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The magnetic susceptibility, electrical resistivity in zero and in magnetic fields up to 8 T, thermopower and
thermal conductivity measurements in a wide temperature range have been performed on; YiigBa
crystals. On the basis of the susceptibility maximum at 650 K and the phonon part of the thermal conductivity,

a mixed-valence state of uranium in this compound has been postulated. On the other hand, a normal positive
behavior of magnetoresistivity rules out the possibility of spin fluctuation as a mechanism driving the suscep-
tibility through the maximum. In turn, the thermopower results may support both kinds of many-body behav-
iors. The electronic structure has also been studied by combining x-ray photoemission spectroscopy results
with those obtained in the band structure calculations. In the latter the tight-binding linear muffin-tin orbital
method in the atomic sphere approximation has been applied. A very good agreement between the experimental
and calculated data has been achieved. A complex satellite structure of the core level spectra supports an idea
of the presence of the valence instability in this compound. This idea is also concluded from the comparison of
obtained experimental data with some similar rare earth and uranium ternary compounds.
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[. INTRODUCTION other 1:1:5type uranium intermetallics, have an itinerant

The recent discovery of the Ce-based heavy fermion gucharacter. For instance, the electronic heat capacity coeffi-

perconductorgCeTln,, T=Co, Rh, Ij! and a fascinating €Nt ¥(0) of 3.3—7 mJ/K molt° for UCoGa is as small as
new class of Pu-based superconducttPsTGa, T=Co, thatof usual noble metals. There is no sign of heavy fermion
Rh),23 have clearly increased the interest in the 115-type?€havior in this and in the other nonmagnetic isomorphic
compounds. This is especially true given a high transitiorcoUnterparts. As a reason for such a behavior, strong hybrid-
temperatureT,=18.5 K found for PuCoGa(Ref. 2. Much ization between the Ufbelectrons and Gaplelectrons has

attention has also been focused on the physical properties P]een assumetiThis is probably because as many as 12 gal-
the uranium isomorphous ternaries UEGaith T a transi- ium atoms are located in the first coordination sphere around

. . the uranium atom, with only four other uranium atoms in the
gfrgcﬁl?;iﬂ;l'ﬁills %f tr;e(s)? Sr?ritgﬁ?lssamp;;?;n':ocfmi second sphere. Thus it may be that tHestates can behave

. : P . &s. 9. . m in a different way than one would expect on the basis of
viewed as a uniaxially distorted UGanit cell with an ad-

. . L large An-An distances, so that, due to thelectron hybrid-
ditional TGg layer put perpendicular to th@01] direction i, 4tion with conduction and/or valence electrons, the phe-

(c axis). From the c/a value of about 1.6 one can expect thgyomenon of valence fluctuatidhtakes place. For actinides
quaSI tWO'd|menS|0na| Fermi Surface. In th|S structure the u:h|s phenomenon has not been well documented. The mixed
and T atoms are located at thiga) and (1b) positions, re-  valence state of 5electrons should be reflected predomi-
spectively. There are two positions for the Ga atoms at th@antly in the dc magnetic susceptibiligg broad maximuny

(10) and (4i) sites. The latter site has one free parameter |;-edge(two peak structurg photoemission spectra, e.g., for
which helps to determine the properties within the U§Ga the -core lineqthe distinct additional structure fdi" final
series' So compounds witi=Ni, Pd and Pt with average states, corresponding to differehtccupanciesand so on. A
z=0.313 are magnetically ordered, while all the remainingrapid promotion of the electron from a narrow band to the
members withz= 0.305, are not ordered to the lowest tem- conduction band and reverse is responsible for the nonmag-
peratures. The closest U-U distance in this family of UfGa netic character of the compound despite the large atomic
compounds is about 0.43 ngheing equal to the lattice pa- spaces. Hence the hybridization between thertd conduc-
rametera). This is much larger than the so-called Hill linfit, tion states is considered to play a decisive role Rere.
whereby it has been suggested that in actinide compounds Evidence for the valence fluctuation behavior of uranium
the 5 states become localized if the An-An spacing exceedsons has been recently found fopRU,SN1%13The magnetic
0.34-0.35 nm. Despite this relatively large distance, previsusceptibility of these ternaries has a maximum around
ous polycrystalling® and recent single-crystalline magnetic 180 K which is characteristic of intermediate-valence behav-
studie§ have shown that thefSelectrons in UCoGaand ior. The x(T) data have been fitted to the interconfiguration
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fluctuation model of Sales and WohlleBégiving a value of tivity was measured employing a dc four-point technique.
T,s=155 K for the characteristic fluctuation temperature.The current leads were soldered with a tin-lead alloy, while
Due to the MV properties LRu,Sn shows typical Kondo the voltage contacts were spot welded to the sample using
semiconducting behavior. short current pulses.

