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We present the results of x-ray-powder diffraction, magnetic susceptibility, magnetization, electrical resis-
tivity, and Massbauer effect measurements performed on the, Ufgm Al system. The lattice parameters
determined for the system show a sharp maximumafos) and minimum forc(x) approximately fox=0.3.

From the point of view of magnetic properties this system appears to have two main concentration ¢agions:
0<x<0.5 and(b) 0.5=x=<1.0. The phases falling into the first region do not show a long-range magnetic
ordering, while in the second region they become ferromagnetic with the maximum values of the Curie
temperature and spontaneous magnetic momex#=8t8. The ferromagnetic properties of the alloyBat0

T with 0.5<x=<0.98 are also confirmed by the e&bauer effect experiment. Furthermore, we compare the
magnetic behavior of URe ,Co,Al with that of the analogous URe,Ni,Al. We find that the maximum
ferromagnetic response appears in both systems by introduction to them of approximately 0.8 or 1 more
electron, i.e., for thex=0.8 and 0.5 compositions, respectively. Moreover, we discuss the complex magnetic
properties of pure U-Co-Al in more details and some view on its ground state is given.
[S0163-18296)07446-3

[. INTRODUCTION In this paper, we present experimental results obtained for
the UFg _,Co,Al system and compare its magnetic behavior
In the UTM series, wherd is a transition metal anifl is  with that of the analogous Uke,Ni,Al one. It appears that
a p-electron metalloid, the ground state of uranium atomshe main difference is that Co introduces one electron to the
strongly depends on it§ partner. It has been demonstrated system, whereas Ni can introduce two. Both end compounds
that the gradual filling of thed states with electrons causes U-Fe-Al and U-Co-Al(low-temperature phasgare isostruc-
the magnetic properties of theTW compounds to develop tural and crystallize in the hexagonal Ho-Ni-Al-type struc-
from an itinerantlike paramagnetic behavidtJ-Fe-Al, ture with similar lattice parametefa=6.672 A,c=3.981 A,
U-Co-Si, U-Co-Gg, through spin fluctuationfJRuM), and anda=6.682 A andc=3.974 A, for U-Fe-Al and U-Co-Al,
itinerant ferromagnetisrlURhM) to magnetic local-moment respectively.*® In spite of this fact, their magnetic properties
ordering(UNiM, UPdM, and UPM).}2 Therefore, the mag- are quite different. The well documented data on U-Fe-Al
netic behavior of the UM compounds depends not only on (Refs. 1 and § indicate that this compound behaves as a
the U-U spacing, but also correlates strongly with the degregveakly temperature-dependent paramagnet. On the other
of the 5f-nd hybridization, which decreases rapidly with hand, U-Co-Al shows a very complex magnetic behavior.
electron filling of thend state. This stems from the fact that the observed broad maximum
In order to obtain a better understanding of the influencen the magnetization of U-Co-Al arounf~16 K and in low
of 5f-nd hybridization effects on the physical properties of magnetic fields suggests the onset of an antiferromagnetic
UTM series, we have earlier investigated the pseudoternamyrdering below this temperatufeln higher fields a meta-
UFe, _,Ni, Al system by means of magnetic and b&bauer magneticlike transition takes place. However, this transition
effect measurementsThe results have shown a rapid in- does not proceed with a distinct jump in the magnetization as
crease in the correlation between the uranium magnetic mane could expect for a two sublattice magnetic system with a
ments neaix~0.35, and the occurrence of ferromagnetismlarge anisotropy, but the magnetization rises gradually in
for compositions with larger values & which in turn dis- some interval0.5—1 T of magnetic fields. The occurrence
appears ak~0.75. The maximum values of both the Curie of the metamagnetic transition may be supported by the fact
temperature and spontaneous magnetic moment of uraniuthat this transition is accompanied by a magnetostriction
have been found at~0.5. Finally, the alloys witx=0.9 effect’ Furthermore, this effect cannot be explained by, e.g.,
develop an antiferromagnetic ordering as U-Ni-Al does.  the magnetization process of an uniaxial ferromagnet, be-

