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Electronic structure and magnetism in UPtAl
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Relation between electronic structure and magnetism in UPtAl was studied byab initio band structure
calculations in conjunction with several experiments on single crystals focused on magnetic moments~mag-
netization and neutron-diffraction measurements!, magnetic entropy, and anomalous magnetic moment contri-
butions to specific heat and electrical resistivity. The neutron diffraction experiment confirmed the ferromag-
netic ordering of U magnetic moments belowTC543 K. The reduced magnetic entropy with respect to the
valueR ln 2, as derived from specific-heat data, points to a delocalized character of the 5f electrons of uranium
bearing magnetic moment in this compound. The magnetocrystalline anisotropy in UPtAl is very strong with
the anisotropy energy larger than 130 K. In this view, the energies of a gap in magnetic excitation spectrum
derived from specific-heat and electrical-resistivity data are unexpectedly low~around 50 K!. The electronic
structure of UPtAl was calculated in the framework of the local spin density approximation to the density
functional theory. The results confirm the large exchange splitting of the uranium 5f states which is of the
same size as the spin-orbit splitting. The resulting self-consistent charge density is used to discuss the bonding
mechanism in UPtAl. Rather large values of the uranium spinMS(U)51.63 mB and orbital ML(U)5

22.06 mB magnetic moment were calculated and compared with the results of previous calculations of
Gascheet al. Comparison of the total calculated U moment with the values derived both from bulk magneti-
zation measurements and neutron diffraction experiments is discussed as well.

DOI: 10.1103/PhysRevB.64.144408 PACS number~s!: 75.30.Cr, 71.20.Lp, 75.30.Gw, 75.40.Cx
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I. INTRODUCTION

UPtAl belongs to the ternary UTX compounds (T is a late
d-transition element,X is a p element! with the hexagonal

ZrNiAl-type crystal structure~the P6̄2m space group!. The
U ground-state magnetic moment in compounds of t
group varies from 0 to 1.6mB depending on the degree o
itinerancy of uranium 5f electrons. That is determined by th
overlap of 5f wave functions centered on neighboring
atoms and by the hybridization of 5f states with valence
electron states of ligands.1 The latter mechanism usuall
called the 5f -ligand hybridization has been introduced a
discussed in various aspects by Koellinget al.2 The
5 f -ligand hybridization causes that theT andX atoms affect
magnetic properties considerably by influencing t
5 f -electron states although they do not contribute much
the magnetic moment itself. All the compounds of the gro
irrespective of the ground state that can be ferromagn
~the typical representative is URhAl!,3,4 antiferromagnetic
~UNiAl, 5 UNiGa1! or paramagnetic~UCoAl!6 exhibit a huge
uniaxial magnetic anisotropy.7

Magnetization measurements revealed that UPtAl ord
ferromagnetically belowTC543 K with a saturated magne
tization of 1.38 mB per formula unit at 2 K.8,9 The strong
0163-1829/2001/64~14!/144408~8!/$20.00 64 1444
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uniaxial anisotropy is well demonstrated in Fig. 1 that sho
the magnetization curves measured at 4.2 K in magn
fields applied along thea andc axis. One can see that thec
axis is the easy-magnetization direction. In high fields,
magnetic moment is almost saturated at 40 T at a value
1.49 mB . The magnetization measured along thea-axis is
much smaller without any spontaneous component~in fact, it
resembles a magnetic response of a paramagnet exhib
0.28 mB /f.u. at 40 T!. The crossing point of linearly ex
trapolated magnetization curves to very high-fields provid
a lowest estimated value of the anisotropy fieldBa'290 T.
The corresponding energy of magnetocrystalline anisotr
Ea amounts 130 K in thekBT representation. Another est
mate of anisotropy energy can be derived from the differe
between values of the paramagnetic Curie temperatureQp ,
for the c and a axis. For UPtAl this differenceDQp
5420 K ~Ref. 8! even exceeds the value of the anisotro
energy determined from magnetization measurements in
ordered state.