In recent years, the electronic structure of UCgGas Thermoelectric powe(TEP) measurements were carried
been intensively studiet® Mainly the relativistic linear on an oriented single crystal in the temperature range
augmented-plane wau®LAPW) method in the local den- 8-300 K by a steady-state-mode semiautomatic instrument.
sity approximation has been used in self-consistent calcularhe sample was clamped between two spring-loaded Cu
tions of the energy band structure. It appeared that all sheeldocks provided with heaters and a pair of Pt-1000’s ther-
of the Fermi surfacdFS) are small in size and closed in mometers. The voltage difference between blocks was mea-
topology. This makes UCoGaa compensated semimetal, sured using a Keithley 181 Nanovoltmeter. The absolute TEP
with small electron and hole FS. was obtained relative to the Seebeck coefficient of copper.

A similar energy band structure is exhibited by URRGa  The thermal conductivity was measured by a steady-state
having the even number of electrons as UCgG@an the method employing a manganin-constantan thermocouple and
other hand, the paramagnetic Fe- and antiferromagnetic Nig small heater glued to the specimen. The temperature gra-
Pd- and Pt-containing gallides, having the odd number oflient along the sample was typically 0.3—0.4 K. Particular
electrons, form the large highly corrugated cylindrical Fermicare was taken to avoid heat transfer between the sample and
surfaces along the tetragorf@01] direction. Such cylindri- environment. The temperature distribution on the monel ra-
cal FS’s are formed also in CelrGand CeColg (Ref. 16).  diation shield was maintained close to the thermal gradient

A first account of our investigations of UCoGphysical — on the sample. The maximum experimental systematic error
properties and its band structure has already been presentags below 3%caused mainly by uncertainly in the sample
in a short conference pap€rWe report here the detailed geometry.
results of the magnetic, electronic and heat transport studies The x-ray photoelectron spectroscoPS) spectra were
of the above compound together with the data of band struembtained  with monochromatized Al K radiation
ture calculations. They were based on the tight-binding lineaf1486.6 eV at room temperature, using a PHI 5700/660
muffin-tin orbitals method in the atomic sphere approxima-Physical Electronic Spectrometer. The energy spectra of the
tion, with spin orbit interactions included. Also the x-ray electrons were analyzed by a hemispherical mirror analyzer
photoemission spectruntiXPS) of this ternary compound with an energy resolution about 0.3 eV. The Fermi le¥&g)
was measured and calculated with a satisfactory agreemeniias referred to gold for which thef4evel binding energy is
84.0 eV. All spectra were measured immediately after break-
ing the sample in vacuum of8107%° Torr. To avoid oxygen
contamination in the experimental chamber, the samples

Single crystals of UCoGghave been grown in two runs were repeatedly cleaved situ about every 10 min. We did
by the self-flux method. We used uranium and gallium fromnot observe any increase of the oxidation effect during the
two sources with different purity. In the case of uranium thedata acquisition time.
purity was 99.98% and 99.8%, whereas for gallium 99.99%
and 99.9%. For both runs the purity of cobalt was the same,
amounting to 99.98%. The elements were weighed in the [ll. RESULTS AND DISCUSSION
atomic ratio of 1:1:15 and placed in an alumina crucible. The
crucible was sealed in an evacuated silica tube and heated up
to 1020°C for 24 h, followed by slow coolinge—3°C/h Magnetic molar dc susceptibility was measured up to
down to 600°C. After cooling to room temperature the stillthe temperature of 800 K for two directions of magnetic
liquid flux was removed by decanting. Finally, thin film of field, BlI[100] (along thea axis) and BII[001] (along thec
Ga was etched away from single crystals by concentrateexis). The obtained results are shown in Fig. 1 as jhe
HCI. Single crystals of the title compound obtained in theversus logT dependence. We have not observed a difference
two runs using lower and higher purity elements are denoteth susceptibility between crystals | and II, within an experi-
as samples | and Il. Both grew in a form of platelaip to ~ mental error. There is an apparent anisotropy in the tempera-
8 mm in sizg with the ¢ axis perpendicular to their surface. ture runs of this quantity, where ti&g|[100] configuration is

