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Magnetic properties of diluted band ferromagnet URhAl
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Crystal structure, magnetization, and specific-heat studies were performed on the U12xThxRhAl and
U12xLuxRhAl pseudoternary systems. The parent URhAl compound orders ferromagnetically belowTC

527 K. Dilution of the U sublattice by Th or Lu leads to a rapid decrease of both the magnetic-ordering
temperature and the spontaneous magnetic moment. The long-range magnetic order vanishes around 35% Th
or 15% Lu substitution. The electronic specific heat shows a maximum in this critical concentration region.

DOI: 10.1103/PhysRevB.69.054412 PACS number~s!: 75.30.Cr, 75.40.Cx, 75.50.Cc
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I. INTRODUCTION

The 5f states in light actinides are generally close to
borderline between localized and itinerant behavior. Th
sensitivity to external variables and composition manife
into a large variability of magnetic properties and in som
cases even in rather exotic character.1

The basic features of the development of magnetism
uranium intermetallic compounds are well understood du
variations of the U-U spacing and the strength of t
5 f -ligand hybridization. Depending on these paramete
magnetic characteristics can develop from the Pauli p
magnetism pertinent to a broad 5f -band case to variou
forms of weak itinerant magnetism up to a local 5f moment
behavior, which is encountered at a large U-U spacing an
weak hybridization.2 The ultimate limit of localized 5f states
is though found only in singular cases. Several scenarios
be followed when diluting the U sublattice in a U-bas
intermetallic. In the ‘‘local-moment’’ scenario A, the long
range magnetic order is preserved to a rather low U con
and is followed by a glassy state~spin glass or cluster glass!
at even higher dilution. The critical concentration of the
ions can be roughly associated with a percolation limit. B
in the ultimate case of the dilution limit, the uranium m
ments are lost in most of cases. Few exceptions of U m
netic moments existing in the dilution limit include the cas
of the localized 5f states, as U in Au~Ref. 3! or U in
ThRu2Si2.4 A different scenario B was observed for U com
pounds classified as more itinerant. Magnetic ordering
well as magnetic moments decay much faster with the d
tion of the U sublattice and the Pauli paramagnetic chara
is achieved long before the dilution limit.

For the U compounds with the ZrNiAl structure typ
which were otherwise studied thoroughly,2 only few dilution
studies have been performed. One of them, dealing with
~U-Th!CoSn system,5 shows the scenario A. UCoSn is
local-moment ferromagnet~although exhibiting itinerant 5f
states! with TC580 K. The ferromagnetism vanishes
around 60% Th.5

On the other hand, much stronger hybridization with t
Al-p states~due to the smaller size of the Al ions compar
to Sn!,6 yielding a stronger 5f itinerancy in UCoAl, leads to
the different dilution scenario. In this band metamagnet~the
ground state is paramagnetic!, the magnetic order can b
induced by a small substitution by Y or Lu, resulting in
0163-1829/2004/69~5!/054412~6!/$22.50 69 0544
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typical weak ferromagnet withms50.20mB /f.u. The ferro-
magnetism disappears rapidly with applied pressure,7 and the
fact that the Pauli paramagnetic susceptibility was found
ready for 30% Y~Ref. 8! points to the type-B scenario. Sim
lar fast decay of magnetic ordering was indicated also for
itinerant antiferromagnet UNiAl.9,10

URhAl can be assumed as an intermediate case. Magn
momentms50.94mB /f.u. @11# does not reach the value o
e.g., UCoSn (1.2mB /f.u.) and especially its ordering tem
peratureTC527 K is much lower thanTC580 K in UCoSn.
On the other side, both values exceed those
U0.98Y0.02CoAl (TC514 K, ms50.10mB /f.u.).7 It is also
interesting to compare the development of magnetism
high pressure. For U0.98Y0.02CoAl both TC and ms strongly
decrease with hydrostatic pressurep (dTC /dp'
2110 K/GPa, dms /dp'20.8mB /GPa). For the local-
moment systems,TC follows an initial increasing tendency
The data are not available for UCoSn, but, for examp
UPtAl with a presumable similar local-moment behavior e
hibits dTC /dp52.5 K/GPa, dms /dp520.027mB /GPa).12

For URhAl, TC has a weakly decreasing tenden
(dTC /dp520.3 K/GPa).13

It is therefore interesting to investigate the dilution beha
ior of URhAl. In the present work we describe the results
magnetic and thermodynamic studies of the systems~U-
Th!RhAl and ~U-Lu!RhAl. The two different nonmagnetic
elements were chosen to investigate if a size factor play
role.

