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In this Supplemental material we present additional information about the HFM-EXED facility
at Helmholtz-Zentrum Berlin, details about the used neutron diffraction geometry, measured inten-
sities, the representation analysis and uranium magnetic form factor derived from the data. For
benefit of the reader we introduce basic facts about the magnetic neutron diffraction method.

I. NEUTRON DIFFRACTION

Neutrons are neutral elementary particles that posses
magnetic moments and the wavelength λ following from
wave-particle duality. λ is of about the same size as typ-
ical interatomic distances in the solid constituting planes
with Miller indices hkl with separation dhkl. A use of
neutron beam directed on a crystalline solid leads to
interference phenomena. The diffraction angle 2θ of a
Bragg reflection follows from the Bragg law 2dhklsin(θ) =
nλ , where n denotes the n-th harmonic multiple of λ. θ
is the scattering angle. The Braggs law can be expressed
in the reciprocal space as Q = 4π sin(θ)/nλ, where Q
the reciprocal vector at which the reflection occurs. In
the case of magnetic Bragg reflections is the vector de-
scribing all their positions in the reciprocal space called
a propagation vector. This may be either commensurate
or incommensurate with the underlying crystal structure
lattice.

There are two main neutron diffraction methods. In
the first one, a monochromatized incident beam (sup-
pressing higher-order harmonics) is used. Contrary to
monochromatic diffraction, time-of-flight (TOF) tech-
nique employs a polychromatic beam impinging onto the
sample. Here, each neutron receives a time-stamp which
allows to recalculate its wavelength by knowing the total
flight path and measuring the time it takes the neutron
to get to the detector. In practice, the incident neutron
flux is chopped into pulses using quickly rotated discs -
choppers. The Bragg law in TOF case can be rewritten
as thkl ∝ l dhkl sin(θ), where thkl is TOF and l is total
flight path. An inherent feature of this method, used in
the case of the High Field Magnet - Extreme Environ-
ment Diffractometer (HFM-EXED) facility, is ability to
cover a reasonable reciprocal space range even the angu-
lar range is restricted.

Intensities of the diffracted Bragg reflections hkl at
a scattering vector Q , Ihkl(Q), contain information on
the nature of entities (here atoms or magnetic moments)
causing the diffraction. In the case of unpolarized diffrac-
tion one detects intensity Ihkl(Q) ∝ ALE |FN

hkl(Q)|2,

where FN
hkl(Q) = |

∑
j bje

iQ·rj |2 is the structure factor
and bj and rj denotes the scattering length and posi-
tion of the j-th atom in the unit cell, respectively. A,
E and L denotes the absorption, extinction and geomet-
rical Lorentz factor, respectively (we ignore here for the
simplicity all other factors as temperature factors, etc.).
It should be mentioned that L, A and E are for TOF
method strongly λ dependent. As the structural infor-
mation is contained in the structure factors, the recorded
diffracted intensity needs to be corrected very carefully.

The intensity of magnetic reflections can be
expressed in analogy to nuclear intensities as
Ihkl(Q) ∝ ALE |FM

hkl(Q)|2, where FM
hkl(Q) =

|
∑

j µj⊥fj(Q)eiQ·rj |2. As can be seen, the magnetic

form factor fj(Q) depends on the scattering vector.
The j-th magnetic moment µj contributes to the
magnetic structure factor only via its projection to a
plane perpendicular to the scattering vector µj⊥. This
dependence actually enables the determination of the
magnetic moment directions.

II. PULSED VERSUS STATIC FIELDS FOR
NEUTRONS

The main obstacle in producing high magnetic fields
for neutron diffraction is the fact that neutrons are scat-
tered/absorbed by the magnet construction parts requir-
ing either a split-pair coil (vertical) geometry or a hori-
zontal solenoid leaving for access of neutrons only a lim-
ited angular range around the field axis.

The static field acting on the sample is a function of
the magnet power supply that cannot be increased be-
yond limits of material properties used in the coil produc-
tion/support. For superconducting magnets the fields are
limited by 20 T. Higher fields can be achieved using re-
sistive coils in exchange for much robuster power supply
and cooling systems and high running costs. Other two
possibilities include a combination of the two (supercon-
ducting and resistive) technologies leading to enormous
complexity of the hybrid magnet and a use of pulsed fields
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that are able to produce for a fraction of a second fields
as high as 40-50 T. The first method has been realized
at Helmholtz-Zentrum Berlin (HZB). The latter one is
cheap, flexible to use and offers much higher fields. It
has been available for several years and is used at vari-
ous leading laboratories around the world. Although it
offers compared to DC technology much higher fields, the
duration of the field pulse is with respect to the cooling
time very short leading to a use of only a very small
fraction of available neutrons. Many field pulses have to
be accumulated to achieve reasonable intensities. It is
therefore an intensity limited method. In addition, sam-
ples are probed with neutrons in conditions which can be
thermodynamically unstable (for instance in the presence
of first-order transitions with strong hysteresis).