The obtained crystals were examined using scanning eledess temperature dependent. The broad susceptibility maxi-
tron microscopy and their composition was determined bymum is seen at about 650 K, but more distinctly for the case
means of energy dispersive x-ray microanalysis. The crystakhereBI|lc axis which could be indicative of magnetic fluc-
structure was identified using single crystal x-ray diffraction.tuation effects, probably playing a significant role in the
Practically we did not find any difference between | and Il magnetic behavior of UCoGaAs is also shown in this fig-
kind of single crystals. They have the same lattice paramure, the previous measurements made on the polycrystalline
eters, as given for the sample | in our earlier pdpérlag- sample even up to above 1000 K have revealed similar
netization measurements were performed on oriented singlesults* We have also plotted in this figure the data taken
crystals using a superconducting quantum interference dedong thea axis at temperatures limited by 300 K and being
vice magnetometer within the temperature range ofecently obtained by Ikedat al® Furthermore, the suscepti-
4.2—-800 K and in magnetic fields of 0.5 T. Electrical resis-bility measurements carried on the samples being in poly-

II. EXPERIMENTAL

A. Magnetic susceptibility
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FIG. 1. Molar magnetic susceptibility vs log T measured in a
field of 0.5 T along and perpendicular to theaxis. The solid line = 26.1 pacm
represents the data obtained by Grin, Rogl, and Hiathile the 50 g° =34'3K
. 9 . R
dgshed curve are data obtained by Iketlal® on a single crystal of K = -1.04x10° poom/k®
highest purity, wherd|la.
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crystalline form but measured only in the temperature range
up to 300 K-8 (not presented heyall show an increase in
the susceptibility with increasing temperature. It turns out, FiG. 2. Electrical resistivityo vs T measured for the curreit
that the susceptibilities of Rh? and Ir-containing® 1:1:5  parallel and perpendicular to tieaxis. The displayed parameters
ternaries also behave in a similar way. This is in contrastwere obtained by fitting of experimental results to the Bloch—
e.g., to the Fe-, Ru-, and Os-containihgl : 5ternariest'®2°  Griineisen equatiotEq. (1)).

the susceptibility of which decreases slightly when the tem- o

perature is increased. This fact presumably indicates th&f the temperature dependence of the resistivity of some
these ternaries having onel @lectron less do not behave as ransition metal alloys. The magnitude of constinand its
spin or valence fluctuators and represent rather typical me>'dn depend on the density of states at the Fermi level and its

Temperature (K)

tallic paramaanetism of a Pauli tvpe. curvature. As seen in Fig. 2, there is a relatively good fitting
P g yp only at higher temperatures for the case whjéeaxis. The
B. Electrical resistivity somewhat better agreement in the whole range of tempera-

Figure 2 displays the electrical resistivity measured forture:s is obtained for thel c-axis case. A similar result also

. . . . along thea axis has been reported by Wawrgk al?? for
the curreng flowing parallel and perpendicular to tloeaxis :
for the sample Il. Here one also sees the anisotropy in th RhGa. The Debye temperature obtained by us from the

transport properties, particularly in the shapep6F) depen- Jlla-axis fitting curve having a value of 34 K is close to that

9 i i -
dencies. For both directions of the current the residual resisr—eporteOI by Ikedat al.” being inferred from the heat capac

tivity is rather high, especially for thglc case. Large values ity megsurementé@D_-37O K).' - .

of po were also reported for the polycrystalline samptes. In Fig. 3 the electrical resistivity as a function of squared

Although the shapes of both curves are very similar to thos%ﬁmpe.r atglre}s |c|)resented. \éVe note t?at at rllowFtempelr atg(;es

measured by Ikedat al® on high purity single crystals, the b ehre 1 |srt]|ncty Zeen ?j ewa}yonb r%m the e(;’.“' Iqui

difference inpy is about one order higher in magnitude for ehavior. T ep(T)_ ependence Tor ot curr_ent_ rections
Eoes through a minimum at about 25 K confirming the ear-

our single crystals. Hence, they could observe on their supef ) :
pure crystals the de Haas—van Alphen effect determining th er results reported by Noguchi and Okl}b‘é,obtalned_by
these authors on the polycrystalline samples. As different