0163-1829/96/522)/1590710)/$10.00 54 15907 © 1996 The American Physical Society



15908 TRAN, TROC ZALESKI, VAGIZOV, AND DRULIS 54

6.73 T T T T T T T T T T T 600 i Al T
6.72 -
671 ] UFe,_Co Al
o~~~ - -
< 670 - 400
] L
6.69 -
6.68 m
667 i UFe, Co,Al ] 200
0.600 t t t + t
=
0.596 |- - g
-
g 0
0.592 | . g
] 200
= =
© 0.588 |- —
\ s’
5N // 1. UFe,_,Co,Al -
- \ . . Fany
B ® TN 2. UFe, Ni Al N
A \ X X i 0 _ 200 o8 /\
0.580 PR R S R N | 200 é 150] meedipr |\ ]
0.0 0.2 0.4 0.6 0.8 1.0 T — - \\
® 05 V0N
% sop 0 S lﬂk
00 10 20 30 ZO" '50
FIG. 1. (a) Lattice parametea as a function of Co concentration 0 \ N R T
x in the UFg _,Ca Al alloys. (b) The ratioc/a as a function of Co 0 50 100 150 200 250 300
(experimental poinysand Ni (dashed ling concentrationx in the T (K)

UFe,_,CoAl and UFg _,Ni,Al alloys, respectively. The dotted
lines show the case of statistical occupancy of the sites by Fe and FIG. 2.

) o " Inverse magnetic susceptibility, %, as a function of
Co or Ni atoms. The solid lines are guides for the eye.

temperature for the URe ,Ca Al samples for:(a) 0.1<x=<0.4, (b)
0.5=x=<0.7, and(c) 0.8<x=<1.0. The solid lines are the fit of the
cause for the latter case the magnetostriction should be’ zeregxperimental points by the modified Curie-Weiss law. The inset
It should be mentioned that the temperature dependenéé‘OWS the magnetization at low temperatures. As an example, the
of both the electrical resistivifyand specific hedtshow no ~ @Tow indicates the inflection point of the(T) dependence for
anomaly around the magnetization maximum temperaturé‘.zo'& which was taken as the Curie temperature of this alloy.
These results lead the authors of Refs. 8 and 9 to suggest that
U-Co-Al is a paramagnet with strong spin fluctuation effectsthor found that the solid solution J&03_ ) 2Al (32 Pre-
at low temperatures. The fact that the maximum in the magserves the E&-type structure for 0:8x<1.2 (i.e, between
netization mentioned above is very broad may explain tdJo.gC011Al1; and U ;Coy Algg and the compositions with
some extent why no anomaly is seen in the temperature d&=0.8 and 0.9 appeared to have a ferromagnetic component
pendences of electrical resistivity and heat capacity. even in zero field. Recently, we have investigated U-Co-Al
The magnetization on a single crystal of U-Co-Al showsby means of neutron-diffraction measureméritwe have
this material to be strongly anisotropic with the easy magnesuggested that our U-Co-Al compound may have the mag-
tization direction along the axis® In addition, the single- netic moments of uranium at low temperatures tilted by some
crystal magnetization curve taken in the easy magnetizatioAngle from thec axis'® The UFg_,CaAl system seems
direction exhibited a very large high-field susceptibility de- therefore to be particularly suitable for the investigation, e.g.,
tected up to 35 T, being probably associated either with th@f the effect of the appearance of ferromagnetism in the sys-
presence of a large paramagnetic contribution into the ortem characterized by a fairly strong and anisotropfed
dered state or by a higher projection of the magnetic momerftlectron hybridization.
onto thec axis with increasing magnetic field strendgthag-
netic moment forms on angle _With the axis_). The ratio Il EXPERIMENTAL DETAILS
between the calculated magnetic moments in 35 T, and that
extrapolated to zero magnetic field was found to be larger The UFg_,Co,Al samples withx=0.1-0.9, were synthe-
than 2. Further detailed measurements with polarized netwsized by arc melting the constituent metals under a purified
tron, performed on a single crystal of U-Co-Al in magnetic argon atmosphere. The samples were remelted several times
fields of 1.7 and 5 T, have demonstrated that this compoundnd then annealed at 650 °C for two weeks in vacuum sealed
may be regarded as a band Betamagnet®!! This inter-  quartz ampoules. The homogeneity of samples was checked
pretation has been in line with the self-consistent lineaby electron microprobe analysis and x-ray diffraction.
muffin-tin orbital energy band calculatiofs!® Andreev* dc-magnetic susceptibility measurements were carried out
investigated the range of homogeneity of U-Co-Al. The au-in the temperature range 4.2—300 K and in applied magnetic
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fields up to 0.5 T, using a Faraday-type Cahn-RH electrobal-

ance, while the ac-magnetic susceptibility was measured enfiterature instead, has the unit ceII volume of this structure

ploying a Lakeshore susceptometer allowing the frequencgloubled compared to the feonel®

range 33—-666 Hz and app|y|ng external magne'uc fields up to The variation in the lattice parametarand in the ratio

