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Fermi-surface reconstruction at the metamagnetic high-field transition in uranium mononitride
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We report on the electronic and thermodynamic properties of the antiferromagnetic metal uranium mononitride
with a Néel temperature TN ≈ 53 K. The fabrication of microstructures from single crystals enables us to study
the low-temperature metamagnetic transition at approximately 58 T by high-precision magnetotransport, Hall-
effect, and magnetic-torque measurements. We confirm the evolution of the high-field transition from a broad and
complex behavior to a sharp first-order-like step, associated with a spin flop at low temperature. In the high-field
state, the magnetic contribution to the temperature dependence of the resistivity is suppressed completely. It
evolves into an almost quadratic dependence at low temperatures indicative of a metallic character. Our detailed
investigation of the Hall effect provides evidence for a prominent Fermi-surface reconstruction as the system is
pushed into the high-field state.
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I. INTRODUCTION

Compounds containing uranium cover a wide range of
electronic behavior. Depending on the crystalline surround-
ing, the uranium 5 f electrons cause various electronic ground
states, e.g., a heavy fermion liquid (UPd2Al3 [1,2]), hidden
order (URu2Si2 [3]), Mott insulator (UO2 [4]), insulator (USe3

[5]), or even unconventional superconductivity (UPt3 [6],
UTe2 [7]). This diversity is based on the similar energy scales
of the 5 f -electron bandwidth, f - f Coulomb, and spin-orbit
interactions. In particular, the 5 f -electron correlation effects
are a topical issue for uranium compounds [8–12].

Uranium mononitride (UN) is one example of an inten-
sively studied compound with a rather simple crystal structure
(face centered cubic [13,14]), but yet not fully understood
electronic and magnetic structure [9,10,12,15–18]. There are
indications for a dual nature of the uranium 5 f electrons
with both local and itinerant character: on one hand, a local
origin of antiferromagnetic (AFM) ordering is evidenced by a
Curie-Weiss dependence of the magnetic susceptibility above
the Néel temperature, TN ≈ 53 K, with an effective moment
close to the free-ion value. Grunzweig-Genossar et al. [19]
presented a first theoretical model based on localized 5 f
electrons that couple via RKKY interaction. This model fails
though to explain the large electronic specific heat at low tem-
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perature [10]. Recent magnetization, magnetostriction, and
ultrasound measurements revealed a magnetic-field-induced
spin-flop transition at a critical field of about HSF = 60 T,
supporting the local picture [17,20]. Moreover, the distance
of 0.346 nm (close to the Hill limit [21]) between the uranium
atoms in UN suggests a weak orbital overlap and, hence, a
significant localization [16].

On the other hand, the itinerant character of the 5 f elec-
trons is evidenced by a clear deviation of UN’s small ordered
magnetic moment, 0.75 μB/U , from the free-ion value and a
strong pressure dependence of TN similar to that of the ordered
moment [22]. Further evidence for an itinerant picture was
provided by inelastic neutron scattering [23], angle-resolved
photoemission spectroscopy (ARPES) measurements [9], and
band-structure calculations [15,16]. Substitution with C on the
N site revealed that the AFM order in UN depends strongly on
the next-nearest-neighbor environment [24].

A dual nature of the 5 f electrons was suggested from
earlier ARPES studies [25] that discovered a large 5 f contri-
bution at the Fermi level and the presence of nondispersive
bands. On top of that, nuclear magnetic resonance (NMR)
studies of 14N in UN confirmed the participation of f elec-
trons in the formation of both the conduction bands and the
localized moments [26].