Fermi surfacéFS) for UCoGa;,. It appears that the FSin this .
Co-containing compound consists of a small band 15_h0|é|tt|ngs of thep(T) data to aT" dependence showed, tf7é

Fermi surface and a small band 16-electron Fermi surfac&ariation is also followed for both directions of the current,

So that UCoGa is a compensated semimetal with three ut only in a small temperature range above about 90 K, as
kinds of ellipsoidal Fermi surfaces. marked by the solid lines in Fig. 3. At low temperatures,

We have tried to make fitting of the Bloch—Griineisen belov_v 90 K, we have satisfactorily fitted the higher power
equation plus the band structure param&fe? (Eq. (1)) into  functions, e.g., witm=4 and 5 or onlyn=4 for the current

the experimentab(T) data(solid lines. directed either perpendicular or parallel to thalirection,
respectively. The values of the obtained parameters are given
T\® (oo x°dx 3 in the figure. Thus, the above data have revealed a serious
p=po+ 4R6G 0_5 fo (&-1)(1-e¥ *KT° (D difference compared to the results reported for the very pure

single-crystalline data of Ikedat al® The observed mini-
According to the Mott’s theor¥* the electron scattering on mum in the resistivity can be understood to be a result of the
the s-d bands leads to this additional term in the descriptioncompetition of at least two contributions. Ong, is due to
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FIG. 4. The extracted Kondo-like behavior
Apk(T)/Apk (4.2 K) from thep vs T curves(inse) measured for
jlla for different purity samples | and Il with RRR=2 and 5, respec-
F:ﬂﬁmm ] tively, compared to that with RRR=GRef. 9. The solid line is a
f\"= 459x10° paemic® | fitting of the above dependence to the equatiahpy(T)

] =Apk(4.2 K)[1-a(T/Tg)?], wherea=3x 103 and T;=290 K.

L p=p,*AT* Y <
sol po=439 mcm_\ S
.

A =2.27x10° poemK*

I ] defects may play in the case of UCaGa very important

42 — role in driving the system probably to the so-called nonmag-

0 S0 1000 M50 2000 2500 3000 netic Kondo(NMK ) effect, if it is not caused by any para-
TK) magnetic impurity iongfor an explanation of NMK effect

FIG. 3. Low temperature electrical resistivipyvs T? of sample See Ref. 2h Applying a similar procedure_tc_J the capec
Il taken along and perpendicular to thexis. The different fittings failed due t_o an almost overall parallel shifting of all three
of the power functions to the experimental data with the obtained0responding(T). curves(not shown here It seems that
parameters are also displayed. the difference in observed shapegd(T), and overall magni-
tudes of the resistivity depending on thdirection(see Fig.
the electron Scattering by the KondO'type impurities or de'2)' are generated’ for examp|e' by the anisotropy in hybnd_
fects, the other ongy, is generated here by spin or valence jzation of the 5 electrons with those of ligands, in the te-
fluctuations. The phonon contribution at so low temperaturegragonal unit cell. The full recognition of all these effects,
can be negligible. By analogy with the situation existing for however, can be achieved only by deep microscopic investi-
example in the case of single crystals of USlhere such a  gations, using neutron scattering, muon resonance or a large
minimum in p(T) has been taken as the competition betweerhymber of different spectroscopic-type methods.
the Kondo-type and antiferromagnetic spin-wave interac- The low temperature magnetoresistivity, defined as
tions, we have plotted in the inset to Fig. 4 the thpg€l) Aplp=[p(B)-p(0)]/p(0), as a function of magnetic field B
curves corresponding to thgla axis, obtained for the applied perpendicular to the direction of the currgntith
samples having different values of the residual resistivitiesstrengths up to 8 T, measured for higher purity single crys-
The residual resistivity ratigRRR) values for these speci- tals Il is presented in Fig. 5 with the configurations given in
mens cover a range between 2 and 61. Some rough outline ge figure. One notes that the quadratic dependende aB
this Kondo-like resistivity componentp,(T) can be ob-  (solid lineg is fairly well obeyed at low temperatures for
tained by subtracting the resistivity of the RRR=61 superhoth directions of the current. Such a behavior may signal
pure sampl not exhibiting this effect from those of RRR the existence of closed orbits on the FS in khspace if we
=5 (Il) and 2(1) samples. In Fig. 4 there is shown in the deal with a compensated metal. THElvA effect measured
reduced scale the dependentp(T)/Ap (4.2 K) for these by Ikedaet al? yields three kinds ofiHvA branches, named
two cases | and Il plotted versus |dg As seen, both these a, b, andc which correspond to the closed orbits at the FS.
reduced temperature dependences are almost the same il the surfaces are small in volume. This result classified
these two cases. By taking this dependence as a Kondo-likelCoGa to be a semimetal with equal volumes of electron
low temperature contribution to the total resistivity we couldand hole Fermi surfaces and very small value of the electron
establish from the fitted Fermi-liquid relation: specific heat coefficien#(0)=3.3 mJ/mol K.
Ap(T)/Ap (4.2 K)[1-a(T/Ty)"], where n=2 and T, As illustrated in Fig. 6, the temperature dependences of
=290 K, the Kondo temperaturg,, defined as being at the magnetoresistivity have a similar shape and magnitudes
Ap(T)/Ap(0)=0.82% It was estimated to be 145K, i.e., for both directions of current, reaching at 4.2 K a rather high
equal toTy/2. Then, it becomes clear that even some smalpositive value of about 50% fgil andj L to the c-axis di-
impurity contamination and/or atomic disorder as well as anyrections, respectively. Moreover, one notes that even at
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4.2 K and 8 T than to YCg, representing the influence of