5 mT. Magnetization measurements were performed at 4.2 k/a of the UFg_,CoAl samples upon compositior is

and in magnetic fields up to 4 T, using a moving Samp|eShOWn in Flg 1. From this figure it is clear that the Vegard

magnetometer. The electrical resistivity has been measurd@w fails; the concentration dependence of both the param-

only for U-Co-Al in the temperature range 1.2—300 K and in€tersa(x) and c/a(x) show a strong anomaly at~0.3—

applled magnetlc fields up to 1 T. 0.4. A similar compositional behavior of the lattice param-
The 5'Fe Mossbauer studies were performed using a 57ters, but even more mamfested has already been observed

Co/RH50 mCj source and a conventional constant acceleraby Us in the UFe_,Ni,Al system? This unusual effect has

tion spectrometer Polon. The dsbauer spectra were col- been explained by the preferential occupation of Ni atoms at

lected at 13 and 295 K. The velocity scale was calibratedhe (1b) site and hence implying a large increase in the

usmg a-Fe absorber at room temperature. valence electron denS|ty contribution at this éﬁé—hls ef-

fect highly influences all the physical properties of these al-

loys. Here we are also dealing with the preferential occupa-

tion of Co atoms at the (i) sites. However, the effect is not

so distinctly manifested as in the case of Ni in the

UFe,_,Ni, Al system because of fewer electrons introduced
X-ray diffraction at room temperature showed that theby Co. It becomes clear if one compares in Figb)lthe

UFe, _,CoAl samples were almost single phase having themagnitude of anomaly effect in the lattice parameters near

hexagonal Ho-Ni-Al-type structuréspace groupP62m), x=0.3 for both systems in respect to the corresponding val-

i.e., the ordered version of the JRetype. The unit cell con- ues determined by the Vegard law.

tains uranium atoms in the {3 sites with the aluminum

atoms in the (8) sites. The two remaining inequivalent

positions (b) and (Z) of this cell are occupied by the

transition metals. The BB type and its ordered version have  The temperature dependencies of the inverse susceptibil-

been discussed in details by Dwigittal1® and by Hovest- ity, y %(T), for UFe_,CaAl are collected in Fig. 2. As a

eydtet al,'” who pointed out the same size of the unit cellsgeneral feature, all these phases in the concentration range

for Fe,P- and Ho-Ni-Al-type structure. In contrast, the Zr- x=0.1-0.4, do not show a long-range magnetic ordering

Ni-Al-type structure, commonly used by many authors in thedown to the lowest temperature studied, namely, 4.2 K. Es-

FIG. 3. Paramagnetic Curie temperatu@®p, as a function of
Co concentratiorx.

. RESULTS
A. X-ray diffraction

B. Magnetic susceptibility and magnetization
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X' (T) andy'(T), for the polycrystalline U-Co-Al sample measured

with (a) different applied frequencies in zero external magnetic FIG. 6. Temperature dependence of the ac susceptibilities,

field, and(b) under different external magnetic fields and constanty’(T) and x'(T), for the single crystalline U-Co-Al sample with

frequency. Hgc being (a) parallel to thec axis and(b) perpendicular to the
axis.

pecially, the data for UrgCo Al are quite similar to those  oce of ong-range ferromagnetic interactions between the

of U-Fe-Al® i.e., the magnetic susceptibility is Pauli like uranium atoms. For U-Co-Al, the refined magnetic param-
being almost independent of temperature. Forth®.2—-0.4 eters (uer=1.5lug, ©,=24.5 K, and y,=0.8x10 3 emu/