The shape of virgin magnetization curve in fields appli
along thec axis ~see inset in Fig. 1! has been preliminary
attributed to the coercivity of narrow domain walls in ferr
magnetic UPtAl.8 Nevertheless, the strong similarity to th
virgin magnetization curve of UNiGa, which is a
antiferromagnet1 and shows a sharp metamagnetic transit
©2001 The American Physical Society08-1
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in low fields, may rise some doubts on ferromagnetism
UPtAl. Therefore a neutron-diffraction experiment
strongly desirable to confirm the type of magnetic grou
state in this compound.

In this paper we study relation between the electro
structure and magnetism of UPtAl usingab initio band struc-
ture calculations in conjunction with experiments focused
magnetic moments, magnetic entropy, and anomalous co
butions of the system of magnetic moments to specific h
and electrical resistivity. To observe intrinsic properties
this strongly anisotropic ferromagnet all the experime
were performed exclusively on single crystals.

II. EXPERIMENT

Single crystalline samples used for experiments were
from the main crystal by spark-erosion. The crystal w
pulled by a modified Czochralski method in a tetra-arc f
nace. The details of the crystal growth are described by
dreevet al.8

The neutron-diffraction study was performed at t
double-axis diffractometerE4 installed at the Berlin Neutron
Scattering Center~BENSC! of the Hahn-Meitner-Institute
The crystal was glued onto an aluminum tip with its hexag
nal axis parallel to the rotational axis of the diffractome
and inserted into a standard Orange-type cryostat~manufac-
tured by ILL!. It was oriented using several sufficient
strong and well centered nuclear reflections and the cell
rameters were refined from the UB matrix. The incident n
tron wavelength was 2.43 Å.

We have collected two identical sets of integrated int
sities, at 2 K and at 65 K. The latter temperature is we

FIG. 1. High-field magnetization curves measured at 4.2 K
fields applied along thea andc axis of the UPtAl single crystal. The
inset provides comparison of virgin magnetization curves and h
teresis loops measured at 1.7 K in fields applied along thec axis on
single crystals of UPtAl and UNiGa, respectively.
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above the Curie temperature (TC543 K). In addition, we
have followed the temperature dependence of the integr
intensity of two reflections in order to confirm the magne
ordering temperature. The measuredv scans were analyze
by the Lehman-Larson algorithm.10 The crystallographic and
magnetic structures were determined by fitting procedu
using the programFULLPROF.11 The values of scattering
length were taken from the paper of Sears12 and the U31 or
U41 magnetic form factors in the dipole approximatio
(^ j 0&1c2^ j 2&) from Freemanet al.13

Magnetization data were obtained in a SQUID magne
meter~Quantum Design! in fields up to 5 T applied along the
c axis.

The specific heat was measured by the relaxation met
on a 30-mg crystal in the temperature range 2–100 K us
the PPMS-14 system~Quantum Design!.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Neutron diffraction

By refinement of the 65 K data set, we have verified th
UPtAl crystallizes in the proper ZrNiAl-type of structur
(P6̄2m space group! with lattice parametersa5701.4 pm
andc5412.5 pm that are in satisfactory agreement with
x-ray diffraction data.8 This crystal structure of UPtAl is
built up by alternating two types of basal-plane atomic lay
along thec axis ~Fig. 2!. One of them contains all of the U
atoms and 1/3 of the Pt atoms~the Pt1 position!. The other
one consists of the rest of the Pt atoms~the Pt2 position!
together with all of the Al atoms. Each U has four neares
neighbors within the basal plane and two other neighb
along thec axis. The bonding of the U 5f orbitals within the

s-
FIG. 2. Hexagonal crystal structure of UPtAl~the ZrNiAl type!.
8-2



ELECTRONIC STRUCTURE AND MAGNETISM IN UPtAl PHYSICAL REVIEW B64 144408
TABLE I. Structural and magnetic parameters refined by neutron diffraction.

Atom Site Local symmetry Position parameters B(Å2)
T565 K

U 3(g) (m2m) xU 0 1/2 0.24~2!

xU50.5765(1)
Pt1 1(b) (6̄2m) 0 0 1/2 0.38~1!

Pt2 2(c) (6̄) 1/3 2/3 0 0.38~2!