UCoGa, the spin fluctuatiogSF) scattering on MRS The behavior of
04 L the former compound is considered as being caused by the
I only mechanism originating from the influence of the mag-
0.3 | netic field on the conduction trajectories, the so-called Lor-

jlic,Blla

| jlaBlc

B(T)

entz force effect, which always leads to an increase in the
MR values towards low temperatures due to decreasing
electron-phonon scattering. According to Gretee Ref. 2Y,

this normal magnetoresistance can be approximated by the
following formula:

ApL _ BZ
p a[P(OvT)]a,c +bB*’

where a and b are the field and temperature independent
parameters depending on the conduction electron properties,
established, for example, by the band structure at the Fermi
level. p(0,T), is the total resistivity in zero field for a given
direction of the current. This is usually inferred in non-SF-
type compounds from the Bloch—Griineisen phonon relation,
as that presented in E@l) plus the residual resistivity,.

The solid lines in Fig. 6 are the results of LSQ fit of EQ)

to the UCoGa magnetoresistance data calculated for the two
j directions, practically without difference in its temperature
dependence. The fit parameters are8.76 T2/ u{) cm and

(2)

b=-4.03 for parallel and a=17.44 P/uQcm and
b=-5.04 for perpendicular direction of the current with re-
spect to thec axis. The obtained results are then in contrast
with the normal SF system, for which the growing negative
magnetoresistance due to the suppression of SF by the mag-
netic field would be expected. Hence, the spin fluctuation

100 K the magnetoresistivity is still large amounting to aboute{hrect signalized by the susceptibility maximum has not
10%. It is interesting to note that there is a lack, within thefound any support from the magnetoresistivity data. Another

limit of experimental error, of any anisotropy in magnetore-pOSS'.bIIIty leading to the maximum a.t high tgmperature; n

sistenca MR) and its temperature behavior is more reminis-X(T) IS tth‘ valence fluctuatlgn associated with the uranium

cent, e.g., of the nonspin fluctuator YAlabout 30% at atoms._ This effect was c;_ons@ered as a reason for the maxi-
T mum in the susceptibility, for example, in the Kondo-

FIG. 5. Transversal magnetoresistivity/ p, vs B measured for
the currentj parallel and perpendicular to theaxis in magnetic
fields up to 8 T, applied perpendicular to thélowing direction.
The results of fitting to th@B? behavior for both crystallographic
directions are shown by the solid lines.