The type of AFM order and associated lattice distortion at
TN of UN are still debated. The first work by Curry reported a
1k-type antiferromagnet with the moments along 〈100〉 [27].
Subsequently, an x-ray study suggested a small tetragonal dis-
tortion, |c/a − 1| = 6.5 × 10−4, compatible with the 1k-type
AFM order [28]. Knott et al. could not confirm the presence
of this distortion and concluded that it should be much less
than 6.5 × 10−4, if any [29]. Finally, a recent study of UN
thin films by Bright et al. also found no spontaneous distortion
despite the strong magnetoelastic interactions [30]. This puts
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into question the widely accepted 1k AMF structure of UN.
In fact, the absence of any distortion of the cubic crystal
structure of UN is compatible with a 3k AFM structure that
was found, e.g., in UO2 [31–33]. The ordered AFM ground
state is very robust against the application of magnetic field.
A polarized state is induced via a spin-flop transition just
below 60 T [10]. The induced magnetic moment above the
metamagnetic transition reaches with 0.3 μB/U only a third of
the full effective magnetic moment and suggests only a partial
alignment of the spins [17]. Assuming a layered Ising-spin
model the H-T phase diagram was reproduced and complete
alignment of the spins was predicted to occur at 258 T [10].
The metamagnetic transition was so far observed via magneti-
zation [10], dilatometry [17], magnetocaloric, and ultrasound
measurements [20]. Magnetostriction measurements indicate
a change in the nature of the transition from first to second
order at a tricritical point at 24 K and 52 T [17]. Magne-
tostriction and sound velocity detect a second field-induced
anomaly at about 10 T, that likely stems from a rearrangement
of magnetic domains [17,20].

In order to improve access to the low-temperature and
high-field electronic properties of the highly conducting metal
UN we use focused ion beam (FIB) assisted micromachining
for the fabrication of high-aspect-ratio devices. This approach
enables us to measure highly conductive metals in a pulsed-
field environment with high precision and to gain insights
into fundamental electronic and magnetic properties, and
their changes at large fields. Measurements of the Hall effect
provide information about changes of the charge-carrier dis-
tribution with electronic states at the Fermi level, i.e., changes
of the Fermi-surface (FS) topology.

We present results from magnetic torque and magne-
totransport measurements in single crystals of UN. We
fabricated thin slices as well as micron-sized transport de-
vices. The achieved precision in combination with high pulsed
magnetic field and low temperature help us to reveal the spe-
cial nature of the high-field transition as well as the strong
effect on the Hall effect and, hence, the charge carriers at
the Fermi level. We confirm the evolution of the transition
from a broad and split appearance into a sharp single step as
temperature is decreased. Our pulsed-field Hall data provide
evidence for a significant FS reconstruction at the high-field
transition.

II. EXPERIMENTAL DETAILS

The UN single crystals were prepared as described in
Ref. [10]. We produced several microstructures out of one
oriented single crystal which was previously used for ultra-
sound measurements [20]. The micromachining was done
with the help of a Ga or Xe focused ion beam. A detailed
description of the fabrication process can be found elsewhere
[34]. This approach enables geometries suitable for high-
precision electrical-transport measurements on metallic, i.e.,
highly conductive materials with current running along any
desired direction. Two different devices were produced: a tri-
angular shaped device (A) and a Hall bar (B) along [011] with
cross sections of (2 × 4) μm2 and (2 × 2) μm2, respectively
[see Figs. 1(b) and 1(c)]. Pulsed high-field experiments were
conducted at the Dresden High Magnetic Field Laboratory in

FIG. 1. (a) Temperature-dependent resistance of the FIB device
A (black) and a bulk sample (green) scaled to the room-temperature
value. The inset shows resistivity curves recorded at 0 and 14 T.
(b),(c) Scanning electron microscope images of the FIB structures
A and B with (b) triangular and (c) Hall-bar geometry, respectively
(see text).

a 70 T pulsed-magnet system with a pulse duration of 150 ms
equipped with a 4He cryostat insert. Static-field measurements
were done in a 14 T Quantum Design PPMS superconducting-
magnet system. Resistivity measurements were performed
with a standard ac four-point lock-in technique in a 4He flow
cryostat.

