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In11 the first

Precession fields
pi/2 flipper

pi/2 flipper

pi flipper

4Å 6Å 8Å 10Å
t min t max t min t max t min t max t min t max

0.01 3.3 0.04 11.1 0.09 26.4 0.18 51.7Fourier time (in nsec):
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In15 the fat

8Å 10Å 16Å 22Å 27Å
t min t max t min t max t min t max t min t max t max

0.12 26.3 0.34 51.5 0.8 174 1.9 520 1µs
ec

Fourier time (in nsec):
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In11C the wide

4Å 6Å 8Å 10Å
t min t max t min t max t min t max t min t max

0.01 0.5 0.04 1.83 0.09 3.1 0.18 4.2Fourier time (in nsec):

1/4 time range of In11
20x the intensity
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10% marked polymer chain(H) in deuterated matrix of 
the same polymer melt

 at short time => Rouse dynamics 1/tau ~ q4

 at longer times starts to feel the “tube” formed by 
the other chains (deGennes)
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D. Richter, B. Ewen, B. Farago, et al., Physical Review Letters 62, 2140 (1989).

P. Schleger, B. Farago, C. Lartigue, et al., Physical Review Letters 81, 124 (1998).
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Reptation + A
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FIG. 1: Neutron spin echo spectra from polyethylene melts
of various molecular weights. The q-values correspond to:
squares: q = 0.03 Å!1;circles: q = 0.05 Å!1; triangles (up):
q = 0.077 Å!1; diamonds: q = 0.096 Å!1; triangles (down):
q = 0.115 Å!1; crosses: q = 0.15 Å!1. Filled symbols refer to
a wavelength of the incoming neutrons ! = 8 Å, open symbols
to ! = 15 Å. Lines: explanation see text.

MW dependence to see the gradual
 build up of constraints

and 5 the results of the mode analysis fits are compared with
the measured spectra. We fitted for each sample all experi-
mental q-values simultaneously.

In Fig. 6 the fit results for the relaxation rates Wp are
plotted as a function of the mode number p and Table IV
summarizes the results obtained. Obviously with increasing
tracer concentration a successive slowing down of modes
with low mode numbers p !large length scales" is observed
whereas the relaxation rates of the high numbered modes
!small length scales" are unaffected. For the system with the
lower tracer molecular weight (Nt!365) at the lowest tracer
concentration # t!10%, mode-independent relaxation rates
are obtained. Here the Rouse model is valid. In contrast, for
the tracer dynamics in the system (Nt!583,Nm!126) even
at # t!10% severe deviations from the Rouse behavior are
found. Apparently the relaxation of the first two modes is
already hindered by topological constraints. Measurements
on monomodal melts with molecular weights in the same
range have shown that the only modes affected are those
describing chain motions on length scales exceeding the en-
tanglement distance determined for long chains. Having in
mind that a mode p describes a motion involving N/p bonds
we define a limiting mode number pc for which the spatial
extent equals the length of a single entanglement strand,

pc!
Nt

Ne

. !30"

The limiting mode number pc$ calculated from the long-
chain value of the entanglement segment number Ne$!140
is marked in Fig. 6 by arrows. In agreement with the results
obtained for monomodal melts, modes are only slowed down
if their mode numbers are smaller than pc$ or in other words,
if their spatial extents are larger than the entanglement dis-
tance in the long-chain limit. But now we find a
concentration-dependent boundary between those modes af-
fected and those unaffected by topological constraints. Con-
sequently we have to introduce a # t-dependent limiting
mode number

pc!# t"!
Nt

Ne!# t"
, !31"

implying that the entanglement segment number must be a
function of the tracer fraction. The strength of the topologi-
cal constraints decreases with decreasing tracer concentra-
tion.

Besides the mode-dependent relaxation rates, a fit of the
NSE spectra within the mode analysis includes the center-of-

FIG. 5. NSE spectra for the system (Nt!365,Nm!126) at a tracer concen-
tration !a" 10% and !b" 87.5%. The solid lines show the results of a fit
within the mode analysis. Notice: the smaller time window of the Saclay
experiment is marked by a dotted line in !a" !Jülich". The momentum trans-
fers from top to bottom are q!(0.037,0.055, 0.077, 0.115, and 0.155" Å"1.

FIG. 6. Relaxation rates W(p) obtained from a fit of the NSE spectra within
the mode analysis versus mode number p for the system !a" (Nt!365, Nm

!126) and !b" (Nt!583, Nm!130). The arrows mark the condition pc
!Nt /Ne$ . The dotted lines show the limiting mode numbers pc
!Nt /Nc(# t) from left to right with increasing tracer concentration. The
Nc(# t) are calculated from PFG-NMR diffusion coefficients via the Hess
theory %Eq. !21"&.

TABLE IV. Mode-dependent relaxation rates as obtained from a fit of the
spectra within the mode analysis for the system (Nt!365,Nm!126) and
(Nt!583,Nm!130).

System: (Nt!365,Nm!126) (Nt!583,Nm!130)

Mode p: 1 2 3 4 1 2 3 4 5
# t !%" W!10"11#1/s" W!10"11#1/s"

10 4.5 4.5 4.5 4.5 1.8 3.1 4.1 4.3 4.3
25 2.8 4.5 4.4 4.5 0.8 0.9 3.8 4.3 4.3
50 1.9 4.0 4.3 4.3 0.6 0.6 2.9 4.4 4.4
62.5 1.0 2.2 4.4 4.4 0.5 0.6 0.8 4.5 4.5
75 0.9 1.8 4.3 4.4 0.5 0.6 0.7 4.5 4.5
87.5 0.7 1.3 4.1 4.2 0.2 0.3 0.4 2.4 4.5

10180 J. Chem. Phys., Vol. 110, No. 20, 22 May 1999 Rathgeber et al.

Downloaded 27 Mar 2003 to 195.83.126.10. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp

A mixture of short (1xNe) and
long (3xNe) chains

mode analysis with the
help Pulsed Gradient NMR

10% long
87% long

S. Rathgeber, L. Willner, D. Richter, et al., 
Journal of Chemical Physics 110, 10171 (1999).

A. Wischnewski, M. Monkenbusch, L. Willner, D. Richter, A. E. Likhtman, T. C. B. McLeish, and 
B. Farago.  Physical Review Letters, 88(5):art. no. 058301, 2002.
M. Zamponi, M. Monkenbusch, L. Willner, A. Wischnewski, B. Farago, and D. Richter. 
Europhysics Letters, 72:1039–1044, 2005. 
M. Zamponi, A. Wischnewski, M. Monkenbusch, L. Willner, D. Richter, A. E.Likhtman, G. Kali, 
and B. Farago. Physical Review Letters, 96(23):art. no. 238302, 2006.
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M. Adam, D. Lairez, E. Raspaud, et al., Physical Review Letters 77, 3673 (1996).
M. Adam, B. Farago, P. Schleger, et al., Macromolecules 31, 9213 (1998).
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Stars

Star polymers with different isotope 
labeling

D. Richter, B. Farago, J. S. Huang, et al., Macromolecules 22, 468 (1989).
D. Richter, B. Farago, L. J. Fetters, et al., Macromolecules 23, 1845 (1990).
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Collective “breathing” mode of the semidilute brush layer

Spherical Brush

Spherical aggregates of PS (core) PI (corona) copolymer
in decane (core 80Å overall 150Å radius)

B. Farago, M. Monkenbusch, D. Richter, et al., Physical Review Letters 71, 1015 (1993).
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Glassy sytems
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B. Farago, A. Arbe, J. Colmenero, et al., 
Physical Review E 65, (2002).
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PEO-PMMA motivation

11

PEO Tg=221K    PMMA Tg=402K
•Polymer blend with very different Tg
•Colby at al finds tTs does not work
•Lutz et al dNMR finds 12 order of magnitude difference at 
Tg-blend and explains it with surviving local segmental dynamics

Correlation Times. After fitting the T1 data as
described above, we calculate the segmental correlation
time !seg,c of d4PEO in the various blends (eq 6). Figure
4 presents the segmental correlation times of pure d4-
PEO as well as for d4PEO in the blends. An error bar
of (0.25 decades is associated with the segmental
correlation time for d4PEO at the lowest temperatures;
this diminishes to (0.1 decades at the highest temper-
atures studied for all compositions.

The T1 minimum was not reached in these experi-
ments because the deuterium line widths for d4PEO get
very broad as the temperature decreases. The data
presented are the T1 values for which the fwhm line
width is less than 18 000 Hz. A transition from a liquid
view to a solid-state view is required to interpret the
data past this regime where a solidlike quadrupolar
pattern begins to emerge. A different interpretational
approach from eqs 1-6 would be required. A study of
dynamics via quadrupolar echo line shapes is being
made at lower temperatures and will be reported later.

Discussion

PMMA Dynamics in d4PEO/PMMA Blends. In
this study, dynamic information was measured only for
d4PEO in the d4PEO/PMMA blends. To allow a com-
parison between the dynamics of both components, the
segmental dynamics of PMMA measured by Bergman
et al.35 were used to predict the dynamics of PMMA in
the various blends. These predictions are shown in
Figure 4. The prediction for PMMA dynamics in the
blends assumes PMMA dynamics maintain a VTF
temperature dependence in the blend. PMMA dynamics
were predicted using T0 ) Tg,blend - 33 K, where Tg,blend

is measured by DSC, and holding !! and B constant.
This assumption is consistent with studies that indicate
that the effective Tg for the slow component in the blend
is nearly the blend Tg.3-5 Any error associated with this
assumption will be negligible in the limit of low PEO
concentration.

d4 PEO Dynamics in d4PEO/PMMA Blends. Fig-
ure 4 shows d4PEO segmental correlation times ob-
tained by fitting T1 data to eqs 1-6. Two significant and
unusual features are found in Figure 4. First, d4PEO
segmental correlation times for blends of up to 30% d4-
PEO are nearly identical. Second, in the 3% d4PEO
blend, d4PEO segmental dynamics are 12 orders of
magnitude faster than the PMMA segmental dynamics
at the blend Tg. This magnitude of decoupling of the
segmental dynamics of the two components in a miscible
polymer blend has not previously been reported.

