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UCoAl has a paramagnetic ground state but exhibits a susceptibility maximum and a metamagnetic transi-
tion at low magnetic fields applied along the hexagonalc axis. This behavior is easily changed by small
substitutions in the nonmagnetic Co sublattice with suitable elements to ferromagnetismsMn, Fe, Ru, Rh, or Ird
or to conventional paramagnetismsNi, Cu, Pd, or Ptd. Here the influence on magnetism from the simultaneous
substitution of Co by equal amounts of Ni and Fe, UCo1−zsNi0.5Fe0.5dzAl has been studied by magnetization
measurements at ambient and high pressures on single crystals withz=0.1 and 1. This substitution was chosen
so that it maintained the average number ofd electrons constant. However, despite the constant number of 3d
electrons with increasingz, stabilization of ferromagnetism is observed. This is attributed to the anisotropic
change in lattice parameters upon substitution, which is consistent with results of the magnetostriction and
uniaxial-pressure magnetization measurements of UCoAl. The ferromagnetic ground state of
UNi0.50Fe0.50Al sz=1d is corroborated by first-principles electronic-structure calculations in the framework of
the density functional theory.
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I. INTRODUCTION

The uranium intermetallic compound UCoAlshexagonal
structure of the ZrNiAl typed has a paramagnetic ground
state but exhibits a susceptibility maximum and a metamag-
netic transitionsMTd in magnetic field applied along the hex-
agonalc axis.1–3 In many of its properties, the magnetic be-
havior of UCoAl resembles that of YCo2 and its related
compounds in a small group of 3d-band metamagnets.4 In
YCo2, the 3d electrons of Co are responsible for the magne-
tism, whereas UCoAl is a 5f-band metamagnet. The magne-
tization jump DM =0.3mB at the MT is attributed almost
completely to U, whereas the Co atoms do not carry a no-
ticeable magnetic moment. The MT in UCoAl is observed at
a critical field Bc as low as 0.67 Tscompare with 70 T in
YCo2d. The specific behavior of UCoAl is easily changed to
ferromagnetism or conventional paramagnetism by doping
with suitable elements.5–7 TheBc value is shifted to 2.5 T by
a 5% Ni substitution for Cosaccompanied by reduction of
the magnetization jumpd, and the MT disappears with further
increasing Ni content. A qualitatively similar effect was ob-
served upon Cu, Pd, or Pt substitution, i.e., in the cases when
the total number ofd electrons increases, which leads to a
weakening of the 5f-d hybridization. On the other hand, only
2% Fe doping yields a reduction ofBc to zero and the stabi-
lization of a ferromagnetic ground state. Similar effects were
observed for other substitutions with decreasing numbers of
d electronssMn or Rud or upon the isoelectronic substitu-

tions when the 3d metal Co is replaced by 4d sRhd of 5d sIrd
metals. In these cases the 5f-d hybridization is believed to
increase.

It was shown that the number ofd electrons plays a more
important role in the modification of metamagnetism in
UCoAl than varying the interatomic distances because the
drastic changes occurs at low doping content while the lattice
parameters remain unchanged within the experimental error
of x-ray analysis. Nevertheless, application of rather low hy-
drostatic pressure suppresses the substitution-induced ferro-
magnetism and causes a reentrance of MT.8 The interplay
between doping and pressure effects was studied in details
on UCo1−xTxAl sT=Fe, Nid single crystals.9,10

In the present work, we substituted Co in UCoAl simul-
taneously by equal amounts of Ni and Fe and therefore did
not change the 3d electron concentration. In this case, the
variation of the interatomic distances is expected to become
the most important factor in determining the magnetic state
of the compound. We studied the magnetization at ambient
and high pressures on UCo1−zsNi0.5Fe0.5dzAl single crystals
with z=0, 0.1, and 1. It is worth noting that the substitutions
are carried out within the nonmagnetic Co sublattice. The
experimental results are compared with the results of relativ-
istic electronic structure calculations based on the density
functional theory. The disorder within the nonmagnetic Co
sublattice is described by the virtual crystal approximation.
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II. EXPERIMENTAL DETAILS

Single crystals of UCoAl, UCo0.90Ni0.05Fe0.05Al, and
UNi0.50Fe0.50Al were grown by a modified Czochralski
method from the melt of stoichiometric amounts of the con-
stituent elementssU of 3N5, Al of 5N, and transition metals
of at least 3N5 purityd in a tetra-arc furnace. Samples of
nearly cubic shapes of dimensions,1.8 mm3 and masses
,60 mg were spark-erosion cut perpendicular to the princi-
pal axes.

