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Influence of isoelectronic substitutions on the magnetism of UCoAI
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UCOoAI has a paramagnetic ground state but exhibits a susceptibility maximum and a metamagnetic transi-
tion at low magnetic fields applied along the hexagomalxis. This behavior is easily changed by small
substitutions in the nonmagnetic Co sublattice with suitable elements to ferromag(dtisfe, Ru, Rh, or Ir
or to conventional paramagnetigidi, Cu, Pd, or Pt Here the influence on magnetism from the simultaneous
substitution of Co by equal amounts of Ni and Fe, YCMNig sFey 5),Al has been studied by magnetization
measurements at ambient and high pressures on single crystals=@ithand 1. This substitution was chosen
so that it maintained the average numbeddflectrons constant. However, despite the constant numbet of 3
electrons with increasing, 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 UCo0Al. The ferromagnetic ground state of
UNigsFesAl (z=1) is corroborated by first-principles electronic-structure calculations in the framework of
the density functional theory.
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I. INTRODUCTION tions when the 8 metal Co is replaced byd4(Rh) of 5d (Ir)

The uranium intermetallic compound UCo#tiexagonal metals. In these cases thé-& hybridization is believed to
structure of the ZrNiAl typg has a paramagnetic ground Increase.
state but exhibits a susceptibility maximum and a metamag- It was shown that the number dfelectrons plays a more
netic transitionMT) in magnetic field applied along the hex- important role in the modification of metamagnetism in
agonalc axis13 In many of its properties, the magnetic be- UCoAI than varying the interatomic distances because the
havior of UCoAIl resembles that of YGoand its related drastic changes occurs at low doping content while the lattice
compounds in a small group ofddand metamagnefsin  parameters remain unchanged within the experimental error
YCo,, the 3 electrons of Co are responsible for the magne-of x-ray analysis. Nevertheless, application of rather low hy-
tism, whereas UCoAI is afsband metamagnet. The magne- drostatic pressure suppresses the substitution-induced ferro-
tization jump AM=0.3ug at the MT is attributed almost magnetism and causes a reentrance of8Vhe interplay
completely to U, whereas the Co atoms do not carry a Nopetween doping and pressure effects was studied in details
ticeable magnetic moment. The MT in UCoAl is observed aty, UCq_,T,Al (T=Fe, Nj single crystal§:1°

a critical field B, as low as 0.67 Tcompare with 70 T in In the present work, we substituted Co in UCoAI simul-

YC0,). The specific behavior of UCoAl is easily changed Fotaneously by equal amounts of Ni and Fe and therefore did

ferromagnetism or ct%r;ventional paramagnetism by doping, change the @ electron concentration. In this case, the
with swt'able el.em.en ' The B, value |s.sh|fted to 2'5.T by variation of the interatomic distances is expected to become
a 5% Ni substitution for Cdaccompanied by reduction of the most important factor in determining the magnetic state
the magnetization jumpand the MT disappears with further . - .

Y Jump bb of the compound. We studied the magnetization at ambient

increasing Ni content. A qualitatively similar effect was ob- . . )
served upon Cu, Pd, or Pt substitution, i.e., in the cases Whe"i"|qd high pressures on UEg(Nig & 5),Al single crystals

the total number ofi electrons increases, which leads to aWith z=0, 0.1, and 1. Itis worth noting that the substitutions
weakening of the £d hybridization. On the other hand, only &€ carried out within the nonmagnetic Co sublattice. The
2% Fe doping yields a reduction 8 to zero and the stabi- €xperimental results are compared with the results of relativ-
lization of a ferromagnetic ground state. Similar effects werdstic electronic structure calculations based on the density
observed for other substitutions with decreasing numbers diinctional theory. The disorder within the nonmagnetic Co
d electrons(Mn or Ru) or upon the isoelectronic substitu- sublattice is described by the virtual crystal approximation.
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TABLE I. Structural and the ambient-pressure magnetic charac- 30
teristics of the compounds studied.
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B=4T, c-axis

a c Mg Te Thmax Bc UCOAl
- - O,
Compound (pm)  (pm)  (ug) (K) (K) (T) 20 U0, o Niy o8, oAl
UCoAI 668.6 396.6 20 0.65 —a— UNi, ;Fe, o Al