Al 3( f ) (m2m) xAl 0 0 0.64~5!

xAl50.2236(3)

Cell parameters (T565 K) a5701.460.4 pm c5412.560.3 pm
R factors R56.38% x258.45
Magnetic moment (T52 K) mU51.3160.08 mB /U
R factors RM511.2% x251.73
Curie temperature 42 K
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basal plane together with the strong spin-orbit coupl
yields a strong uniaxial magnetocrystalline anisotropy w
the easy-magnetization direction along thec axis. The re-
fined structural and magnetic parameters are given in Tab

At temperatures belowTC , an additional scattering inten
sity is observed on the top of majority of the Bragg nucle
reflections. Although an effort has been made to detect a
tional, purely magnetic, reflections by means of typic
reciprocal-space scans, no one has been found. This r
corroborates the interpretation in terms of ferromagne
ground state in UPtAl. Temperature dependence of the i
grated intensity of~100! reflection, which shows the highes
ratio between the magnetic and nuclear intensity, is prese
in Fig. 3. The comparison of magnetic intensity with t
temperature dependence of the square of spontaneous
netization in the inset of this figure demonstrates a reas
able agreement between the macroscopic and microsc
magnetic data.

The strong magnetocrystalline anisotropy observed
UPtAl suggests to use Ising model with effective spinSeff
51/2 for the interpretation of our data. We have therefo
calculated the temperature dependence of the magnetiz
using the mean field solution of the Ising model~see Fig. 3,
inset!. From a comparison of the calculated and experime
data it is clear that such simple mean field solution provi
rather poor description of theM (T) data. This suggests tha
the magnetic excitations, which are driven by the interplay
exchange interactions with the magnetocrystalline ani
ropy, can have a quite complex character in UPtAl. T
statement is further corroborated by our analysis of spec
heat and resistivity data, and by band structure calculat
~see below!.

The magnetic structure in UPtAl has been refined fr
the difference~2–65 K! integrated intensities with a help o
the scaling factor inferred from the 65 K data set. Wh
supposing the U31 magnetic form factor, the best agreeme
has been obtained for a simple collinear ferromagnetic st
ture of equal U moments of 1.3160.08 mB oriented along
thec axis that is in agreement with magnetization data.8,9 We
have also performed the same type of refinement suppo
14440
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the U41 magnetic form factor. The refined U moment was
about 5% smaller than in the former case while the quality
fits was not changed. This is due to the fact that the magn
form factors of U31 and U41 are very similar. Clearly, we
are not able on the basis of our data to discriminate betw
the two U valence states.

B. Specific heat

The specific heat data, presented in Fig. 4, show a p
nounced anomaly at the ordering temperatureTC543 K. To

FIG. 3. Temperature dependence of the integrated intensit
the ~100! reflection. The inset displays comparison between the
duced neutron-diffraction intensity of the~100! reflection with the
square of reduced bulk spontaneous magnetization data. Both q
tities were normalized to their lowest temperature values. The
line represents mean field solution of the Ising model.
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A. V. ANDREEV et al. PHYSICAL REVIEW B 64 144408
analyze these data quantitatively, one has first to estimate
nonmagnetic contribution. It consists of the electronic a
phonon parts,Cel , andCph, respectively. The electronic spe
cific heat is expressed by a simple linear temperature de
dence

Cel5g T. ~1!

For the phonon part, we have assumed the following
proximation: the total phonon spectrum consists of 3 aco
tic branches, which we describe by the Debye model
characterize by one Debye temperatureuD , and 6 optical
branches, described by the Einstein model and characte
by two different Einstein temperaturesuE , each describing 3
branches. The phonon contribution can be then calculate

Cph5NAkBF(
j

xj
2 exp~x!

@exp~xj !21#2

19
T3

uD
3 E0

uD /T x4 exp~x!

@exp~x!21!
G 2

dx, ~2!

wherexj5uE j /T, NA is the Avogadro number, andkB is the
Boltzmann constant.