II. EXPERIMENT

Polycrystalline samples were prepared by arc melting
stoichiometric amounts of the pure elements under an ar
atmosphere. The ingot was melted several times to enha
the homogeneity. Weight loss was checked after melting
found to be negligible. The characterization of the samp
was performed by x-ray powder diffraction with a Bruck
D8-advance diffractometer, using a monochromated CuKa
radiation and a position-sensitive detector. Small single cr
tals isolated from the fragmented button were examined w
the Enraf-Nonius CAD4 diffractometer using the monoch
mated MoKa radiation.

The magnetization was studied on powder samples w
grains randomly oriented and fixed by an acetone-based g
Measurements were performed using a superconduc
©2004 The American Physical Society12-1
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quantum interference magnetometer~Quantum Design! in
magnetic fields up to 7 T in the temperature range 2–300

The specific heat was measured by the relaxation me
using the Quantum Design PPMS-9 system, installed at
Karlsruhe in the temperature range 1.8–300 K~down to 0.4
K for samples with 20% and 35% of Th!. The samples with
a mass of'10–20 mg were used for these measuremen

III. RESULTS

A. Crystal structure

The x-ray powder diffraction confirmed the hexagon
ZrNiAl-type structure ~space group P6̄2m) for the
U12xThxRhAl compounds in the whole concentration rang

Unfortunately, the sample with 80% Th contained a larg
amount of ThO2 and other impurity phase, and no therm
treatment led to improved phase purity. Therefore we o
determined the lattice parameters of the main phase bu
not use this sample for further studies.

In the U12xLuxRhAl series, the hexagonal structure is r
tained tox50.15. The samples with higher Lu concentrati
contained already spurious phases. The crystal structur
LuRhAl is orthorhombic TiNiSi-type~space groupPnma!
with a5673.2(1) pm,b5412.8(1) pm, andc5787.9(1)
pm. The refined atomic positions are given in Table I.

TABLE I. Atomic positions in LuRhAl.

Atom x y z

Lu 20.035(2) 0.25 0.178~1!

Rh 0.237~3! 0.25 0.624~2!

Al 0.865~7! 0.25 0.557~6!
05441
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The lattice parameters of the compounds with the ZrNiA
type structure are given in Table II and plotted in Fig. 1. T
parametera increases almost linearly with increasing th
Th~Lu! concentration. On the other hand, thec parameter
seems to stay almost constant for low Th concentration
increases only abovex.0.3, following roughly a quadratic
dependence, and shows a slight decrease for Lu substitu
The internal parameter characterizing the uranium ato
position xU50.580(2) remains unchanged for all com
pounds studied.

FIG. 1. Concentration dependence of the lattice parameters
the unit-cell volume in U12xThxRhAl ~open symbols! and
U12xLuxRhAl ~filled symbols!; lines are guides to the eye.
TABLE II. Characteristics of U12xThxRhAl and U12xLuxRhAl materials.

x a c TC Qp me f f M M6T g Smag

~pm! ~pm! ~K! ~K! (mB /U) (mB /U) (mB /U) (mJ K22 mol f.u.21) (J K21 mol f.u.21)
/ (J K21 mol U21)

U12xThxRhAl
0.00 698.6 402.7 27.5~5! 34.5 1.89 0.47~1! 0.54 67~2! 2.32 /2.32
0.05 699.2 402.9 20~1! 93~2! 1.94 /2.04
0.10 700.1 402.6 15~1! 20.8~4! 1.75~1! 0.44~1! 0.50 110~10! 1.64 /1.82
0.20 702.2 402.8 7~2! 5~1! 1.49~1! 0.19~1! 0.30 160~10! 1.10 /1.37
0.35 703.7 403.5 24.8(5) 1.45~1! 0.22 230~30!

0.50 710.4 406.2 222(5) 0.78~3! 0.14 120~20!

1.00 719.2 411.6 4~1!

U12xLuxRhAl
0.00 698.6 402.7 27.5~5! 34.5 1.89 0.47~1! 0.54 67~2! 2.32 /2.32
0.05 697.9 401.9 18~1! 22.2~4! 1.45~1! 0.38~1! 0.42 97~5! 1.78 /1.87
0.10 698.1 401.7 13~2! 13.6~5! 1.34~1! 0.23~1! 0.30 135~10! 1.25 /1.39
0.15 700.3 401.5 ,1.8 13.6~5! 1.34~1! 0.19 175~30!