For the torque measurements we used a Wheatstone-
bridge-balanced piezoresistive cantilever (eigenfrequency
300 kHz) [35] loaded with a sample in a 3He cryostat insert.
The setup was mounted on a rotator, such that the angle
between field and cantilever could be varied. Pulsed mag-
netic fields of up to 68 T were applied. We investigated two
cuboid samples with different dimensions: a small (90 × 20 ×
10) μm3 and a large one (180 × 30 × 50) μm3.

III. EXPERIMENTAL RESULTS

A. Zero-field resistivity

To verify that the microstructuring process does not
alter the sample properties we compare the temperature
dependence of the zero-field resistivity between bulk and
microstructure samples; see Fig. 1(a). The overall tempera-
ture dependence, i.e., a monotonic but weak decrease of ρ

followed by a kink at TN and a sharp drop below it, is not al-
tered. Some details differ though: the residual resistivity ratio
(RRR) is reduced from approximately 400 in the bulk sample
to 150 in the microstructured device; see inset of Fig. 1(a).
Strain, induced by the substrate, may be responsible for the
reduced high-temperature value of ρ. A systematic study may
be required to fully understand these discrepancies, but goes
beyond the scope of this work.

The residual resistivity ρ0 of 0.5 μ� cm at 1.5 K is close to
the bulk value (≈0.3 μ� cm), proving the high quality of our
single crystals. In accordance with previous measurements the
resistivity exhibits an exponential dependence for tempera-
tures below TN . Above the transition it traces a monotonically,
weakly growing course saturating around room temperature
[36]. The anomalous high-temperature dependence of ρ has
been associated with a change in the crystal-field splitting
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FIG. 2. (a) Field-dependent resistivity at various temperatures.
The sharp steplike feature for T < 10 K turns into a maximum
that broadens as we increase temperature. Up and down sweeps
match perfectly (no sign of eddy current heating during the pulse).
(b) Temperature-dependent resistivity extracted from cuts at constant
fields, marked by gray dotted lines in (a). While for zero field the
resistivity exhibits an exponential dependence (as described in the
main text), it is proportional to T 2 at low temperature for fields above
60 T, as indicated by the black dashed lines for the 62 and 65 T
data. The curves are shifted consecutively by 0.1 μ� cm for better
visibility.

of the 5 f -electron levels and additional phonon contributions
[16,37].

According to Samsel-Czekała et al. [16], the zero-field
resistivity in the ordered phase of an AFM metal can
be described within the theoretical formalism provided by
Andersen and Smith [38] via ρ(T ) = ρ0 + AT 2 + BT (1 +
2T/�) exp(−�/T ), where A and B are constants and AT 2 de-
scribes a standard Fermi-liquid-like dependence. The last term
represents scattering due to AFM order with a spin-density-
wave gap estimated to a value of � ≈ 165 K for UN [16]. In
the inset of Fig. 1, we show resistivity data recorded in 14 T.
The exponential temperature dependence is also observed at
higher fields, below the field-induced transition; see Figs. 2(a)
and 2(b), and the description in the next section.

B. High-field magnetoresistance

UN experiences a spin-flop transition just below 60 T for
field applied along any of the principal crystallographic direc-
tions [20]. For external magnetic field applied along [100] we
observe a sharp drop in the resistivity at HSF ≈ 60 T for the
data recorded with T < 10 K [see Fig. 2(a)]. For 10 K � T <

TN the overall shape of the transition changes—we observe a
pronounced broad maximum at the transition followed by a
change in slope.

