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We find that the Hall effect in a single crystal of UCoGe varies as a function of the angle 8 between the applied
magnetic field and the easy magnetic axis up to fields of 18 T at 0.2 K, i.e. in the region where both superconductivity
and ferromagnetic order coexist. Instead of following the conventional cosé dependence the two components that com-
prise the total Hall resistance, the anomalous and ordinary Hall effect, exhibit quite an unusual behavior with the field
direction. The anomalous Hall effect is found to be determined by the parallel component of the magnetization. We sug-
gest that the field induced changes in magnetization due to the field rotation play an important role in the observed unu-
sual behavior. The ordinary Hall effect cannot be described by the simple relation to the perpendicular component of the
magnetic field implying that this component of the Hall effect may be also affected by the variations in magnetization at
the characteristic field (kink field). A field induced moment polarization is also observed in Hall effect as in magnetore-
sistance, which advances previous findings in UCoGe. The Hall effect slope reverses sign at the kink field indicative of
small but possible Fermi surface reconstruction around this field. Our findings show that in UCoGe multiple mecha-
nisms contribute to the observed field induced moment polarization at the kink field.
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INTRODUCTION

The discovery of superconductivity coexist-
ing with ferromagnetism in three uranium based
compounds UGe, (under pressure) [1], URhGe [2]
and most recently UCoGe [3] has attracted much
interest due to the unusual properties of the super-
conducting state. In these materials superconductiv-
ity develops below the ferromagnetic Curie temper-
ature (Tcuie) Without destroying magnetic order.
The 5 f electrons of uranium atoms have a strong
itinerant character, and are believed to contribute to
both superconductivity and magnetism. Among the
ferromagnetic (FM) superconductors discovered so
far, UCoGe is one of the most readily explored ex-
perimentally, because of its high superconducting
(SC) transition temperature (Tsc) and low Curie
temperature (Tcuie) at ambient pressure [3]. Micro-
scopic measurements have shown that supercon-

ductivity occurs within the FM region, resulting in
microscopic coexistence of ferromagnetism and
superconductivity [4, 5]. Studies of the SC upper
critical field (H.;) and its angle dependence along
each crystalline axis have reported remarkable en-
igmatic behavior [6, 7]: superconductivity survives
far beyond the Pauli-limiting field along the a and b
axes, whereas H, for fields along the c¢ direction
(H%,) is as small as 0.5 T. Colossal H, for fields
along the a and b axes seems to suggest spin triplet
pairing. In addition, a steep angle dependence of
H., was reported when the field was tilted slightly
from the a axis toward the ¢ axis [7]. The observed
characteristic Hc, behavior is one of the mysterious
features of SC in UCoGe and its origin can be re-
lated to the mechanism of the superconductivity.
Shubnikov de Haas oscillations (quantum os-
cillations of the resistance with magnetic field) and
thermopower measurements of UCoGe revealed a
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topological change in the Fermi surface of UCoGe
[8, 9]. A small pocket Fermi surface exists with
large cyclotron mass implying a low carrier density
system with a heavy electronic state realized in
UCoGe. Also, the thermoelectricity measurements
show that under magnetic field applied along the b
axis (perpendicular to the easy axis), a sharp peak is
observed in the thermopower of UCoGe at B =11.1
T and low temperature T = 0.35 K and at higher
field, the thermopower changes sign which sug-
gests a modification of the Fermi surface. It is very
important to know if and how the Fermi surface
changes since it can be used to explain the unusual
H., curvature. The change in the Fermi surface in
UCoGe motivated us to investigate in detail the
Hall effect in this uranium compound. To date,
among uranium based superconducting ferromag-
nets, detailed Hall effect measurements have been
performed solely in UGe, by Tran et al. [10].

In magnetic materials the Hall resistance is a
sum of the normal and anomalous components,

Rid = Py =ReB, +R\M, = oo + opre. (1)

where d is the sample thickness, R, and R, are

coefficients that characterize the strength of the
ordinary and anomalous Hall resistivity, respective-
ly, B, and M, are the perpendicular components of
the magnetic field and magnetization. The ordinary
Hall effect (OHE) is related to the Lorentz force
acting on moving charge carriers and is proportion-
al to the magnetic field B. The anomalous Hall ef-
fect (AHE) is proportional to the z component of
the spontaneous magnetization M and is determined
by the spin-orbit interaction and the spin polar-
ization of the carriers.