The magnetization along thec axis was measured using
an extraction-type magnetometer equipped with a 7 T super-
conducting magnet in a temperature interval 1.5–100 K. For
measurements under high pressure, the sample was placed in
a Teflon capsule filled with a liquid pressure medium that
was a mixture of two types of FluorinertsFC 70:FC 77
=1:1d, and compressed using a nonmagnetic, piston-cylinder
pressure cell made of a Ti-Cu alloy. The maximum available
pressure was 1.2 GPasat low temperaturesd.

The temperature dependence of magnetic susceptibilities
along thea andc axes were measured in a PPMS-9sQuan-
tum Designd cryomagnetic installation between 2 and 300 K.

III. RESULTS AND DISCUSSION

A. Experiment

X-ray powder diffraction and microprobe analysis of the
top, center, and bottom parts of the crystals indicated that
they are single phase with the ZrNiAl-type structure and
have a homogenous distribution of the components over the
sample volume. The lattice parameters of the compounds
studied are listed in Table I together with their magnetic
characteristics.

Figure 1 shows the temperature dependences of the mag-
netic susceptibility of the UCo1−zsNi0.5Fe0.5dzAl crystals mea-
sured along the principal axes. Similar to UCoAl, the substi-
tuted crystals exhibit a huge magnetic anisotropy. This
anisotropy is the major difference from the 3d-band meta-
magnets, which are essentially isotropic. Whereas thec-axis
susceptibility curves at high temperature are described by
modified Curie-Weiss law with effective magnetic moment
1.85, 1.88, and 2.20mB/U for x=0, 0.1, and 1, respectively,
the basal-plane susceptibility is much smaller and only
weakly temperature dependent irrespective of the ground
state of the compoundsUCoAl is a paramagnet,
UNi0.5Fe0.5Al is a ferromagnet and UCo0.90Ni0.05Fe0.05Al has
a mixed state with a ferromagnetic component, see belowd.
Magnetization curves along thea axis are linear up to at least

40 T for all three compounds. We will only discuss the mag-
netization with fields applied along thec axis.

The metamagnetic properties of UCoAl are illustrated in
Fig. 2. At ambient pressure, the magnetization curve exhibits
a magnetization jumpDM =0.3mB at Bc=0.67 T. This has a
hysteresisDBc=0.05 T showing that the transition is of first
order fFig. 2sadg. Under external hydrostatic pressure, the
transition remains qualitatively the same, but shifts to higher
fields with a ratedBc/dP=2.6 T/GPa and becomes broader.
The temperature dependence of the magnetic susceptibility
in a field below the metamagnetic transitionfFig. 2sbdg
shows a characteristic broad maximum around 20 K. Its
height decreases under pressure, and the position moves to
higher temperatures.

Figure 3 shows the virgin magnetization curves and de-
magnetizations of the hysteresis loops of the
UCo0.90Ni0.05Fe0.05Al crystal measured along thec axis at
different temperatures. The specific shape of the curves can
be considered as a superposition of spontaneous ferromag-
netic and metamagnetic components of approximately equal
magnitudes. The ferromagnetic component is characterized
by a pronounced hysteresis. The hysteresis properties are
typical for ferromagnetic uranium intermetallics with
ZrNiAl-type crystal structurefUCoSn,11 UPtAl,12 UIrAl 13g
and correspond to the model of high intrinsic coercivity of
narrow domain wall. In particular, the temperature depen-
dence of the coercive fieldBcoer, shown in the inset of Fig. 3,
obeys very well the exponential law

BcoersTd = Bcoers0dexps− kBT/Eactd s1d

with parametersBcoers0d=0.24 T andEact=4.8310−23 J sthe
dashed curved. The activation energyEact is found to be prac-
tically the same as in UPtAls5.3310−23 Jd, whereas the

TABLE I. Structural and the ambient-pressure magnetic charac-
teristics of the compounds studied.

