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a b s t r a c t

With the UCo1-xOsxAl single crystals, we studied interplay between alloying and pressure effects on mag-
netism of the itinerant electron metamagnet UCoAl. The Os alloying for x � 0.005 switches the UCoAl to
ferromagnetism. For the UCo0.995Os0.005Al single crystal, even lowest applied pressure 0.11 GPa is suffi-
cient to suppress ferromagnetism. A sharp metamagnetic transition for various pressures is observed
in magnetic fields along the c axis of the crystal. Concentration magnetic phase diagram of the
UCo1-xOsxAl, which includes the quantum phase transition from ferromagnetic to metamagnetic state,
and P–T–H phase diagram of the UCo0.995Os0.005Al are determined using the data of magnetization mea-
surements at various pressures and temperatures.

� 2017 Published by Elsevier B.V.

1. Introduction

The field of quantum criticality attracts widespread experimen-
tal and theoretical attention because of its importance in under-
standing the behavior of correlated electron systems [1–3]. In
some itinerant-electron ferromagnets, the Curie temperature can
be brought to zero by controlling external pressure or composition.
In the critical region of the quantum phase transition, the
itinerant-electron ferromagnets can exhibit exotic states such as
unconventional superconductivity [4], skyrmion lattice ordering
[5], nematic state [6]. Magnetic phase diagrams of various com-
pounds near the quantum phase transition have several common
features. The ferromagnetic transition temperature decreases with
increasing pressure and the magnetic transition changes from sec-
ond order to first order at a tricritical point (TCP). The ferromag-
netic ground state disappears at a quantum transition point
(QTP). At higher pressures, the Pauli-paramagnetic ground state
is realized, and the first-order metamagnetic transition appears
with application of magnetic field.

UCoAl is a well-known 5f itinerant electron metamagnet [7].
The ground state of the UCoAl is paramagnetic. In magnetic fields
of approximately 0.7 T applied along the c axis, this compound
undergoes the metamagnetic transition from paramagnetic to a

ferromagnetic-like state with the U magnetic moment of 0.3 lB.
Such first-order field-induced transition is considered to originate
from a special shape of the density-of-states curve around the
Fermi level [8]. A theory of the itinerant electron metamagnetism
based on the spin-fluctuation model [9,10] is commonly used to
describe the main features of magnetic behavior of UCoAl.

UCoAl belongs to a wide group of the compounds with general
formula UTX (T is a late transition metal of 3d, 4d or 5d series, X is a
p-metal Al, Ga, In or Sn) with the ZrNiAl-type structure (space
group P�6 2m). The structure is built up of U-T and T-X layers alter-
nating along the c-axis [7]. In all the studied to date UTX com-
pounds, only U atoms can carry magnetic moment. Magnetic
properties of UTX compounds strongly depend on the overlap of
the 5f wave functions of neighboring U atoms and the hybridiza-
tion of the 5f states of U with the s, p and d valence states of T
and X atoms [11]. The overlap leads to a huge magnetic anisotropy
with the easy magnetization direction parallel to the hexagonal
c-axis. The U-U interaction along the c-axis involves the f-d and
f-p hybridization, which can provide either ferromagnetic (UCoGa,
UCoSn, etc.) or antiferromagnetic (UNiAl, UNiGa, etc.) ordering of
the U magnetic moments. A balance of ferromagnetic and antifer-
romagnetic interactions along the c-axis and strong in-plane 5f-3d
hybridization prevents the formation of the spontaneous U mag-
netic moment in UCoAl.

The metamagnetic transition in UCoAl is sensitive to pressure
[12]. Critical field of the transition Hcr increases with increasing
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hydrostatic pressure at a rate 2.6 T/GPa [13]. On the other hand,
uniaxial pressure applied along the c-axis stabilizes ferromagnetic
ground state [14,15]. Application of the uniaxial pressure makes
the transition very broad, since the stresses are non-uniformly dis-
tributed over the sample. Therefore, the pressure-induced mag-
netic phase diagram of the UCoAl can be drawn only
schematically [15,16].

Magnetic properties of the UCoAl are strongly affected by the
alloying. Only 1–2% doping of the Co sublattice by Fe, Ru, Rh and
Ir stabilizes ferromagnetic ground state [17–19]. For the ferromag-
netic compositions that are close to the phase boundary between
ferromagnetic and metamagnetic phases, application of hydro-
static pressure provides reentrant metamagnetism [20,21]. The
interplay between alloying and pressure, however, is usually
accompanied by broadening of the transition because of inhomo-
geneous distribution of the components even for single-
crystalline samples.

