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Magnetic properties of diluted band ferromagnet URhAI
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Crystal structure, magnetization, and specific-heat studies were performed on, theh{RhAI and
U, _,Lu,RhAI pseudoternary systems. The parent URhAI compound orders ferromagnetically Bglow
=27 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.
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. INTRODUCTION typical weak ferromagnet withus=0.20ug/f.u. The ferro-
magnetism disappears rapidly with applied pres$uamed the
The 5f states in light actinides are generally close to thefact that the Pauli paramagnetic susceptibility was found al-
borderline between localized and itinerant behavior. Theiready for 30% Y(Ref. § points to the type-B scenario. Simi-
sensitivity to external variables and composition manifestdar fast decay of magnetic ordering was indicated also for an
into a large variability of magnetic properties and in someitinerant antiferromagnet UNiAj:1°
cases even in rather exotic charadter. URhAI can be assumed as an intermediate case. Magnetic
The basic features of the development of magnetism imomentus=0.94ug/f.u. [11] does not reach the value of,
uranium intermetallic compounds are well understood due te.g., UCoSn (1.2g/f.u.) and especially its ordering tem-
variations of the U-U spacing and the strength of theperatureT.=27 K is much lower thaif =80 K in UCoSn.
5f-ligand hybridization. Depending on these parametersOn the other side, both values exceed those of
magnetic characteristics can develop from the Pauli para, oY o oCOAl (Tc=14 K, us=0.10ug/f.u.).” It is also
magnetism pertinent to a broadf-band case to various interesting to compare the development of magnetism in
forms of weak itinerant magnetism up to a locdl moment  high pressure. For §bgY oC0AIl both T and ug strongly
behavior, which is encountered at a large U-U spacing and decrease with hydrostatic pressure@ (dT./dp~
weak hybridizatiorf. The ultimate limit of localized 5 states  —110 K/GPa, dus/dp~—0.8ug/GPa). For the local-
is though found only in singular cases. Several scenarios canoment systemsT ¢ follows an initial increasing tendency.
be followed when diluting the U sublattice in a U-basedThe data are not available for UCoSn, but, for example,
intermetallic. In the “local-moment” scenario A, the long- UPtAI with a presumable similar local-moment behavior ex-
range magnetic order is preserved to a rather low U conterfibits d To/dp=2.5 K/GPa, du/dp=—0.027ug/GPa)*?
and is followed by a glassy statepin glass or cluster glass For URhAIl, Tc has a weakly decreasing tendency
at even higher dilution. The critical concentration of the U(dTc/dp=-0.3 K/Gpa)_l3
ions can be roughly associated with a percolation limit. But |t s therefore interesting to investigate the dilution behav-
in the ultimate case of the dilution limit, the uranium mo- jor of URhAI. In the present work we describe the results of
ments are lost in most of cases. Few exceptions of U magnagnetic and thermodynamic studies of the systébis
netic moments existing in the dilution limit include the casesTh)RhAI and (U-Lu)RhAI. The two different nonmagnetic
of the localized 5§ states, as U in AuRef. 3 or U in  elements were chosen to investigate if a size factor plays a
ThRu,Si,.* A different scenario B was observed for U com- role.
pounds classified as more itinerant. Magnetic ordering as
well as magnetic moments decay much faster with the dilu-
tion of the U sublattice and the Pauli paramagnetic character
is achieved long before the dilution limit. Polycrystalline samples were prepared by arc melting the
For the U compounds with the ZrNiAl structure type, stoichiometric amounts of the pure elements under an argon
which were otherwise studied thorougRlgnly few dilution  atmosphere. The ingot was melted several times to enhance
studies have been performed. One of them, dealing with ththe homogeneity. Weight loss was checked after melting and
(U-Th)CoSn system, shows the scenario A. UCoSn is a found to be negligible. The characterization of the samples
local-moment ferromagnétlthough exhibiting itinerant 5  was performed by x-ray powder diffraction with a Brucker
states with To=80 K. The ferromagnetism vanishes at D8-advance diffractometer, using a monochromatedkGu
around 60% TH. radiation and a position-sensitive detector. Small single crys-
On the other hand, much stronger hybridization with thetals isolated from the fragmented button were examined with
Al-p states(due to the smaller size of the Al ions comparedthe Enraf-Nonius CAD4 diffractometer using the monochro-
to Sn.° yielding a stronger §itinerancy in UC0AI, leads to mated MoK, radiation.
the different dilution scenario. In this band metamaditie¢ The magnetization was studied on powder samples with
ground state is paramagnetiche magnetic order can be grains randomly oriented and fixed by an acetone-based glue.
induced by a small substitution by Y or Lu, resulting in a Measurements were performed using a superconducting
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TABLE I. Atomic positions in LURhAI. 0.175 —7 . . .
/
/
Atom X y z - ///% Th
“@ /
Lu ~0.035(2) 0.25 0.178) g ¥
Rh 0.2373) 0.25 0.6242) > /
Al 0.8657) 0.25 0.5576) #ﬁ
0.170 | Lu
$4
guantum interference magnetome{€uantum Designin 720 H—t+——+—+——+—4 415
magnetic fields up to 7 T in the temperature range 2—300 K. é
The specific heat was measured by the relaxation method o
using the Quantum Design PPMS-9 system, installed at ITU oy @ AR
Karlsruhe in the temperature range 1.8—300d&wn to 0.4 g /? g
K for samples with 20% and 35% of ThThe samples with e - 2 b
a mass of~10-20 mg were used for these measurements. T0Tegst 7 —= 145
f§'§’§’/§/
iii
lil. RESULTS 00 02 04 06 08 10 "
A. Crystal structure x