Contrary to pulsed fields, static fields achievable at
HZB offer a possibility to establish stable thermodynam-
ical conditions for neutron diffraction experiment neces-
sary for instance to study flux lattices in superconductors
or when field-cooling is required. In combination with the
TOF method a reasonable reciprocal space coverage can
be reached. Moreover, neutrons can be detected for the
whole reachable space simultaneously. A clear disadvan-
tage is a lower maximal field strength along with higher
running costs.

III. HFM-EXED AND EXPERIMENTAL
GEOMETRY

The HFM-EXED facility recently commissioned at
HZB represents the state-of-the-art of high field neutron
technique. It consists of two mutually optimized parts -
a hybrid solenoid (13 T, 4 MW resistive insert and series-
connected 13 T superconducting outsert)1,2 and a dedi-
cated time-of-flight diffractometer (EXED)3. The hori-
zontal geometry that has been selected in the case of the
high field magnet (HFM), does not require splitting of the
coil. The resistive insert that is connected in series with
the supeconducting outsert has conical openings of 30◦

on both the incident (back-scatter) and forward sides (see
Fig. 1). At both ends of the magnet, position-sensitive
detectors are positioned. In the forward direction is the
detector at a distance of 2.5 m from the sample, in the
backward direction is the distance of 3.3 m. Even such a
geometry is rather restrictive. Use of this set-up would be
nearly impossible if a constant-wavelength neutron beam
would be used. However, a satisfactory reciprocal space
coverage can be achieved in the case of the time-of-flight
(TOF) technique. Thanks to on a multispectral neutron
source at the reactor BER II at HZB4 a broad band of
wavelengths (∼ 0.7 Å - 14 Å) is available. During our
experiment, the EXED choppers were set to allow for
incident neutron wavelengths between 0.7 and 7 Å.

Further degree of freedom is achieved by the ability to
rotate the ∼ 30 t heavy magnet with respect to the inci-
dent neutron beam. Any angle up to 12◦ can be contin-
uously set. This, together with magnet conical opening

FIG. 1. (Color online) (a) Schematic representation of the
first geometry of our experiment, in which the tetragonal axis
was parallel to the field - Geometry 1. (b) Schematic repre-
sentation of the second geometry, with the c axis tilted from
the field direction by about 21◦ in the horizontal plane - Ge-
ometry 2. ki, ki and Q denote the incident and diffracted
wave vector and scattering vector, respectively.

enables angular coverage up to 27◦ in the forward direc-
tion and 153◦ - 170◦ in the backward direction. As a
result, a satisfactory coverage of the reciprocal space is
possible.

The two detectors (forward and back-scatter) have dif-
ferent sensitivity to magnetism. In contrast to the for-
ward direction that is sensitive to both magnetic and
nuclear Bragg reflections only nuclear reflections are ob-
servable in practice in the backscatter detector panels.
This is due to the magnetic form factor fall-off at high
diffraction angles that exist due to a non-negligible spa-
tial extent of electron states carrying the magnetic mo-
ment.

U(Ru0.92Rh0.08)2Si2 single crystal has been studied in
two different orientations. In the first configuration (Ge-
ometry 1, shown in Fig. 1 (a)), the tetragonal axis was
directed along the field and the magnet axis was rotated
to have an angle of -11.8 ◦ with the incident beam. In
this orientation we could observe in the backward detec-
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tor several nuclear reflections and in forward direction
magnetic Bragg reflections belonging to both magnetic
Q2 ((QA

2 = ( 2
3 0 0) and (QB

2 = (0, 2
3 0)) domains could be

reached. In the second orientation (Geometry 2, shown in
Fig. 1 (b)), the sample was rotated around the a axis by
about 21◦ in the horizontal plane. The c axis was there-
fore inclined with respect to the applied field, leading to
a lower effective fields as projected along the c axis. Due
to the strong uniaxial response of U(Ru0.92Rh0.08)2Si2,
this angular deviation does not change the physics of
our system5. It leads to lower effective field as projected
along the c axis. The magnet axis was rotated by -6 ◦

with respect to the incident beam. Here, we were able to
observe in the forward direction the 101 Bragg reflection,
two magnetic reflections defined by QB

2 = (0, 2
3 0) and

two defined by (QA
3 = ( 1

2
1
2

1
2 ) and (QB

3 = ( 1
2 −

1
2

1
2 ). The

latter reflections represent two of the four Q-domains of
the short-range order (SRO).