1.00 Pnma 3~1!

aExtrapolated to 0 T from the Arrott plot at 2 K.
bDetermined as an extrapolation to 0 K in zero magnetic field.
2-2
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FIG. 2. Temperature dependence of the inverse susceptibility~recalculated per U atom! for U12xThxRhAl and U12xLuxRhAl measured
in the field of 4 T. The data forx50.10,0.20~Th! andx50.10,0.15~Lu! below 70 K are influenced by a small amount of a ferromagne
impurity and have not been used in the fit.
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The uranium sublattice in this crystal structure is char
terized by a closer spacing within the basal plane than al
the c axis. The shortest U-U distance in URhAl is foun

within the basal plane,dU-U5aA123xU13xU
2 >0.519a.

The U-U spacing perpendicular to the basal plane is equa
the parameterc, that is, as a rule, larger. Introducing larg
thorium atoms leads to an expansion of the lattice. First,
low Th concentrations, thea parameter increases being pr
dominantly affected by the bonds in the uranium sublatt
within the basal plane. Consequently, thec/a ratio decreases
slightly when increasing Th~Lu! concentration. Nevertheles
the c parameter remains considerably larger than thedU-U
spacing within the basal plane in the whole concentrat
range. For the dilution of the U sublattice by smaller L
atoms, this large increase of the lattice parametera was not
observed.

B. Magnetic measurements

The temperature dependence of magnetic susceptibilit
the paramagnetic region follows for all the compounds,
cept for ThRhAl and LuRhAl displaying a temperatur
independent susceptibility (x'5310210 m3 mol21), the
modified Curie-Weiss~MCW! law ~see Fig. 2!

x5
NAm0mB

2me f f
2

3kB~T2Qp!
1x0 . ~1!

The values of the effective momentme f f and the paramag
netic Curie temperatureQp in the studied compounds as o
tained from our fit to experimental data are given in Table
The temperature independent termx0 is of the order of 1
31028 m3 mol21 for all the samples. The other symbols
Eq. ~1! have their usual meaning. The positive paramagn
Curie temperature is in agreement with expected ferrom
netic interactions in the magnetically ordered compoun
Performing an analysis on the basis of the MCW law, o
has to have in mind two different sources of the temperatu
independent termx0. One is the real Pauli susceptibility du
to the electrons at the Fermi level. One has to assume
weakly correlated electrons, i.e., those not involved in
05441
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formation of local moments, contribute to this term, and
has to become significant in the high-dilution limit. On th
other hand, a bending of 1/x (T) dependence, which can b
very well approximated by adding thex0 term to the stan-
dard Curie-Weiss expression, appears when measuring
ceptibility of a strongly anisotropic polycrystalline materia
In such case markedly differentQp values exist if the field is
applied along different crystallographic directions, and t
bending appears due to the averaging over possible orie
tions of crystallites in the powder sample. This bending
more pronounced in magnetically uniaxial material~easy-
magnetization direction, that is, the case of URhAl with t
easy-magnetizationc axis! than in the case of an easy-plan
anisotropy. In the case of this anisotropy, theme f f values
obtained by fitting to the MCW law are smaller than th
intrinsic effective moments. Both types of the bending c
coexist in the diluted URhAl system, and cannot be dist
guished without studies on single crystals. The data obtai
from the MCW fit thus merely illustrate tendencies of vari
tions of the paramagnetic susceptibility and need not to
taken as quantitative information on the microscopic para
eters. Nevertheless, the reduction ofme f f with proceeding
dilution can be concluded unambiguously.

At low temperatures, the susceptibilities for compoun
with low Th~Lu! content~see Fig. 3! exhibit a ferromagnetic
behavior characterized by a steep increase with an inflex
point in the critical temperature region followed by a slow
increase belowTc and tendency to saturation in theT
→0 K limit. The magnetization curves~see Fig. 4! and the
Arrott plots ~see Fig. 5! of compounds with low Th~Lu! con-
centration show also a shape typical for the ferromagn
ordering. We should mention here that in our case of
randomly oriented powder and the uniaxial magnetocrys
line anisotropy, the values of the magnetic moments de
mined from our data are 1/2 of the real moments.