The x-ray powder diffraction confirmed the hexagonal FIG. 1. Concentration dependence of the lattice parameters and

ZrNiAl-type structure (space group P62m) for the  the unit-cell volume in Y_,ThRhAI (open symbols and
U,_,Th,RhAI compounds in the whole concentration range.Y1-xLURhAI (filled symbolg; lines are guides to the eye.

Unfortunately, the sample with 80% Th contained a larger
amount of ThQ and other impurity phase, and no thermal The lattice parameters of the compounds with the ZrNiAl-
treatment led to improved phase purity. Therefore we onlytype structure are given in Table Il and plotted in Fig. 1. The
determined the lattice parameters of the main phase but didarametera increases almost linearly with increasing the
not use this sample for further studies. Th(Lu) concentration. On the other hand, tbheparameter

In the U, _,Lu,RhAI series, the hexagonal structure is re-seems to stay almost constant for low Th concentration and
tained tox=0.15. The samples with higher Lu concentrationincreases only above>0.3, following roughly a quadratic
contained already spurious phases. The crystal structure dependence, and shows a slight decrease for Lu substitution.
LURhAl is orthorhombic TiNiSi-type(space groupPnmag  The internal parameter characterizing the uranium atomic
with a=673.2(1) pm,b=412.8(1) pm, ancc=787.9(1) position xy,=0.580(2) remains unchanged for all com-
pm. The refined atomic positions are given in Table I. pounds studied.

TABLE Il. Characteristics of Y_,Th,RhAl and U, _,Lu,RhAIl materials.

X a c Tc ®p Mef M Mer Y Siag
(pm  (pm  (K) K)  (ug/U) (ug/VU) (ug/U) (MIK 2molfu. ) (JK *molfu. 1)
[(IK *molU™?)

U;_ThRhAI

0.00 698.6 402.7 27(5) 34.5 1.89 0.4{@1) 054 612) 2.32 /2.32
0.05 699.2 402.9 20) 93(2) 1.94 /2.04
0.10 700.1 402.6 18 20.84) 1.791) 0.441) 0.50 11Q10) 1.64/1.82
0.20 702.2 402.8 (2) 51 1.491) 0.191) 0.30 16010 1.10/1.37
0.35 703.7 403.5 —4.8(5) 1.4%1) 0.22 23@30)

0.50 710.4 406.2 —22(5) 0.783) 0.14 12@20)

1.00 719.2 411.6 @

U;_,Lu,RhAI

0.00 698.6 402.7 27(5) 34.5 1.89 0.47@) 054 672 2.321/2.32
0.05 697.9 4019 18 22.24) 1.451) 0.381) 0.42 975) 1.78/1.87
0.10 698.1 401.7 12 13.65 1.341) 0.231) 0.30 13510) 1.25/1.39
0.15 700.3 401.5<1.8 13.65) 1.341) 0.19 175%30)

1.00 Pnma 3(1)

#Extrapolated to O T from the Arrott plot at 2 K.
PDetermined as an extrapolation to 0 K in zero magnetic field.
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FIG. 2. Temperature dependence of the inverse susceptifditalculated per U atonfor U, _,Th,RhAl and U, _,Lu,RhAI measured
in the field of 4 T. The data fox=0.10,0.20(Th) andx=0.10,0.15(Lu) below 70 K are influenced by a small amount of a ferromagnetic
impurity and have not been used in the fit.