By investigating d4PEO/PMMA blends in the dilute
regime, the variables affecting dynamic properties have
been simplified. For example, in a 20% or 30% d4PEO/
PMMA blend, the large difference between the segmen-
tal dynamics of the two components might have been
ascribed to the presence of d4PEO-rich domains. How-
ever, in the dilute limit, composition fluctuations are
eliminated, and each d4PEO chain is isolated and
surrounded by PMMA chains. The critical overlap
concentration c* for d4PEO of this molecular weight is
about 1.5%. Measurements on 0.5% d4PEO indicate
identical dynamics to that of 3, 6, and 10% d4PEO; thus,
the 3% results can be interpreted assuming each d4PEO
chain is completely surrounded by PMMA units. The
only contributions to d4PEO dynamics for this blend are
then the intrinsic mobility difference between the chains
and self-concentration effects. Despite eliminating the
possibility of d4PEO-rich domains which might have
accounted for fast dynamics, d4PEO segmental dynam-
ics remain on the nanosecond time scale when PMMA
segmental dynamics slow to 100 s at the blend Tg. This
combined with the weak composition dependence sug-
gests that the segmental motions of a d4PEO chain are
decoupled from the PMMA matrix which surrounds it.

Our 20% d4PEO results are in qualitative agreement
with the 1H NMR results of Cohen-Addad et al.22 At the
highest temperatures studied our correlation times are
1 decade slower than those reported by Cohen-Addad,
and at the lowest temperatures this difference becomes
less than half a decade. The 2H NMR measurements
reported here provide information about carbon-
deuterium vector reorientation. In 1H NMR, the relax-
ation of magnetization not only is due to H-H reorien-
tation of hydrogens attached to the same carbon but also
is a result of interactions with other nearby protons.
These additional protons may be attached to other parts
of the repeat unit or on other repeat units either on the
same chain or neighboring chains. Presumably these
additional interactions are responsible for the different
segmental correlation times reported here and those
reported from 1H NMR.22

Table 2. Fit Parameters for d4PEO Dynamics in Blendsa

3% d4PEO 6% d4PEO 10% d4PEO 20% d4PEO 30% d4PEO pure d4PEO

" 0.27 0.27 0.27 0.28 0.28 0.33
!! (ps) 0.12 0.11 0.11 0.12 0.10 0.10
T0 (K) 212 211 212 207 202 166
fields fit (MHz) 46, 76 46, 76 32, 64 32, 46, 64, 76 32, 64 46, 76

a Fits to eqs 4 and 5; for all fits alib ) 0.1 and B ) 354 K.

Figure 4. Segmental correlation times for both components
in d4PEO/PMMA blends at various compositions. Solid lines
for d4PEO are the result of fits of experimental data to the
mKWW function with a VTF temperature dependence. Pure
PMMA (labeled 0% meaning 0% d4PEO is present) dynamics
are the VTF fit from dielectric relaxation measurements of
Bergman et al. PMMA dynamics in blends containing 3, 6, and
20% d4PEO were predicted assuming PMMA dynamics are
reflective of the blend Tg and that PMMA maintains a VTF
temperature dependence in the blends. A 12 order of magni-
tude segmental dynamic difference exists between PEO and
PMMA segmental dynamics at the blend Tg for a 3% blend.
PEO has a very weak composition dependence over the
temperature regime studied.

Macromolecules, Vol. 36, No. 5, 2003 Blends of d4PEO and PMMA 1727

T. R. Lutz, Y. Y. He, M. D. Ediger, H. H. Cao, 
G. X. Lin, and A. A. Jones,

Macromolecules 36, 1724 (2003).
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Structure
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10%, 20%, 30% dPEO in dPMMA (coherent scattering)
Tg = 365, 348, 326K,  NSE done at 273K ≤ T ≤ 412K

Shell we see anything?

80x103

70

60

50

40

In
te

ns
ity

 [a
rb

.u
ni

ts
]

54321
Q [Å-1]

Pure PMMA
 10% PEO
 20% PEO
 30% PEO

 

D20 Aluminium peaks

In11C  q range



B. Farago NSE mainstream & bizarroids

NIST sumer school 2009

partial struct factors

13

I(q, t) = !
i!PMMA
j!PMMA

!
bib j exp[i!q · !ri j(t)]

"
+2 !

i!PEO
j!PMMA

!
bib j exp[i!q · !ri j(t)]

"
+ !

i!PEO
j!PEO

!
bib j exp[i!q · !ri j(t)]

"

I(q, t) = IPMMA!PMMA(q, t)+2IPEO!PMMA(q, t)+ IPEO!PEO(q, t)

Break up I(q,t) into partial structure factors

If one component e.g. PMMA is immobile only the 
pure e.g. PEO factor shows dynamics!
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pure components
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microemulsion droplets

15
J. S. Huang, S. T. Milner, B. Farago, et al., Physical Review Letters 59, 2600 (1987).
B. Farago, D. Richter, J. S. Huang, et al., Physical Review Letters 65, 3348 (1990).

- low Q (<1/R) center of the mass diffusion: exp(-DQ2t)
- higher Q diffusion + shape fluctuations

d-Water in d-oil microemulsion => soft layer
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charged droplets
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B. Farago and M. Gradzielski, Journal of 
Chemical Physics 114, 10105 (2001).



B. Farago NSE mainstream & bizarroids

NIST sumer school 2009

Cubic µ emulsions
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SDS/buthanol/brine/toulene
at 62% vf cubic (Fd3m) phase
polyhedral oil droplets d~150Å
separated by ~28Å water layer

of the first minimum qr! ! of the static shell form
factor. In the case of our concentrated system, the
I"q; t#=I"q; 0# curves exhibit an almost elastic profile
around qr! ! (i.e., qpeak) with the core contrast (Fig. 2).
However, distinct additional dynamics are observed with
the shell contrast (especially for q $ 0:041 !A%1) which
supports the existence of shape fluctuations.

The I"q; t#=I"q; 0# curves for this shell contrast exhibit
a weak (< 20%) decay that seems to saturate at a finite
value for times above !15 ns, thus precluding a reliable
analysis of the shape fluctuations. To overcome this diffi-
culty, we used a particular contrast that fully extinguishes
the main SANS peak (referred to as peak-matching con-
trast). The peak extinction (Fig. 1) is obtained by adjust-
ing the shell contrast so that the form factor minimum
overlaps exactly qpeak [8]. This condition is achieved for
d-toluene/h-toluene (" $ 5:00& 1010 cm%2) and D2O=
H2O (" $ 5:80& 1010 cm%2) mixtures departing only
slightly from the shell contrast. Under these conditions,
the time decay of the I"q; t#=I"q; 0# curves can be ob-
served over the whole explored time range and for differ-
ent q values (q $ 0:041 !A%1 and q $ 0:055 !A%1) around
qpeak (i.e., qr! !), thus demonstrating (so far for the first
time) the role of the fluctuations of interest (Fig. 2).

A detailed investigation of the thermal droplet fluctua-
tions requires a complete analysis of the I"q; t#=I"q; 0#
functions over the whole explored q range (0.02 to
0:18 !A%1). The NSE curves clearly exhibit a ‘‘nonmo-
noexponential’’ shape (Fig. 3), which indicates distinct
relaxation processes. The NSE data were satisfactorily
analyzed with the following two-exponential model,
I"q; t#=I"q;0# $ '"1%a#( aexp"%t=#0#)exp"%"t#. From
a first-step analysis performed with simultaneous fits over
the whole data set, it turns out that #0 can be fixed to a
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FIG. 2. Experimental relaxation curves measured for q val-
ues around qpeak [(a),(c) 0:041 !A%1, and (b),(d) 0:055 !A%1],
with the core contrast (triangles), the shell contrast (open
circles), and the peak-matching contrast (solid circles), for
(a),(b) the microemulsion phase at 23 *C, and (c),(d) the
Fd3m cubic phase at 40 *C.
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FIG. 3. Experimental relaxation curves measured with the
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[0:055 !A%1 (triangles), 0:097 !A%1 (solid circles), 0:110 !A%1

(open squares), 0:138 !A%1 (solid squares), 0:166 !A%1 (dia-
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(triangles), 0:083 !A%1 (solid circles), 0:110 !A%1 (open
squares), 0:138 !A%1 (solid squares), 0:166 !A%1 (diamonds)].
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function '"1% a# ( a exp"%t=#0#) exp"%"t# with a and " as
the free fit parameters. #0 was fixed to 3 ns as a result of a
simultaneous fit analysis (not shown). Insets show the ampli-
tude a of the fast (3 ns) relaxation mode vs q.
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FIG. 1. Small angle scattering spectra of the microemulsion
phase (T $ 23 *C), Fd3m cubic phase (T $ 40 *C), and Pm3n
cubic phase (T $ 49 *C), formed in the SDS/butanol/toluene/
brine system [6]. The SANS profiles (absolute intensity in
cm%1) are measured for (a),(a0),(a00) the core contrast,
(c),(c0),(c00) the shell contrast (offset by 10%1), and (d),(d0),
(d00) the peak-matching contrast (offset by 10%2). (b),(b0),(b00)
High-resolution SAXS spectra (in arbitrary units) showing the
liquidlike (short-ranged) to crystalline (long-ranged) ordering
as temperature increases.
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droplets. We first consider a Pm3n packing with ellipsoids on
sites d and spheres on sites a, in which all ellipsoids are in
contact. This situation at zero film thickness leads to a close-
packing limit!0 ! 0.80. Introducing the thickness of the water
layer (h) lowers the effective !0

h above which the droplets will
begin to distort. We then equalize !0a

3 and !0
h
ah
3, where a

and ah denote the Pm3n unit-cell parameter, respectively,
without and with a film of thickness h between the droplets,
while maintaining the same droplet volumes and shapes. Since
at the packing limit above which droplets must deform we have
the relations a ) 4b (without film) and ah ) 4b + 2h (with
film), we obtain !0

h ! !0/(1 + h /2b)3, where 2b is the
ellipsoid minor axis. With 2b ) 110 Å and h ) 28 Å, as typical
values of the system (Figure 5), we obtain !0