UCoy oNipoF oAl 669.9 3965 0.17 16

UNig sdensAl 674.1 3947 0.62 52 10

Il. EXPERIMENTAL DETAILS

Single crystals of UCoAIl, UCoqNig e osAl, and
UNigsdesAl were grown by a modified Czochralski
method from the melt of stoichiometric amounts of the con-
stituent elementsU of 3N5, Al of 5N, and transition metals
of at least 3N5 purity in a tetra-arc furnace. Samples of
nearly cubic shapes of dimensiorsl.8 mn? and masses
~60 mg were spark-erosion cut perpendicular to the princi- 0 —_—t ettt 1
pal axes. 0 50 100 150 200 250 T(K)

The magnetization along the axis was measured using
an extraction-type magnetometer equipped with a 7 T super- FIG. 1. Temperature dependence of the magnetic susceptibility
conducting magnet in a temperature interval 1.5-100 K. FoPf the UCQq_(NigsFe& 5),Al crystals in magnetic field of 4 T ap-
measurements under high pressure, the sample was placed/ff¢d along thec axis (&) and thea axis (b).

a Teflon capsule filled with a liquid pressure medium that

was a mixture of two types of FluorineC 70:FC 77 40 T for all three compounds. We will only discuss the mag-

=1:1), and compressed using a nonmagnetic, piston-cylindenetization with fields applied along theaxis.

pressure cell made of a Ti-Cu alloy. The maximum available The metamagnetic properties of UC0AI are illustrated in

pressure was 1.2 GRat low temperatures Fig. 2. At ambient pressure, the magnetization curve exhibits

The temperature dependence of magnetic susceptibilitied magnetization jumpM=0.3ug at B.=0.67 T. This has a
along thea andc axes were measured in a PPM$@uan-  hysteresisAB.=0.05 T showing that the transition is of first

tum Design cryomagnetic installation between 2 and 300 K. order [Fig. 2@]. Under external hydrostatic pressure, the
transition remains qualitatively the same, but shifts to higher

fields with a ratedB./dP=2.6 T/GPa and becomes broader.
[ll. RESULTS AND DISCUSSION The temperature dependence of the magnetic susceptibility
in a field below the metamagnetic transiti¢fig. 2(b)]
shows a characteristic broad maximum around 20 K. Its
X-ray powder diffraction and microprobe analysis of the height decreases under pressure, and the position moves to
top, center, and bottom parts of the crystals indicated thahigher temperatures.
they are single phase with the ZrNiAl-type structure and Figure 3 shows the virgin magnetization curves and de-
have a homogenous distribution of the components over thmagnetizations of the hysteresis loops of the
sample volume. The lattice parameters of the compound8Caq, oNig o€y osAl Ccrystal measured along the axis at
studied are listed in Table | together with their magneticdifferent temperatures. The specific shape of the curves can
characteristics. be considered as a superposition of spontaneous ferromag-
Figure 1 shows the temperature dependences of the magetic and metamagnetic components of approximately equal
netic susceptibility of the UCa,(Nig gFey 5),Al crystals mea- magnitudes. The ferromagnetic component is characterized
sured along the principal axes. Similar to UC0AI, the substiby a pronounced hysteresis. The hysteresis properties are
tuted crystals exhibit a huge magnetic anisotropy. Thidypical for ferromagnetic uranium intermetallics with
anisotropy is the major difference from the@-Band meta- ZrNiAl-type crystal structurd UCoSnit UPtAI*2 UIrAl 3]
magnets, which are essentially isotropic. Whereascthgis  and correspond to the model of high intrinsic coercivity of
susceptibility curves at high temperature are described byparrow domain wall. In particular, the temperature depen-
modified Curie-Weiss law with effective magnetic momentdence of the coercive fieB..., shown in the inset of Fig. 3,
1.85, 1.88, and 2.2@z/U for x=0, 0.1, and 1, respectively, obeys very well the exponential law
the basal-plane susceptibility is much smaller and only
weakly temperature dependent irrespective of the ground BeoelT) = BeoelO)exp(— kg T/Eqe) (1)
state of the compound(UCoAl is a paramagnet,
UNig Fey sAl is a ferromagnet and UGadNig o & oAl has  with parameter8,,.(0)=0.24 T andE,.=4.8x 10723 J (the
a mixed state with a ferromagnetic component, see belowdashed curve The activation energl,.is found to be prac-
Magnetization curves along tleeaxis are linear up to at least tically the same as in UPtA(5.3x 10722 J), whereas the

2(10° m* mol)

