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Electronic properties of the antiferromagnetic Kondo compound J8Chave been investigated through
magnetic susceptibility, magnetization, specific heat, electrical resistivity, magnetoresistance, and Hall coeffi-
cient measurements on single-crystal and polycrystalline samplesAUGuers antiferromagnetically below
16 K and shows a large magnetocrystalline anisotropy. In the paramagnetic state, pronounced incoherent
Kondo interactions and crystal field effects are observed. At low temperatures, in spite of the lack of coherence,
UCusAl exhibits some characteristic properties of heavy-fermion systems, namely, an enhanced susceptibility,
and enhanced electronic specific heat coefficient, revealing an enhanced effective electron mass. The specific
heat and transport properties evidence a competition between the Kondo effect and the Ruderman-Kittel-
Kasuya-Yosida interactions. This feature, together with the frustration of the magnetic interactions originating
from atomic disorder appear to be important for the development of the heavy-fermion state JAlUCu
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[. INTRODUCTION ceptibility, NMR, specific heat, and electrical resistivity
measurement$'” have revealed that antiferromagneti)
Heavy-fermion(HF) systems exhibit large values of the order sets in below 18 K. The magnetic structure, determined
electronic specific heat coefficient, and of the magnetic by neutron powder diffraction scattering, is of a sinusoidally
susceptibility x(0) extrapolated toT=0 K, but the so- modulated type IZ=0, 0, 0.55 with the amplitude of ura-
called Wilson ratio remains constant and is close to 1. Imium moments f(q=1.45u5 at 1.4 K), parallel to thec
such systems, the effective electron mass is of the ordeixis® Interesting to recall that the Kondo-like behavior of the
(100-300)n, . A characteristic feature of the heavy-fermion temperature-dependent electrical resistivity in conjunction
behavior is coherence at low temperatures, which manifestwith an enhancement of th€,/T ratio has classified
itself, among others, by th&? behavior of the resistivity. UCuAl as a medium heavy-fermion systervery recently,
This and other physical properties can be described by ththe electronic structure of UGAI was studied by combining
Fermi-liquid formalism. In fact, the enhancement of the ef-x-ray photoemission spectroscopy results with those of band
fective electron mass is connected to a small Fermi energgtructure calculation$.A complex satellite structure ob-
which may appear due to two distinct mechanisms: one is theerved in the core level spectra suggests some mixed valence
Abrikosov-Suhl resonance and the other is associated witbharacter of the uranium atoms in this ternary compound.
the occurrence of magnetic correlations; usually such sys-
tems are at the edge of a magnetic instability. _ Il EXPERIMENTAL DETAILS
Recently, we have investigated the properties of an inter-
metallic U-based series with the common chemical formula Polycrystal samples of UGAI and U, ;Thy :CusAl were
UCuM, whereM =Al, In, and Sn*3All these compounds prepared from stoichiometric ratios of starting elements by
show interesting physical properties, for instance, the Somthe standard arc-melting methésee Ref. 1 Single-crystal
merfeld ratioC,/T of each of them increases with decreas-samples of UCtAlI were grown by the Bridgman method.
ing temperature, reaching values of the order 200 mJ/K Their orientation and quality were checked by x-ray Laue
moleU at 1 K. However, the physical properties of thesediffraction. The room temperature lattice parameters of pow-
compounds have been studied on polycrystalline sampledered crystals ara=6.415(5) andc=4.946(5) A. These
only. In order to elucidate the observed properties we havparameters agree well with those previously repotted.
undertaken investigations on single-crystalline samples. In Single-crystal x-ray diffraction was performed on a
this work we will focus on UCBAI. By measuring properties KUMA four-circle diffractometer equipped with CCD cam-
such as the Hall effect and extending the external parametegsa using graphic-monochromatized Kipradiation. The in-
into high magnetic fields and hydrostatic pressure, a betteensities of reflections were corrected for Lorentz and polar-

understanding of this compound is expected. ization effects. The crystal data were refined by the full
UCusAI crystallizes in its own structure type with a te- matrix least-squares method using 8ELX-97 program®
tragonal symmetryspace group4/mmm).*° Magnetic sus- dc magnetization was measured on &l single
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crystals by means of a SQUID magnetomét@uantum De- TABLE I. Crystal data and structure refinement for U@l

sign MPMS-XL) in fields H up to 50 kOe and in the tem-

perature range 1.7—400 K. The absolute accuragy(if) is ~ Unit cell dimensions a= 6.4171)

of about 5%, limited partly by a demagnetizing factor as well®) c = 4.9481)

as due to a mosaicity of the crystals. Calculated density 9.498 mgfm
The specific heat measuremefis(T), were performed Absorption coefficient 65.207 mnt

in a Quantum Design PPMS, utilizing a relaxation method.F(000 500

Data on polycrystalline g}, Thy sCusAl were collected in the ~© range for data collection 4.49° 10 46.00°