h ! 0.40, which is
much lower than the actual droplet volume fraction !droplet !
0.62. Thus, basic droplets can no longer be perfect spheres or
ellipsoids, but each must be polyhedrally deformed by its
neighbors. Such polyhedral shapes are enabled by the deform-
able nature of the fluid droplets, which have a large liquid core
("150 Å diameter) surrounded by a thin flexible surfactant/
alcohol monolayer shell. Polyhedral deformations have to
conform to the symmetry of the different sites, which leads to

space-filling arrangements such as dodecahedra and tetrakai-
decahedra in a Pm3n network, dodecahedra and hexakaideca-
hedra in a Fd3m network. The resulting packings are schemati-
cally represented in Figure 4 with oil polyhedral cells separated
by an aqueous film of finite thickness. For such droplets showing
flattened surfaces, the film curvature is now distributed along
the cell edges and at the cell vertices.
Freeze-Fracture Transmission Electron Microscopy. The

cellular model is also supported by freeze-fracture transmission
electron microscopy (FFTEM), which allow direct imaging of
the morphology of bulk specimens of cubic samples. FFTEM
images clearly reveal droplets deformed into flattened polygon-
type faces. Figure 6 shows representative electron micrographs
of vitrified thin layer of the Pm3n cubic phase as obtained by
ultrafast cooling under controlled conditions, followed by Pt-C
coating the fractured surface. Replicas have been unidirectionally
coated at 45° in order to produce topographical contrast with
uncoated surfaces or shadows. This contrast displayed a well-
marked cellular morphology of the close-packed droplets. The
good agreement between the TEM dimension of the polyhedral
cells (typical size 150 Å) and droplet sizes known from X-ray
analysis (Table 1) lends support to the reliability of the freeze-

Figure 4. Schematic drawing of the A15 (Pm3n) and C15 (Fd3m) tetrahedrally close-packed structures proposed for the two cubic phases of the
SDS/butanol/toluene/brine system. For both structures, an aqueous bilayer compartmentalizes the oil nanophase into tetrahedral networks that are
combinations of pentagonal dodecahedra (dark gray) with 14-face polyhedra (light gray) in Pm3n and with 16-face polyhedra (light gray) in Fd3m.
Only part of the Fd3m unit cell is represented.

Figure 5. Stereoscopic view of the Fobs electron density map contoured at the polar head level for the Pm3n cubic phase. For clarity of the image,
this isodensity map highlights a contrast between the hydrocarbon core of the droplets (toluene interior and SDS alkyl chains) and the aqueous
matrix (SDS polar head/water/SDS polar head).

Spontaneous Formation of Cubic Crystalline Arrays J. Phys. Chem. B, Vol. 104, No. 28, 2000 6615
J. Phys. Chem. B 2000, 104, 6610-6617
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of the first minimum qr! ! of the static shell form
factor. In the case of our concentrated system, the
I"q; t#=I"q; 0# curves exhibit an almost elastic profile
around qr! ! (i.e., qpeak) with the core contrast (Fig. 2).
However, distinct additional dynamics are observed with
the shell contrast (especially for q $ 0:041 !A%1) which
supports the existence of shape fluctuations.

The I"q; t#=I"q; 0# curves for this shell contrast exhibit
a weak (< 20%) decay that seems to saturate at a finite
value for times above !15 ns, thus precluding a reliable
analysis of the shape fluctuations. To overcome this diffi-
culty, we used a particular contrast that fully extinguishes
the main SANS peak (referred to as peak-matching con-
trast). The peak extinction (Fig. 1) is obtained by adjust-
ing the shell contrast so that the form factor minimum
overlaps exactly qpeak [8]. This condition is achieved for
d-toluene/h-toluene (" $ 5:00& 1010 cm%2) and D2O=
H2O (" $ 5:80& 1010 cm%2) mixtures departing only
slightly from the shell contrast. Under these conditions,
the time decay of the I"q; t#=I"q; 0# curves can be ob-
served over the whole explored time range and for differ-
ent q values (q $ 0:041 !A%1 and q $ 0:055 !A%1) around
qpeak (i.e., qr! !), thus demonstrating (so far for the first
time) the role of the fluctuations of interest (Fig. 2).

A detailed investigation of the thermal droplet fluctua-
tions requires a complete analysis of the I"q; t#=I"q; 0#
functions over the whole explored q range (0.02 to
0:18 !A%1). The NSE curves clearly exhibit a ‘‘nonmo-
noexponential’’ shape (Fig. 3), which indicates distinct
relaxation processes. The NSE data were satisfactorily
analyzed with the following two-exponential model,
I"q; t#=I"q;0# $ '"1%a#( aexp"%t=#0#)exp"%"t#. From
a first-step analysis performed with simultaneous fits over
the whole data set, it turns out that #0 can be fixed to a
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FIG. 2. Experimental relaxation curves measured for q val-
ues around qpeak [(a),(c) 0:041 !A%1, and (b),(d) 0:055 !A%1],
with the core contrast (triangles), the shell contrast (open
circles), and the peak-matching contrast (solid circles), for
(a),(b) the microemulsion phase at 23 *C, and (c),(d) the
Fd3m cubic phase at 40 *C.

0.1

1 1

020 10 20

0.1

100

  
0.0 0.2

0.0

0.6

 

 

 

 

0.0 0.2
0.0

0.6

 

 

 

 

(b)(a)

q (Å-1) q (Å-1)

T = 40 °CT = 23 °CI(
q,

t)
/I(

q,
0)

aa

t (ns)

FIG. 3. Experimental relaxation curves measured with the
peak-matching contrast for (a) the microemulsion at 23 *C
[0:055 !A%1 (triangles), 0:097 !A%1 (solid circles), 0:110 !A%1

(open squares), 0:138 !A%1 (solid squares), 0:166 !A%1 (dia-
monds)], and (b) the Fd3m cubic phase at 40 *C [0:069 !A%1

(triangles), 0:083 !A%1 (solid circles), 0:110 !A%1 (open
squares), 0:138 !A%1 (solid squares), 0:166 !A%1 (diamonds)].
Solid lines show the individual fits to the data using the
function '"1% a# ( a exp"%t=#0#) exp"%"t# with a and " as
the free fit parameters. #0 was fixed to 3 ns as a result of a
simultaneous fit analysis (not shown). Insets show the ampli-
tude a of the fast (3 ns) relaxation mode vs q.
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FIG. 1. Small angle scattering spectra of the microemulsion
phase (T $ 23 *C), Fd3m cubic phase (T $ 40 *C), and Pm3n
cubic phase (T $ 49 *C), formed in the SDS/butanol/toluene/
brine system [6]. The SANS profiles (absolute intensity in
cm%1) are measured for (a),(a0),(a00) the core contrast,
(c),(c0),(c00) the shell contrast (offset by 10%1), and (d),(d0),
(d00) the peak-matching contrast (offset by 10%2). (b),(b0),(b00)
High-resolution SAXS spectra (in arbitrary units) showing the
liquidlike (short-ranged) to crystalline (long-ranged) ordering
as temperature increases.
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of the first minimum qr! ! of the static shell form
factor. In the case of our concentrated system, the
I"q; t#=I"q; 0# curves exhibit an almost elastic profile
around qr! ! (i.e., qpeak) with the core contrast (Fig. 2).
However, distinct additional dynamics are observed with
the shell contrast (especially for q $ 0:041 !A%1) which
supports the existence of shape fluctuations.

The I"q; t#=I"q; 0# curves for this shell contrast exhibit
a weak (< 20%) decay that seems to saturate at a finite
value for times above !15 ns, thus precluding a reliable
analysis of the shape fluctuations. To overcome this diffi-
culty, we used a particular contrast that fully extinguishes
the main SANS peak (referred to as peak-matching con-
trast). The peak extinction (Fig. 1) is obtained by adjust-
ing the shell contrast so that the form factor minimum
overlaps exactly qpeak [8]. This condition is achieved for
d-toluene/h-toluene (" $ 5:00& 1010 cm%2) and D2O=
H2O (" $ 5:80& 1010 cm%2) mixtures departing only
slightly from the shell contrast. Under these conditions,
the time decay of the I"q; t#=I"q; 0# curves can be ob-
served over the whole explored time range and for differ-
ent q values (q $ 0:041 !A%1 and q $ 0:055 !A%1) around
qpeak (i.e., qr! !), thus demonstrating (so far for the first
time) the role of the fluctuations of interest (Fig. 2).

A detailed investigation of the thermal droplet fluctua-
tions requires a complete analysis of the I"q; t#=I"q; 0#
functions over the whole explored q range (0.02 to
0:18 !A%1). The NSE curves clearly exhibit a ‘‘nonmo-
noexponential’’ shape (Fig. 3), which indicates distinct
relaxation processes. The NSE data were satisfactorily
analyzed with the following two-exponential model,
I"q; t#=I"q;0# $ '"1%a#( aexp"%t=#0#)exp"%"t#. From
a first-step analysis performed with simultaneous fits over
the whole data set, it turns out that #0 can be fixed to a
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FIG. 2. Experimental relaxation curves measured for q val-
ues around qpeak [(a),(c) 0:041 !A%1, and (b),(d) 0:055 !A%1],
with the core contrast (triangles), the shell contrast (open
circles), and the peak-matching contrast (solid circles), for
(a),(b) the microemulsion phase at 23 *C, and (c),(d) the
Fd3m cubic phase at 40 *C.
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FIG. 3. Experimental relaxation curves measured with the
peak-matching contrast for (a) the microemulsion at 23 *C
[0:055 !A%1 (triangles), 0:097 !A%1 (solid circles), 0:110 !A%1

(open squares), 0:138 !A%1 (solid squares), 0:166 !A%1 (dia-
monds)], and (b) the Fd3m cubic phase at 40 *C [0:069 !A%1

(triangles), 0:083 !A%1 (solid circles), 0:110 !A%1 (open
squares), 0:138 !A%1 (solid squares), 0:166 !A%1 (diamonds)].
Solid lines show the individual fits to the data using the
function '"1% a# ( a exp"%t=#0#) exp"%"t# with a and " as
the free fit parameters. #0 was fixed to 3 ns as a result of a
simultaneous fit analysis (not shown). Insets show the ampli-
tude a of the fast (3 ns) relaxation mode vs q.
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FIG. 1. Small angle scattering spectra of the microemulsion
phase (T $ 23 *C), Fd3m cubic phase (T $ 40 *C), and Pm3n
cubic phase (T $ 49 *C), formed in the SDS/butanol/toluene/
brine system [6]. The SANS profiles (absolute intensity in
cm%1) are measured for (a),(a0),(a00) the core contrast,
(c),(c0),(c00) the shell contrast (offset by 10%1), and (d),(d0),
(d00) the peak-matching contrast (offset by 10%2). (b),(b0),(b00)
High-resolution SAXS spectra (in arbitrary units) showing the
liquidlike (short-ranged) to crystalline (long-ranged) ordering
as temperature increases.
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of the first minimum qr! ! of the static shell form
factor. In the case of our concentrated system, the
I"q; t#=I"q; 0# curves exhibit an almost elastic profile
around qr! ! (i.e., qpeak) with the core contrast (Fig. 2).
However, distinct additional dynamics are observed with
the shell contrast (especially for q $ 0:041 !A%1) which
supports the existence of shape fluctuations.