Compound
a

spmd
c

spmd
Ms

smBd
TC

sKd
Tmax

sKd
Bc

sTd

UCoAl 668.6 396.6 20 0.65

UCo0.90Ni0.05Fe0.05Al 669.9 396.5 0.17 16

UNi0.50Fe0.50Al 674.1 394.7 0.62 52

FIG. 1. Temperature dependence of the magnetic susceptibility
of the UCo1−zsNi0.5Fe0.5dzAl crystals in magnetic field of 4 T ap-
plied along thec axis sad and thea axis sbd.
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Bcoers0d value in UPtAl is considerably largers1.05 Td.12 The
latter can indicate a larger anisotropy energy in UPtAl com-
pared to that of UCo0.90Ni0.05Fe0.05Al.

At ambient pressure, the ferromagnetism of
UCo0.90Ni0.05Fe0.05Al vanishes at the Curie temperatureTC
=16 K. This ferromagnetic state is rather unstable and can be
suppressed by the application of external pressure and the
restoration of metamagnetism is observedfFig. 4sadg. A pres-
sure as low as 0.4 GPa is enough to shift the critical fieldBc
from practically zero to 0.7 T as in UCoAl. The only differ-
ence between UCoAl at ambient pressure and
UCo0.90Ni0.05Fe0.05Al at 0.4 GPa is that the metamagnetic
transition is noticeably broader in the latter case because of
some atomic disorder. A similar situation was observed in the
off-stoichiometric UCoAl-based crystals U0.8Co1.1Al1.1 and
UCo1.1Al0.9.

14 With further increasing pressure,Bc increases
at the same rate as in UCoAl, 2.6 T/GPa. Reentrance of the
metamagnetism in UCo0.90Ni0.05Fe0.05Al under pressure is
seen also in the evolution of the temperature dependence of
the magnetic susceptibilityfFig. 4sbdg. After the characteris-
tic metamagnetic behavior with its broad maximum is re-
stored at 0.6 GPa, the temperature of susceptibility maxi-
mumTmax increases with increasing pressure at the same rate
as in UCoAl, 6 K/GPa.

As shown in Fig. 5 UNi0.50Fe0.50Al is a ferromagnet with-
out any trace of metamagnetism. The virgin magnetization
curve and hysteresis loop measured along the easy-

magnetization directionsthe c axisd at 1.5 K resembles the
behavior of other isostructural ferromagnets13–15 or of the
ferromagnetic component of UCo0.90Ni0.05Fe0.05Al. The tem-
perature dependence ofBcoer, shown in the inset of Fig. 5,
can be fit by the exponents1d with parametersBcoers0d
=0.34 T and Eact=9.9Ã10−23 J. At ambient pressure,
UNi0.50Fe0.50Al has spontaneous magnetic momentMs
=0.62mB/U and TC=52 K. These data are in satisfactory
agreement with results of Ref. 15 where ferromagnetism in
solid solutions between the Pauli paramagnet UFeAl and the
itinerant antiferromagnet UNiAl has been reported for the
first time on polycrystalline samples.

The ferromagnetism in UNi0.50Fe0.50Al is relatively stable
under hydrostatic pressuresFig. 6d. The values ofMs andTC
decrease considerably under pressuresd ln Ms/dp
=0.09 GPa−1,d ln TC/dp=0.14 GPa−1d, but no qualitative
change occurs up to 1.2 GPa unlike the unstable ferromag-
nets UCo0.90Ni0.05Fe0.05Al sFig. 4d and UCo0.98Fe0.02Al.8

The number of 3d electrons remains unchanged with in-
creasingz, and therefore the strength of the 5f-3d hybridiza-
tion, the main delocalization mechanism of 5f electrons, can
be also expected to be unchanged. Nevertheless, the effects
of the Ni and Fe doping are not symmetric. The Fe doping
influences the state of 5f electrons stronger, and stabilization
of ferromagnetism is observed with increasingz in
UCo1−zsNi0.5Fe0.5dzAl. In order to understand the origin of
this asymmetry, one needs to consider the changes in lattice
parameters upon substitution. These changes are rather small
and their influence is negligible compared to the effect of the
variation of the number of 3d electrons. However, when this
number is constant, the change in the lattice parameters upon

FIG. 2. Magnetic properties of a UCoAl single crystal measured
in field applied along thec axis at ambient and elevated hydrostatic
pressure.sad. Magnetization curves at 1.5 K.sbd Temperature de-
pendences of magnetic susceptibility in a 0.2 T field.