Assuming the magnetic specific heat to be negligible
sufficiently low temperatures (T!TC), the value of theg
coefficient of Cel , g565 mJ mol21 K22, is determined
from the low-temperature part of theCp /T vs T2 plot ~see
inset in Fig. 4!. The value ofuD can be then determined b
the slope of theCp /T vs T2 linear dependence~at T!uD).
Considering three phonon branches described by the De
model ~in the Einstein model, the specific heat is negligib
in this temperature range!, we obtainuD5160 K. Assuming
further Cmag'0 at T.TC , the measured data aboveTC are
well described byuE15145 K anduE25460 K. The corre-
sponding calculated specific heat is represented in Fig. 4

FIG. 4. Temperature dependence of the specific heat of UP
The lines show electronic and phonon contributions as well as t
sum. The dotted line represents the nonmagnetic specific
(Cph1Cel) when describing all phonon branches by the Deb
model (uD5240 K).
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A simple model of the phonon spectrum with all 9 phon
branches described by a single value ofuD5240 K within
the Debye model has been successfully applied to desc
the thermal-expansion data.14 The value of 240 K is also wel
comparable with our value ofuD @uD5240 K describing 9
branches corresponds touD5(240/3)1/3 K 5 166 K for 3
branches#. In Fig. 4 one can see, however, that this simp
model fails to describe theCp data at temperatures abov
'50 K and a more complex approximation described ab
shall be thus used.

The magnetic specific heat, derived from the raw data
the g andu values given above, is represented in Fig. 5
yields a magnetic entropy ofSmag54.1 J mol21 K21

>0.71 R ln 2. Although we are aware that the determin
value ofSmagcritically depends on the estimation ofCel , and
Cph, we can conclude thatSmag does not reach the value o
R ln 2. The value ofSmag5R ln 2 would be obtained, e.g., fo
g540 mJ mol21 K22 ~analysis ofCp aboveTC then gives
uD5160 K, uE15149 K, uE25380 K) that seems to be
nonrealistic~compare to the inset in Fig. 4!. Therefore our
estimate ofSmag provides a strong argument for the deloca
ized U 5f states in UPtAl. We note that the strong magne
crystalline anisotropy of UPtAl should also play some ro
for the magnetic entropy. Note that the value of magne
entropy determined above is definitely lower than the va
5/3 ln 2 that has been derived for isotropic itinerant system15

We made an attempt to fit the low-temperature part
Cmag first by a commonly used formula describing ferroma
netic spin fluctuations:

Cmag5aT3 ln T, ~3!

wherea is a fitting parameter. As can be seen in Fig. 6,
did not obtain a good agreement with the experimental d
in this way. On the other hand, we have found that its lo
temperature part fits very well to the formula

Cmag5aT1/2expS 2
D

T D , ~4!

l.
ir
at

e

FIG. 5. Temperature dependence of the magnetic contributio
the specific heat of UPtAl. The inset shows temperature depend
of the magnetic entropy supposing different gamma values~see
text!.
8-4
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ELECTRONIC STRUCTURE AND MAGNETISM IN UPtAl PHYSICAL REVIEW B64 144408
which describes the specific heat of magnons with an ene
gap D in their dispersion relation.16 Assuming g
565 mJ mol21 K22, the fit of experimental data up to 30 K
gives the values ofa53.6 J mol21 K25/2 andD555 K ~see
Fig. 6!. The energy gapD derived in this way is, however
rather small in view of the huge magnetic anisotropy of t
material.

In this context it is worth to reanalyze data of the elec
cal resistivity presented by Andreevet al.14 The low-
temperature part of ther(T) curve can be well fitted with the
simple quadratic law:

r5r01aT2, ~5!

with a50.047 mV cm K22 and r0559.5 mV cm. A need
of an additional term at higher temperatures is clearly see
Fig. 7. The contribution of scattering of electrons

FIG. 6. Fitting curves of the low-temperature magnetic-speci
heat data for UPtAl.