A. Experiment
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FIG. 2. Magnetic properties of a UC0AI single crystal measuredmagnetization directiorithe c axig at 1.5 K resembles the
in field applied along the axis at ambient and elevated hydrostatic nanavior of other isostructural ferromagﬁété5 or of the
pressure(a). Magnetiz_ation curv_es__at _1.5 Kb) Temperature de- ferromagnetic component of UggNig o osAl. The tem-
pendences of magnetic susceptibility in a 0.2 T field. perature dependence Bfye, shown in the inset of Fig. 5,

Beoe0) Value in UPtAI is considerably largét.05 7).22The ~ ©@n be fit by the exponentl) with parametersBqe(0)

L - : =0.34 T and E,=9.9X1022J. At ambient pressure
latter can indicate a larger anisotropy energy in UPtAl com-~ >+ act ) '
g Py oy UNigsFesAl has spontaneous magnetic momeitg

ared to that of U i l.
P At ambient C‘g?g\lssouori%'oﬁe ferromagnetism  of =0-62us/U and Tc=52 K. These data are in satisfactory

UC0y oNio o 0sAl Vanishes at the Curie temperatufe ~ 2greement with results of Ref. 15 where ferromagnetism in
=16 K. This ferromagnetic state is rather unstable and can b&dlid solutions between the Pauli paramagnet UFeAl and the
suppressed by the application of external pressure and tténerant antiferromagnet UNIAl has been reported for the
restoration of metamagnetism is obseryEi). 4a)]. A pres- first time on polycrystalline samples.
sure as low as 0.4 GPa is enough to shift the critical figld The ferromagnetism in Ulsg=& scAl is relatively stable
from practically zero to 0.7 T as in UCoAI. The only differ- under hydrostatic pressu(gig. 6). The values oMs andT¢
ence between UCOAl at ambient pressure andlecrease considerably —under pressurédIn Mg/dp
UC0p oNip o e 0sAl at 0.4 GPa is that the metamagnetic =0.09 GPa',d In Tc/dp=0.14 GPa'), but no qualitative
transition is noticeably broader in the latter case because ahange occurs up to 1.2 GPa unlike the unstable ferromag-
some atomic disorder. A similar situation was observed in thanets UC@ odNig odF& oAl (Fig. 4 and UC@ ofF&) oAl
off-stoichiometric UCoAl-based crystals gCo,; ;Al; 1 and The number of @ electrons remains unchanged with in-
UCo, ;Al, o With further increasing pressurB, increases creasingz, and therefore the strength of thé-3d hybridiza-
at the same rate as in UCo0AI, 2.6 T/GPa. Reentrance of thi#on, the main delocalization mechanism df&ectrons, can
metamagnetism in UGaNip oF & oAl under pressure is be also expected to be unchanged. Nevertheless, the effects
seen also in the evolution of the temperature dependence of the Ni and Fe doping are not symmetric. The Fe doping
the magnetic susceptibilityFig. 4b)]. After the characteris- influences the state off ®electrons stronger, and stabilization
tic metamagnetic behavior with its broad maximum is re-of ferromagnetism is observed with increasimg in
stored at 0.6 GPa, the temperature of susceptibility maxiyCo;_,(NigsFeys), Al In order to understand the origin of
mum T, iINcreases with increasing pressure at the same rathis asymmetry, one needs to consider the changes in lattice
as in UCoAl, 6 K/GPa. parameters upon substitution. These changes are rather small
As shown in Fig. 5 UNjsd& 57l is a ferromagnet with-  and their influence is negligible compared to the effect of the
out any trace of metamagnetism. The virgin magnetizatiorvariation of the number of @electrons. However, when this
curve and hysteresis loop measured along the easywmber is constant, the change in the lattice parameters upon
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FIG. 5. Virgin magnetization curves and demagnetization part of
the hysteresis loops of a UpNigFes0Al single crystal measured
along thec axis at different temperatures. The inset shows the tem-
. \ . perature dependence of the coercive fiBlde, (Symbols—the ex-

) 0 20 40 60 T (K) periment points, dashed curve—the exponential fit

FIG. 4. Magnetic properties of a UgeNig o oAl single  dient approximationGGA).?? The relativistic effects were
crystal measured in field applied along thexis at ambient and treated in the scalar relativistic approximaidand the spin-
elevated hydrostatic pressufta) Magnetization curves at 1.5 Kb) orbit coupling(SOQ was self-consistently added via the sec-
Temperature dependences of magnetic susceptibility in a 0.2 T fieldnd variational step schem&?*Atomic-sphergAS) radii of