FIG. 3. Virgin magnetization curves and demagnetization part of
the hysteresis loops of a UCo0.90Ni0.05Fe0.05Al single crystal mea-
sured along thec axis at different temperatures. The inset shows the
temperature dependence of the coercive fieldBcoer ssymbols–the
experiment points, dashed curve—the exponential fitd.
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substitution became important. Figure 7 shows that the unit
cell expands in the basal plane and shrinks along thec axis
with increasingz. Similar anisotropic behavior of lattice pa-
rameters is observed by the magnetostriction measurements
in unsubstituted UCoAl at the metamagnetic transitionsthe
inset in Fig. 7d.16,17 This also correlates with results of
uniaxial-pressure experiments. The ferromagnetism in
UCoAl is induced by uniaxial pressure applied along thec
axis.18,19Its application along thea axis leads to the opposite
effect—increasingBc.

20 The arrow in Fig. 7 corresponds to
the critical valuez0 at which the lattice-parameter change
reaches the corresponding magnetostriction at the metamag-
netic transition in UCoAl. The value ofz0 is estimated to be
very low, 0.023 and 0.026 froma and c axes, respectively.
This confirms that UCo0.90Ni0.05Fe0.05Al with z=0.1 should
already be ferromagnetic.

B. Electronic-structure calculations

For the electronic structure calculations, we used state-of-
the-art computational methods, namely, the general-potential
augmented plane wave plus local orbitals methodsAPW
+LO, WIEN2K coded.21 The Kohn-Sham equations were
solved within the local-spin-density approximationsLSDAd,
but in the minimization of the total energy as a function of
volume we also tested the influence of the generalized gra-

dient approximationsGGAd.22 The relativistic effects were
treated in the scalar relativistic approximation23 and the spin-
orbit couplingsSOCd was self-consistently added via the sec-
ond variational step scheme.23,24Atomic-spheresASd radii of
2.7, 2.3, and 2.1s2.1d Bohr radii(1 Bohr=52.9117 pm) were
chosen for U, Co, and Al, respectively. We used from 1000 to
1500 augmented-plane-wave basis functionssfrom about 110
to 160 per atomd in the interstitial region and the maximum
l =12 in the expansion of the radial wave functions inside the
AS to represent the valence states. The uranium 5f states
were also treated as valence Bloch states, and thus uranium
is characterized by a noninteger occupation number. Local
orbitals were used to treat the U-6s, Co-3p, and Al-2p states
with the valence states in a single energy window. Relativis-
tic local orbitals for the description of U 6p1/2 and 6p3/2
states are included.25 The advantage of this treatment is that
the above mentioned semicore states are orthogonal to the
valence states. Both the potential and the charge density were
expanded inside the spheres into crystal harmonics up toL
=6 and in the interstitial region into a Fourier series with
about 4000 K stars. For the Brillouin zonesBZd integration,
a modified tetrahedron method21 with 30–152 specialk
points in the irreducible wedgesIWd was used to construct
the charge density in each self-consistency step. We have
carefully checked that with these parameters the calculations
converge.

We tested two different implementations of the LSDA
+U method, namely the around mean fieldsAMFd method
and a method with a partial correction to self-interaction.21

Since their results are similar, we decided to use the AMF
method, because by construction it is better suited for sys-

FIG. 4. Magnetic properties of a UCo0.90Ni0.05Fe0.05Al single
crystal measured in field applied along thec axis at ambient and
elevated hydrostatic pressure.sad Magnetization curves at 1.5 K.sbd
Temperature dependences of magnetic susceptibility in a 0.2 T field.

FIG. 5. Virgin magnetization curves and demagnetization part of
the hysteresis loops of a UNi0.50Fe0.50Al single crystal measured
along thec axis at different temperatures. The inset shows the tem-
perature dependence of the coercive fieldBcoer ssymbols—the ex-
periment points, dashed curve—the exponential fitd.
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tems with a lower degree of localization, which should be the
case for the UTX compounds. The LSDA+U potential is
implemented in a rotationally invariant way in both cases. In
these calculations, we varied the parametersU andJ, which
were used to describe the onsite Coulombsdirect and ex-
changed interactions inside the 5f shell. Considering the
atomic valuesU=2.0 eV andJ=0.55 eV,26 we varied the
effectiveU in the range from 0.2 to 1.0 eV with three differ-
ent J values, namely, 0.33, 0.44, and an atomic value 0.55
eV. Optimization ofU and J should lead to the best agree-
ment with the experimental saturated magnetic moment. As-
suming that LSDA+U is appropriate for description of mag-
netism of UTX compounds, weheuristicallyexpect that the
value of J does not change dramatically from its atomic
value and that the value ofU should not be lower than the

FIG. 6. Magnetic properties of a UNi0.50Fe0.50Al single crystal
measured in field applied along thec axis at ambient and elevated
hydrostatic pressure.sad Magnetization curves at 1.5 K.sbd Tem-
perature dependences of magnetic moment in a 0.2 T field.