In order to trace the temperature dependence of the resistiv-
ity for high fields we extract values at constant field from the
isothermal pulse-field data in Fig. 2(a) and plot them versus
T 2 in Fig. 2(b). The exponential temperature dependence is
traceable for low fields below the critical high-field transition
at HSF , discernible by the change in slope moving to lower
temperature values for increasing field [Fig. 2(b)]. Above HSF ,
the resistivity is proportional to T 2 for T � 20 K, highlighted
by the linear fits (black dashed lines) in Fig. 2(b) for the 62 and
65 T data. Accordingly, the high-field state exhibits a simple
metallic character, as a squared temperature dependence is the
hallmark of a Fermi liquid. The deviation at higher tempera-

FIG. 3. Relative high-field magnetoresistance of UN, sample A,
at various temperature values extracted from Fig. 2(a). The inset
shows �ρ/ρ(T ) at fixed field values, marked by the vertical dashed
lines.

tures may be explained by increasing phonon scattering [16].
We did not observe quantum oscillations in the accessible ex-
perimental temperature and field range, which may be related
to heavy effective cyclotron masses of the charge carriers.

In Fig. 3, we provide the relative magnetoresistance (MR)
�ρ/ρ = ( ρ(H )

ρ(H=0) − 1) × 100%. In this representation, the
evolution of the high-field transition from a broad peaklike
appearance into a single step at low temperature is more ap-
parent. For T < 10 K, the MR rises almost linearly with field
until it experiences a sharp drop after which its slope turns
negative. Above 10 K, the MR exhibits an almost exponential
growth and culminates in a humplike feature, associated with
the high-field transition that broadens and shifts to lower fields
as we further increase temperature. The temperature depen-
dence of the high-field MR is shown in the inset of Fig. 3.
Above the critical field, the slope of MR(T ) turns positive at
lowest temperature with a maximum between 10 and 15 K.

C. Magnetic torque

Let us now turn to our results from pulsed-field measure-
ments of magnetic torque presented in Figs. 4(a) and 4(b). The
sample investigated was a thin platelet of UN with thickness
similar to the one of the transport microstructures. The insets
of Figs. 4(a) and 4(b) show images of the piezoresistive can-
tilever including the sample attached by silicone grease. In
Fig. 4(a) we present isothermal curves recorded at constant
tilt angle, θ = 30◦ off the [100] direction towards [010]. A
similar set of angle-dependent torque data for a second sample
with 10 times smaller volume can be found in the Appendix
(Fig. 8). For the elevated temperatures T = 28 K and 39 K, we
observe a broad maximum (surrounded by two minima) that
resembles the behavior we observe in the resistivity near the
transition field. In Fig. 4(b) we show field-dependent torque
data at various angles and at base temperature of 0.7 K. A
broad extremum is observable (maximum/minimum depend-
ing on the angle) at a field between 20 and 35 T. There,
the change in magnetization is maximum, which affects the
magnetic anisotropy sensed by the torque. The amplitude of
the extremum depends on the sample size, i.e., for a 10×
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FIG. 4. (a) Field-dependent magnetic-torque data recorded for
constant tilt angle of θ = 30◦ off [100] at different temperature
values and (b) for constant T = 0.7 K at different tilt angles. The
insets show images of the crystal attached to a 120 μm long piezore-
sistive microcantilever. (c),(d) Difference between up and down field
sweeps of the magnetic-torque data in (a) and (b). The vertical dashed
lines mark the critical field HSF at base temperature.

smaller lamella it is much weaker (see the Appendix, Fig. 8).
The extremum is followed by a strong increase of the absolute
torque signal. Since the cantilever is not equally sensitive for
the two bending directions the curves are not symmetric about
zero deflection angle. The field value of the steplike transition
at high field hardly varies with angle.

All curves exhibit a hysteresis between the up and down
field sweep that starts to close once the critical transition field
is reached. The difference between each up and down sweep,
�τ = |τdown − τup|, is presented in Figs. 4(c) and 4(d). �τ is
most pronounced for larger tilts away from the principal axis
and exhibits two distinct maxima. As we increase tempera-
ture, the lower peak shifts towards smaller fields. The same
trend occurs for a reduction in the tilt angle at constant tem-
perature, shown in Fig. 4(d). However, the maximum at higher
field subsides while exhibiting no apparent angle dependence.