2.7, 2.3, and 2.12.1) Bohr radii(1 Bohr=52.9117 pmwere
substitution became important. Figure 7 shows that the unighosen for U, Co, and Al, respectively. We used from 1000 to
cell expands in the basal plane and shrinks alongctagis 1500 augmented-plane-wave basis functigirem about 110
with increasingz. Similar anisotropic behavior of lattice pa- t0 160 per atomin the interstitial region and the maximum
rameters is observed by the magnetostriction measuremerlts12 in the expansion of the radial wave functions inside the
in unsubstituted UC0AI at the metamagnetic transititte =~ AS to represent the valence states. The uranidnstétes
inset in Fig. 7.1617 This also correlates with results of Were also treated as valence Bloch states, and thus uranium
uniaxial-pressure experiments. The ferromagnetism ins characterized by a noninteger occupation number. Local
UCoAI is induced by uniaxial pressure applied along the oOrbitals were used to treat the $:6C0-3, and Al-2p states
axis18191ts application along tha axis leads to the opposite With the valence states in a single energy window. Relativis-
effect—increasingB..2° The arrow in Fig. 7 corresponds to tic local orbitals for the description of Upg, and s>
the critical Va|uezo at which the |attice_parameter Change states are include®. The advantage of this treatment is that
reaches the corresponding magnetostriction at the metamatile above mentioned semicore states are orthogonal to the
netic transition in UCOAI. The value df; is estimated to be Vvalence states. Both the potential and the charge density were
very low, 0.023 and 0.026 frora and c axes, respectively. €xpanded inside the spheres into crystal harmonics up to

This confirms that UC@Nig o & osAl With z=0.1 should =6 and in the interstitial region into a Fourier series with
already be ferromagnetic. ' about 4000 K stars. For the Brillouin zoiiBZ) integration,

a modified tetrahedron methddwith 30-152 specialk
points in the irreducible wedgéW) was used to construct
the charge density in each self-consistency step. We have
For the electronic structure calculations, we used state-ofearefully checked that with these parameters the calculations
the-art computational methods, namely, the general-potentiglonverge.
augmented plane wave plus local orbitals metHdd®wW We tested two different implementations of the LSDA
+LO, WIEN2K code.?! The Kohn-Sham equations were +U method, namely the around mean fi¢&MF) method
solved within the local-spin-density approximatidrSDA), and a method with a partial correction to self-interacibn.
but in the minimization of the total energy as a function of Since their results are similar, we decided to use the AMF
volume we also tested the influence of the generalized granethod, because by construction it is better suited for sys-

B. Electronic-structure calculations

094437-4



INFLUENCE OF ISOELECTRONIC SUBSTITUTIONS ON

UNi, soFeg 50Al, c-axis

1 T T

LI T T 1 T |
0.6 -
;m 045 4 ocra 7
= | T orom
0 L o tzcPa i
B=02T b)
0.0 T '
0 10 20 30 40 50 60 T(K)

FIG. 6. Magnetic properties of a Uplife, 5/Al single crystal
measured in field applied along tleeaxis at ambient and elevated
hydrostatic pressurda) Magnetization curves at 1.5 Kb) Tem-
perature dependences of magnetic moment in a 0.2 T field.

T T T T T T T a
80 - UCo,_(NiysFey o) Al -~
60 - B a-axis ,// ]
A c-axis ///:
¥ 40 Prad —
(=] /// 1
= - ¥ i
- 2 4
Qo 20 //.// To
S L~ E ]
n ©
20 OI?N\A\\\ -
® 20 \‘\\\\ -200 05 10 15 B(N
-40 - \‘\\\\\ .
J/ ~3
-60 L . 1 ] 1
0.0 0.2 04 0.6 0.8 1.0

(Niy sFeg 5) content z

PHYSICAL REVIEW B 71, 094437(2005

UNio.soFeo.50A
15 1 ¥ ) v 1 M 1 T I M T v |
LSDA+U; 5f band a)
2 oL — Tol |
> ——-E
Q .
= Uranium
(77
s
8
o
o 5
o
a
0
15 T T v T M T
LSDA+U; 3d band
3
S
> 10F __ qow
O
ﬁ ——— (Fe-Ni)2
R RS (Fe-Ni)1
9o
o 5
o]
b
0 i
-8 -6 -4 -2 0 2 4
E (eV)

FIG. 8. Electronic structure for URFe) sAl calculated using
LSDA+U (U=0.57 eV ,J=0.33 eV} fully relativistic approach
(WIEN2Kk codg. The full line shows the total DOS, full thick line
[panel(a)] shows the uranium sphere projected DOS, dashed and
dotted lines[panel (b)] show the Fe-Ni2 sphere and the Fe-Nil
sphere projected DOS.