The I"q; t#=I"q; 0# curves for this shell contrast exhibit
a weak (< 20%) decay that seems to saturate at a finite
value for times above !15 ns, thus precluding a reliable
analysis of the shape fluctuations. To overcome this diffi-
culty, we used a particular contrast that fully extinguishes
the main SANS peak (referred to as peak-matching con-
trast). The peak extinction (Fig. 1) is obtained by adjust-
ing the shell contrast so that the form factor minimum
overlaps exactly qpeak [8]. This condition is achieved for
d-toluene/h-toluene (" $ 5:00& 1010 cm%2) and D2O=
H2O (" $ 5:80& 1010 cm%2) mixtures departing only
slightly from the shell contrast. Under these conditions,
the time decay of the I"q; t#=I"q; 0# curves can be ob-
served over the whole explored time range and for differ-
ent q values (q $ 0:041 !A%1 and q $ 0:055 !A%1) around
qpeak (i.e., qr! !), thus demonstrating (so far for the first
time) the role of the fluctuations of interest (Fig. 2).

A detailed investigation of the thermal droplet fluctua-
tions requires a complete analysis of the I"q; t#=I"q; 0#
functions over the whole explored q range (0.02 to
0:18 !A%1). The NSE curves clearly exhibit a ‘‘nonmo-
noexponential’’ shape (Fig. 3), which indicates distinct
relaxation processes. The NSE data were satisfactorily
analyzed with the following two-exponential model,
I"q; t#=I"q;0# $ '"1%a#( aexp"%t=#0#)exp"%"t#. From
a first-step analysis performed with simultaneous fits over
the whole data set, it turns out that #0 can be fixed to a
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FIG. 2. Experimental relaxation curves measured for q val-
ues around qpeak [(a),(c) 0:041 !A%1, and (b),(d) 0:055 !A%1],
with the core contrast (triangles), the shell contrast (open
circles), and the peak-matching contrast (solid circles), for
(a),(b) the microemulsion phase at 23 *C, and (c),(d) the
Fd3m cubic phase at 40 *C.
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FIG. 3. Experimental relaxation curves measured with the
peak-matching contrast for (a) the microemulsion at 23 *C
[0:055 !A%1 (triangles), 0:097 !A%1 (solid circles), 0:110 !A%1

(open squares), 0:138 !A%1 (solid squares), 0:166 !A%1 (dia-
monds)], and (b) the Fd3m cubic phase at 40 *C [0:069 !A%1

(triangles), 0:083 !A%1 (solid circles), 0:110 !A%1 (open
squares), 0:138 !A%1 (solid squares), 0:166 !A%1 (diamonds)].
Solid lines show the individual fits to the data using the
function '"1% a# ( a exp"%t=#0#) exp"%"t# with a and " as
the free fit parameters. #0 was fixed to 3 ns as a result of a
simultaneous fit analysis (not shown). Insets show the ampli-
tude a of the fast (3 ns) relaxation mode vs q.
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FIG. 1. Small angle scattering spectra of the microemulsion
phase (T $ 23 *C), Fd3m cubic phase (T $ 40 *C), and Pm3n
cubic phase (T $ 49 *C), formed in the SDS/butanol/toluene/
brine system [6]. The SANS profiles (absolute intensity in
cm%1) are measured for (a),(a0),(a00) the core contrast,
(c),(c0),(c00) the shell contrast (offset by 10%1), and (d),(d0),
(d00) the peak-matching contrast (offset by 10%2). (b),(b0),(b00)
High-resolution SAXS spectra (in arbitrary units) showing the
liquidlike (short-ranged) to crystalline (long-ranged) ordering
as temperature increases.
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phonon excitations. This type of behavior was observed
in relatively thick Cr-B films of the compound 4O.8
(Moncton and Pindak, 1979; Pershan et al., 1981) and in
some other compounds (Leadbetter et al., 1979). Thus
the Cr-B phase in thick films has three-dimensional po-
sitional order. This is in agreement with bulk samples
that show sharp in-plane diffraction peaks, indicating
long-range periodicity within the layers. Combined
Bragg reflections of the type (hkn) are also found, in-
dicating that the layers are locked together in a three-
dimensional periodic structure. Scans along qz taken at
the positions of the in-plane reciprocal-lattice vectors
q!0 reveal different types of layer stacking AAA . . . ,
ABAB . . . , or ABCABC . . . (Pershan, 1988).

The tilted phases are more complex as, due to the tilt
of molecules, the reciprocal disc is tilted with respect to
the plane of the smectic layers. As a result the diffuse
ring in the Sm-C, Sm-I, and Sm-F phase is also inclined.
In this situation the reciprocal disc of the molecules in-
tersects the modulated tube of the hexatic structure fac-
tor at points lying outside the plane of the layers. As a
result, the diffuse peaks move out of the q! plane (Smith
et al., 1990; Kaganer et al., 1995). Smectic-I and Sm-F
hexatic phases were first observed by x-ray diffraction of
bulk smectic samples (Benattar et al., 1979) and later
studied systematically in smectic membranes of variable
thickness (Collett et al., 1984; Sirota et al., 1987b). If the
tilt azimuth is intermediate between the nearest neigh-
bors and the next-nearest neighbors, in lowest order
three distinct diffraction peaks exist (Kaganer et al.,
1995). This type of tilted smectic phase has been ob-
served both in lyotropic (Smith et al., 1988) and in ther-
motropic (so-called Sm-L phase) smectic membranes
(Chao et al., 1997).

C. Stability of smectic membranes

Smectic membranes can be drawn manually by wet-
ting the edges of an opening in a glass or metal holder
with the mesogenic compound in the smectic phase and
then moving a spreader across the hole (Young et al.,
1978; see Fig. 4). By varying the amount of smectic ma-
terial, the temperature and the speed of drawing, one
can produce membranes ranging from 5 nm (two layers)
to tens of !m (thousands of layers). Alternatively a
frame with a variable area can be used (Pieranski et al.,
1993; Bahr, 1994). Such a rectangular frame possesses

one or two movable parts with sharp edges, the distance
of which can be changed by a micrometer screw. The
advantage of the latter technique is that a series of mem-
branes with progressively decreasing thickness can be
produced upon increasing the area of the frame. Di-
rectly after preparation a film usually consists of regions
of different thickness, from which it equilibrates to a
uniform situation. The equilibration time varies from
minutes to days depending on the specific compound,
the temperature, and the type of frame. Usually the
thinnest region grows at the expense of the thicker ones.

Since the early work of Pieranski et al. (1993), the
(meta)stability of smectic membranes has been dis-
cussed by several authors (Geminard et al., 1997; Picano
et al., 2000, 2001). A review has been given by Oswald
and Pieranski (2002). As is well known, across a flat
liquid interface in equilibrium no pressure difference
can exist (see, for example, Rowlinson and Widom,
1982). This is no longer true for a smectic surface be-
cause the layers are elastic and can support a normal
stress that will equilibrate any small pressure difference
"p!pair"psm . In addition to the surface tension #, this
pressure difference contributes to the tension $ along
the smectic membrane:

$!2##"pL . (28)

The contribution of the stress to "p depends on the
shape of the meniscus between the membrane and its
support. The pressure in the meniscus can be influenced
by the amount of material near the edges or by the
speed with which the film is stretched during the prepa-
ration. Geminard et al. (1997) studied the meniscus sur-
rounding a needle in a smectic film by observing the
fringes in monochromatic light. The results show that a
smectic meniscus is composed of a collection of steps
due to edge dislocations repelled from the free surfaces.
Further experiments indicate that the smectic meniscus
contains a thick part with a large density of dislocations,
and a thinner part adjacent to the membrane in which
dislocations remain elementary (Picano et al., 2000,
2001). The latter has a circular profile with radius of
curvature R , which for thick films matches tangentially
the free surface of the membrane. The value of R fixes
the pressure difference inside both the meniscus and the
film via "p!#/R , which is of the order of 0.1–1 N/m2.
For membranes less than about 50 layers this behavior
changes and an apparent ‘‘contact’’ angle appears.

For optical and x-ray measurements in a transmission
geometry the film area can be restricted to a few mm2.
For x-ray reflectivity studies a large footprint of the in-
cident x-ray beam must be accommodated. Therefore
membranes are typically spanned over a 10$25 mm2

rectangular hole in a polished plate with sharp top
edges. This brings the membrane as close to the top of
the holder as possible and reduces shadowing of the
beam. The two surfaces of a membrane induce an al-
most perfect alignment of the smectic layers: the re-
sidual curvature of the film is due mainly to the nonpla-
narity of the edges of the holder. The resulting mosaicity,
expressed as the angular spread of the surface normal,

FIG. 4. Spreading a smectic membrane: (a) using a fixed frame
and a separate wiper; (b) by means of a frame of variable size.

