ions survives in the superconducting composi-
tions. Further neutron scattering experiments may help
to resolve this issue.
We wish to thank G. Shirane, J. E. Fisher, C. R.

Safinya, S. D. Coburn, D. P. Goshorn, J. T. Lewan-
dowski, A. J. Jacobson, and M. Alvarez, for their gen-
erous assistance. We also wish to thank J. D. Axe,
M. H. Cohen, B. N. Harmon, J. D. Jorgensen, S. C.
Moss, F. M. Mueller, J. R. Schrieff'er, H. Thomann, and
C. M. Varma for helpful discussions. The work at
Brookhaven National Laboratory is supported by the
Division of Materials Science, U.S. Department of Ener-
gy, under Contract No. DE-AC02-76CH00016.

' Also at the Laboratory for Research on the Structure of
Matter, University of Pennsylvania, Philadelphia, PA 19104.
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Properties of the Neutron

mass        mn = 1.009 amu 
                      ≈ mp  ≈ 1838 me 

spin           1/2 

magnetic moment    1.913 μN 
                                0.001 μB 

charge          0 



Conversions and units



Neutron scattering

Sample

= differential of solid angle for

= energies between 

= probability of scattering into 

and 



Momentum and energy transfer



Differential cross section
Fermi’s golden rule:

Born approximation (treat neutrons as plane waves):

for a collection of atoms at positions 

Nuclear scattering:



Nuclear scattering lengths



Coherent and incoherent scattering
Distribution of nuclear isotopes (or nuclear spins) with
scattering factors        and frequencies 

Coherent scattering from a collection of atoms depends on 
the average scattering length:

Total scattering:

Incoherent scattering = difference between total and coherent scattering,
    corresponds to scattering from individual atoms:



Examples of coherent vs. incoherent



Scattering lengths in La2-x(Ba,Sr)xCuO4

Element bcoh  (fm) Z

La 8.24 57

Ba 5.07 56

Sr 7.02 38

Cu 7.72 29

O 5.80 16

In transition-metal oxides, neutrons are more sensitive to oxygen 
than x-rays are.



Distribution of states in sample
Average over initial states, sum over final states:

= distribution of initial states

Dynamical structure factor (Van Hove)

2



Coherent elastic nuclear scattering

Time-averaged structure factor:

Single crystal with a Bravais lattice (single atom per unit cell):

= reciprocal lattice wave vector

= volume per unit cell

Coherent elastic cross section:



Generalizations

Impact of lattice vibrations:

Debye-Waller factor

Average is over atomic displacements

Multiple atoms per unit cell:

Nuclear structure factor



Neutron Sources

• Neutrons live only in nuclei
‣ Binding energy ~ 10 MeV

• Free neutrons obtained by:
‣ Fission at a reactor source (steady state)
‣ Spallation with a proton accelerator (pulsed, Δt ~ 1 μs)

• Neutrons slowed with a moderator
‣ Scattering from H (typically in H2O, H2, or CH4)

• Neutron energy distribution ~ e-E/kT

‣ kT ~ 20 K ~ 2 meV      cold neutrons
‣ kT ~ 300 K ~ 26 meV   thermal neutrons
‣ 100 - 1000 meV           epithermal neutrons



Major Neutron User Facilities

Reactors 

    HFIR, Oak Ridge, TN 
  
    NCNR, Gaithersburg, MD 

    ILL, Grenoble, France 

    FRM-II, Munich, Germany 

    OPAL, Lucas Heights, Australia 

    JRR-3, Tokai, Japan (2020)

Spallation sources 

    SNS, Oak Ridge, TN 
  
    ISIS, Oxfordshire, UK 

    J-PARC, Tokai, Japan 

    SINQ, Villigen, Switzerland 

    CSNS, Dongguan, China 

    ESS, Lund, Sweden (2023)



Triple-axis spectrometer

determines  ki

determines  kf

Advantage: very flexible, can tune resolution, 
                   can handle many different sample environments 

Disadvantage: not optimized for any particular experiment



BT7 at NIST Center for Neutron Research



Time-of-Flight Spectrometer (Direct Geometry)

SEQUOIA 
at SNS



Position (and Time)-Sensitive Neutron Detectors

Detector installation at SEQUOIA



Scattering possibilities

• Instrument defines ki and kf

• ki = kf

‣ Elastic scattering

• Bragg peaks - from ordered lattice

• Diffuse scattering - from disorder

• ki ≠ kf

‣ Inelastic scattering

• Sharp excitations, phonons or magnons

• Diffuse scattering



Coherent inelastic scattering

Detailed balance:

Fluctuation-dissipation theorem gives:

Dynamic susceptibility:

In an ordered state,                 for phonons (magnons) will have weak 
temperature dependence.



Phonons

Phonons have a dispersion       where    labels the phonon modes   
and      is defined relative to a reciprocal lattice vector

There are always 3 acoustic modes (2 with transverse polarization, 
1 with longitudinal polarization).  For n atoms per unit cell, there will
be  3n - 3 optical modes.

Acoustic modes at small 

Phonon dispersions are the same in every Brillouin zone
but the intensities can vary with  



Phonon susceptibility

phonon eigenvector for atom j of mode s 

mass of atom j

position of atom j in the unit cell



Phonon dispersions in La2CuO4

Pintschovius, phys. stat. sol. b (2005)



more on phonons

Atomic displacement of atom j: 

Eigenvector sum rule:

Acoustic mode at small      :

where

Finally:

Can be used to put cross section on absolute scale



Incoherent scattering

Elastic scattering:

Inelastic scattering from a Bravais lattice:

For a cubic crystal:
phonon density of states

More generally:



Example: H modes in Tetracene 

A.M. Pivovar et al.,
Chem. Phys. 325, 138 (2006)



End of Part 1