samples, the (T) dependencies show a curvature at highmol) are comparable with those found for tbeaxis suscep-
temperatures described by a modified Curie-Weiss law and gbility of U-Co-Al.'* However, the effective magnetic
steady deviation from this law at low temperatufég.  moment of uranium determined here is considerably lower
2(a)], due to the increasing presence of the correlation effecthan those reported for other similar ferromagnetic ternary
between the U moments. The pronounced S-shapé(r) 1:1:1 compounds, such as U—Rh-(qa.SMB/U)ZO and U-Ir-Sn
functions, well seen at low temperatures, resemble the b&2.3ug/U), L but close to those reported for U-®,Ge.?
havior of some mictomagnetic phases below the so-called At low temperatures, the magnetization curveéB), of
freezing temperaturel;. However, the description of this the alloys withx=0.5 show evidence for ferromagnetic or-
kind of mictomagnetism in this concentration region requiresder. Their Curie temperatures have been determined from the
a more detailed experimental study, which is not the purpos#flection point of theo(T) curves[inset of Fig. Zc)]. Note
of this work. The effect of the presence in the samples othat these curves do not have a typical shape for ferromag-
some ferromagnetic impurities should also be taken into acaetic materials. This unusual shapeodfl) with a maximum
count. However, we can exclude the potential impuritiesat higher temperatures may be caused by a strong anisotropy
such asa-Fe and UFg!® It follows from the fact that the of these alloys in the ordered state. The Curie temperature,
low-temperature end of a regular behavior of the inversel., increases from about 25 K for=0.5 to 47 K as the
magnetic susceptibilitybelow about 100 K[see Fig. 23)] value is increased to 0.8; thén is reduced with a further
is apparently lower than their ordering temperatures. increasingx and for x=0.95 T-~35 K. The onset of the
As mentioned above, in the temperature range 100—30ferromagnetic state for>0.45 is also confirmed by the posi-
K, the xy }(T) functions could be analyzed by a modified tive value of®, for these compositioné-ig. 3).
Curie-Weiss behavior. The refined values xgf are of the The magnetization curves at 4.2 K for the alloys hawing
order 10° emu/mol andu.; changes from an unrealistic up to 0.4 become gradually enhanced and more curvilinear
value of 4.245 for the x=0.1 samplegwith a large negative with increasing Co content. The moments calculated from
0,) to a more realistic value of 1,4 asx increases to 0.4. the magnetization at 4.2 K and in a fieB=4 T are, how-
At the same time, all these alloys exhibit negative values okver, very smalli.e., u~0.03ug for x=0.4). Otherwise, the
0,, which become steadily reduced with increasingon-  magnetization curves at 4.2 K for the alloys wix#0.5
tent(see Fig. 3 become enhanced rapidly and are characterized by a hyster-
In Figs. 2b) and Zc), the magnetic susceptibility data are esis typical for ferromagnetic materials. For each sample,
given for the Co-rich phases witt=0.5. As seen from these there is observed a steep increase in the magnetization at
figures, all the alloys in this concentration range exhibit asome critical field,B.,. The B, value is related to the con-
positive ®, value, indicating the possibility of the occur- centrationx. For example, itis 0.25 T fax=0.5, and reaches
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a maximum value of 0.5 T fox=0.7, and then it decreases
down to a value of 0.15 T fox=0.95. We interpret a sharp
increase in the magnetization Bt, by an inversion of the

formed for three different frequencies and in ac fiettis 1
Oe and 10 O¢Fig. 4@)]. The x,{T) curves in both the ac
magnetic domains, as in the case of narrow Bloch-wall fer-erIdS show a maximum which s_hift_s slightly towards higher
romagnetic materials. Furthermore, the magnetization of thigmperatures as the ac-magnetic field Increases. In the case
UFe,_,CoAl (x=0.5 samples reaches saturation relatively O aPplied external magnetic fields, a shift of Ty, towards
easy, but with some critical region at low magnetic fields. Inlower temperatures and broadening of #¢T) maximum
general they exhibit a much simpler dependence of the mag/ylth a considerable reduction is well observed in Figo)4
netization on an applied magnetic field than that observed foPn the other hand, this figure also indicates that the tempera-
the final composition U-Co-Al° It seems that the magnetic ture of the x'(T) maximum is practically independent of
structure of the samples witk=0.5-0.9 is much simpler, frequency.
i.e., the magnetic moments are probably parallel to the = The same behavior of,{T) was observed for other com-
axis, as has already been observed for the other studiggbsitions, such as=0.7, 0.8, and 0.9, but not shown here. In
UTM compounds with the hexagonal JPetype each case, thg'(T) maximum corresponds 6. with val-
structure?®24 ues which agree well with those found from #€T) curves.
Consistent with the dc susceptibility, the zero-field ac- The temperature dependence of the ac susceptibility of
magnetic susceptibility measurements confirm ferromagnetipolycrystalline U-Co-Al measured for several frequencies
ordering at low temperatures for all compositions with 33, 111, and 666 Hz, and in ac fielt#s=1 and 10 Oe, is
0.5<x=<0.95. As an example, Fig. 4 shows the real part ofdisplayed in Fig. ). In contrast to previous resuft?
the ac susceptibility (y') versus temperature for where the maximum in the dc susceptibilityTat17 K was
UFey sCoy Al It is seen from this figure that thg’ compo-  reported to disappear in magnetic fields below 1 kOe, we can
nent of the ac susceptibility exhibits a maximum located adistinguish two anomalies in thg,{T) curves at tempera-
the Curie temperature. This ferromagnetic phase transition ikires marked a$, andT, . The first low-temperature maxi-
much clearer from the ac-susceptibility experiments permum occurs af| =18 K for H=1 Oe andw=333 Hz and is
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FIG. 9. The quadrupole splitting at 295 K for Fe at the)l2nd
b) sites as a function of Co concentratisnThe size of experi-
mental points represents approximately the error. The lines drawn