189de Jeu, Ostrovskii, and Shaliginov: Structure and fluctuations of smectic membranes

Rev. Mod. Phys., Vol. 75, No. 1, January 2003

Sample thickness changes from 0.5 to several μm
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FIG. 2: Experimental correlation functions with fits as described in the text. a) NSE results at the specular and at two
o!-specular positions. b) XPCS measurements of a 3.8 µm thick membrane at the specular and an o!-specular position. The
latter curve has been shifted up by 0.005 for clarity.
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FIG. 3: Experimental relaxation times for various 8CB sam-
ples. Squares: NSE at at wavelength of 0.9 nm; trian-
gles: NSE at 1.5 nm; diamonds: XPCS at 0.09 nm for two
membrane thicknesses; solid line: dispersion curves calcu-
lated for three membrane thicknesses using: ! = 0.025 N/m,
"3 = 0.1 kg m!1s!1, #0 = 103 kg/m3, K = 2 ! 10!11 N and
B = 1.8! 107 N/m2.

From this expression, we can define two regimes of fluc-
tuation behavior. For 2!/L! Kq2

!, a wave-vector inde-
pendent relaxation time "1 " #3L/(2!) occurs. In this
‘surface regime’, the membrane behaves simply as a fluid
film, without any reference to the elasticity character-
istic for liquid crystals. In the other limit of large q!
values, the relaxation time develops a wave-vector de-
pendence according to "1 " #3/(Kq2

!). In this ‘bulk-

elasticity regime’, the dependence on L has disappeared;
short-wavelength fluctuations are insensitive to the pres-
ence of the surfaces. This regime is similar to the splay
mode of the director fluctuations in a nematic phase [3].

In Fig. 3, the experimental results are compared to the
theoretical predictions. The XPCS measurements show
no dependence on the o!-specular position as the disper-
sion curve in the accessible q! range is flat. The linear
relation "1 # L has been well established in the case of
specular XPCS measurements [5]. Fig. 3 indicates a simi-
lar dependence on L for o!-specular data. It also shows a
q! dependence of the NSE data, which should be related
to the e!ects of elasticity. Fitting gives a 1/q2

! depen-
dence of the relaxation time, well in agreement with the
theoretical dispersion curve. Moreover, the dependence
on L has disappeared as expected, which is convenient
in light of the non-uniform thickness of the large NSE
samples.

Evidently the similar treatment of the o!-specular re-
laxation behavior in NSE and XPCS stems from the same
underlying quasi-elastic scattering. However, upon shift-
ing towards the specular position, the XPCS correlation
function changes; see Fig. 4. In the specular region the
relaxation time approximately doubles compared to the
value at the di!use tail. Fitting the relaxation time to
the expression "o + ("s $ "o)/ {1 + exp[($$ $0)/%]}, we
obtain a specular relaxation time "s = 6.2 µs, an o!-
specular relaxation time "o = 3.3 µs, and the center of
the transition at an o!-specular angle $0 = 54 mdeg. The
di!erence of about a factor 2 between "s and "o indicates
a transition from heterodyne to homodyne detection, as
known from dynamic light scattering [16]. Quasi-elastic
scattering introduces a time dependence in the scattered
intensity I(q, t) # exp($t/"). Calculation of the cor-

NSE Xray Photon correlation

smectic-A membranes of the compound 4-octyl-40-cyanobiphenyl (8CB)

Text

I. Sikharulidze, B. Farago, I. P. Dolbnya, A. Madsen, Wim H. de Jeu,Phys. Rev. Lett. 16 2003
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Diffusion in Zeolites

23

Zeolites are an extremely important class of 
material in particular for alkane chains

(separation, catalysis...)

•Has been extensively studied by incoherent scattering
•Also deuterated molecules were used to investigate the structure
•D-transport,D-self, D-cooperative are very close at low Q....
•Models and thermodynamics link them together 

The diffusion is the key for functionality
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first trial
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5A zeolite
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Window effect
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n-alkanes in various zeolites (T = 475 K)
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Magnetic scattering

Examples on magnetic scattering
•Spin Glass
•Spin Ice

•Fe nanoparticles in Al
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Spin Glass

Au0.86Fe0.14 metallic Heisenberg spin glass

Just below the 0.15 concentration where becomes FM
=> strong Fm correlations => strong signal 

netization is always zero, the fundamental parameter is the

mean spin autocorrelation function q(t!t!)"!Si(t)•Si(t!)" where Si is the spin at a site i and the average runs
over all sites and configurations of the sample. Critical be-

havior in the paramagnetic phase is seen in the nonlinear

susceptibility #or ‘‘spin glass susceptibility’’$.6–9 Below Tg
the Edwards Anderson order parameter q(t!%)"!Si(t
"0)Si(t!%)", becomes nonzero.1,13 Neutron spin echo

spectroscopy measures the scattering function S(Q ,t) and

after normalization by S(Q ,0) delivers a direct determination

of the autocorrelation function q(t)"s(Q!0,t). NSE cov-

ers a time domain ranging from 10!12 to some 10!8 s, i.e.,

from characteristic microscopic times up to times, which al-

ready belong to the ‘‘long’’ time relaxation domain. The first

NSE experiment ever performed on a glassy system was

made on the reference spin glass CuMn 5% in 1979 #Ref. 10$
and the results strongly influenced subsequent thinking on

#spin$glass dynamics. It was shown that nonconventional dy-
namics is not limited to the spin glass phase but also extends

into the paramagnetic phase well above Tg . Nonexponential

and Q-independent relaxation occurs in a large temperature

range up to 2–3 Tg , which can arguably be identified with

the Griffiths phase.14 For about T#1.2 Tg the relaxation can
be described by a broad distribution of Arrhenius activation

energies. Closer to Tg , however, a more dramatic slowing

down sets in, which can be interpreted as the footprint of a

phase transition with a critical region of usual extent. Here

we report a detailed analysis of s(Q ,t) around Tg in spin

glasses, based on enhanced quality data obtained by using

new generation NSE spectrometers.

For an accurate determination of the NSE spectra we

chose Au0.86Fe0.14 . AuFe is a classical metallic Heisenberg

spin glass with significant local anisotropy15 and with strong

ferromagnetic correlations which amplify the magnetic scat-

tering in the forward direction so improving the ratio be-

tween the magnetic signal and all nonmagnetic #structural$
contributions, i.e., the signal to noise ratio. The sample was a

polycrystalline disc 0.5 mm thick with a diameter of 37 mm

prepared by arc melting of the constituents. It was subse-

quently cold worked, homogenized at 900 °C, annealed a

550 °C and then quenched and kept in liquid nitrogen.16

Given the vicinity to the percolation threshold xc
#&15.5 at. % Fe$, above which ferromagnetism sets in,17 the

annealing and quenching procedure was repeated before ev-

ery series of measurements. The NSE data were collected

at the high resolution spectrometer IN15 of ILL18 at an in-

coming wavelength of 0.8 nm for Q"0.4 and 0.8 nm!1,

respectively. These results were supplemented by measure-

ments at the wide angle NSE spectrometer SPAN of

BENSC19 at an incoming wavelength of 0.45 nm for

0.6 nm!1'Q'2.6 nm!1. We used the paramagnetic NSE

setup, which directly delivers the magnetic part of the NSE

signal and for this reason no background correction was re-

quired. All NSE spectra were normalized against the resolu-

tion function of the spectrometers, determined with the

sample well below Tg , at 2 K, where the spin dynamics is

completely frozen. A small part of the sample was taken out

for dc susceptibility measurements with a commercial

SQUID magnetometer at the HMI and for ac susceptibility

measurements, which were made from 10 Hz up to 10 KHz

with the MAGLAB setup at the Physics and Astronomy De-

partment, University of Leeds. The spin glass temperature of

Tg"41.0$0.3 K was determined from the maximum of the

static susceptibility.

The normalized intermediate scattering function s(Q ,t) of

Au0.86Fe0.14 at Q"0.4 nm!1 is shown in Fig. 1 plotted in a

log-log scale. The spectra span a dynamic range of three

orders of magnitude and by combining spectra collected at

two wavelengths on IN15 and SPAN the time domain of the

observation is extended up to almost four decades #Fig. 2$.
The time dependence of the experimental s(Q ,t) is impres-

sively similar to that of the numerical q(t) found in large

scale Ising spin glass simulations, which revealed the exis-

tence of a phase transition in three-dimensional Ising spin

glasses.20 From quite general scaling arguments,21 at a con-

tinuous phase transition relaxation must be of the form

t!x f ( t/)(T)* where )(T) diverges as (T!Tg)
!z, and f is a

nonuniversal function to be determined for each system. For

a spin glass the power law exponent x is related to the stan-

dard critical exponents through x"(d!2%+)/2z .20 Here +
is the Fisher or ‘‘anomalous dimension’’ exponent and z is

again the dynamical exponent. The Ising simulations showed

that, as Tg is approached from above, q(t) is strongly non-

exponential. Ogielski chose to represent f by the stretched

exponential or KWW function, familiar in fragile glass dy-

namics. Excellent fits were obtained with q(t),t!x

&exp-(!t/)(T)*./ and T dependent ) and .. #The KWW . is
not to be confused with the critical exponent ..$ He and
others found a temperature dependent . tending to near 1/3
at Tg and increasing with T.

2,20,22,23 The most important point

for our data analysis is that precisely at Tg dynamic scaling

predicts a pure power law decay for the autocorrelation func-

tion q(t),t!x. This rule is quite general; its functional form

does not depend on details such as the Ising character of the

FIG. 1. Temperature dependence of the normalized intermediate

scattering function s(Q ,t) of Au0.86Fe0.14 . The spectra were col-

lected at Q"0.4 nm!1 with the neutron spin echo spectrometer

IN15 #ILL$ for T"30.7 K #closed squares$, 40.6 K (&Tg , open

squares$, 45.7 K #closed circles$, 50.8 K #open circles$, and 55.8 K
#closed rhombs$, respectively. The continuous lines are the best fits
to the data of a simple power law decay below Tg #&41 K$ and of
the Ogielski function above Tg #see text$.