Reflections collected 1697

temperature range 1.8—100 K and for a Y8usingle crys-

tal in the temperature range 0.4—100 K. Goodness-of-fit 1101
Also the electrical resistivityo (T) was measured on a Final Rindices[1>2a(1)] R,=0.0287,wR,=0.0601
R indices(all data R;=0.0291,wR,=0.0603

UCusAl single crystal along the main crystallographic direc- ™ "™ 9

tions with a Quantum Design PPMS, using a four-probe acExtinction coefficient 0.07&)
technique in the temperature range 1.8—300 K. The sampld&rgest diff. peak and hole 4.089 and -5.252 €A
were rectangular with typical dimensions 8.8.5

X3 mnt. A current of 5 mA at a frequency of 37 Hz was

supplied to the samples. The experimental error in the resig¥Orth to add that the structure of UGA is unique, in the
tivity is less than 5%, mainly due to the uncertainty in the SENSe that so far there does not exist such a crystal structure

geometrical factor for other intermetallics.

The magnetoresistan¢®IR) and Hall coefficienR, data
were collected on UG single crystals in two different B. Magnetic properties

ways: isofield data in a fixed magnetic field € 100 or 130 The isothermal magnetization of a UgA single crystal

kOe) on zero-field cooled samples and isothermal data irhlong thea andc axes M, andM.) is shown in Fig. 1a). At
a C . .

fields up to 130 kOe at several selected temperatures belo’f’and 10 K theM (H) curve is downward curvilinear, but at
100 K. The magnetic fields were applied perpendicular to th?emperatures abcove 20 K thd(H) curves becom’e per-

dlrﬁ_chtlor:nof ;he:[ crurriertn.n nder hvdrostatic pr ; ectly proportional to the field. No hysteresis effect in
€ magnetoresistance under hydrostatic pressure up <(H) was observed at any temperature measured. A com-

Samples i Telds up (0 120 KD &t several selected femper§a7ISON betweed () andM(H) reveals a large magne-
P P P crystalline anisotropy ,(H) shows a rather small magni-

tures below 100 K. Hydrostatic pressure was generated byt%de' s0 at 2 K the ratied (H)/M (H) reaches a factor of

liquid pressure ceII_,_using al4 ethanol-methanol mixture 8ore than 4, pointing to easy magnetization alongcthsis.
the pressure transiting mediufsee, for example, Ref. 10 For thea-axis direction the magnetization measured at 2 and
30 K depends linearly on field up to 50 kOe.
In Fig. 4b), we display the magnetic susceptibility (
IIl. RESULTS AND DISCUSSION =M/H) measured in the temperature range 1.7—-400 K and
A. Crystal structure in two different magnetic fields of 10 and 50 kOe. As can be
seen from they vs InT plot, the magnetocrystalline anisot-

X TYopy is reflected by a large value of the rafig/ x, : At room
refinements, the crystal structure of LBl has been found temperature it amounts to about 2, what is much less than

to have a tetragonal structure with space groémmm® In that at the lowest temperature measured & (>4).

this work we have performed the single crystal x-ray refine- Comparison of the calculated average susceptibjfity
n<1en<ts on the<daia collected at<room temperature-fa2 = (2% ya+ xo)/3 with that of a polycrystalline sample, re-
Th\lz' —12<kss, and—lOsI_\G. The observed reflec- veals fairly good agreement with just small preference in the
tions can be fuIIy. analyzed bY th.'.s type of structure and thet‘,rystalline orientation for the latter. A similar comparison
structure was refined to a reliability fact®= 0.03 for 287 was previously made for an oriented-powder sarfifigure

unique reflections and 12 variable parameters. Results of trﬁb) evidences that all(T) curves exhibit a maximum at
structural refinements are given in Tables | and Il. A listing :

. . . about T¥_ =18 K. However, according to a theory of
of the intensity data may be obtained from the authors on max— 18 ° ' gt y

request.

From the tables one can recognize that in the unit cell o
UCuwsAl the uranium atoms occupy the twofold positiob 2
with the coordination polyhedron containing as many as 12
Cu atoms. The four Cu atoms nearest to U are at a distance
of 2.804 A, while the others are at 3.021 A. This polyhedronu 0.5000  0.5000 0 @ 81 81 61
does not include the remaining Cu and Al atoms occupyingcul 0.191(1) 0.19111) 0 91 91 91) 81
both the same @ position. The distances between them andcu2  0.5000 0 0.2500 1B) 13(6) 13(6) 6(4)
the central U atoms are too f§8.439 A and these atoms p| 0.5000 0 0.2500 @0) 6(13 6(13) 6(13)
form the next nearest neighbor coordination polyhedron. It is

Previously, based on powder x-ray and neutron diffractio

f TABLE Il. Atomic coordinates, isotropic and anisotropic dis-
placement parameters PAL0%) for UCUAL