Recently it was found that in UCo1-xOsxAl solid solution small
Os alloying is able to switch the UCoAl to the ferromagnetic state
[22]. In the present work, we studied the alloying and pressure
effects on magnetic properties of the UCo1-xOsxAl single crystals,
including the pressure-induced quantum phase transition from
ferromagnetic to metamagnetic state. We found the metamagnetic
transition to be very sharp for low Os contents. This makes it pos-
sible to correctly determine magnetic phase diagram of the itiner-
ant 5f electron ferromagnet near the quantum phase transition.

2. Experimental

The UCo1-xOsxAl single crystals were grown by a modified
Czochralski method in a tri-arc furnace from the metals with
99.9% (U), 99.99% (Co and Os) and 99.999% (Al) purity on a rotating
water cooled copper crucible under protective Ar atmosphere.
Since the melting temperature of Os exceeds the boiling point of
Al, we used a binary precursor Co80Os20 [22]. X-ray diffraction pat-
terns measured on powdered sample prepared from the ingot were
used to control the phase state of the alloys. The single crystal
quality was checked by back-scattered X-ray Laue analysis.

Magnetization was measured in the temperature range 2–40 K
in magnetic fields up to 7 T using MPMS-7 cryomagnetic installa-
tion (Quantum Design Inc). A miniature CuBe clamp pressure cell
with a mixture of mineral oils as a pressure transmitting medium
was used to apply hydrostatic pressure up to 0.82 GPa [23]. The
pressure was determined at low temperatures using the known
pressure dependence of the critical temperature of the supercon-
ducting state of the pure Pb (5N) sample. Magnetic fields were
applied only along the c-axis of the sample, since in magnetic fields
along the c-plane, the samples behave Pauli-paramagnetically and
no metamagnetic transition is observed [24].

3. Results and discussion

Since UCoAl forms the ZrNiAl crystal structure and UOsAl crys-
tallizes with the hexagonal MgZn2 type Laves phase structure, the
solid solutions in the UCo1-xOsxAl system are formed in limited
concentration ranges. For small Os contents, single-phase state
with the ZrNiAl type structure is observed for x � 0.2 [22]. Parent
UCoAl is characterized by the lattice parameters a = 0.668 pm,
c = 0.3966 pm. Within the solubility limit, the crystallographic
c parameter remains virtually unchanged, while the a parameter
increases with increasing x up to 0.674 pm for x = 0.2 [22]. The lat-
tice deformation induced by the Os alloying is of the same type as
that under uniaxial pressure, where the lattice expansion in the
basal plane pushes the UCoAl metamagnet to the ferromagnetic
state.

Fig. 1 shows magnetization curves of UCo1-xOsxAl single crystals
measured at T = 2 K in magnetic fields applied along the c-axis for
different x � 0.1. Parent compoundUCoAl shows a very sharpmeta-
magnetic transition at a critical field l0Hcr = 0.7 T, in good agree-
ment with previous studies [13,25]. The field of the metamagnetic
transition decreaseswith increasing x (inset in Fig. 1) and ferromag-
netic ground state is stabilized at x � 0.005. Besides, the Os alloying
leads to a substantial increase in the magnetic moment in ferro-
magnetic state. Perhaps, due to decrease of the in-plane 5f-d
hybridization, localization of the 5f electrons gradually increases.

UCo0.98Os0.02 at 2 K shows typical ferromagnetic behavior with
a rectangular hysteresis loop that is characterized by the sponta-
neous magnetic moment of 0.4 lB/f.u and the coercivity 0.12 T.
With increasing temperature, the transition to the paramagnetic
state occurs at the Curie temperature TC = 26 K which is the point
of a second-order magnetic phase transition. Thus, 2% of Os substi-
tution for Co shifts the magnetic state of UCoAl frommetamagnetic
to ferromagnetic region of the phase diagram across the quantum
critical point.

Fig. 1. Magnetization curves of UCo1-xOsxAl for different x at T = 2 K. The inset
shows concentration dependence of the critical field of metamagnetic transition.

Fig. 2. Magnetization curves of UCo0.98Os0.02Al for T = 2 K at various pressures.
Inset: field derivative of the magnetization dM/dH as a function of external field for
P = 0.80 GPa.
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