IV. DATA REDUCTION

The diffracted intensities used for the refinement of
structural details and magnetic structure determination
were collected at stable magnetic fields typically for six
hours, corrected for the distribution of the incident flux
using a standard Vanadium measurement and analyzed
within the Mantid software package6. However, data
shown in Figs. 2 abc, Fig. 3 and Fig. 4 ab in the
main text are merely normalized for the same neutron
total monitor, which includes the correction for different
measurement time and for variation of reactor power.

Mantid software enables also reliable corrections due
to absorption A and Lorentz factor L. The extinction
correction E has been performed during the refinement
using Fullprof7. The shape of the crystal was approxi-
mated by a cube with a side of 4 mm. For the absorp-
tion correction we used the absorption coefficient µ =
0.380 cm−1. The geometrical Lorentz factor correction
that depends on the fourth power of the incident wave-
length and can be re-writen to a form L = 4d4 sin (θ)
that relates L to the d spacing of a reflection that enters
also the Bragg law8. For the evaluation of the structure
factors, the nuclear scattering lengths b(Ru) = 7.21 fm,
b(Rh) = 5.88 fm, b(Si) = 4.149 fm and b(U) = 8.417 fm
were used9.

V. REPRESENTATION ANALYSIS AND
MAGNETIC STRUCTURE REFINEMENT

In the magnetic structure determination from neutron
data one typically compares observed intensities (more
precisely the derived magnetic structure factors) with
calculated ones for a series of magnetic structure models.
The point is to generate and test all possible models de-
rived in some suitable systematic way. The complexity
of this task can be enormously reduced by taking into ac-

count symmetry constrains of the problem. We have used
group representation theory as developed by Bertaut10.
In this method, the paramagnetic space group is decom-
posed into a set of irreducible representations. This can
be done because the set of symmetry operations that
leave the propagation vector invariant is at maximum the
same as in the case of the paramagnetic group. Usually,
the symmetry of the magnetic structure (defined by Q)
is lower, leading to a subset of such operations that form
the so-called little group which acts on magnetic moment
components leading to possible models. Note that this
procedure is quite general and is used for other physical
properties of the ordered system as well.

In the paramagnetic space group I4/mmm, there are
twelve symmetry elements (plus translation along the
body diagonal t( 1

2 , 1
2 , 1

2 )), out of which four of them

leave the propagation vector QA
2 = ( 2

3 0 0) invariant:
the identity 1, a two-fold axis along the a direction 2(x,
0, 0) and two mirror planes m(x, y, 0) and m(x, 0, z).
The calculation has been performed using computer code
BasisReps, a part of the Fullprof suite7. The decom-
position of the paramagnetic space group leads to four
one-dimensional irreducible representations (irreps) Γi,
i = 1,..,4. All of them are real. The associated mag-
netic moment configurations are listed in Table I. The
first irrep does not permit magnetic order at the uranium
2a(0,0,0) site. The remaining three representations allow
for collinear arrangement of U moments either along the
c axis (Γ3) or along the two equivalent a axes (Γ2 and
Γ4).

TABLE I. Possible magnetic moment couplings for the four
irreducible representations between U magnetic moments for
the I4/mmm space group and the magnetic propagation vec-
tor Q2 = ( 2

3
0 0)) resulting from group representation theory.

The two U atoms are situated in the following positions: U1
at (0,0,0) and U2 at ( 1

2
, 1

2
, 1

2
)). u, v and w are in general

complex numbers.

Atom
Irrep. U1 U2

Γ1 0 0 0 0 0 0
Γ2 u 0 0 u 0 0
Γ3 0 0 v 0 0 v
Γ4 0 w 0 0 w 0

Solutions for the propagation vector QB
2 = (0 2

3 0))
that describe another, disjunct set of magnetic Bragg re-
flections are the same as listed in Table I except that Γ2

and Γ4 are interchanged.
During our experiment in Geometry 1, we have ob-

served four and in the Geometry 2 two magnetic Bragg
reflections with fractional hkl indices. One of the reflec-
tions from the latter geometry has been discarded due
to partial shadowing by the cryostat. Positions of these
magnetic reflections are related, according to the Bragg
law, to the periodicity of the spatial variation of the mag-
netization (we assume that this is due to U magnetic
moments) within the sample in the real space. However,
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FIG. 2. (Color online) Schematic representation of the pos-
sible double-Q magnetic structure conform with both, the
neutron observation made above the first field transition and
magnetization at this field. Magnetic moments are magni-
fied by a factor of two with respect to the single-Q magnetic
structure shown in Fig. 3 in the main text. Note that U mo-
ments are significantly different at otherwise crystallographic
equivalent positions.

from principal reasons it is not possible to distinguish
whether the magnetic structure consists of two, spatially
disjunct, equally populated domains (each having dif-
ferent propagation vector QA

2 and QB
2 , respectively) or

whether the spatial modulation is determined for all the
moments in the whole sample volume simultaneously. In
the latter case the structure would be of a double-Q type.
Final answer could be obtained for instance using high
field NMR or neutron diffraction in which the two do-
mains are unbalanced by uniaxial pressure.