FIG. 7. Temperature dependence of electrical resistivity. T
dotted curve shows the fit according to formula~5! with a
50.047 mV cm K22 and r0559.5 mV cm; the dashed curve i
the fit of data points up to 39 K according to formula~6! with a
50.039 mV cm K22, b50.34 mV cm K21, r0559.6 mV cm,
andD527.3 K.
14440
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magnon-like excitations can be derived from the mention
simple model.16 It leads to the expression

r5r01aT21bT~112T/D!expS 2
D

T D , ~6!

the last term accounting for electron scattering on magn
excitations with a gapD. Such term has been identified, e.g
for UNiGe, whereD'40 K,1,17similar to the value obtained
from specific heat data. The value ofD is strongly dependen
on the temperature range fitted. Data up to 20 K c
be fitted by Eq. ~6! for a50.044 mV cm K22, b
51.45 mV cm K21, r0559.6 mV cm, and D561.4 K,
whereas data up to 39 K lead toa50.039 mV cm K22, b
50.34 mV cm K21, r0559.6 mV cm and D527.3 K.
These values certainly compare with theD value derived
from the specific-heat results. In both cases, however,
value of D is too low in comparison with the energy o
magnetocrystalline anisotropy estimated from the magnet
tion and susceptibility data.

This disagreement may be connected with the fact t
both the specific heat and resistivity are properties aris
from integration over the whole~or at least a large segmen!
of the Fermi surface.

IV. BAND-STRUCTURE CALCULATIONS

To obtain direct information about the ground-state el
tronic structure and related properties we also applied
principles theoretical methods. The ground-state electro
structure was calculated on the basis of the density functio
theory ~DFT! within the local spin density approximatio
~LSDA!.18 For this purpose we used the full potential linea
ized augmented plane wave method~LAPW! as imple-
mented in the latest version~WIEN97! of the original WIEN

code.19 The spin-orbit coupling is treated by the seco
variational step within this implementation. The calculatio
were performed with the following parameters. The nonov
lapping atomic sphere radii of 148, 132, and 127 pm w
taken for U, Pt, and Al, respectively. The basis for expans
of the valence states~less than 6 Ry below Fermi energy!
consisted of more than 1000 basis functions~more than 100
APW/atom! plus the U (6s, 6p), Pt (5p), and Al (2p) local
orbitals. The uranium 5f states were also treated as the v
lence Bloch states and thus uranium is characterized b
noninteger occupation number. The Brillouin-zone integ
tions were performed with the tetrahedron method19 on a
35–105 specialk-points mesh. In order to identify the con
tributions of individual bands to the orbital moment, with
the computer codeAVERX we developed a new subroutine fo
calculating the energy decomposition of the orbital mome

The total density of electronic states~DOS! and site pro-
jected DOS from scalar relativistic non-spin-polarized calc
lations are shown in Fig. 8. The lowest band that is abo
28 to 26 eV originates from the Al 3s states. The Pt 5d
states form the main contribution in the energy range26 to
24 eV ~‘‘5 d band’’! but they show an admixture of th

-

e
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A. V. ANDREEV et al. PHYSICAL REVIEW B 64 144408
uranium 7s, 6d states, platinum 6s states, and aluminum 3s,
3p states. The highest occupied bands~between24 and
20.2 eV) originate mainly from the hybridized uranium 5f
states and platinum 5d states but all the remaining~U 7s, 6d
states; Al 3p states! are also present. Finally we see that t
Fermi level is situated inside the U 5f band with a rather
large DOS. The main part of the U-5f band is only partially
occupied and the total bandwidth is roughly 1 eV. The to
DOS is in good overall agreement with earlier calculatio
performed by linear muffin-tin orbital method~LMTO! in the
atomic-sphere approximation~ASA! for the description of
the effective single electron DFT potential.20 Some differ-
ences have been found in the energy region from20.3 eV
to the Fermi level. In this range the DOS values are hig
and have different structure than those obtained by
LMTO-ASA method.20