X y z  UEg Uy Uy Ugg
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g r 1 (yp+,8T2) dependence o€,/T. The inset shows th€,/T vs
X St ] logT down to 0.4 K. The solid line is a guide for the eyes.
0 1 " Lo PR
1 10 100 700 as the polycrystalline sample is a minimum around 9 K, be-

T (K) low which x(T) increases. Usually this type of behavior is
ascribed in the literature to a paramagnetic impurity. Here,
FIG. 1. (a) Isothermal magnetization as a function of magnetic however, we consider such a behavior being intrinsic. This is
field along thea and c axes of a UCyAI single crystal.(b) The  pecause the susceptibility measured in various magnetic
temperature dependence of the magnetic susceptibility measured ff|ds is distinctly suppressed for tieeaxis, but only a very
fields of 10 and 50 kOe along tleeandc axes of a UCAI single  \yaqk change was observed for thexis in fields as high as
crystal. Solid lines represent the fits to the Curie-Weiss law. Th%o kOe. It seems unlikely that an impurity effect is also
dashed line represents the calculated susceptbMily=(2xa  anisotropic. In addition, thg, data at temperatures below 5
+xc)/3. The s_uscepti_bili_ty of a polycrystalliqe sample taken from K could not be descrit;ed bcy a CW law, which hardly sup-
Ref. 1 (open trianglekis included for comparison. ports any effect of paramagnetic impurity. We think that the
low-temperaturey(T) behavior of UCyAI is connected with
Fisher,* for itinerant antiferromagnets, the' Bleemperature  the presence of substantial magnetic fluctuations at low tem-
is defined as the maximum of the derivatideT x(T)]/dT.  peratures. Bearing in mind the fact that the sine-modulated
Using this method, we obtaifiy=15.5 K for UCWAI. This  magnetic structure of UGAI reflects frustration in the ex-
temperature coincides with the characteristic temperatureshange interactions, and hence may become unstable when
derived from the specific heat and the electrical resistivitythe temperature is lowered. Of course if the system has not a
data, as will be evinced in the next subsection. nonmagnetic ground state then it starts to show a tendency,
At temperatures above about 100 K the susceptibilityfor instance, for squaring up. As a consequence, the cross-
componentsy,(T) and x.(T) can be fitted by the Curie— over into a new magnetic state may give rise to the magnetic
Weiss(CW) law with the paramagnetic Curie temperatédge  susceptibility increase. However, as the specific heat data
of —160 and—46 K, respectively. Such large negatig, indicate, which are given in the next subsection, at least
values, together with the deviations §{T) from the CW  down to 0.4 K there is no evidence for such a crossover.
law below 80 K, suggest an influence of the crystal electricAnother possibility of the low-temperatupe upturn can be
field (CEF) and/or the Kondo effect on the magnetic suscepthat the system becomes strongly correlated with magnetic
tibility. This coincides with the conclusions drawn from the moments being suppressed by the Kondo interactions. For
NMR study’ The effective magnetic moment of uranium example, within the multichannel Kondo model, the low-
ter Calculated for thea and ¢ axes is 2.26) and field magnetization is expected to follow a power-law field
3.02(3)ug/U, respectively. Applying Hund's rules, the.s  dependenc&® 1 Therefore, the resulting susceptibility di-
values of UCyAI are between the relevant values for the verges logarithmically. In fact, for UGHAI, the low-
51 (pe=2.54up) and 52(3.58up) or 5f3(3.62ug) con-  temperature data of,(T) can be well fitted by an expression
figurations. xo(T)=x(0)+alnT, with x(0)=18.5x10 3 emu/mole U
It is interesting to note that rather large susceptibility val-anda= —1.2x10"2 emu/K mole U.
ues are achieved at low temperatures. For example, in a field
of 10 kOe, we foundy(0) to be 4. 10 2 for thea axis and
17.5<10 2 emu/mole U for thec axis. These values are
comparable to those of other well known heavy-fermion an- In Fig. 2, we show the temperature dependence of the
tiferromagnets Wzn;;,"* UPd,Ga,™® and UPGAI;. "™ An  specific heaC, asC, /T vs T2 for a UCWAI single crystal.
interesting feature iry(T) for both the single crystal as well Clearly there is a somewhat diffuse maximunGQp(T)/T at

C. Specific heat
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T=15.8 K which agrees well with that found in polycrys- 100F o P T e
o] Uy ThyCuAl e

=}
©
\
1

0703 5

talline sample specific heat measureméretad concurs with

Ty deduced from the susceptibility measurements. We rec-
ognize that if there is no transition below 0.4 K, the elec-
tronic coefficienty,=C,/T(T—0) reaches a value as large
as~210(5) mJ/¥ mole U(see the inset of Fig.)2An even
larger value ofC,, /T (about 220 mJ/R mole U) is found by
extrapolating the data measured abdyeo T=0. The latter :
value may represent the electronic specific heat coefficient in F oo™ es G
the paramagnetic statg,. In any case, there is a enhance- . & 1 ]
ment in bothy, and y, values, indicating a development of L~ C,#Cy# CelUp+ C(Th)
a heavy-fermion state in UGAI (for comparison, they, 5 Tl 10D
value for UPdAI; is 140 mJ/K mole U*%). Similar to sev- T(K)

eral AF HF materials (LZn,;, UCd;;, UNiAl;, etc) v,

> v,. This finding strongly suggests a pseudogapping in the FIG. 3. Temperature dependence of the specific heat of nonmag-

2
o
T
.