In this paper, we focus on the anomalous and
ordinary Hall effect in UCoGe and discuss our re-
sults in the context of previous UCoGe single crys-
tal magnetization and magnetoresistance studies.
We report the low temperature measurements of the
Hall effect in single crystal of UCoGe at T = 0.2 K,
i.e. in the region where both superconductivity and
ferromagnetic order coexist. Both anomalous and
ordinary Hall effects are separated from the total
Hall effect and analyzed as a function of magnetic
field direction @ from the easy magnetization axis
(c axis) to the ab plane (b being an intermediate
hard magnetic axis, and a the hardest magnetic axis
in UCoGe). If the Hall effect is determined by the
perpendicular components of the magnetic field and
magnetization, a conventional cosé dependence is
expected. However, we find that our results clearly
deviate from this expectation and discuss the possi-

ble sources to explain the unusual behavior of the
Hall effect in UCoGe.

EXPERIMENTAL METHOD

The sample was grown at McMaster Univer-
sity from high-purity depleted Uranium (99.9%),
Co (99.99%) and Ge (99.999%) by Czochralski
method in a tri-arc furnace under a continuous get-
tered Ar atmosphere. The as-grown rod was an-
nealed in high vacuum for 14 days at 900 °C fol-
lowing Hardy and Huxley [11]. A characterization
of the samples was performed by electrical resistiv-
ity measurements. The residual resistivity ratio
R(300 K)/R(1 K) amounts to 5 and superconduct-
ing transition temperature Ty is 0.4 K. The ¢ axis
crystal direction was determined from X-ray dif-
fraction. The measurements were performed in a
single-axis rotation probe in a dilution refrigerator
and an 18 T superconducting magnet. Hall effect
measurements were carried out with the current
applied along the ¢ axis and voltage in the ab plane
(Figure 1). Magnetic field rotation was from the c
axis to the ab plane. We should note that in our case
the in-plane field orientation is unspecified, and
involves a mixture of the a and b axis field effects.
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Figure 1. Lead wire configuration and experimental
geometry for the Hall effect measurements in UCoGe
as a function of the magnetic field direction

RESULTS AND DISCUSSION

A crucial issue in an experimental investiga-
tion of the anomalous Hall effect (AHE) is the sep-
aration between the AHE and the ordinary Hall ef-
fect (OHE), since both of them change as a function
of the magnetic field. Below we present a detailed
description of the separation of both the AHE and
OHE from the total Hall effect in UCoGe and their
evolution with magnetic field direction.
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Figure 2 shows the magnetic field depend-
ence of the total Hall effect resistance, Ry., meas-
ured at T=0.2 Kup to 18 T and several field direc-
tions from the easy magnetization axis (c axis). The
existence of two slopes, as well as rounding near
the characteristic field (kink field By) in the mag-
netic field dependence of total Hall effect, are evi-
dent at each field direction. The field-dependent
slopes of Ry versus B and the change of sign at By
are illustrated for & = 52°. The kink field is angle
dependent and rounding of Ry (B) near By be-
comes broader and less prominent at higher angles.
The two slopes are related to AHE which domi-
nates the change at fields below the kink field By
and OHE which dominates the change at fields
above the kink field. Below the kink field, B < B,
Hall resistance increases with the field, due to the
variation of the magnetization (increasing with
field) [12, 13], producing the large anomalous Hall
effect. Near By there is rounding of Ry (B) above
which (B > B,) the field dependence of the nega-
tive, ordinary Hall effect survives (the slope of Rua
(B) decreases with increasing field).
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Figure 2. Magnetic field dependence of the total Hall
resistance (blue curves) in UCoGe at 0.2 K for several field
directions tilted from the easy magnetic axis (c axis) to the
ab plane. Red dashed lines indicate the kink fields By; (i = 1,