The critical temperatures determined from the magnet
tion and the specific heat are given in Table II. They decre
rapidly with increasing Th content, and the long-range m
netic order vanishes for about 35% Th. For Lu substituti
the suppression of ferromagnetism is even fas
U0.85Lu0.15RhAl is on the verge of the long-range ferroma
netism.
2-3
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C. Specific heat

The specific heat of the U12xThxRhAl series is repre-
sented in Fig. 6. The samples with low substitution exh
very pronounced anomalies associated with the magn
phase transition. It turns into a broad bump for 20% of T
and only an upturn at lowT appears for higher Th concen
tration. The shift ofTC to lower temperatures with increasin
thorium content is clearly seen here. We observe a sim
trend in the U12xLuxRhAl series.

The specific heat in the studied compounds consists g
erally of three contributions: the lattice~phonon! specific
heatCph , the electronic partCel , and the magnetic specifi
heatCmag. In the case of nonmagnetic ThRhAl and LuRhA
the magnetic part is zero and the analysis is more strai
forward. Theg coefficient characterizing the electronic co
tribution is easily obtained from theCp /T vs T2 plot at low
temperatures. The fit to our experimental data below 10
givesg54 mJ K22 mol21 and 3 mJ K22 mol21 for ThRhAl
and LuRhAl, respectively.

The total phonon spectrum consists of three acoustic
six optical branches in our case~three atoms in the unit cell!.

FIG. 3. Temperature dependence ofM /H measured as field
cooled in 0.01 T for U12xThxRhAl with x50.10, 0.20, and 0.35
~open symbols!. For comparison, the zero-field cooled data forx
50.10 are also shown~filled circles!.

FIG. 4. Magnetization curves for different concentrations in
U12xThxRhAl ~open symbols! and U12yLuyRhAl ~filled symbols!
systems measured at 2 K. The data for URhAl (x50.0) are taken
from Ref. 11.
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We applied the following approximation: the three acous
branches we described by the Debye model and chara
ized by one Debye temperatureuD , the six optical branches
we described by the Einstein model and characterized by
different Einstein temperaturesuE , each describing three
branches. Such a model has been used, e.g., in a similar
of UPtAl.14 A simple model of the phonon spectrum with a
nine phonon branches described by a singleuD value com-
pletely fails to describe the experimental data in the wh
temperature range. The value ofuD is determined by the
slope of theCp /T vs T2 linear dependence atT!uD . The fit
to experimental data below 10 K gives for the three acou
branches in our modeluD5149 K and uD5170 K for
ThRhAl and LuRhAl, respectively. Further fit to our data
ThRhAl, keeping this value ofuD , gives the Einstein tem-
peraturesuE15175 K anduE25442 K. As LuRhAl is not
relevant as a background compound due to its different c
tal structure, we did not perform analogous analysis in t
case.

To obtain the magnetic specific heat in the magnetica
ordered compounds, one has to subtract the phonon and
electronic contributions. As a first approximation, we to
the phonon contribution of ThRhAl plus the electronic sp
cific heat characterized byg545 mJ K22 mol f.u.21. Such
an approximation gives a good agreement with the meas
data of all magnetically ordered compounds betweenTC and

FIG. 5. Arrott plots for U0.90Th0.10RhAl and U0.65Th0.35RhAl
~inset! at different temperatures.

FIG. 6. The Cp /T vs T dependencies for the U12xThxRhAl
series.
2-4
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100 K. The corresponding magnetic entropy is given in Ta
II. These values represent an upper entropy estimate bec
~i! our analysis of URhAl data below 10 K suggests sligh
smalleruD value (.135 K) that would lead to a higher pho
non contribution and~ii ! we take a constantCmag/T value
between the lowest measured temperature and 0 K, whi
reality one expects a decrease to zero. This upper limi
entropy in URhAl (0.40R ln 2) is comparable to the entrop
in UNiGa,15 but considerably lower than in UPtA
(0.71R ln 2).14 The entropy clearly decreases with Th or L
substitution, even when related to the U concentration
stead to the formula unit.

The real g value can be determined as theCp /T(T
→0 K) limit from the low-temperature data. These value
given in Table II, increase considerably with dilution by T
or Lu, reaching a moderate heavy-fermion value
230 mJ K22 mol f.u.21 for 35% of Th. By applying the mag
netic field, the highg values in compounds with high conte
of Th or Lu (x.0.1) are strongly reduced~e.g., from
.230 mJ K22 mol f.u.21 in 0 T to .100 mJ K22 mol f.u.21

in 4 T for the 35% Th sample!, while theg value in URhAl
remains almost field independent.