N

C /T (JIK*mole)
o
S

(1
9
N

Cp (J/K mole)

Fermi-surface associated with the AF ordering. netic U,,ThysCusAl. The fit and its four contributions: an elec-
For a number of heavy-fermion materials the expressiorironic (Ce), a Debye Cp), and two Einstein Cg(U) andCg(Th)]
of the Wilson ratio ones, are shown as lines specified in the figure. The solid line gives
a sum of all the contributions. The inset shows the low-temperature
x(0) [ 7kg\? specific heat a<,,/T vs T2 The solid line is a fit ofC,/T=1y
W:3_y( Meﬁ) (1) +BT? to the experimental data.

can be used to distinguish between the contributions to there shown in Fig. 3 as &, vs InT. We obtain ©p
total susceptibility caused by magnetic fluctuations and that329 K, ®(U)=106 K, and ©®g(Th)=108 K. When
due to the Abrikosov—Suhl resonance arising from thesubtracting the approximate lattice contributiof® p
Kondo effect. Takingy,=220 mJ/K mole U and the aver- =329 K, ®c(U)=106 K] from the total specific heat of
age values ofy,(0) and (ue) o We estimated for UGIAI  UCuWsAI, the 5f-electron contribution is derived. The results
Rw=1.3. This number is between those reported forof this analysis are given in Fig. 4 &s/T vs T.

UPGAI; (0.7) (Ref. 14 and UPGGa; (2.1)," indicating the For temperatures between 4—-14 K, the magnetic specific
importance of magnetic fluctuations taking place at low tem-eatCs; follows the dependence predicted by the spin-wave

peratures in UCSAI. theory for antiferromagnetic systé?!
In order to quantify theC,(T) data of UCWAI, the pho-
non contribution has to be defined. This task, however, is not Cst(T)=yoT+BT exp(—A/T). 3

easy since no nonmagnetic homologous compound with th
same structure has so far been recognized. Because isostr
tural Uy ;Thy :CusAl is nonmagnetic down to 2 K,we can
assume that the total specific heat of this phase consis
of two contributions only; i.e., the electroni€{) and pho-
non part Cpy,) origin. It is obvious from the inset of Fig. 3
that Cg/T=y,=82 mJ/K¥ mole derived from a high- . . . .
temperature extrapolation can be separated from the total AR
specific heat by plotting the data &s(T)/T vs T2. An in-
spection of the crystal structure ofyWl'hy ;CusAl, suggests
two different Einstein frequencies for the U and Th atoms,
respectively. Therefore, an analysis of the lattice specific heat
Cpn, should take into consideration three main contributions,
one expressed as a Debye and two as Einstein terms:

The parametery, and B denote the coefficient of the elec-
¥onic specific heat in the AF state and the contribution of
Fntiferromagnetic magnons, respectively. The exponential
Actor on the right-hand side of E) indicates a gap in

the magnon excitation spectrum of U below Ty . A

C,/T (JIK* mole-U)

T )3JGD/T x* exp(x)

Cp“(T):anD(®_D o (expx)-1)2

Ng (O /T)2exp(Og /T)
+3RD, —— @
[eXF(@)Ei IT)—17 FIG. 4. The magnetic part of the specific heat divided by tem-
peratureCs; /T as a function of temperature. The thick solid and
wherenp=6 andng=0.7 and 0.3 are the numbers of the gashed lines represent the best fit in terms of the spin-wave and
Debye and Einstein oscillators, respectively. After separatingchottky theory, respectivelpee the text for detailsThe solid line
the electronic contribution from the total specific heat, weis the guide for eyes. The magnetic entropy normalize®, ®s; /R,
have fitted the Eqg(2) to the data. All the contributions 18,  as a function of temperature is shown in the inset.
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best fit to the data yieldsy,=189(2) mJ/K¥moleU, B an T T T T