2, 3, 4) at different filed direction from the c axis. The

determination of the anomalous Rne and ordinary Hall
resistance Roye, at the kink field B, for 8=52°, is indicat-
ed. We note that the extrapolation of the AHE at 8= 67° is
estimated as the downturn in the Ry, (B) curve near By, is
not vivid for the fields up to 18 T indicating that the chang-

es in magnetization at this field direction occur at
slightly higher kink field

Previously, the kink field anomaly was also
reported for the field dependence of magnetore-
sistance in UCoGe at T=90 mK [8] and T = 40 mK
[12]. In order to discuss and compare our experi-
mental results in the context of previous UCoGe
studies, we have measured the magnetoresistance at

T =0.2 K as shown in Figure 3. Here the change of
field slope of magnetoresistance is seen as the
magnetic field is rotated from negative to positive
angels from the c axis. In comparison with the pre-
vious results where the magnetoresistance scales
(for angles € < 60°) with the perpendicular compo-
nent of the magnetic field Bcosé in thiscase at T =
0.2 K, the scaling of magnetoresistance as well as
of Ryan cannot be achieved.
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Figure 3. Scaling of the magnetoresistance in UCoGe with
the perpendicular component of the magnetic field
Bcosfat T=0.2 K

The kink field anomaly in magnetoresistance
in [12] as well as in the magnetic susceptibility of
UCoGe is ascribed to the field induced magnetic
transition, ferro-to-ferrimagnetic transition, due to
the change in magnetic order which is in agreement
with the polarized neutron diffraction experiments
(PND) on UCoGe [14]. With high field magnetore-
sistance and Hall effect measurements at T = 0.2 K
we find that the magnetic field induced moment
polarization in UCoGe occurs even at higher tem-
perature close to the superconducting transition
temperature (Ts. = 0.4 K). Consequently, the kink
field By is the moment polarization field in UCoGe
and the induced moment polarization is driven to
higher By with the rotation from the c axis. Recent-
ly, systematic magnetization and magnetoresistance
measurements in UCoGe in high magnetic fields
have shown that at low temperature a moment po-
larization in UCoGe in a field Bllc of 23 T and
B[b of 50 T leads to well defined anomalies in
both magnetization and magnetoresistance [13] as
also are observed here in magnetoresistance and
Hall effect in fields up to 18 T. All present studies
show that the kink anomaly is a common feature in
UCoGe since it is also present in the magnetore-
sistance and thermopower for B |b. For UCoGe,
the question is whether is By controlled by magnetic
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fluctuations or the Fermi surface effects. A possible
source for the absence of scaling with Bcosé of
both the magnetoresistance and Hall effect is the
angular dependent variation in the magnetization,
both in its direction and its magnitude, due to the
strong magnetic anisotropy in UCoGe. To further
address above issues we studied in detail the angu-
lar dependence of the two effects that contribute to
Ry the OHE and AHE.

To discuss the results, we employ the con-
ventional, i.e., saturation value of the anomalous
Hall resistance, Rane (6), and the ordinary Hall re-
sistance at the characteristic field, Rone = R%one (B,
6). In order to separate both effects and analyze
how they change with magnetic field direction the
AHE was extrapolated to zero field from the high
field Ryay versus B measurements upto B =18 T at
given angle (from 6 = —-8° to 8 = 67°). The deter-
mination of both quantities from Ry, (B) below and
above the kink field By is illustrated for 8 = 52° in
Figure 2.

The angular dependence of the two compo-
nents that contribute to the Hall effect in UCoGe is
shown in Figure 4. As expected from above discus-
sion, the AHE has a dominant contribution to the
total Hall effect as magnetic field is rotated from
the ¢ axis to the ab plane.
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Figure 4. Angular dependence of the anomalous and ordi-
nary Hall resistance, Rane (blue symbol) and Roye (red
symbol). The point at = 67° as an estimated value is
marked with a black symbol. Dashed lines (blue for the

AHE and red for the OHE) are best fits to the both compo-
nents. We note that both Hall effect components do not

follow the cosé dependence

The data presented in Figure 4 clearly devi-
ate from the conventional cos@ dependence, where-
as a good fit is found with
and

RAHE(@ =asind Rone (9) =bsin20

for the following values of the parameters a and b:
a =0.00018 p€2, b = 0.000045 pQ.