The Cp /T(T) dependence for 35% Th exhibits a stro
upturn at low T. Taking the same lattice specific heat
U0.65Th0.35RhAl as in ThRhAl and plotting the remainin
electronic partC5 f divided byT vs logT ~shown in Fig. 7!,
one can observe a linear dependence between 0.4 K and
Another linear part with a different slope is seen betwee
K and 10 K. Such logarithmic dependence is often attribu
to a non-Fermi-liquid~NFL! behavior.16 However, the spe-
cific heat in the NFL systems follows such dependence u
ally in a broader temperature range, at least over one dec
The increase between 2 K and 0.4 K is not large in our case
We thus cannot unambiguously characterize this compo
as a NFL system.

IV. DISCUSSION

Let us now discuss qualitatively the development of
electronic properties in the studied system. The nonmagn
ground state and the lowg value of the electronic specifi
heat in ThRhAl and LuRhAl are consistent with the absen

FIG. 7. TheC5 f /T vs logT data for U0.65Th0.35RhAl; the elec-
tronic (5f ) contribution to the specific heat has been obtained
subtraction of the lattice part from the measured data.
05441
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of the 5f electronic states near the Fermi energyEF in
ThRhAl ~or 4f states in LuRhAl!. By increasing the uranium
content, we observe first an enhancement of theg value,
which can be associated with a formation of a relatively n
row resonance of quasiparticle states at the Fermi level.
g value reaches a maximum in the concentration reg
where the long-range ferromagnetic order appears. Fur
increase of uranium concentration leads to growth of the u
nium moments, to a strengthening of the ferromagnetic
change interactions, and consequently to the increase o
critical temperature, the ordered magnetic moment and
magnetic entropy~see Fig. 8!. Considering the 5f bonding
anisotropy to be the main mechanism responsible for
magnetocrystalline anisotropy2 in the studied compounds, w
assume the uniaxial magnetic order with thec axis as the
easy-magnetization direction. With the onset of the magn
order, theg values decrease. Besides the suppression
many-body phenomena related to the onset of magnetism
may think of removing part of the 5f states fromEF due to
the splitting of spin-up and spin-down subbands. But it
interesting to note that theg value in the ordered state (T
→0 K) in pure URhAl (g567 mJ K22 mol21) is higher
than that in the paramagnetic state (g545 mJ K22 mol21

estimated from comparison to ThRhAl as described in S
III C.!, which contradicts the latter possibility.

The comparison of~U,Th!RhAl with ~U,Lu!RhAl ex-
cludes explanation of the suppression of magnetism as du
the change of the conduction electron concentration~Fermi-
level tuning!. Both tetravalent Th and trivalent Lu lead to
fast suppression of magnetism~uranium is usually assume
to be trivalent in this type of compounds!.

When putting~U,Th!RhAl and~U,Lu!RhAl to the context
of several other isostructural systems mentioned in the In
duction, we deduce that they differ from the local-mome
system~U,Th!CoSn by much faster suppression of ferroma
netism. For example, (U0.65Th0.35)RhAl resembles very
much, including the pronounced low-T upturn inC/T vs T,

y

FIG. 8. Concentration dependence of~a! the ordering tempera-
ture, ~b! the g coefficient of low-temperature specific heat and t
magnetic entropy. The open and filled symbols concern alw
U12xThxRhAl and U12xLuxRhAl compounds, respectively.
2-5
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(U0.20Th0.80)CoSn. For the Lu dilution, the suppression
ferromagnetism is even faster, presumably due to a size
fect. In the systems with Th, the dilution of the U sublatti
as the destructive mechanism for the 5f magnetism is partly
compensated by an increasing volume; which normally le
to the stabilization of the 5f moments. For the substitutio
with smaller Lu atoms, the volume increase is absent.

The dilution can be conceived either as the destruction
well-defined 5f band states first by the loss of coherence~in
early stage of dilution!, then as decay into individual impu
rity states~for higher dilution!. In a qualitatively similar way
we could characterize the development for the U magne
with not so pronounced features of band magnetism,
which hybridization-induced exchange interaction picture
more appropriate. On the other hand,~U,Th!RhAl differs
from the systems mentioned in the Introduction as weak i
erant magnets. The difference is that the concentration w
undoubtedly nonmagnetic ground state~15% Lu, 35% Th!
exhibit still the paramagnetic susceptibility of the Curi
Weiss type and not the Pauli type.

V. CONCLUSIONS

The substitution of the U atoms by Th or Lu in URhA
leads to a suppression of the ferromagnetic order. The m
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