The uranium sublattice in this crystal structure is characformation of local moments, contribute to this term, and it
terized by a closer spacing within the basal plane than alonbas to become significant in the high-dilution limit. On the
the ¢ axis. The shortest U-U distance in URhAI is found other hand, a bending of ¢/T) dependence, which can be
within the basal planed,.,=a 1—3Xu+3X650-5193- very well approximated by adding the, term to the stan-

) ; : ; ard Curie-Weiss expression, appears when measuring sus-
The U-U spacing perpendicular to the basal plane is equal tgeptibility of a strongly anisotropic polycrystalline material.

e o o o e et g ol ch case markedy cferelyvalues exs e el
) ) . ’ “applied along different crystallographic directions, and the
low Th concentrations, tha parameter increases being pre- bending appears due to the averaging over possible orienta-
dominantly affected by the bonds in the uranium sublatticgigns of crystallites in the powder sample. This bending is
w!thm the bas_al plane. Consequently, tﬂe_n ratio decreases more pronounced in magnetically uniaxial materiabsy-
slightly when increasing Tlhu) concentration. Nevertheless, magnetization direction, that is, the case of URhAI with the
the c parameter remains considerably larger thandp&,  easy-magnetization axis) than in the case of an easy-plane
spacing within the basal plane in the whole concentratiomnisotropy. In the case of this anisotropy, thes; values
range. For the dilution of the U sublattice by smaller Lu obtained by fitting to the MCW law are smaller than the
atoms, this large increase of the lattice paramateras not intrinsic effective moments. Both types of the bending can
observed. coexist in the diluted URhAI system, and cannot be distin-
guished without studies on single crystals. The data obtained
B. Magnetic measurements from the MCW fit thus merely illustrate tendencies of varia-
. ... .tions of the paramagnetic susceptibility and need not to be
The temperature dependence of magnetic susceptibility ifbyen a5 quantitative information on the microscopic param-
the paramagnetic region follows for aII_the compounds, eXutars. Nevertheless, the reduction of; with proceeding
cept for ThRhAI and LuRhAl displaying a temperature- dilution can be concluded unambiguously.

mdepgndent. suscgpt|bll|ty X510 l(,) m*mol™), the At low temperatures, the susceptibilities for compounds
modified Curie-WeissMCW) law (see Fig. 2 with low Th(Lu) content(see Fig. 3 exhibit a ferromagnetic
2 behavior characterized by a steep increase with an inflexion
Namomphess 1) point in the critical temperature region followed by a slower

X 3kg(T—0) T Xo- increase belowT,. and tendency to saturation in the
—0 K limit. The magnetization curvesee Fig. 4 and the
The values of the effective moment; and the paramag- Arrott plots (see Fig. % of compounds with low T¢Lu) con-
netic Curie temperatur®,, in the studied compounds as ob- centration show also a shape typical for the ferromagnetic
tained from our fit to experimental data are given in Table Il.ordering. We should mention here that in our case of the
The temperature independent teyy is of the order of 1  randomly oriented powder and the uniaxial magnetocrystal-
%108 m*mol™? for all the samples. The other symbols in line anisotropy, the values of the magnetic moments deter-
Eq. (1) have their usual meaning. The positive paramagnetieined from our data are 1/2 of the real moments.
Curie temperature is in agreement with expected ferromag- The critical temperatures determined from the magnetiza-
netic interactions in the magnetically ordered compoundstion and the specific heat are given in Table Il. They decrease
Performing an analysis on the basis of the MCW law, onerapidly with increasing Th content, and the long-range mag-
has to have in mind two different sources of the temperaturenetic order vanishes for about 35% Th. For Lu substitution,
independent terny,. One is the real Pauli susceptibility due the suppression of ferromagnetism is even faster:
to the electrons at the Fermi level. One has to assume that, g4 ug 1gRhAI is on the verge of the long-range ferromag-
weakly correlated electrons, i.e., those not involved in thenetism.
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FIG. 3. Temperature dependence MffH measured as field FIG. 5. Arrott plots for ¢gTho;RAI and W geThy sRhAI

(open symbols For comparison, the zero-field cooled data %or

=0.10 are also showilled circles. We applied the following approximation: the three acoustic

C. Specific heat branches we described by the Debye model and character-

. L ized by one Debye temperatuflg , the six optical branches
The specific heat of the U,Th,RhAIl series is repre- : ; ; ;
sented in Fig. 6. The samples with low substitution exhibit e, AeScrioed by the Einstein model and characterized by two