=1.31(1) mJ/ K moleU, andA=13(1) K. 1.4
Below ~4 K, C,/T no longer follows Eq.(3), since

there is an anomalous upturn with decreasing temperature

(see inset, Fig. 2 At present, there is no explanation for this 120 o j1l caxis

upturn, but a similar behavior witB,(T)/T~—T?InT, re- L 5 polvaystaline sampie

flecting magnetic fluctuations or NFL states at low tempera- 4oL s ER)E -

tures, has already been reported for a number of HF :

compoundsg/?2 2 10 T(K) 100 300

Roughly around 45 K, a maximum occurs @y(T)/T ; . . .
:.W*""""*'vawz

PPay

which is ascribed to a Schottky anomaly. For a two-level
systems, the Schottky specific heat is written as l o

OO

X
AE)?2 exp( AE/T S Bl v S UCUA ]
CSC&T):R<?) o i : ;- 4 g" %9 ¢ e jic H—1305kOe//a—axis
91 [1+(90/91)exp(AE/T)] or 1 7 +§//a-', H = 100 kOe 1/ c-axis
The best fit of the Schottky contribution gives a crystal-field 12 L= , . .
ground state and an excited state of equal degeneracies 0 20 40 60 80 100
(9o/9,=1) with an energy splitingAE=150 K. T(K)
The inset of Fig. 4 shows the magnetic entrdgy, cal- o

culated by an integration (ﬁ%oo K[CSf(T)/T]dT. It is inter- FIG. 5. (a) Temperature dependence of the resistivity in zero

field of a UCuAI single crystal measured with current along e
andc axes. The solid lines are the fits according to Egsor (6).
Dashed line represents the average resistigity= (2* p.+ pa)/3.

esting to note that the magnetic entropy releasd yatof
UCusAl is only about 64% the value expected for a doublet

ground stateRIn 2. Similar reduced values of the magnetic For a comparison the resistivity of a polycrystalline sam(igen

entropy were foun(g, e.g,, in URAI;™ for which szf cycles is also included.(b) The temperature dependence of the
amounts only to~35% RIn2 atTy. Usually, the reduction  agnetoresistance\p/p); =[ p;(H,T) — p;(0.T)]*100/p;(0.T) of
in the magnetic entropy below that expected for a doubletjcyay single cystal {=a or c).

ground state at transition temperature is interpreted in terms

of either an itinerant electron magnetism of magnetic ions or n
as being caused by the Kondo screening effect. Howevep'sed from the specific heat measurements. It should be noted

one should bear in mind that the unambiguous separation dhat the above equation was first used by Andersen and
the phonon part from the total heat capacity is difficult. Smith’ for describing the electron-magnon interaction in Th.
The meanings of the coefficients are as followg:is the
residual resistivity, thel’? term represents Fermi-liquid be-
) havior andb denotes the electron-magnon coupling.

In Fig. 5(@), we compare the temperature dependent nor- |, contrast to the low-temperatupe(T) behavior,p,(T)
malized electrical resistivity/p(300 K) of the configura- o i//5 hefore saturate at very low temperatures, a steplike

tion J://C a?(is _With that ofj//a axis. The arrow included in 4, ease occurs in the vicinity ofy, probably due to the
the figure indicates the Métemperature estimated from the formation of a gap in the spin-wave spectrum caused by the

susceptibility and specific heat data. As can be seen, there S mation of the incommensurate structure in WAL The

nice agreement between the magnetic, specific heat, anSS lut | i | d for inst t 2K it
electrical resistivity data; the latter exbibit a distinct changea solute value op, is large, and for instance, a :
mounts to~445 w{) cm compared to 172 cm for thec

in its slope. A dominant feature is the large anisotropy which? ) > b -
appears in the entire temperature range measuredj/For XiS. It is somewhat surprising because the ovgraliesis-
axis, the resistivity(T) shows a maximum &af?,, =40 K, tivity of the single crystal sample is remarkably larger than
followed by a significant decrease just beldy due to the the value obtained for thf polycrystalline sample. At 4 K it
onset of the AF order. At lower temperatures, the resistivity2mMounts to~175 pQ cm= However, it is well known that
conforms approximately &2 dependence. Therefore, the the observed value of such a sample is combined from
overall resistivity behavior fof//c bears a resemblance to Various contributions and often it shows a distinct preference
that of a Kondo-lattice compounds and within the scope of0 one of the axes. Nevertheless, for a sake of clarity we also
theory developed by Fisch& T . might be ascribed to the Present the average resistivity, = (2pc+ pa)/3 as a dashed
freezing-out of incoherent Kondo scattering. line in Fig. 5a). This enables one to make a comparison with

If we try to fit the low-temperaturg data forj//c with the pre_viously reported data on a polycrystalline sample. We
recognize, however, that the relative temperature change of

p(T)=po+aT2+bT(1+2T/A)exg —A/T) (5)  the resistivity of UCyAI is rather small. This feature is cer-
tainly caused by atomic disorder introduced by a random
used previously, e.g., in URAI; (Ref. 25 and URySi, distribution of Cy and Al on the (4l) site of the unit celf
(Ref. 26 we getpy=173.5 uQ cm, a=0.08(1) uQ cm/K? Furthermore, we observe a fairly good agreement between
andb=0.25(2) uQ cm/K. The energy gapA=13 K was p,, and the resistivity of the polycrystalline sample for