) o through the experimental points are guides for the eye.
shifted down to 14 K forH=10 Oe andw=33 Hz. The

second, much smaller, maximum jn{T) occurs at about UFe&gNig;Al (Ref. 6 the room-temperature Msbauer
T,~25 K. In contrast to the low-temperature maximum, thespectra of UFgqCo,,Al for these two crystallographic
position of Ty, is almost independent of both the internal modifications correspond to the quadrupole doublets for the
magnetic fields and frequencies. The transitionTat is Fe atoms at the positions §} and (Z) with the average
clearly seen in the temperature dependence of the imaginaf§tio 1:2 in the case of the Ho-Ni-Al-type structure and at the
susceptibility, Y’ T) (bottom plo}. At the same time, the (2a) and (1) positions with the ratio being 1:3 for the
maximum atT, becomes enhanced on increasing both adMgZn,-type structure. The quadrupole splitting of the
field, H, [Fig. 5a)] and external fieldB [Fig. 5b)]. The  MgZn,type phase is considerably smaller than that for the
distinct change ing,{ T) at T, with @, H andB observed in Ho-Ni-Al-type phase. The alloys witk>0.1 are only of the
the measurements of polycrystalline U-Co-Al gives some inF&P type.
dications of behavior characteristic for spin-glass systems.  The Massbauer spectra of some investigated samples with
This may be also in agreement with the domain effects of a%=0.1 at 13 and 295 K are presented in Fig. 7. As seen, the
anisotropic ferromagnetic material, as it was reported for th@ubstitution Fe by Co atoms leads to the change in the inten-
ferromagnetic compound U-Co-Ga, which exhibits a strongity of lines corresponding to the Fe atoms at the)(&nd
crystalline anisotropﬁ‘? (2¢) sites. Analyzing the areas under given subspectra ob-
In Fig. 6 we have presented tlyg(T) results obtained for tained at 295 K, one can conclude that such a substitution up
a U-Co-Al single crystal applying various from 1to 10 Oe to the concentratiox=0.5 takes place at Fe located at the
keepingw=111 Hz. One sees that the ac susceptibility par{1b) sites, whereas for the samples witk=0.5 only at the
allel to thec axis [Fig. 6(a)] shows the same magnetic re- (2c) sites, as one can infer from Fig. 8. The dashed line in
sponse as the polycrystalline sample does. Fhmaximum this figure gives the dependence on the number of Fe atoms
at 15 K is enhanced in magnitude with increasidgand  in the hexagonal unit cell in the case of a random location of
simultaneously the temperature of this maximum is dethe Co atoms in the available crystallographic positions. A
creased. This effect is seen considerably better in the tengimilar occupation of the (4) sites, but by Ni in the
perature dependence of the imaginary pégi(T), but the  UFe, _,Ni,Al alloys, has already been analyzed in Ref. 3.
anomaly atT, is broadened with increasing ac-magnetic For this system, the substitution process at these sites is prac-
field. On the other hand, the ac-magnetic susceptibility meatically finished at a Ni concentration not too higher than
sured perpendicular to theeaxis[Fig. 6(b)] is very low, with ~ Xx=0.3, while in the case of the Co-based alloys this process
the lack of any magnetic field effect. Nevertheless, the aclasts for aimost the entire range of Co concentration, but with
susceptibility maximum aT, =15 K is well detected in the a different rate below and abowe=0.5 (Fig. 8).
x'(T) curves. One of the possible reasons of the affinity to thé) site
of Co and Ni atoms may be based on the geometrical sizes of
these atoms. This site has a smaller Wigner-Seitz volume
than the (2) site does. Therefore, Fe atoms, having a larger
In our earlier studywe have considered the Msbauer radius(Re.=1.26 A) in comparison to C6Rc,=1.25 A) and
spectra for U-Fe-Al, being in two crystallographic modifica- Ni (Ry;=1.24 A) atoms, is easily replaced in this position by
tions: the low-temperature Ho-Ni-Al type and the high- a smaller atom, i.e., Co or Ni.
temperature MgZntype. The same situation occurs for the  The crystal structure reconstruction is also revealed in the
alloys containing 10% of Ni or Co. As was the case ofconcentration dependence of the quadrupole spliti@g,