tems with a lower degree of localization, which should be the
case for the X compounds. The LSDAW potential is
implemented in a rotationally invariant way in both cases. In
these calculations, we varied the parametémndJ, which
were used to describe the onsite Coulofalirect and ex-
change interactions inside the f5shell. Considering the
atomic valuesU=2.0 eV andJ=0.55 eV?® 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 andJ should lead to the best agree-
ment with the experimental saturated magnetic moment. As-
suming that LSDA-J is appropriate for description of mag-

FIG. 7. Concentration dependence of the lattice parameters. Inetism of Ur'X compounds, wdeuristically expect that the
the inset the magnetostriction curves for UCd2a+0) are shown

(Ref. 16.

value of J does not change dramatically from its atomic
value and that the value & should not be lower than the
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value of J. We admit, that on this level such a calculation -0.95 T y ;
looses itsab initio character but on the other hand, we will :
show that these heuristically derived values allow us to ob- - UNi soFeq soAl, GGA
tain valuable results. \
We tested also how much the results of LSDA €alcu- 096 -
lations depend on the starting density matrix, which can be \
important in calculations of compounds containing rare-earth’s, 1 \ ® calcutation
atoms. Experience has shown that the converged, self@ \ -——- fit
consistent electronic structure does not depend on the star‘mc -0.97 \ 1
ing density matrices in those cases, where thand J pa- . \ »
rameters are smaller than the bandwidth bfsfates. In the Wy : » /
calculated UNj sd~&y 5Al compound this bandwidth exceeds N ’
2 eV, which is well above the upper limit of the interval of -0.98 N
usedU parametergl eV). > .
Contrary to UCo0AI, the alloy UNjisd &) 5cAl is ferromag-
netic in its ground state. We treated this alloy in the virtual
crystal approximatioitVCA). Experimental structure param- -0.99 : . L . . -
eters, which are fairly different from UCoAI, were applied 0.92 0.96 1.00 1.04
and Fe and Ni elements were replaced by an “average” ele V.Y
ment, i.e., Co. The ferromagnetic ground state was correctly 0
reproduced by our VCA calculations as well as the value of
the experimental magnetic momegg,,=0.62ug using val- ! : : : -
uesU=0.57 eV and)=0.33 eV. The bgand—structure calcula- ggt;ﬁﬂg‘i?iggguﬁiﬁggetg%giqiggfg%gad'ent approxi
tion leading to the correct magnetic moment on uranium sites

reveals that the @ bands are narrow=2 eV, see Fig. B . .
Their centers are higher in energy, and their hybridizatiorP"€S€rves the isoelectronic state of the system, has been stud-
with 5f bands is strongsee Fig. led in this paper by magnetization measurements at ambient

Finally, we also varied the volume of UpliFe,s/Al and ~ @nd high pressures on single crystals wath0.1 and 1. In
calculated the total energy to find the theoretical equilibrium SPit€ of the number of @ electrons remaining unchanged
We used the experimental lattice parameters scaled in equi¥ith increasingz, stabilization of the ferromagnetism is ob-
distant steps of 1%. We did not optimize the internal paramS€rved. This is attributed to an anisotropic change in the
eters of the structuréx,,x,) with respect to the volume lattice parameters upon substitution, which is consistent with

variations. Nevertheless, we found the atomic forces calcur—eSUItS of the magnetostriction and uniaxial-pressure magne-

lated at the experimental atomic positions to be quite smallt,IZatlon measurements of UCOA.

which allowed us to conclude that the atomic positions are T.he relativistic fuII—poFentlaI APW+LO LSDAY e"?c'
not much influenced by the volume variations. The relativis-"ONIC §tructure calculations repr'oduced the experimental
magnetic momentue,,=0.62ug using valuesU=0.57 eV

, - . N . i
tic full-potential APW+LO GGA calculations provided the and J=0.33 eV. This points to the importance of the local

equilibrium volumeVineo/ Vo=0.98 (see Fig. 9. Coulomb correlations at the uranium site for the description
of magnetism of UNjsd &, s6Al compound. The relativistic
GGA calculations provided reasonable agreement with the
UCoAl is a 5 band metamagnet with a very low transi- experimental equilibrium volum¥neo/ Vo=0.98.
tion field (0.6 T) and maximum in the temperature depen-
dence of the magnetic susceptibility at 20 K. This behavior is ACKNOWLEDGMENTS
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