D. Hall effect

Next, we will discuss results from Hall measurements con-
ducted for sample B. Figure 5(a) presents the temperature
dependence of the low-field Hall coefficient, RH , extracted
from the slope of the Hall resistivity, ρxy(H ), between zero
and 4 T. The inset of Fig. 5(a) shows isothermal field
sweeps recorded in dc fields. RH varies between about 0.7 ×
10−9 m3/C and −0.4 × 10−9 m3/C corresponding to 9 ×
1029 m−3 hole- and 16 × 1029 m−3 electronlike carriers in a
single-band approximation, respectively. Entering the ordered
phase leads to a sign change in the low-field Hall resistivity:
for temperatures above TN , ρxy exhibits a positive, almost
linear slope; it turns negative as soon as the temperature falls

FIG. 5. (a) Hall coefficient determined from the low-field
(μ0H � 4 T) slope of the Hall-resistivity data shown in the inset
recorded in steady fields. (b) Hall resistivity recorded in pulsed mag-
netic fields at various temperatures. (c) Hall coefficient, RH , extracted
from first derivatives (shown in the Appendix, Fig. 9) of the data in
(b) at fixed field values.

below TN . This dependence is similar to what was reported
for USb, where AFM order sets in at a temperature of about
215 K [39].

There are two key features in the temperature dependence
of the low-field Hall resistivity: the first one occurs at TN ,
where ρxy(T ) changes its sign, and the second one between
27 and 12 K, where RH reaches its minimum in Fig. 5(a). This
slope change below 27 K is also discernible in the low-field
part of the Hall data obtained in pulsed fields [see Fig. 5(b)].
Furthermore, for T � 10 K the pulsed-field Hall-resistivity
curves lie on top of each other within the signal-to-noise
limited resolution. Above this temperature range they start de-
viating; see Fig. 5(b). The field-dependent Hall-effect curves
display an S shape as the signal changes from negative with
negative slope towards positive with positive slope, going
from low to high magnetic field, respectively. Therefore, a
strong maximum shows up in the high-field Hall coefficient,
shown in Fig. 5(c) (the respective first derivatives can be found
in the Appendix, Fig. 9).

Interestingly similar to the magnetoresistivity, the high-
field transition in ρxy(H ) sharpens in the low-temperature
range, for T = 10 K and below. This resembles the tricritical
behavior previously reported at 24 K and 52 T [17]. In order to
learn more about the slope of the Hall resistivity at high field
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FIG. 6. Schematic H -T phase diagram of UN for μ0H ||[100].
Data points mark the respective features, related to the high-field
transition, observed in magnetic torque (magenta stars), magnetore-
sistivity (gray and green circles), and Hall effect (orange diamonds)
in comparison to transition fields reported from ultrasound (blue
circles) by Gorbunov et al. [20]. First and second derivatives are
shown in the Appendix. The high-field phase transition appears more
complex at elevated temperatures. The dashed lines are guides to the
eye. Error bars are of the same order as the symbol sizes. The color
map presents the interpolated pulsed-field MR data from Fig. 3.

and low temperature, larger fields above 70 T are necessary.
This, however, is beyond the value accessible in this work.

We summarize our results from resistivity, torque, and Hall
measurements in the phase diagram in Fig. 6. It is in ac-
cordance with previous ultrasound and magnetization studies
[20] (see blue circles). The prominent magnetic phase tran-
sition, associated with a spin flip, occurs at approximately
58 T applied parallel to the [100] direction for T = 1.5 K.
The steplike appearance in resistivity and torque resembles a
transition of first order. At first glance, HSF decreases mono-
tonically to zero upon approaching TN . However, above 10 K,
we observe a clear transformation of the transitional behavior:
the initially sharp step transforms into a broad hump followed
by a change in slope, which is reflected by multiple extrema
in the second derivatives (green dots in Fig. 6). The respective
first and second derivative data can be found in the Appendix,
Fig. 7. ρxy(H ) changes sign as UN transitions into the high-
field phase. The orange diamonds mark the field values where
dρxy/dH = 0, i.e., the minimum in Hall. The color map in
Fig. 6 presents an interpolation of the pulsed-field MR data
shown in Fig. 3. In this representation the maximum in the
temperature dependence of the MR around 10 K and above
60 T becomes better visible (compare inset in Fig. 3).