C. Mossbauer effect
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of the Massbauer lines, shown in Fig. 9. In this figure oneantiferromagnetic URg,Nig osAl. The quadrupole doublets
sees a distinct break in this function»a=0.3 for both the at room temperature for both kind of alloys are also shown in
sites (1) and (Z). This result corresponds almost ideally this figure. Following the above analysis it is clear that
to their mutual ratio 1:2 in the unit cell. For the former site U-Co-Al shows the Mesbauer spectra indicating the pres-
this break is less pronounced in absolute magnitude than fance of the transferred hyperfine field Ufre, while for the
the latter site. Such a change in f@9 values is consistent antiferromagnet U-Ni-Al this field is averaged to zero. Al-
with the change in the unit-cell parameters on compositiorthough the magnetic structure of U-Ni-Al has not been well
(Fig. 1). Therefore, one can conclude that the change in theletermined yet, the observed zero-magnetic splitting has to
guadrupole interactions in these alloys is connected to a largee the result of the compensation of the opposite arranged
extent with the lattice contribution to the electrical field gra- magnetic moments.
dient (EFG), because the FEo) atoms for both sites do not
have in their nearest surroundings othe(G@ atoms. In
this context, it is probable that in theTWl systems, some
shift in the position of the Al atoms in the middle region of  The electrical resistivity and magnetoresistivity have been
concentrationgx=0.3-0.7 takes place, as was suggested inmeasured only on the polycrystalline sample of U-Co-Al.
the UFg_,Ni, Al system® The temperature dependence of the electrical resistivity,
On the basis of Mssbauer spectra taken at 13 K, it is p(T), taken in zero magnetic field for this compound does
necessary to note that for all the compositions with0.5,  not show any indication of a magnetic phase transition down
the transfer of magnetic hyperfine field,;, on the nonmag- to 1.2 K(Fig. 11). Note that the absolute resistivity value of
netic®>’Fe atoms was well detected with values depending orthis material at 300 K is rather largé50 uQ cm). At T=1.2
the concentration. K, the residual resistivity is still higk®5 w() cm). Neverthe-
For the sake of comparison, we display in Fig. 10 theless, the ratigp(300/p(4.2)=6.8 may indicate a sufficiently
Mossbauer spectra for the ferromagnetic €0, ogAl and  high quality of this sample. The resistivity in the temperature

D. Electrical resistivity and magnetoresistivity

700 T T T T T T T T T T
600 - N
UCoAl

500 -1
€ 98.5+0.6 T
S 400 7] FIG. 11. Temperature dependence of the elec-
% trical resistivity of U-Co-Al. The solid line in the
= 300 | inset represents theT? dependence of the resis-

tivity.
200 .
100 -

0 50 100 150 200 250 300
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4 T T T T T T T T T T
&
& UCoAl
o B=1T
2F o % u
L a
~ 0 - -
S\i FIG. 12. Temperature dependence of the mag-
K=3 L 1 i netoresistivity of U-Co-Al atB=1 T. Inset: the
F : o -1 \'\ J magnetoresistivity in magnetic fields up to 1 T
2 o % Ll vceal \_\ - measured al=4.2 K.
s s T=42K LN
a 3 \\___
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range 1.2-8 K can be described by the relation Itis clear that in a manner similar to the behavior of the
p(T)=98.5+0.6T2. As the temperature is increased above 8UFe, _,Ni, Al system, the substitution of Co for the Fe atoms
K, p(T) first behaves linearly and thgabove 50 K shows in U-Fe-Al enhances strongly the magnetism, and in conse-
the strong tendency to saturation. The similarity of this de-quence leads to long-range magnetic ordering, with a critical
pendence to that exhibited by UAIRef. 27 and other spin- concentration ax~0.5. In view of the fact that the Co atoms
fluctuators allows us to suggest that a significant influence ofiave a smaller number dfelectrons than Ni, the appearance
spin fluctuations on the magnetism of U-Co-Al should beof a spontaneous ferromagnetic moment in the UE€0,Al
taken into account as well. system has to occur at a larger valuexpfvhich is observed