We note that the value of the AHE at 8= 67°
is estimated as the field change of the Ry (B)
curve near the kink field By, is not evident for the
fields up to 18 T indicating that the changes in
magnetization at this field direction occur at slight-
ly higher kink field.

Commonly, the AHE is linked to the magnet-
ization and is determined by the perpendicular
component of spontaneous magnetization, M,, but
the present data show completely different behav-
ior. According to the obtained sing dependence it
follows that the AHE is determined by the parallel
component of the magnetization. To the best of our
knowledge, in UCoGe, magnetization has not been
measured yet as a function of the angle between the
applied magnetic field and the easy magnetic axis.
This does not allow us to make a comparison in
order to determine if the AHE is affected by mag-
netization response or by other magnetic field ef-
fects. Nevertheless, in UCoGe, the observed large
AHE contribution indicates that changes in the
magnetization both in its direction and magnitude
occur when magnetic field is rotated from the
uniaxial magnetic axis (c axis) to the ab plane. Re-
cently, angle-resolved nuclear magnetic resonance
(NMR) measurements in UCoGe have shown that
the parallel component of the magnetic field Bsing
is responsible for the longitudinal ferromagnetic
fluctuations [15] which can drive the system to-
wards the ferromagnetic instability. Indeed, ferro-
magnetic fluctuations which are due to the applied
field can induce changes in the magnetization like
the moment polarization (spin polarization as indi-
cated by the PND experiments) reflected through
the appearance of the slight rounding at the kink
field (where magnetization saturates) and above the
kink field there are no further changes in magneti-
zation that can lead to second field induced moment
polarization and consequently another anomaly is
not expected to be observed in the AHE.

Not only the AHE is larger it also has a
strong feedback on the angular dependence of the
OHE. The OHE is not simply proportional to the
perpendicular component of the magnetic field as
expected implying that it is affected by the AHE
and consequently by variation in both the direction
and magnitude of the magnetization. These varia-
tions can eventually lead to decrease of the number
of electron carriers in UCoGe as field is rotated
towards the ab plane on the account of increased
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number of hole carriers due to the predominant
AHE contribution in the ab plane.

Usually, the sign of the Hall coefficient pre-
scribes the type of dominant charge carriers imply-
ing that the effects arising from the Fermi surface
change in UCoGe must be taken into consideration.
The change in the sign of total Hall effect for each
field direction at the kink field By implies that at
least two kinds of charge carries are present, i.e.
suggests some Fermi surface reconstruction around
this field which could be the result of a delocaliza-
tion of some of the 5 f electrons. The opposite sign
of the two contributions indicates that in UCoGe the
anomalous Hall effect is of hole type and the ordi-
nary Hall effect is produced by electron carriers.

Theoretically calculated de Haas van Alphen
frequencies in the ferromagnetic state of UCoGe
which come from a closed Fermi surface for a field
rotation from the c axis to ab axis show that the larg-
est frequency of 3.72 kT at 6= 0° is obtained for this
geometry and it slightly decreases in value with in-
creasing angle to ~2.7 kKT at 8 = 60° [16]. The ob-
served frequency decreases above & = 30°, accom-
panied with the currently observed OHE (which is
linked to the type of carriers and their number) de-
crease at angles above & = 52° suggest possible
small shrinkage of the volume of the Fermi surface.
However, a small misoriented crystal in the meas-
ured sample and the small misorientation for the
field direction in the experiment could lead to differ-
ent field direction at which the decrease in both de
Haas van Alphen frequency and OHE is observed.