IV. DISCUSSION

The very low resistivity (∼0.5 μ� cm) of UN poses a
challenge to transport experiments at high magnetic fields.
Here, our approach of FIB microstructuring offers a clear
advantage, as it helps boost the signal-to-noise ratio. Since the
temperature-dependent resistivity curves of bulk and micro-
machined samples exhibit the same behavior, we can validate
our approach of microstructuring [Fig. 1(a)].

The magnetic ground state of UN is yet to be determined
unambiguously. Our results provide further evidence for the
unusual nature of the field-induced critical transition at ele-
vated temperatures: the comparison of magnetoresistivity and
magnetic torque reveals a broad feature in the vicinity of
the high-field transition that coincides with the split transi-
tion line reported previously [20]. The monotonic increase
in resistivity followed by the broad hump signals a signifi-
cant field-dependent change in the main scattering channels
[Fig. 2(a)]. The monotonic, nearly quadratic slope of the rel-
ative MR changes to an almost linear field dependence below
10 K (see Fig. 3) and a single steplike transition emerges.
This is further evidence for a drastic change in the magnetic
scattering within the ordered phase. A temperature- and field-
dependent reduction of the resistivity below TN and above the
critical transition field is typical for AFM transitions [39–41],
associated with a reconstruction of the band structure in the
paramagnetic or field-polarized state. At high fields, above
the transition, the resistivity exhibits a quadratic temperature
dependence, indicative of metallic Fermi-liquid-like conduc-
tion, at least at low temperatures. Hence the AFM scattering is
fully suppressed and a metallic state is achieved. Interestingly,
the overall negative slope of the high-field MR persists over
almost the full temperature range. Such a dependence even at
77 K is rather unusual for conventional metals. Effects, such
as a field-dependent change in parts of the band structure [42]
or the presence of magnetic fluctuations in the vicinity of a
metamagnetic transition [43], may be potential candidates for
such a behavior. Further investigations are, therefore, desir-
able in order to gain a better understanding.

Furthermore, the low-field Hall coefficient changes its sign
from positive to negative at TN , providing clear evidence for
an event that affects the states near the Fermi level. Similar
behavior was also observed for USb, where the zero-field
magnetic order was confirmed to be of 3k type [44]. Band-
structure calculations predict a complex FS with multiple
bands at the Fermi level [10,16], failing, however, to incor-
porate magnetism from the 5 f electrons. Once AFM order
establishes, the new magnetic Brillouin zone crosses parts of
the FS at certain points in k space, leading to a reconstructed
FS that obeys the Luttinger theorem [45]. Recent ARPES
experiments observed indications for such a scenario [9]. A
redistribution of electron- and holelike parts of the FS due
to a superpotential associated with density-wave order has
been proposed as an origin for small FS sheets observed in
cuprate superconductors [46,47]. In these compounds, a field-
dependent sign change of RH (H ), from negative to positive,
at high field supports such a reconstruction scenario. For UN,
the gradual change of RH , which starts deviating from its lin-
ear field dependence far below the critical AFM suppression
field, resembles results reported from transport measurements
in AFM 2D conductors [48,49]. At high enough magnetic
fields the unreconstructed FS is recovered by the so-called
magnetic-breakdown effect [50]. Alternatively, the broad and
enhanced Hall response at elevated temperatures below TN