PAPPAS, MEZEI, EHLERS, MANUEL, AND CAMPBELL PHYSICAL REVIEW B 68, 054431 #2003$
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Power law decay for T<Tg

Ogileski function (power law•KWW) 
T>Tg 

spins but the value of x depends on the exponents for the
particular system under study. Scaling therefore gives a
unique opportunity for describing the NSE spectra at Tg in
terms of exponents determined by completely independent
dynamic and nonlinear macroscopic susceptibility measure-
ments.
As seen on Fig. 1, for T!Tg we found s(Q ,t)"t

!x and
the lines represent the best fits to the data with x"0.116
#0.007 and 0.025#0.005 at T"40.6(#Tg) and 30.7 K, re-
spectively. Above Tg the relaxation is also strongly nonex-
ponential. As shown in Fig. 2, pure exponential as well as
stretched exponential decay $without the power-law prefac-
tor% can be definitively ruled out at all T in the range studied.
In fact at 45.6 K, the fit with the Ogielski function leads to
&2"0.28, which is significantly lower than &2"0.55, the
value obtained for the stretched exponential and &2"1.67 for
the simple exponential, respectively. The power law part of
the Ogielski function, which holds at short times, describes
the main part of the relaxation above Tg and the spectra of
Fig. 1 lead to an accurate determination of the effective
power law exponent x as function of T. On the other hand,
the stretched exponential only influences the tail of the re-
laxation so the parameters '(T) and ( are obtained here to
low accuracy: '(T)) 0.3 ns and ()1 at 55.8 and 50.8 K
whereas '(T))22 ns and ()0.66 at 45.7 K. In similar sys-
tems, muon spin depolarization measurements which are
sensitive to the time range from 10 ns up to about 50 *s $i.e.,
in the range where the relaxation above Tg is mainly de-
scribed by the stretched exponential% showed that in fact (
approaches about 1/3 at Tg

24,25 as expected by the simula-
tions. Susceptibility measurements very close to Tg in an
Ising spin glass show a similar limiting value of (.27 Further-
more, recent magnetic-field-dependent muon spin depolar-

ization measurements on several AgMn spin glasses, ana-
lyzed assuming an Ogielski-like decay of the correlations,
lead to values of x tending to #0.15 at Tg in agreement with
our results.25

The large dynamic range covered by our data and their
accuracy allow us to distinguish between a simple stretched
exponential decay, the Ogielski function with ("1 $power
law times simple exponential%, and the full Ogielski function;
the full function is needed to give an acceptable fit of the
data over the whole time and temperature range. In spin
glasses the normalized s(Q ,t) does not vary with Q, in dra-
matic contrast to the strong Q dependence of the dynamics in
ferromagnets. This remarkable Q independence of the relax-
ation in spin glasses10 implies that the NSE s(Q ,t) can be
identified with q(t) and analyzed in the frame of dynamic
scaling. The NSE spectra of Au0.86Fe0.14 collected on IN15
for Q"0.4 and 0.8 nm!1 and on SPAN for 0.6 nm!1!Q

!2.6 nm!1 confirmed this behavior. Figure 3 compares, in a
lin-log plot, spectra collected at 45.6 and 40.6 K for Q
"0.04 and 0.08 Å!1, respectively. The data almost overlap
although the Q values differ by a factor of 2 and the mag-
netic intensity decreases by almost a factor of 3, which ex-
plains the larger error bars of the data set at 0.08 Å!1. The Q
independence of s(Q ,t) was an important check of the high
quality of our samples in a concentration range close to fer-
romagnetism. It also implies that s(Q ,t) can be directly re-
lated to the macroscopic ac susceptibility &(Q"0,+)"S(Q
"0),1!s(Q"0,t)-/kT.11 The meaning of this equation is
quite simple: s(Q ,t) is the fraction of the total magnetic
response S(Q) which does not relax before the time t, in
other words s(Q ,t) is the part of S(Q) which cannot respond
to a driving field of frequency 1/t . Figure 4 shows the NSE
spectra for T!Tg combined with s(Q ,t) values deduced
from macroscopic dynamic $ac% susceptibility measurements
on the same sample. The data follow the power law decay
over an impressively large range of at least nine orders of
magnitude in time.
The impressive similarity between the experimental

s(Q ,t) and the decay of q(t) found in large scale simulations
and more particularly the simple power law decay found at

FIG. 2. NSE spectra of Au0.86Fe0.14 collected at Q"0.08 Å!1 at
the ILL spectrometer IN15 $full symbols% and at the BENSC spec-
trometer SPAN $open symbols% plotted in a lin-log scale. The
circles are measured at 45.6 K and the triangles at 40.6 K, respec-
tively. For the sake of clarity the data sets corresponding to each of
the temperatures have been shifted with respect to each other in the
vertical scale. The data at 40.6 K are fitted to a simple power law
$continuous line%. The continuous line through the 45.6 K data rep-
resents the fit of an Ogielski function $see text%. The dashed and
dotted curves correspond to a stretched exponential and a simple
exponential decay, respectively.

FIG. 3. s(Q ,t) of Au0.86Fe0.14 measured at 0.04 Å
!1 $close

symbols% and 0.08 Å!1 $open symbols% for 45.6 and 40.6 K, re-
spectively. For the sake of clarity the data sets corresponding to
each of the temperatures have been shifted with respect to each
other in the vertical scale.
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spins but the value of x depends on the exponents for the
particular system under study. Scaling therefore gives a
unique opportunity for describing the NSE spectra at Tg in
terms of exponents determined by completely independent
dynamic and nonlinear macroscopic susceptibility measure-
ments.
As seen on Fig. 1, for T!Tg we found s(Q ,t)"t

!x and
the lines represent the best fits to the data with x"0.116
#0.007 and 0.025#0.005 at T"40.6(#Tg) and 30.7 K, re-
spectively. Above Tg the relaxation is also strongly nonex-
ponential. As shown in Fig. 2, pure exponential as well as
stretched exponential decay $without the power-law prefac-
tor% can be definitively ruled out at all T in the range studied.
In fact at 45.6 K, the fit with the Ogielski function leads to
&2"0.28, which is significantly lower than &2"0.55, the
value obtained for the stretched exponential and &2"1.67 for
the simple exponential, respectively. The power law part of
the Ogielski function, which holds at short times, describes
the main part of the relaxation above Tg and the spectra of
Fig. 1 lead to an accurate determination of the effective
power law exponent x as function of T. On the other hand,
the stretched exponential only influences the tail of the re-
laxation so the parameters '(T) and ( are obtained here to
low accuracy: '(T)) 0.3 ns and ()1 at 55.8 and 50.8 K
whereas '(T))22 ns and ()0.66 at 45.7 K. In similar sys-
tems, muon spin depolarization measurements which are
sensitive to the time range from 10 ns up to about 50 *s $i.e.,
in the range where the relaxation above Tg is mainly de-
scribed by the stretched exponential% showed that in fact (
approaches about 1/3 at Tg

24,25 as expected by the simula-
tions. Susceptibility measurements very close to Tg in an
Ising spin glass show a similar limiting value of (.27 Further-
more, recent magnetic-field-dependent muon spin depolar-

ization measurements on several AgMn spin glasses, ana-
lyzed assuming an Ogielski-like decay of the correlations,
lead to values of x tending to #0.15 at Tg in agreement with
our results.25

The large dynamic range covered by our data and their
accuracy allow us to distinguish between a simple stretched
exponential decay, the Ogielski function with ("1 $power
law times simple exponential%, and the full Ogielski function;
the full function is needed to give an acceptable fit of the
data over the whole time and temperature range. In spin
glasses the normalized s(Q ,t) does not vary with Q, in dra-
matic contrast to the strong Q dependence of the dynamics in
ferromagnets. This remarkable Q independence of the relax-
ation in spin glasses10 implies that the NSE s(Q ,t) can be
identified with q(t) and analyzed in the frame of dynamic
scaling. The NSE spectra of Au0.86Fe0.14 collected on IN15
for Q"0.4 and 0.8 nm!1 and on SPAN for 0.6 nm!1!Q

!2.6 nm!1 confirmed this behavior. Figure 3 compares, in a
lin-log plot, spectra collected at 45.6 and 40.6 K for Q
"0.04 and 0.08 Å!1, respectively. The data almost overlap
although the Q values differ by a factor of 2 and the mag-
netic intensity decreases by almost a factor of 3, which ex-
plains the larger error bars of the data set at 0.08 Å!1. The Q
independence of s(Q ,t) was an important check of the high
quality of our samples in a concentration range close to fer-
romagnetism. It also implies that s(Q ,t) can be directly re-
lated to the macroscopic ac susceptibility &(Q"0,+)"S(Q
"0),1!s(Q"0,t)-/kT.11 The meaning of this equation is
quite simple: s(Q ,t) is the fraction of the total magnetic
response S(Q) which does not relax before the time t, in
other words s(Q ,t) is the part of S(Q) which cannot respond
to a driving field of frequency 1/t . Figure 4 shows the NSE
spectra for T!Tg combined with s(Q ,t) values deduced
from macroscopic dynamic $ac% susceptibility measurements
on the same sample. The data follow the power law decay
over an impressively large range of at least nine orders of
magnitude in time.
The impressive similarity between the experimental

s(Q ,t) and the decay of q(t) found in large scale simulations
and more particularly the simple power law decay found at

FIG. 2. NSE spectra of Au0.86Fe0.14 collected at Q"0.08 Å!1 at
the ILL spectrometer IN15 $full symbols% and at the BENSC spec-
trometer SPAN $open symbols% plotted in a lin-log scale. The
circles are measured at 45.6 K and the triangles at 40.6 K, respec-
tively. For the sake of clarity the data sets corresponding to each of
the temperatures have been shifted with respect to each other in the
vertical scale. The data at 40.6 K are fitted to a simple power law
$continuous line%. The continuous line through the 45.6 K data rep-
resents the fit of an Ogielski function $see text%. The dashed and
dotted curves correspond to a stretched exponential and a simple
exponential decay, respectively.