TABLE II. Observed magnetic structure factors obtained
from raw data after correction for the distribution of the neu-
tron incident flux, absorption, extinction and Lorentz factor.
In the case of a single-Q type model, these values are com-
pared with calculated values obtained from the best fits to
models generated by the representation analysis.

hkl |FM
hkl|2

single-Q(Γ3) multi-Q
Observed Calculated Calculated

( 2
3

0 0) 2.33(5) 2.31(A) 2.39(A+B)
( 4
3

0 0) 1.92(6) 1.96(A) 2.18(A+B)
(-1 1

3
0) 2.11(2) 2.04(B) 2.03(A+B)

(-1 - 1
3

0) 1.91(4) 2.04(B) 2.03(A+B)
(-1 - 2

3
1) 1.86(8) 1.84(B) 1.83(A+B)

(1 0 1)M 0.66(15) 0.43(A+B) 0.68(A+B)
(2 0 0)M 0.75(31) 0.31(A+B) 0.47(A+B)
(1 0 7)M 0.04(3) 0.02(A+B) 0.01(A+B)
Moment 1.45(4) var. 0.4(1)-2.4(1)
(µB/U)

Ferromagnetic 0.48(4) 0.38(4)
moment (µB/U)

RM 0.063 0.064

Magnetic structure refinements were performed using
the program Fullprof7. Apparently, in the case of the
propagation vector QA

2 one can discard immediately the
model associated with irrep Γ2, as for all the h 0 0 reflec-
tions the projection of the moments oriented along the a
axis onto the plane perpendicular to the scattering vector
Q is zero. It appears that only the model associated with
irrep Γ3 can account for the observed intensities. The re-
sulting up-up-down sequence of U moments is shown in
the main paper and the numerical values are shown in
Table II. Such a magnetic structure imposes a net ferro-
magnetic component leading to a small additional inten-
sity on top of nuclear reflections. As such an intensity is
very small with respect to the much stronger nuclear sig-
nal (in addition to the influence of changes in extinction
across the MT), the deduced intensities are determined
with a much larger error. The 101 Bragg reflection in-
tensity increases across MT by ∼ 8 %. The 200 and 107
reflections increase by less than 0.2 - 0.6 %. Although a
strong interference with extinction, the increase has been
interpreted as being due to magnetic order. The derived
magnetic structure factors are shown in Table II with in-
dex M . Omitting the extinction effects across the MT
is the reason for the fact that calculated magnetic struc-
ture factors are for these nuclear reflections smaller than
observed ones.

Assuming that U moments order in the A and the B do-
main with identical moment magnitudes, the best least-
square fit leads to 1.45(9) µB/U and population of 46
and 54 vol.%. After a number of trials, in which we have
used also information about not observed reflections, a
fairly good agreement between observed and calculated
intensities has been found also for the case of a double-
Q structure shown in Fig. 2. In fact, the quality of the
fit is equally good as in the case of the two single-Q
domains. In addition, both solutions are in agreement
with the high field magnetization. However, while the
single-Q solution consists from equal-sized moments, the
multi-Q models lead strongly unequal U moments be-
tween 0.38 and 2.42 µB/U. Numerical values are listed
in Table II. Therefore we conclude that the field-induced
magnetic structure of U(Ru0.92Rh0.08)2Si2 is of a single-
Q type, consisting of two, nearly equally well populated,
domains A and B (QA

2 = ( 2
3 0 0)) and (QB

2 = (0 2
3 0),

respectively).

VI. MAGNETIC FORM FACTOR

In Fig. 3 the observed magnetic structure factors as
a function of sin(θ)/λ recorded at 23 T is shown and
compared with theoretical U magnetic form factor of the
U3+ and U4+ type calculated within the generally ac-
cepted intermediate coupling scheme and multiplied by
the magnetic moment magnitude. Although the inde-
pendent variable range is quite restricted, we observe for
magnetic reflections a very good agreement between the
observed and calculated values. For magnetic intensity
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FIG. 3. (Color online) Uranium magnetic form factor in
U(Ru0.92Rh0.08)2Si2 multiplied by the magnitude of the U
magnetic moment (1.45 µB) as a function of sin(θ)/λ. The
blue circles (red triangles) represent the experimentally de-
termined values originating from magnetic (nuclear) Bragg
reflections. The dotted line represents the theoretical mag-
netic form factor for the U3+ and U4+ type.

observed on top of nuclear Bragg reflections the agree-
ment is limited. The measured values are systematically
larger than calculated values suggesting a non-negligible
extinction effect at 23 T with respect to zero field that
leads to higher observed intensities. Nevertheless, the
trend similar to magnetic reflections is clearly observed
suggesting that the magnetic form factor used in the anal-
ysis is a good first approximation.
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