D. Electrical transport properties
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>100 K. In this temperature range all the resistivities of 0 g ' ' ' ]
UCusAl measured above follow the expression I M 2
S UCu Al N e ]
p(T)/ p(300 K)yccInT (6) < jI aaxis LW SN
C 1ol Hucwis \O\\\‘\§4 i
describing incoherent Kondo scattering. It is also clear from %. 0 1?0KK i?SKK Qxik N
Fig. 5a) that the coefficient for j//c is more negative than T 5F a0k ooask a §<> 1
at for j//a or for the polycrystalline sample. The observed » +‘30 KI %c}ox o
data for j//c are striking because the measurements per- '200 20 40 60 80 100 120 140
formed on the polycrystalline sample of U§Al and the H (kOe)
solid solutions (Y_,Th,)CusAl,l as well as on a single e
crystal alongj//a did not show any signature of coherence; 0 MRAERLIETS 80 e o o o i
only a tendency to saturation is observed for~10 K. I o <2§of§<xizfv:§:§§§ ]
The influence of magnetic fields on the resistivity is S 4| ucua '\.:O\O e
shown in Fig. 8b). The temperatures of the maximum in the s e s o, ¢
magnetoresistancAp(T)/p for j//c and the minimum in % e 2K —o_5K \-\ o
Ap(T)/p for j//a track theTy value. We deal here with a T 20 To ok w0k N
suppression of the antiferromagnetic transition temperature [ 420K 40Kk P e
by magnetic field, e.gH of 130 kOe shiftsTy down to 13 '30 20 40 60 80 100 120 140

K. As is also seen from Fig.(b), an applied magnetic field
reducesp(T) for both directions, resulting in a negative
magnetoresistance. In fact, a large change in the MR magni-

tude is observed foj//a, reaching about-11% atTy. In  fie|d of a UCuAI single crystal with(a) the current along the axis

the case of the polycrystalline sample the reduction in thnd the field along the axis and(b) the current along the axis and
resistivity was even larger, leading to the MRTat of about  the field along thea axis.

27%. Below Ty, however, the MR increases, showing that
the positive MR associated with an antiferromagnetic order . .
starts to overcome the Kondo interactions. Abdlg the applied to a few other uranlum-baseg .K'ondo systems, such
large negative magnitude of MR for this configuration de-2s UBa3 (Ref. 30 _and UTh;PGAls, |t_|s r_u_)t clear to us
creases and vanishes roughly a2 The MR forj//c be- whether the obtalnedrK. va_tlue has any S|g_n|f.|cance. There-
haves in a different manner; it shows some negative maxifore instead offx we signify the characteristic energy scale
mum at Ty probably connected with the incommensuratePy T*, assuming that™ is proportional toT . Applying the
magnetic structure with moments directed parallel to ¢he Schlottmann model to the MR data of the U@l single
axis. crystal, we get rather small values for this characteristic tem-
In order to examine in more detail the influence of theperature, namelff*=3+0.5 K for j//a. A similar field de-
Kondo effect on the MR , we performed such measurementpendence is also observed for the MR measured ajbity
for several temperatures and in fields up to 130 kOe. FigurgFig. 6(b)]. For the latter, we derived also a small value of
6(a) shows the data obtained fgr/a. One sees that the T*=2+0.5 K, though a large difference in the MR values
largest MR values are observed for isotherms in the vicinityfor the two directions exists.
of Ty. This finding is consistent with the interpretation of  \We have also analyzed the MR data obtained for the poly-
the formation of a small gap in the AF state, which simply crystalline sample of UGAI under pressure on the basis of
becomes suppressed by the applied magnetic field. It is notefle Schlottmann model mentioned above. For illustration, we
that the shape of isothermal MR curves for Ty is quali-  show in Fig. 7 such a fit for the MR data under3.1 kbar
tatively similar for one another and resembles that observegy the solid lines. In the inset of this figure, the temperature
in a single-ion Kondo system. Schiottmafhas shown that  dependence of the characteristic fi¢ld, as deduced from
the MR in the Kondo impurity systems can be calculated bythe fits, is shown. The linear behavior 6f* vs T for T
applying the Betheansatz technique to the Copblin— > yields T* about 9 K forP=3.1 kbar (see the insgt
Schrieffer Hamiltonian. His model predicts a negative MR | the same manner, the MR data obtainedRer6 and 10
which exhibits a universal behavior as a function of the appar were analyzed, yielding;* =22(2) and 19) K, re-
plied field. It means that the Kondo properties can be acspectively. These results indicate that applied pressure causes
counted for by a single energy scgguH™, whichis related  an increase of the Kondo temperature. An interesting obser-
to the relatiof vation we have made is that pressure shifts the temperature
of the MR maximum to lower temperatu¢Eig. 8); this leads
to the fact thafTy underP=10 kbar (~8.6 K) is consid-
erably lower than that under ambient pressure, roughly by a
factor of 2. This is further illustrated in the inset of Fig. 8
where uy stands for the Kondo-screened magnetic momenwith a plot of T,,,, as a function of the pressure. A qualitative
and Tk is the Kondo temperature. Other symbols have usualinderstanding of the pressure response in 4#Cwan be
meaning. In spite of the fact that this model has already beerevealed from the Kondo-lattice model of Doniathin