could originate from critical magnetic fluctuations [51,52] or
domain formations. The latter may also cause the observed
hysteretic response in the magnetic torque and was recently
suggested from magnetoelastic high-field investigations [20].
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At low temperature, the transition in the Hall resistivity be-
comes narrower and temperature independent. This matches
the sharp steplike behavior observed in the longitudinal re-
sistivity and magnetic torque. Moreover, we find that the
high-field MR exhibits a positive slope in the low-temperature
regime (see 65 T data presented in the inset of Fig. 3), which
indicates a change in the field-induced scattering response at
T < 15 K (see color map in Fig. 6). Hence this evolution sup-
ports the idea of a different magnetic state at low temperatures
above HSF , in line with the reduced magnetic moment and
theoretical predictions [10]. The T 2 dependence in the high-
field resistivity indicates a strongly reduced coupling of the
charge carriers to the magnetic system. The observed change
with decreasing temperature from a second- to first-order-like
appearance of the high-field transition resembles similar be-
havior observed for the AFM heavy fermion CeRh2Si2 [53].
Indeed, such a behavior is more common in itinerant FM
compounds [54,55], but may also be related to a tricritical
point [17].

V. CONCLUSION

Our work supports the picture based on a dual nature of the
uranium 5 f electrons in UN. We provide evidence for a sign
change in the Hall response, an indication for a FS reconstruc-
tion at the critical field linked to the Néel temperature TN . We
confirm the peculiar evolution with decreasing temperature of
the high-field transition from a more complex and broad phase
boundary into a sharp first-order transition at temperatures
below 10 K. The observed temperature range, however, is sig-
nificantly lower than the previously reported tricritical point
near 25 K [17]. Beyond the spin-flop transition, for H � HSF ,
the MR changes its slope, magnetic torque seems to exhibit
no hysteresis anymore, and the resistivity exhibits a T 2 de-
pendence. This clearly indicates the reduced coupling of any
remaining magnetism in the low-temperature high-field state,
whose structure is yet to be clarified. To further understand the
full band structure of UN, the detection of magnetic quantum
oscillations is highly desirable. This may be achievable at
temperatures lower than the range accessible in our study. The
nature of the magnetic ground state at zero field as well as
at high field beyond the spin-flop transition remains an open
question. The sign change in the high-field Hall coefficient
from negative to positive indicates the suppression of the
magnetic order. Nevertheless, the induced magnetic moment
was found to be only 1/3 of the zero-field moment. Therefore,
both zero- and high-field states call for further experiments
that may reveal the magnetic structure in this compound.
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FIG. 7. First and second derivatives of the high-field resistivity
data shown in Fig. 2(a).

APPENDIX

1. First and second derivatives of the high-field
magnetoresistance data

In order to extract the transition fields at different tem-
peratures from the raw data shown in Fig. 2, we analyzed
the first and second derivatives of the magnetoresistance (see
Fig. 7). In both representations it immediately becomes clear
that the overall appearance of the high-field transition changes
significantly below approximately 10 K.

FIG. 8. High-field magnetic torque of a second UN sample (with
ten times smaller volume) recorded for various tilt angles at T =
0.7 K using a piezoresistive microcantilever.
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FIG. 9. First derivatives of the Hall-resistivity data shown in
Fig. 5(b). Circles are the values at fixed field presented in Fig. 5(c).

2. High-field magnetic torque of a second UN sample

We conducted measurements of the magnetic torque in
pulsed fields on a second sample, approximately 10 times
smaller in volume as compared to the sample presented in
Fig. 4 of the main text. The results are shown in Fig. 8. We
resolve the metamagnetic transition with a strong, steplike
increase (decrease) of the torque signal. Furthermore, the
hysteresis between up and down sweep in field and a broad
hump between 30 and 45 T are reproduced, although not as
pronounced as for the larger sample.

3. First derivatives of the high-field Hall effect

In order to produce Fig. 5(c), we smoothed the Hall-
resistivity data of Fig. 5(b) by a cubic-spline interpolation.
We then extracted the field-dependent Hall coefficient RH

from the first derivative in combination with an additional
smoothing step (see Fig. 9).
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