FIG. 7. Concentration dependence of the lattice parameters. In
the inset the magnetostriction curves for UCoAlsz=0d are shown
sRef. 16d.

FIG. 8. Electronic structure for UNi0.5Fe0.5Al calculated using
LSDA+U sU=0.57 eV,J=0.33 eVd fully relativistic approach
sWIEN2K coded. The full line shows the total DOS, full thick line
fpanel sadg shows the uranium sphere projected DOS, dashed and
dotted linesfpanel sbdg show the Fe-Ni2 sphere and the Fe-Nil
sphere projected DOS.
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value of J. We admit, that on this level such a calculation
looses itsab initio character but on the other hand, we will
show that these heuristically derived values allow us to ob-
tain valuable results.

We tested also how much the results of LSDA+U calcu-
lations depend on the starting density matrix, which can be
important in calculations of compounds containing rare-earth
atoms. Experience has shown that the converged, self-
consistent electronic structure does not depend on the start-
ing density matrices in those cases, where theU and J pa-
rameters are smaller than the bandwidth of 5f states. In the
calculated UNi0.50Fe0.50Al compound this bandwidth exceeds
2 eV, which is well above the upper limit of the interval of
usedU parameterss1 eVd.

Contrary to UCoAl, the alloy UNi0.50Fe0.50Al is ferromag-
netic in its ground state. We treated this alloy in the virtual
crystal approximationsVCAd. Experimental structure param-
eters, which are fairly different from UCoAl, were applied
and Fe and Ni elements were replaced by an “average” ele-
ment, i.e., Co. The ferromagnetic ground state was correctly
reproduced by our VCA calculations as well as the value of
the experimental magnetic momentmexp=0.62mB using val-
uesU=0.57 eV andJ=0.33 eV. The band-structure calcula-
tion leading to the correct magnetic moment on uranium sites
reveals that the 3d bands are narrows<2 eV, see Fig. 8d.
Their centers are higher in energy, and their hybridization
with 5f bands is strongssee Fig. 8d.

Finally, we also varied the volume of UNi0.50Fe0.50Al and
calculated the total energy to find the theoretical equilibrium.
We used the experimental lattice parameters scaled in equi-
distant steps of 1%. We did not optimize the internal param-
eters of the structuresxU,xAld with respect to the volume
variations. Nevertheless, we found the atomic forces calcu-
lated at the experimental atomic positions to be quite small,
which allowed us to conclude that the atomic positions are
not much influenced by the volume variations. The relativis-
tic full-potential APW+LO GGA calculations provided the
equilibrium volumeVtheor/V0=0.98 ssee Fig. 9d.

IV. CONCLUSIONS

UCoAl is a 5f band metamagnet with a very low transi-
tion field s0.6 Td and maximum in the temperature depen-
dence of the magnetic susceptibility at 20 K. This behavior is
easily modified, by small substitutions in the nonmagnetic
Co sublattice with suitable elements, to ferromagnetismse.g.,
by Fed or to conventional paramagnetismse.g., by Nid. Influ-
ence on the magnetism of simultaneous substitution of Co by
equal amounts of Ni and Fe, UCo1−zsNi0.5Fe0.5dzAl, which

preserves the isoelectronic state of the system, has been stud-
ied in this paper by magnetization measurements at ambient
and high pressures on single crystals withz=0.1 and 1. In
spite of the number of 3d electrons remaining unchanged
with increasingz, stabilization of the ferromagnetism is ob-
served. This is attributed to an anisotropic change in the
lattice parameters upon substitution, which is consistent with
results of the magnetostriction and uniaxial-pressure magne-
tization measurements of UCoAl.

The relativistic full-potential APW+LO LSDA+U elec-
tronic structure calculations reproduced the experimental
magnetic momentmexp=0.62mB using valuesU=0.57 eV
and J=0.33 eV. This points to the importance of the local
Coulomb correlations at the uranium site for the description
of magnetism of UNi0.50Fe0.50Al compound. The relativistic
GGA calculations provided reasonable agreement with the
experimental equilibrium volumeVtheor/V0=0.98.
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