. . : different Einstein temperature@z, each describing three
very pronounced anomalies associated with the rnagr]e“lgranches Such a model has been used, e.g., in a similar case
. . 0 . 1 - "
phase transition. It turns into a broad bu_mp for 20% of Th,Of UPAL.* A simple model of the phonon spectrum with all
and only an upturn at low appears for higher Th concen-

: ' - - nine phonon branches described by a singevalue com-
tration. The shiit (.Dﬂ—c to lower temperatures with Increasing letely fails to describe the experimental data in the whole
thorium content is clearly seen here. We observe a simil

trend in the U_,Lu,RhAl series, emperature range. The value 6§ is determined by the

Th ific heat in the studied com d ists ge slope of theC, /T vs T2 linear dependence at< 6 . The fit
€ Specitic heat in S_u Ied compounds consists gely experimental data below 10 K gives for the three acoustic
erally of three contributions: the latticgphonon specific

heatC.. the electroni © nd the maaneti i branches in our modeb,=149 K and 6p,=170 K for

€atlpn, e EIECIronIC parte, and the magnetic SpEcilic -+, pp A ang LURhAl, respectively. Further fit to our data of
heatCrag. I_n the case of nonmagnetic TthAI and LURhAI’ ThRhAI, keeping this value ofy, gives the Einstein tem-
the magnetic part is zero and the analysis is more Stra'ghberaturésa —175 K and @ :4;12 K As LURhAI is not
fo_rwqrd. They poeﬁicignt characterizing the 2e|ectronic CON- relevant asE; background c%zmpound .due to its different crys-
tribution is easily obyamed from th@.P/T vs T* plot at low al structure, we did not perform analogous analysis in this
temperatures. The fit to our experimental data below 10

i “ o PSR ase.
glr:/desl_zar?Arln\:eKs_pethij\l/elyand 3 mJK=mol™= for ThRhAI To obtain the magnetic specific heat in the magnetically

. . rdered compounds, one has to subtract the phonon and the
The total phonon spectrum consists of three acoustic an

. tical b hes i & i in th it coll lectronic contributions. As a first approximation, we took
six optical branches in our caggree atoms in the unit cg the phonon contribution of ThRhAI plus the electronic spe-

U, Th RhAl Ul_yLuthAl cific heat characterized by=45 mJK 2molf.u.”!. Such

0.6 —— T an approximation gives a good agreement with the measured
I x=010) data of all magnetically ordered compounds betw€&grand
W;;:om 0.6 i : :
5 04 [ eerorrmmre—r—"" | 4
2 03} y=010 S
: ’ x=0.20 e
x=035 3 04
0.2 y=0.15] g
N& 0.3
0.1 8 =
bﬁ 0.2
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HH (T) 0.0
FIG. 4. Magnetization curves for different concentrations in the T (K)
U, _xTh,RhAI (open symbolsand U,_,Lu, RhAI (filled symbolg
systems measured at 2 K. The data for URh&=(.0) are taken FIG. 6. TheC,/T vs T dependencies for the ;U,Th,RhAI
from Ref. 11. series.
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subtraction of the lattice part from the measured data. 00 0.1 02 03 04 0S5

X
100 K. The corresponding magnetic entropy is given in Table FIG. 8. Concentration dependence(af the ordering tempera-
[l. These values represent an upper entropy estimate becausee, (b) the y coefficient of low-temperature specific heat and the
(i) our analysis of URhAI data below 10 K suggests slightly magnetic entropy. The open and filled symbols concern always
smallerép value (=135 K) that would lead to a higher pho- U;_,ThyRhAl and U, _,Lu,RhAIl compounds, respectively.
non contribution andii) we take a constart,,,/T value
between the lowest measured temperature and 0 K, while igf the 5f electronic states near the Fermi enefBy in