FIG. 3. s(Q ,t) of Au0.86Fe0.14 measured at 0.04 Å
!1 $close

symbols% and 0.08 Å!1 $open symbols% for 45.6 and 40.6 K, re-
spectively. For the sake of clarity the data sets corresponding to
each of the temperatures have been shifted with respect to each
other in the vertical scale.
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Q independent dynamics
open symb 0.4Å-1 closed symb 0.8Å-1

C. Pappas , Mezei ,F, Ehlers ,G, Manuel ,P, Campbell ,I A, Physical 
Review B 68, 054431 (2003).
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Spin Ice

‘spin ice’ materials Ho2Ti2O2 , Dy2Ti2O7  and Ho2Sn2O7
the spin is equivalent to the H displacement vector in water ice

all three has a peak in susceptibility at 1K but
missing 15K susceptibility peak in the Ho componds...

Letter to the Editor L11

Figure 1. NSE results for Ho2Ti2O7: (a) integrated over all Q and fitted to an exponential function;
(b) as a function of Q, indicating negligible Q-dependence.

Grenoble, using a neutron wavelength of ! = 5.5 Å. The spectrometer was calibrated with
a reference sample that does not show dynamics on the timescale of this experiment. At all
temperatures between 0.05 and 200 K the measured relaxation can be fitted with excellent
precision to a simple exponential function:

F(Q, t) = (1 ! B) exp{!"(T )t}, (1)

where B = 0.09 ± 0.01. The fact that B is finite, that is F(Q, t) "= 1 at #10!12 s, proves
the existence of relaxation processes at short timescales beyond the resolution of the NSE
technique. We suggest that these very fast processes might be associated with small incoherent
oscillations of the spins about their $111% easy axes. Such processes cannot relax the more
important magnetic fluctuations associated with spin reversals, and hence are unable to provide
complete relaxation of the system. We do not comment on them further in this letter.

The frequency "(T ) can be fitted to an Arrhenius expression "(T ) = 2"h exp(!Ea/kT )

with attempt frequency "h = 1.1 ± 0.2 & 1011 Hz (#5 K) and activation energy Eh =
293 ± 12 K. The relaxation was found to be Q-independent (figure 1(b)), an important clue to
its origin (see below). For the rest of the letter we shall refer to this exponential relaxation as
the ‘high’ process, referring to its typical temperature range, with subscript ‘h’.

Single exponential thermally activated
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Figure 1. NSE results for Ho2Ti2O7: (a) integrated over all Q and fitted to an exponential function;
(b) as a function of Q, indicating negligible Q-dependence.

Grenoble, using a neutron wavelength of ! = 5.5 Å. The spectrometer was calibrated with
a reference sample that does not show dynamics on the timescale of this experiment. At all
temperatures between 0.05 and 200 K the measured relaxation can be fitted with excellent
precision to a simple exponential function:

F(Q, t) = (1 ! B) exp{!"(T )t}, (1)

where B = 0.09 ± 0.01. The fact that B is finite, that is F(Q, t) "= 1 at #10!12 s, proves
the existence of relaxation processes at short timescales beyond the resolution of the NSE
technique. We suggest that these very fast processes might be associated with small incoherent
oscillations of the spins about their $111% easy axes. Such processes cannot relax the more
important magnetic fluctuations associated with spin reversals, and hence are unable to provide
complete relaxation of the system. We do not comment on them further in this letter.

The frequency "(T ) can be fitted to an Arrhenius expression "(T ) = 2"h exp(!Ea/kT )

with attempt frequency "h = 1.1 ± 0.2 & 1011 Hz (#5 K) and activation energy Eh =
293 ± 12 K. The relaxation was found to be Q-independent (figure 1(b)), an important clue to
its origin (see below). For the rest of the letter we shall refer to this exponential relaxation as
the ‘high’ process, referring to its typical temperature range, with subscript ‘h’.

Q independent relaxation

Whichever of the two processes is faster relaxes 
completely the whole spin system

G. Ehlers , Cornelius ,A L, Orendac ,M, Kajnakova ,M, Fennell ,T, Bramwell ,S 
T, Gardner , Journal of Physics Condensed Matter 15, L9 (2003).



B. Farago NSE mainstream & bizarroids

NIST sumer school 2009 30

Fe nano in Al

Fe

Fe

Fe

Fe
Fe

Fe

Fe

Fe

Al
Monodomain iron particles

in Al matrix
superparamagnetic system

Needs integration over
particle size distribution

Switch over from single particle 
relaxation to interparticle correlations 

with lowering temperature

VOLUME 82, NUMBER 6 PHY S I CA L REV I EW LE T T ER S 8 FEBRUARY 1999

description of the space-time behavior of a system. Fur-
thermore, the paramagnetic NSE technique [10] is sen-
sitive to the magnetic fluctuations only and has the
advantage to be essentially a zero-field measurement.
Modern NSE spectrometers can access a wide range of
Fourier times typically between 10211 and 1027 sec and
also provide spatial information through studies of the q
dependence. NSE is therefore an ideal probe to inves-
tigate the longitudinal fluctuations in superparamagnetic
systems.
The superspin fluctuations were measured on the same

sample used in previous experiments [8,9]. This sample
was prepared by cosputtering of iron and Al2O3 on an
aluminum foil substrate. The volume fraction of iron
is 20% and the Al2O3 matrix is amorphous. The mean
diameter of the essentially spherical Fe particles is about
20 Å as deduced from both magnetization measurements
and x-ray small angle scattering [8]. Assuming the bulk
density of iron [8], this diameter corresponds to over
300 Fe atoms per particle. SQUID measurements show
a well defined blocking temperature of 15 K for a
characteristic measurement time of about 100 sec [11].
The total sample volume was about 150 mm3.
The measurements of S!q, t" were performed on two

NSE spectrometers IN11 and IN15 at the Institut Laue-
Langevin in the time range of t ! 0.01 160 nsec in an
applied field of about 5 G. Three different incident neu-
tron wavelengths, 6.26 Å (IN11), 8.5 Å, and 14.88 Å
(IN15) were used to take advantage of the cubic depen-
dence of t with wavelength (t # l3) [10] and thus provid-
ing the measurement range which extends over 4 orders
of magnitude in t. The data were mainly collected at
q ! 0.07 Å21but also at q ! 0.035 and 0.15 Å21, for
various temperatures between 2 and 300 K. Polarization
analysis was performed at each T and q in order to nor-
malize the echo amplitude (see Fig. 1). The data were
corrected for instrumental spin-echo resolution by normal-
izing each scan to the reference scan at 2 K where the
system is frozen on the time scales of interest here.
The choice to measure at these three q values is

motivated by the work presented in Ref. [8], where
the magnetic small angle scattering was separated into
three components: at q ! 0.035 Å21 one is sensitive to
the signal arising from ferromagnetic interparticle (short
range) correlations, whereas q ! 0.15 Å21 probes essen-
tially only the dynamics arising from the single particle
(see Fig. 5 in Ref. [8]).
Figure 2 shows the normalized spin-echo amplitude at

q ! 0.07 Å21 as a function of t for various tempera-
tures. For 300 and 200 K, S!q, t" is well described by
a simple exponential decay exp!2t$t" [12]. The re-
laxation time t is in agreement with the quasielastic
linewidth G previously measured by time-of-flight (TOF)
INS (G ! h̄$t) [9] (at 200 K, t ! 0.062 6 0.003 nsec).
For T & 100 K the dynamics changes drastically with
decreasing temperature and S!q, t" can no longer be de-
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FIG. 1. S!q, 0" as deduced from the polarization analysis vs
temperature for the three different q values: 0.035 Å21 !!",
0.07 Å21 !"", and 0.15 Å21 !#". Lines are a guide for
the eye.

scribed by a simple exponential decay. This coincides
with the appearance of the resolution-limited slow com-
ponent seen in the TOF experiment. However, it is
also not possible to fit the T & 100 K data to a sum
of two exponentials; the apparent stretched-exponential-
like decay is reminiscent of a system with a distribu-
tion of relaxation times. In order to illustrate the origin
of the stretched relaxation and to extract a character-
istic relaxation time from these curves, we present a
simplified model based on an idealized description of
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FIG. 2. Normalized S!q, t" for q ! 0.07 Å21 as a function of
time for various temperatures. The lines represent the fit to
the model described in the text, except at T ! 200 and 300 K
where a single exponential law is used.
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H. Casalta , Schleger ,P, Bellouard ,C, 
Hennion ,M, Mirebeau ,I, Ehlers ,G, 
Farago ,B, Dormann ,J L, Kelsch ,M, 
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Magnetic scattering
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The structure of MgB2

involves honeycomb plane of boron
atoms separated by magnesium planes.
In-plane hole-like bonds (!-band) are
the source of the larger superconduct-
ing gap and out of plane electronic
bonds ("-band) the source of the
smaller gap [1]. Superconductivity arises
as both bands interact with a particu-
lar vibration of the crystal or phonon
in the boron plane. It is not surprising
that the !-bonds are the source of the
larger gap as they correspond to charge
carriers lying in the same plane as the
phonons. The aim of this experiment
was to discover what would happen if
we managed to suppress the weaker
part of the superconductivity originat-
ing from "-band. Would the supercon-
ductivity really behave like it had two
separate sources and what would the
flux lattice look like if we suppressed a
part of the superconductivity?
When a type II superconductor is cooled
though the critical temperature (in this

case 32K) in a magnetic field, flux lines
appear, each sustained by a vortex of
resistanceless current. Flux lines repel
one another and can thus form a lat-
tice. At the centre of each vortex the
magnetic field peaks so rows of flux
lines can diffract a beam of neutrons
as the magnetic moment of the neu-
tron ‘feels’ the regular modulation of
internal magnetic field. For an internal
field of 1T the plane spacing of flux line
lattice (FLL) results in a 10 Å neutron
beam being diffracted only a fraction
of a degree. For this reason the small-
angle instrument D22 was employed.
Figure 1 shows diffraction patterns at
2K for various applied magnetic fields
after a background at 40K was sub-
tracted [2]. The sample was a single
crystal of 98µg with an enriched 11B
content. For fields lower than 0.5T the
lattice is orientated with a Bragg peak
in the a-axis direction of the crystal. At
higher fields the lattice splits into two
domains, with the split angle quanti-

fied by # as shown in figure 2. By 0.9T
the two domains have joined up result-
ing in a flux lattice orientation exactly
30° from the low field case.
Figure 2 shows the plot of # along with
the form factor on a log scale. The
form factor, derived from the inte-
grated intensity of the first order dif-
fraction peaks, is the amplitude of the