FIG. 8. Calculated scalar relativistic total~a! and site projected
nonmagnetic DOS curves@~b!, ~c!, and~d!# in states per hexagona
unit cell of UPtAl. The Fermi energy is set to zero energy.
14440
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The important results concerning the uranium-f and
platinum-d bonding in UPtAl are contained in Table II
which shows the charge distribution over the atomic sphe
and its orbital decomposition. Although the Pt 5d bands are
filled with the Fermi energy lying in the region of U 5f
bands, the Pt-5d and U-5f occupation numbers are 7.53
(Pt1), 7.547 (Pt2), and 2.461~U!, respectively. This is a con
sequence of the hybridization between the Pt-5d and U–5f
states. The region of the rather low DOS (23 eV,E
,0.5 eV) between the U 5f and Pd 5d derived bands is
determined mainly by the energy difference between the c
responding atomic levels and the strength of the U 5f -Pt 5d
hybridization. When we compare the converged ground-s
density with that of the simple superposition of neut
atomic charge densities, which is the initial charge density
the Kohn-Sham equations, we find a small charge tran
from the uranium and aluminum to the both platinum sit
Moreover from our band calculations it is now strongly su
gested that uranium valency 31 or 41 cannot have reason
able meaning in the case of UPtAl. This fact correspon
with results of our analysis of neutron diffraction data, whi
shows that the assumed valency 31 or 41 has only a negli-
gible effect on the refined value of total uranium magne
moment.

The spin-polarized scalar relativistic LSDA calculatio
@see Figs. 9~a! and 9~b!#, performed to make the closest com
parison with Gascheet al.4 provide the spin magnetic mo
ments of MS(U)51.84 mB , MS(Pt1)520.03 mB ,
MS(Pt2)520.05 mB , MS(Al) 520.01 mB , and
MS(interstitial)50.25 mB in the interstitial region of the
UPtAl crystal. The total spin magnetic momentMS
52.00 mB is more than 50% higher than the LMTO-AS
value of 1.31mB . Such a discrepancy between the two DF
calculations suggests an importance of the general-pote
band-structure treatment of the magnetic properties
UPtAl.

Next we investigated the effect of the spin-orbit coupli
~SOC!. The most prominent effect of SOC is found for the
5 f states, where the splitting according to the total angu
momentum is clearly developed@see Fig. 9~c!#. An almost
0.5 eV increase of the bandwidth due to SOC is obtained a
for Pt 5d states. Finally, we performed spin-polarized LSD
calculations including SOC. The combined effect of the sp
polarization and SOC influences both occupied and unoc
pied DOS from21.5 eV up to 2.5 eV@see Fig. 9~d!#. There-
fore a significant relation between magnetic and b
PtAl.

mic
TABLE II. Angular decomposition of the LAPW valence charge density in the atomic spheres for U
INT is the charge in the interstitial region per one formula unit of UPtAl.Qt(GS) is the total charge for the
fully self-consistent calculations.Qt (S) is the total charge obtained from superposition of neutral ato
densities.

UPtAl Qs Qp Qd Qf Qt ~GS! Qt (S)

U 2.187 5.751 1.070 2.461 89.485 89.771
Pt1 0.681 6.443 7.535 0.023 76.686 76.618
Pt2 0.661 6.432 7.547 0.022 76.665 76.597
Al 0.736 6.779 0.132 0.021 11.674 11.807
INT 15.490 14.434
8-6
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ELECTRONIC STRUCTURE AND MAGNETISM IN UPtAl PHYSICAL REVIEW B64 144408
properties can be expected. In Fig. 10, we show the D
curves of the projected relativisticj 55/2 and j 57/2 states
and the projection to the majority- and minority-spin stat
It is visible that the occupiedj 55/2 states are dominated b
majority spin states but there is some admixture of mino
states. Our result again demonstrates the fact that the
change interaction energy is comparable to the SOC. Th
fore, we suggest that the rather low value of the energy
D derived from our specific heat and resistivity measu
ments~see Sec. III! originates from averaging over the ma
netic excitations, which reveal at the same time the la
anisotropy and the pronounced dispersions over the var
directions in the Brillouin zone.