reality one expects a decrease to zero. This upper limit ofprnAl (or 4f states in LuRhA). By increasing the uranium
entropy in lleRhAl (0.40RIn2) is comparable to the entropy content, we observe first an enhancement of thealue,
In UNiGa, 14 but considerably lower than in UPtAl \yhich can be associated with a formation of a relatively nar-
(0.71RIn 2). The entropy clearly decreases with Th or Lu 1oy resonance of quasiparticle states at the Fermi level. The
substitution, even when related to the U concentration in-, value reaches a maximum in the concentration region
stead to the formula unit. . where the long-range ferromagnetic order appears. Further
The real y value can be determined as t@,/T(T  increase of uranium concentration leads to growth of the ura-
—0 K) limit from the low-temperature data. These values,yiym moments, to a strengthening of the ferromagnetic ex-
given in Table Il, increase considerably with dilution by Th change interactions, and consequently to the increase of the
or Lu, re;achmg a moderate heavy-fermion value oOfcyitical temperature, the ordered magnetic moment and the
230 mJK “molf.u.”~ for 35% of Th. By applying the mag- magnetic entropysee Fig. 8 Considering the & bonding
netic field, the highy values in compounds with high content anisotropy to be the main mechanism responsible for the
of Th or Lu (x>0.1) are strongly reducede.g., from  magnetocrystalline anisotropin the studied compounds, we
=230 mJK?molf.u"*in 0 T to =100 mJK?molf.u."*  assume the uniaxial magnetic order with thexis as the
in 4 T for the 35% Th samp)ewhile the y value in URhAI  easy-magnetization direction. With the onset of the magnetic
remains almost field independent. - order, they values decrease. Besides the suppression of
The C,/T(T) dependence for 35% Th exhibits a strong many-body phenomena related to the onset of magnetism we
upturn at lowT. Taking the same lattice specific heat in may think of removing part of the f5states fromEr due to
UoesThosRNAI as in ThRhAI and plotting the remaining the splitting of spin-up and spin-down subbands. But it is
electronic parCs; divided by T vs logT (shown in Fig. 7, interesting to note that the value in the ordered stater (
one can observe a linear dependence between 0.4 K and 2 K, g K) in pure URhAI (y=67 mJK 2mol™Y) is higher
Another linear part with a different slope is seen between 3han that in the paramagnetic statg=(45 mJ K 2mol !
K and 10 K. Such logarithmic dependence is often attributecsstimated from comparison to ThRhAI as described in Sec.
to a non-Fermi-liquid(NFL) behavior'® However, the spe- i C.), which contradicts the latter possibility.
cific heat in the NFL systems follows such dependence usu- The comparison of(U,ThH)RhAI with (U,Lu)RhAI ex-
ally in a broader temperature range, at least over one decadqydes explanation of the suppression of magnetism as due to
The increase betwee2 K and 0.4 K is not large in our case. the change of the conduction electron concentratfermi-
We thus cannot unambiguously characterize this compoungye| tuning. Both tetravalent Th and trivalent Lu lead to a
as a NFL system. fast suppression of magnetisfuranium is usually assumed
to be trivalent in this type of compounds
When putting(U, Th)RhAI and(U,Lu)RhAl to the context
of several other isostructural systems mentioned in the Intro-
Let us now discuss qualitatively the development of theduction, we deduce that they differ from the local-moment
electronic properties in the studied system. The nonmagnetigystem(U,Th)CoSn by much faster suppression of ferromag-
ground state and the low value of the electronic specific netism. For example, ({hsThgz9RhAI resembles very
heat in ThRhAI and LURhAI are consistent with the absencemuch, including the pronounced low-upturn inC/T vs T,

IV. DISCUSSION
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(Ug 20Tho g9 CoSN. For the Lu dilution, the suppression of netization and specific-heat data reveal a decrease of the or-
ferromagnetism is even faster, presumably due to a size eflering temperature, the spontaneous magnetization, the mag-
fect. In the systems with Th, the dilution of the U sublattice netic entropy, and the paramagnetic effective moment with
as the destructive mechanism for the fiagnetism is partly the Th or Lu substitution. The suppression of ferromagnetism
compensated by an increasing volume; which normally leadis faster for the Lu substitution. The compounds with 35%
to the stabilization of the 5 moments. For the substitution Th and 15% Lu are on the verge of the long-range ferromag-
with smaller Lu atoms, the volume increase is absent. netism, and a maximum of the electronic specific heat ap-
The dilution can be conceived either as the destruction opears in these critical concentration regions. We demon-
well-defined § band states first by the loss of coherefice  strated that the substitution of the U sublattice is a
early stage of dilutioy then as decay into individual impu- convenient tool to study the degree of the delocalization of
rity states(for higher dilution. In a qualitatively similar way the 5f states. URhAI is an intermediate case between the

we could characterize the development for the U magnetic§ ek itinerant magnets and Jocal-moment systems.
with not so pronounced features of band magnetism, for

which hybridization-induced exchange interaction picture is

more appropriate. On the other han@dl, Th)RhAI differs
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