R. Cubitt and C.D. Dewhurst (ILL)

M.R. Eskildsen (University of Geneva

and Notre Dame, USA)

J. Jun, S.M. Kazakov 

and J. Karpinski (ETH Zurich)

20 twenty | twenty-one

MgB2
: superconductivity

with a dual personality

MgB2
was only recently discovered to be superconducting and initial stud-

ies showed that the mechanism behind the superconductivity was quite

conventional. However it has been shown that there are two bands with

different energy gaps associated with the superconductivity instead of

the usual one. As one gap is much smaller than the other it was expected

that application of a magnetic field would suppress superconductivity asso-

ciated with the smaller gap. We present small angle neutron scattering

measurements which allowed us to measure the magnetic field modula-

tion found inside a superconductor due to the presence of flux lines or

vortices. This modulation is directly related to the density of supercon-

ducting charge carriers allowing us to quantify the partial suppression

of the superconductivity with field. In addition we have observed a re-

orientation of the flux line lattice and changes in the anisotropy as we

partially suppress the superconductivity.

scientifichighlights magnetism

Figure 1(a-c): Diffraction patterns from the
flux lattice as a function of field (B//c-axis).
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FIG. 1. (a) The phase and the amplitude of the spin echo mea-
sured at 2.2 K, 0.3 T, 12 A as functions of the Fourier time
without any corrections. The dashed lines are guides for the
eye. In the inset is shown a typical rocking curve for the diffrac-
tion signal from the FLL as the sample was rotated through the
Bragg condition, together with the background signal measured
at 10 K. These results were obtained with the sample in He
gas (0.2 T, 2.8 K, 7.5 A) to avoid any change in background
on heating to 10 K; in all other measurements with liquid he-
lium present, the background intensity was established from the
wings of a rocking curve. (b) The same data after subtraction
of the background signal.

to the critical current. Such an I-V characteristic implies
that the critical current density is very homogeneous and

0 20 40 60
0

20

40

60

Fourier time (10-9s)

! (
d

eg
)

0.2T, 1.43 mV, 20 A

0.3T,1.41 mV, 12 A 

0.2T, 0.52 mV, 12 A 

0.0 0.2 0.4
0.0

0.1

0.2

0.3

0.4

E/B (m.s-1)

V
L

 (m
.s

- 1
)

FIG. 2. The phase of the echo as a function of the Fourier time
at temperatures 2.2–2.5 K for different experimental conditions
of magnetic field and of voltage (measured between two contacts
spaced 24 mm along the long axis of the sample). The lines are
the calculated values of f if yL and E!B are equal. (To obtain
the correct calibration of the Fourier time and hence the value
of the slope of a line, one has to allow for the range of 15%
of the wavelength of the incoming neutrons [10].) Inset: The
vortex lattice velocity is shown as a function of the ratio E!B,
obtained varying the current at a fixed magnetic induction of
0.3 T, showing the equality between yL and E!B.

the vortex lattice velocity is also very homogeneous. This
was checked directly by measuring the voltage at different
places on the sample. In this case, the echo amplitude is a
constant versus Fourier time (Fig. 3a).

In the case of high Tc superconductors, it is often pro-
posed that the vortex velocities are very inhomogeneous
over short distances (a few intervortex spacings) [11]. This
should be seen directly in the amplitude of the echo, as is
the case in spin-echo measurements on liquids [7]. In order
to test the principles of such a measurement, we have modi-
fied the sample by cutting the edges in a zigzag shape. The
result (Fig. 3b) was a nonlinear I-V characteristic, typical
of a nonhomogeneous critical current [12]. In this case,
the echo amplitude decreases as a function of the Fourier
time (Fig. 3b) as expected.

If one assumes that there is a distribution of critical cur-
rents and therefore of vortex velocities in different regions
of the sample with a distribution p"yL#, the amplitude S
of the echo is

S"t# !
Ç
Z

exp"iq ? vLt#p"yL# dyL

Ç

, (5)

which is the Fourier transform of the function p"yL#. By
fitting the data in Fig. 3b with a Gaussian, and applying an
inverse Fourier transform, one may obtain an estimate of
the width of the distribution of vortex speeds which, within
errors, is independent of yL, and has a standard deviation
dyL ! 0.027 ms21. This result suggests other interesting
geometries with nonuniform flux flow to investigate, such
as the Corbino disk.

3490

VOLUME 85, NUMBER 16 P H Y S I C A L R E V I E W L E T T E R S 16 OCTOBER 2000

FIG. 1. (a) The phase and the amplitude of the spin echo mea-
sured at 2.2 K, 0.3 T, 12 A as functions of the Fourier time
without any corrections. The dashed lines are guides for the
eye. In the inset is shown a typical rocking curve for the diffrac-
tion signal from the FLL as the sample was rotated through the
Bragg condition, together with the background signal measured
at 10 K. These results were obtained with the sample in He
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the correct calibration of the Fourier time and hence the value
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the vortex lattice velocity is also very homogeneous. This
was checked directly by measuring the voltage at different
places on the sample. In this case, the echo amplitude is a
constant versus Fourier time (Fig. 3a).

In the case of high Tc superconductors, it is often pro-
posed that the vortex velocities are very inhomogeneous
over short distances (a few intervortex spacings) [11]. This
should be seen directly in the amplitude of the echo, as is
the case in spin-echo measurements on liquids [7]. In order
to test the principles of such a measurement, we have modi-
fied the sample by cutting the edges in a zigzag shape. The
result (Fig. 3b) was a nonlinear I-V characteristic, typical
of a nonhomogeneous critical current [12]. In this case,
the echo amplitude decreases as a function of the Fourier
time (Fig. 3b) as expected.

If one assumes that there is a distribution of critical cur-
rents and therefore of vortex velocities in different regions
of the sample with a distribution p"yL#, the amplitude S
of the echo is

S"t# !
Ç
Z

exp"iq ? vLt#p"yL# dyL

Ç

, (5)

which is the Fourier transform of the function p"yL#. By
fitting the data in Fig. 3b with a Gaussian, and applying an
inverse Fourier transform, one may obtain an estimate of
the width of the distribution of vortex speeds which, within
errors, is independent of yL, and has a standard deviation
dyL ! 0.027 ms21. This result suggests other interesting
geometries with nonuniform flux flow to investigate, such
as the Corbino disk.
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EPJdirect A1, 1–28 (2002) Springer-Verlag 11

Fig. 2. Layout of the experiment at the neutron spin echo instrument IN 15
at the ILL (not to scale). The divergent ingoing beam was collimated into two
partial beams. These were detected simultaneously using two frames D and D! on
a position sensitive neutron detector. The polarised 3He sample was situated in
the center of the second precession coil in the lower beam. The use of a reference
beam passing above the sample led to a strong suppression of common drifts in
phase and intensity. Spin echo signals were recorded via ramping the field Btrim
of the trim coil, with both fields B1 and B2 held constant. For the measurement
of the intensity ratio R with non-polarised neutrons, depolarising iron shims
were inserted into the beam at the positions indicated by dotted lines

a cold source of the 58 MW research reactor first pass a mechanical velocity
selector and are transported further downstream by a neutron guide. The velocity
selector transmitted a neutron wavelength spectrum of a triangular shape with
a full width at half maximum of 15 %. The NSE instrument contains two large
“precession coils” which generated average field strengths B1 and B2 of the order
of 1.5 mT along the neutron flight path. The sample is placed in the second coil.
The weak magnetic field is su!cient to guide the nuclear spins. In contrast to
the schematic setup discussed before, the magnetic fields B1 and B2 are now
parallel, but there is an additional ! flipper between the precession coils. As
shown in [33], this implementation also results in a spin echo which occurs at
the condition stated in Eq. (38), respectively Eq. (39).

For practical reasons, the fields B1 and B2 were held constant during the
experiment. We varied the total magnetic phase by means of a trim coil. The
ingoing neutron beam was split into a “reference beam” passing by the sample,
and a “sample beam” passing through the 3He sample. A position sensitive
neutron detector measured the intensities of these two beams individually. The
reference beam served to monitor any drifts, both in phase and intensity, which
may occur simultaneously in both beams. More details about the instrument can
be found in [34].

http://link.springer.de/link/service/journals/10105/index.htm

EPJdirect A1, 1–28 (2002) Springer-Verlag 14
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Fig. 3. Spin echo signals with the polarised and non-polarised sample. The ab-
scissa is the magnetic field Btrim generated with help of the trim coil (see Fig. 2).
The lowest, central minimum of the intensity oscillations appears at the field
value, where the number of neutron spin precessions in the first and the sec-
ond precession regions are equal. Comparing the upper and the lower pairs of
intensity patterns, the e!ect of the pseudomagnetic field of the sample becomes
visible as a phase shift. The data shown were obtained with the sample No 1
at the conditions stated in Table 1. The phase shift is 53.5 degrees, and the
measuring time for each pair of signals was 20 minutes

This equation defines the procedure to obtain an experimental value of the phase
!!. In the measurements, the values of this phase di!erence ranged between 30
and 122 degrees. Residual drifts below the sensitivity of our phase stability test
therefore did not play any role. Note that, without using a reference beam, "exp
would be faked by !"

drift(t), since the two intensities with the sample polarised,
respectively, non-polarised cannot be measured at the same time.

4.4 E!ect of spin-dependent absorption on the spin echo signal

In addition to the phase !! + !dipolar, there is a second influence of the nuclear
polarisation on the measured signal. Before entering the sample, the neutrons
are in states with polarisation perpendicular to the magnetic field. In terms of

http://link.springer.de/link/service/journals/10105/index.htm
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Conclusions

Conclusions:
- NSE is well suited for many soft matter problems
- .. and to many more things 

- still has some potential for evolution

Special thanks to all mentioned (and 
not mentioned) collaborators, users 

and colleagues....