In conclusion, the present work shows that in
UCoGe the Hall effect and the observed angle de-
pendent kink field anomaly may be a manifestation
of both the ferromagnetic fluctuations which lead to
changes in the magnetization and the Fermi surface
effects. However, which of these effects would
contribute more to the observed field induced mo-
ment polarization (kink anomaly) in UCoGe and is
still a question that should require consideration.
This only confirms that in UCoGe very complex
mechanisms drive the enigmatic behavior of this
system.
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N3YYYBAIBLE HA XOJIOBUOT E®EKT BO CYIIEPCIIPOBOJHUOT
®EPOMATHET UCoGe

Januna KpCTOBCKal, Eden Steven?, Andhika Kiswandhi?, James S. Brooks?
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Bo 0Boj Tpyn ce mokaxyBa neka XoJoBHOT epekT Bo exuHuueH kpuctai og UCoGe ce MeHyBa co aroiot ¢
nomery HaJIBOPEIIHOTO MarHeTHO MOJe M JieCHaTa MarHeTHa ocka Bo moiuma 10 18 T u temneparypa ox 0.2 K,
OJTHOCHO BO 00iacTa BO KOJalllTO M JIBETE COCTOjOM, CyMepClpOBOMHOCTA W (PepOMArHETU3MOT, KOCI3HUCTHPAAT.
HamecTo na ja cnenar KOHBEHIIMOHAJHATA 3aBUCHOCT Ha COSH 0/ aroyioT, U IBET€ KOMIIOHEHTH IITO 'O COYMHYBaaT
BKYITHHOT XO0JIOB e(eKT, aHOMATHHOT W OOMYHHUOT, MOKa)XyBaaT coceMa MOMHAKBO OJJHECYBAIHC OJI OUYEKYBAHOTO CO
poTanujata Ha MarHetHoTto moie. Ce IOKaxyBa JeKa aHOMAJHHUOT XOJOB e(peKT € OAPEACH CO MapaieiHaTa
KOMIIOHEHTa Ha MarHeTH3alujaTa, IITO O3HaYyBa JieKa NMPOMEHUTE INTO HACTaHYBaaT Kaj MarHeTH3alyjaTa Iopajiu
poTalyjata Ha MarHeTHOTO IOJIe UrpaaT BaXkHa yJIora BO HaOJbyyBaHOTO HEOOMYHO ofgHecyBame. O npyra cTpaHa,
0o0myHNOT X0JIOB eeKT He MOXKeE Jla Ce ONUIIE CO SIHOCTABHATA peNallyja Ha MPOIOPLUHOHATHOCT CO HOpMaJHATAa
KOMIIOHEHTa Ha MAarHeTHOTO IOJIe, IITO yKa)KyBa Ha Toa JeKa M OBaa KOMIIOHEHTa IOIC)KH HA NPOMEHHUTE Ha
MarHeTH3anujara mro HACTaHyBaaT 10 OJpeleHa BPEIHOCT HA MArHETHOTO MoJje (KapaKTepUCTHYHO, WM KHHK-
noste). [lomapusanuja Ha MarHeTHHOT MOMEHT WHIYIIMPaHa O] HAJBOPEIIHOTO MAarHETHO T0Jie ce HaGJbyayBa U BO
XO0MOBHOT e(eKT KaKo M BO 3aBHCHOCTA HA OTIOPOT OJl MATHETHOTO MoJie. XOMOBHOT €()eKT TO MEHYBa 3HAKOT BO
KapaKTEepUCTHIHOTO IMOJIE, IITO € WHMKAIIKja 3a TIOCTOCHEe Majla HO Celak MO)KHAa PeKOHCTpyKIHja Ha DepMuenata
noBpinHa. MepemaTta Ha XojoBuoT edekt Bo UC0Ge mokaxkyBaar Jeka BO OBOj CYIEPCIPOBOJACH (hepomMarHer
NOBeKe MEXaHM3MM MpHUIOHECYBaaT 3a IojaBa Ha HaOJbyjAyBaHaTa MHoJapu3aliija HAa MarHeTHUOT MOMEHT MpHU
oJlpe/icHa BPEIHOCT Ha MArHETHOTO TIOJIE.

Koayunu 300poBu: cynepcnpoBosHOCT; hepoMarnernsam; ypauunymcku Matepujar; UCoGe; anomanen XonoB
edexT; obudyeH XooB eeKT, KHHK-10J1e; HHAYIMpaHa Mojlapu3alija Ha MarHeTeH MoMeHT; depMueBa MoBpIInHa
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