H (kOe)

FIG. 6. Isothermal magnetoresistance as a function of an applied

k k
B ;_ "B
9,MK

H*(T)=H*(0)+ (Te+T), @)

MK
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FIG. 7. Isothermal magnetoresistar(8éR) as a function of the 0 50 100 150 200 250 300

field of polycrystalline UCygAI under pressure of 3.1 kbar. The
inset shows the temperature dependence of the characteristic fiel..
H*, as deduced from the fifsee text

T(K)

FIG. 9. Temperature dependence of the Hall coeffidignfor a
UCusAl single crystal. The solid lines are the calculated dependen-

. ) ) ) cies based on the skew scattering theory. The inset shows the iso-
which the Kondo and RKKY interactions compete with eachthermal Hall resistivity forj//a andH//c axes.

other under pressure. The positive effect of pressurd@on
and the negative one offy implies for UCuAl: Ty
=T RKky -

Figure 9 shows the temperature dependence of the Ha#lharply with further decreasing temperature. A similar be-
coefficientRy for H//a and H//c. The Hall coefficient is havior has been observed in HF antiferromagnets such as
highly anisotropic with much larger value fét//c. For both  U,Zn,; (Ref. 34 and URySi,.*®
directions, Ry shows a positive value and increases with ForT>Ty, the skew scattering gives rise to a peak in the
decreasing temperature. Around 20R, for H//c exhibits a  temperature dependence of the Hall coefficient. It means
hump, and a tail with further decreasing temperature, whilghat, in addition to the temperature-independent ordinary
for H//a a local maximum with a small tail at the lowest scattering ternRy, the Hall coefficient also contains a skew
temperatures is found. The occurrence of this maximum ascattering ternRg,. For many HF systems, the Hall coeffi-
temperature higher thahy suggests that coherent scatteringcient in the incoherent state follows roughly the dependence
from the uranium sublattice starts to develop. In the scope of 5
the theory of the Hall effect for HF compountfsthe posi- Ry=Rp+Ry=Ro+ Y1XPm (8
tion of this maximum can be taken as a measure of the co- -
herence temperatufg,,,. However, the development of co- Wherepp, is the magnetic resistivity ang=x/C (C is the
herence is interrupted by the antiferromagnetic phaséurie constant The coefficienty,, related to the phase shift
transition at 15.8 K. Below this temperature, owing to thed>, takes a form
opening of spin-wave gap the Hall coefficient increases

y1=—  9ugky ' sind, coss,. 9
' ' .i. ' ' P _—— Assuming that the contribution due to electron-phonon scat-
088 ke /./ | \_/.// T tering to the resistivity below 300 K is negligible, we could
1 T fit the experimental data to Eq@8) with Ry=—1.245
. LvL< X107 m¥*C and y,=7.827x10 2 K/T for H//a and
S o8l v, 4(‘ \'/25 . 1 Ro=—6.438<10 ° m®C and y,=7.877x10 2 K/T for
%‘ /5///// N _® e H//c. The results of such a fit are shown in Fig. 9 as solid
ISe v 5 AT lines. This indicates that the incoherent skew scattering by
. _v/v —e—tbar R Qo 1] the U-5f moments dominates the temperature dependence of
' it s A ] the Hall coefficient at temperatures aboVg. The minus
—o—i0koar 0./ L . sign of Ry indicates that electrons predominate the ordinary
RS Hall coefficient.
0.96 : : : . . ' An interesting comparison can be made with the data of
g 2 15T(K)20 % N B other HF systems. The sign ¢f for UCusAl is found to be