The transverse magnetoresistivity datg(B)/p(B=0)  experimentally. This indicates the importance of the transfer
=[p(B)—p(B=0)]/p(B=0), for U-Co-Al taken at 4.2 K of charge from the uranium atoms to tHeband of a given
and in magnetic fields uptl T are displayed in the inset of transition metal atom. Hence, it becomes quite clear that for
Fig. 12. A very small positive initial magnetoresistivity the system investigated here, in which Co ldabands less
changes its sign &=0.2 T, and then varies almost quadrati- filled than in Ni, the maximum inT: (and also inug) must
cally with increasing magnetic field strength, reaching aboube reached for a higher concentratiorxoHowever, it does
—3.5% at 1 T. Such a behavior &fp(B)/p(B=0) may be not happen exactly at=1, as one might expect, compared
characteristic of a metamagnet, but as well as of spin-glass or

short-range magnetic order. The above result is quite differ- 25 . . 2150
ent from that found by Andreev for a U-Co-Al single
crystal* This author reported the magnetoresistivity to be
positive at this temperature upB=7.5T, i.e., a limit of his 20 4140
measurements. UFe, ,Co,Al
In spite of a lack of any anomaly ip(T), we do observe i
an anomaly in the temperature dependence of the magnetore- 15+ o Hy i 430 &
sistivity measured iB=1 T (Fig. 12, which may be asso- 8 o Te i e
ciated with a phase transition. This function is negative at 4.2 5:4 LIRS i =
K, becomes zero af =10 K, and exhibits a positive maxi- aF 10f = Ref. 28 s 120
mum around 14 K and then decreases to almost zero near 25 —
K. Usually such an anomaly occurs at a metamagnetic
transition?’ 5t o1 10
;g
IV. DISCUSSION JRSPUNPE
5 3—0—o0—0—0 : 00 -0

In a previous papéf we proposed a preliminary magnetic
phase diagram for the Uke, Ca Al alloys, showing that the
ferromagnetic state in these solid solutions is stabld aD FIG. 13. Magnetic phase diagram for the YEgCa,Al system:
Oe for compositions between=0.5 and 1.0. In Fig. 13 we T s the Curie temperature determined by the magnetization and ac
summarize the variation of the hyperfine fiettl,;, the Curie  sysceptibility, u is the spontaneous magnetic moment determined
temperatureT ¢, the spontaneous magnetic momeny{, to- by magnetization at 4.2 K and in magnetic field of 4 T, ahg is
gether with the previous results far, . All the values of  the transferred hyperfine field, determined in zero magnetic field, all
these parameters go through a maximum at about the samae a function of the Co concentratimnFull squares are the results
concentration, namely at=0.8. of ug given in Ref. 28.
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60 — 7 a}nd s for both compositions are 45 K and @3, respec-
: 1 tively), whereas the Ni and Pd substitution suppresses the
55 | .. ~ magnetic moment. The second factor is the extent of the
- hybridization between thefSand 3 states in the basal U,
50 - 1 plane. The 8-wave function for the Co atoms has a smaller
i o . | 1 spatial extent comparing to that of the Fe atoms. This may
s . T imply that the degree of U5Co3d hybridization is some-
40 i ‘e ] what smaller than that of the U-Fe pair but higher than the
| P B | U-Ni pair.
35 L o F i Analyzing Fig. 13, we can see that the system witt0.5
| e | is likely to have no magnetic ground stdtlue to not having
—_ 30 ; p i enough 3 electrong, whereas the phases witte=0.5 be-
ST O : H ® ] come ferromagnetic due to the filling of thel dands with
> 25 -6 ; : - more electrons, and therefore the-8d hybridization within
- : : 1 the basal plane is rapidly reduced, but probably leaving the
20 - ; : 1 USf-Al(sp) hybridization unchanged. However, the depen-
[ : : . 1 dence of T¢ and us on x is not linear, and these effects
15 i © o 1 mentioned above give rise to the observed increase i ¢ghe
i ; 1 and us values only up tox=~0.8. The quenching of thé
101 ; ‘e ] moments in the alloys above this concentration is probably
5 _ : e UFe. Ni Al ] due to the increasing role of the Kondo spin compensation.
1 ¢ XX s | This idea has been considered with the help of the Doniach
ok o UFe Co,Al i diagrani? for interpreting the destabilization of ferromag-
T TP TN SR SR netism in the UFg_,Ni,Al system® Nevertheless, it is dif-