The value of DOS at the Fermi level isN(EF)516
states/eV which corresponds togband513 mJ mol21 K22.
Our experimental specific-heat value is gexp
565 mJ mol21 K22, that points to an enhancement fact
l54; l is defined by the expressiongexp5gband(11l).
This total enhancement is most likely due to electron-pho
coupling and moderate many-body enhancements. This
gues for moderate correlations inside the narrow 5f bands of
UPtAl compound. Including SOC and assuming a ferrom
netic arrangement of uranium magnetic moments alig
along c axis, as observed experimentally, the spin m
ments MS(U)51.63 mB , MS(Pt1)520.02 mB , MS(Pt2)
520.03 mB and the orbital moments ML(U)5

FIG. 9. Calculated scalar relativistic total spin-up~a! and spin-
down ~b! DOS curves assuming ferromagnetic arrangement of
nium moments. The nonmagnetic and spin-polarized DOS cu
for UPtAl including SOC interaction are shown in~c! and~d! panel,
respectively. The spin~full line! and orbital~dashed line! magnetic
moment projected DOS are shown in the inset of figure~d!.
14440
S

.

y
x-
e-
p
-

e
us

n
r-

-
d
-

22.06 mB , MS(Pt1)50.01 mB , MS(Pt2)520.02 mB ,
have been obtained. These our values are again rather d
ent comparing to values calculated by LMTO-ASA meth
by Gascheet al. ~see Ref. 4, table 4!. We also apply our new
modified code AVERX in order to calculate the orbital
magnetic-moment projected DOS. The orbital-magne
moment projected DOS originates from a relatively narr
energy region below the Fermi level comparing with t
spin-up and spin-down DOS curves@see Figs. 9~a!, 9~b!, and
inset of Fig. 9~d!#. The calculated total uranium momen
Mt(U)50.43 mB can be compared with our neutron
diffraction value of 1.31mB , which points to the importance
of the orbital polarization effects,21 which was not included
in our current band structure calculations. On the other ha
the recent x-ray magnetic circular dichroism study provid
ML(U)522.36 mB ~Ref. 22! that is 15% larger than ou
value ML(U)522.06 mB . This fact suggests the impor
tance to perform polarized neutron diffraction on single cr
tal, which should enable one to resolve the spin and orb
part of uranium magnetization density directly.

V. CONCLUSIONS

In conclusion, we have studied main features of electro
structure and magnetism in UPtAl both experimentally a

a-
es

FIG. 10. Calculated relativisticj 55/2 ~full line! and j 57/2
~dashed line! states and projection to the majority~dashed line! and
minority ~full line! spin states.
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by ab initio band structure calculations. The neutron diffra
tion experiment in accord with magnetization data confirm
the ferromagnetic ordering of U magnetic momen
('1.3 mB) below TC543 K. The analysis of specific-hea
data leads to a value of magnetic entropy that is reduced w
respect toR ln 2. This implies rather delocalized 5f electrons
of uranium bearing the magnetic moment in this compou
Magnetic contributions both, to the specific heat and elec
cal resistivity can be well fitted with formulas containin
exponential terms, which are frequently being associa
with existence of a gap in magnetic excitation spectrum16

The derived values of gap energy are however strikin
small in the light of the strong magnetocrystalline anisotro
in UPtAl ~the anisotropy energy from magnetization data
timated to be larger than 130 K!. Therefore, we propose tha
our small gap values originate from averaging over the m
netic excitations, which reveal at the same time the la
anisotropy and the pronounced dispersions over the var
directions in the Brillouin zone.

The results ofab initio density-functional calculations
confirm the large exchange polarization of the uraniumf
states that competes with the spin-orbit splitting. The res
ing self-consistent crystal-charge density was used to disc
the bonding mechanism in UPtAl compound. The rath
large uranium spinMS(U)51.63 mB and orbital ML(U)
522.06 mB magnetic moment were calculated and co
10
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14440
-
d
s

ith

.
i-

d

y
y
-

g-
e
us

t-
ss
r

-

pared with the results obtained from previous calculations
Gasheet al. Rather small magnetic moments on platinu
sites were calculated@MS(Pt1)520.02 mB , MS(Pt2)5
20.03 mB and ML(Pt1)50.01 mB , ML(Pt2)520.02 mB]
and those on aluminum were found to be practically neg
gible.

The calculated total uranium momentMt(U)50.43 mB is
still considerably smaller than the experimentally determin
values from magnetization and neutron-diffraction measu
ments ('1.3 mB), which points to the importance of the
orbital polarization effects,21 that were not included in our
current band structure calculations. On the other hand,
recent x-ray magnetic circular dichroism study provid
ML(U)522.36 mB ,22 which is 15% larger than our value
ML(U)522.06 mB .
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