positive, which is characteristic for HF systefis®* It is
FIG. 8. The temperature dependence of the magnetoresistan¥¢orth noting that the values oy, are almost the same for
p(H)/p(0) of UCwAI in 120 kOe and under pressure 3, 6, and 10 both measured configurations, corresponding to a phase shift
kbar. The inset shows the temperature dependendg,gfand T*. of the partial waves, by about—24°. From theR, values,
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we obtain within a one-band model, carrier densitres nature of the magnetic moments: the low entropyaaind a
=5.0x10?® m~3 (—4.9 carriers/f.u. and 9.%10?” m~3 large value of the electronic coefficient of the specific heat.
(—0.9 carrier/f.u) for H//a andH//c, respectively. Taking This feature is much supported by the electronic structure
into account they value from our specific heat results, we calculations and XPS experimefit©n the other hand, an
can estimate the effective electron mass of LiguTaking antiferromagnetism with relative large ordered moments
v0=210 mJ/K¥mole U and the values of carrier density ~ (~0.85ug/U) was previously observed for a few HF com-
we estimatem* =55 and 105m, for H//a and H//c axes, Pounds such asiZn,; (Ref. 33 and UPgAI;.*° In the latter
respectively. These are in values typical for medium heavycompound, the existence of two independefisbibsystems
electron systems. has been proposed to explain the coexistence of the HF su-
Inset of Fig. 9 shows the isothermal Hall resistivify)  Perconductivity and magnetic ord®r**In this model, it was
of UCuAI for the configurationj//a axis. A transition from assumed the presence of the subsystem with a small mass
the antiferromagnetic state to the paramagnetic one can ghhancement is responsible for the local moment antiferro-
deduced from these plots. Beldly, two important pictures Magnetism, and the other subsystem being more itinerant
are observed: the initial slopp,,/dH reaches a maximum determining the heavy-fermion characteristics of this com-
value atT=2 K, andpy shows a hump atl around 30—-40 Pound. Perhaps, such a two-subsystem picture is also valid
kOe being next followed by another maximum atfor UCUsAl, and further experiments such as the pressure
~120 kOe. One perceives that the position of these anoméie.pendence of_the specific heat or the ipe_last!c neutron scat-
lies shifts to lower fields with increasing temperature. Thistering should give a more correct description in the future.
behavior can be interpreted as a suppression of magnetic The occurrence of the upturn in bo, /T and the mag-
scattering connected with a spin-flop Kondo process. In th@etic susceptibility at low temperatures is an interesting fea-
paramagnetic temperature range, is strongly nonlinear in ture, but within the single-ion Kondo model one cannot de-

magnetic field. Such a behavior is expected, if the Hall reScribe the observed phenomenon. It is obvious that these
sistivity is dominated by the skew scatteritig. observations differ somewhat from those which can be ex-

pected from the Fermi-liquid behavior. Although there are
many theoretical approaches to the non-Fermi-liquid behav-
IV. CONCLUSION ior; one of them which may be useful to describe the ob-

. ) served here an increase in t8g/T and x at low tempera-
The experimental data on UGAI single crystals demon- a5 is a multichannel Kondo effe!® However, one

strate that the magnetic and transport properties of this coms, 4,14 remember that UGAI, with an intrinsic atomic dis-
pound are strongly anisotropic. In the paramagnetic stalgiqer in the unit cell, can be an origin of the magnetic mo-
these properties are governed by both the anisotropic KondQiant frustration. As a consequence of it, the magnetic mo-
and crystalline electric field effects, while beldi they are  ments at different atomic sites become nonequivalent and
caused by the competition between the Kondo effect and th sych a sjtuation starts to dominate the thermodynamic
RKKY interactions. This competition results in a frustrated 5, transport properties of UGAI. Crystallographic disor-
magnetic state, such as an incommensurate structure whig,, may lead to a distribution of Kondo temperatuff
largely influences the thermodynamic properties of YU ko example, this model has been used to explain the non-
Furthermore, UCgAl shows some characteristic properties Fermi-liquid behavior in the disordered UCyUPd,

of a HF antiferromagnet, such as the localized magnetic mos, gten {445

ment at high temperatures and an enhanced effective electron |, summary, we have presented the magnetic, thermody-
mass at low temperatures. However, the underlying physic§amic and electron transport properties for W&k The ex-

seems to be more complicated than that applied previouslyeimental data indicate that the development of the heavy-
for other classical HF compounds. First of all, it is well tormion state in this compound is more complicated than that
known in a number of HF compounds that the Kondo com-yegcribed previously for other HF systems. Magnetic fluc-

pensation yields not only an enhanced density of states at thgations seem to be important and need further microscopic
Fermi energy driving the system to the formation of heavyi,estigations, notably of thé3Cu NMR spin lattice relax-
guasiparticles, and simultaneously screens the local MGstion rate 17,.

ments. Despite that the neutron scattering experiments can-
not exclude the presence, e.g., of a spin-density wave, in-
volving itinerant § electrons, the amplitude of the magnetic
moment is as large as u3/U at 1.5 K. For UCyAl it is
possible that the effect of Kondo compensation may be not The work at INT&BS PAN Wroctaw was supported by
as strong as in the other nonmagnetic HF systems, becautiee State Committee for Scientific Research in Poland within
the Kondo effect usually becomes quenched by the magneti@rant No. 2P03B 150 17. Parts of the work were supported
order. Instead, we found some evidences for the itinerany the Austrian FWF, Grant No. 12899.
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