6.6 6.8 7.0 7.2 7.4 7.6 ficult to understand why such a mechanism could be respon-
sible for the transition from the ferromagnetic to the
antiferromagnetic state at the Ni concentrativ®0.9 in

FIG. 14. Comparison of the ordering temperature vs the numbethese alloys. Another explanation is probably that the hy-
of 3d electrons in the UFRe,CoAl (open circles and  bridization between 6 and 3 electrons of the transition
UFe,_,Ni,Al (closed circlessystems. metal atoms at the (d) sites(i.e., the interaction in the basal
U-T, plane vyields the ferromagnetic-type interaction,
whereas the Ut and Alsp hybridization(between plangs
may lead to an antiferromagnetic-type of interaction. When
the 5f-3d hybridization decreases, i.e., with increasing
Co(Ni) concentration in the alloys, the ferromagnetic-type of
fluctuations becomes comparable to the antiferromagnetic
ones. HenceT in the system is rapidly reduced and pure
U-Co-Al can be characterized by complex ferro-
antiferromagnetic interactions. In the presence of antiferro-
énagnetic interactions, the triangular symmetry of uranium
atoms in the basal plane intimately leads to the frustration of
he moment components, at least the components in the basal

-T, plane. The latter would explain the small response on
applied magnetic field within the basal plane found in the
magnetization experiment on a U-Co-Al single cry$taDn
the other hand, the large contribution of the high-field sus-

ptibility in the magnetization performed along tbeaxis

number of 3d electrons

to the system based on Ninaximum atx~0.5), but some-
what earlier, i.e., ak=0.8, as shown in Fig. 14. Also the
absolute values of - are lower than the corresponding val-
ues in the Ni system.

Besides the simple geometrical picture, the analysis o
chemical bonding, carried out by us on the basis of theoreti
cal calculations of the electron density distribution in the unit
cell of U-Fe-Al, and made also for several UEgNi,Al
solid solutions, has pointed out that the substitution of the F
atoms at the (&) sites by the transition metdl, like Co or
Ni, causes the polarization of the electron clouds from th
(Al-T,) plane towards th€U-T,) plane, resulting in a mutual
attraction of these plané8in consequence of this attraction,
the lattice parametet diminishes, whilea increases. This
tendency is most apparent for the Ni-substituted alfolgs;
gigsgléréltfoiler;noergttl;érr?oclzu(;: Zf);nst_o the crystal structure abo see Inftroductiohand a rapid rise of the _susceptibility b_elow

An analysis of the results of the magnetic data shows tha}8 K, i.e., below the temperature Of.'ts. broad maximum,
the interaction between the W&nd FéCo) 3d electrons has measured also a]ong this directidmay indicate that not all
a great influence on the magnetic properties of th he U moments in U-Co-Al are ordered at low temperature.
UFe, _,CoAl alloys. There are two different factors that one or examp!e, this is the case of u."B'.(REfS' 34 and 3p
can expect to play a role in tHEs(us) Vs x behavior. The Wlt_h a uranium atom arrangement S|m|Ia_1r to U-Co-Al. In th_e
first one is the number ofBelectrons in the system. If this unit cell of the f(_)rmer comp(_)u_nd one th_|rd of U moments is
number is too small, thedband becomes partially filled by not ordered, while the remaining two third U moments have

a transfer of charge from the uranium atoms. In such a cas@ Vortex-type arrangement in the basallplgne. This complex
the 5f-3d hybridization is large and the bandBt becomes _rﬁagneuc structure of UNB. leads to the similag(T) behav-
broad and inhibits the formation of a stable magnetic mo °f belowTy as that mentioned above for the U-Co-Al case.

ment. A similar effect has recently been observed by An-
dreevet al® for polycrystalline UCg T, ;Al where T=Fe,
Ru, Ni, and Pd. According to our results, the Fe and Ru The UFg_,Ni,Al alloys have been investigated by differ-
substitution leads to an enhancement of ferromagnefigim  ent experimental techniques. Most of them confirm that in

V. CONCLUSIONS
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the Co concentration range>0.45 the ferromagnetic state is the band metamagnet, i.e., is paramagnetic in zero magnetic
onset with the maximum values &f:, ug, and Hy; for  field.

x~0.8. Further substitution weakens the ferromagnetic state
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