UCoGa5

semimetal compound JRu,Sn*® However, one would ex-
pect some enhancement in the electronic heat coefficient,
¥(0), for both cases, i.e., for the spin-fluctuating and valence-

instability materials. Nevertheless, for,Ru,Sn this coeffi-

041 cient was found to be only 9 mJPxnol U 28 thus the value
being comparable to that reported for UCgGa
0.3}
o C. Thermoelectric power
(=%
%02} Figure 7 shows the temperature dependence of the ther-
mopower,Svs. T, for the temperature gradient applied along
oL the parallel and perpendicular directions to thexis. The
) jla same mechanism described above in the case of Mott's term
in the electrical resistivitysee Eq(1) ] leads to the formula
0.0 : ' . L : ' : L for the diffusion thermoelectric power of two-band

0 20 40 60 80
Temperature (K)

100 conductor® as is also the case, e.g., for URhG&AThe Mott

two-band model for conduction and thermoelectric power
FIG. 6. Magnetoresistivity\p/ p, vs T measured alongopen usually gives reasonable estimates based on elegtronic struc-

small circles and perpendiculaffilled small squaresto thec axis ~ tUre data. As can be seen from Table Il the density of states

at 8 T. Both the open circles and squares are the data obtained frof?OS) at E=E¢ for s electronsNg(Eg) is small as compared

the Ap/pg vs B curves at 8 T(see Fig. 5. The magnetoresistance With N,(Eg), Ny(Eg) andN¢(Eg). If we assume, in the spirit

was LSQ-approximategthe solid lines by the formula given by of the Mott model, that the relaxation time 4 for the

Eq. (2). conductions electrons is due to their scattering irpd and
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FIG. 7. ThermopoweB vs T measured for the temperature gra-

dient AT parallel and perpendicular to tiweaxis. FIG. 8. Thermal conductivityk; vs T measured for the tempera-

ture gradientAT applied parallel to the axis, .

f bands then Ts,pdf~1/dif(E) where dif(E):Np(E)
+N4(E)+N¢(E). Since the conductivity o$ electrons,o, is
proportional  to Ng(E)spqr it follows that og(E)
~Ng(E)/Nyg(E). From the standard expression for the ther-
mopower

The large values of(T) (about 60uV/K) and its mainly
positive sign found in UCoGgain two directionsa andc in
this paper as well as that in URhgAalong thea axis ac-
cording to the Mott’s formulgEq. (4)] of diffusion ther-
mopower first of all should be caused by a large magnitude
S of the energy derivativeN;(E)/dE at E¢. The reduced num-
S~ |[5gn o) (3 ber of charge carriers and the low-characteristic temperature
Br scales(1-100 K) of the systems, as is the case of strongly
one get¥ electron correlated ones, as a rule enhanceS(ig to very

large values!
7AIET { 1 dNS(E)} J
E=E;

S(T) =

This is a rather common behavior in normal actinide in-
3e N(E) dE termetallic compounds, which do not show any signs of the
presence of many-body effects, that the magnitude of the
_ [#M] (4) thermopower usually does not exceed 1006 K at room
Npgf(E)  dE E=E, ' temperaturg€RT). This is supported, e.g., by the Id8walue
] . of ThCoGa reference compound amounting at RT to about
Putting numbers from our band structure calcu!atlons Wei1 ,V/K.3 Only taking this fact into account it becomes
get from the formulg(4) S=4.0- 10%(T/K)(uV/K)- signe).  apparent that so much enhanced values of the thermoelectric
Assuming that holes are carriers of the current, positive sigipower in UCoGg and URhGg may also originate from
of Sis obtained. The order of magnitude [ from this  some magnetic moment or valence instabilities existing in
Crude. eSt!mate IS ConSI.Ster?t W|th the data in F|g 7. EXC.epl!.hese Compounds_ Any better exp|anati0n Of the ther-
the dlffL.JSIOI’I term Contr|but.|0n Into the tOtal thermoelect”clmopower behavior in SUCh an intermeta”ic Compound as
power, in general, there might be other ones caused by difycoGa will, however, require more investigations using a
ferent mechanisms, as, for examg,y (can be both of |arge variety of physical techniques.
phonon and magnon origior S, associated with the many-
body interactions in hybridized, strongly correlated electron
bands of the Kondo- and spin-fluctuatiog8F or valence-
fluctuation(VF) types. Figure 8 presents the temperature dependence of the ther-
It is interesting to note in thevs T dependence that if the Mal conductivity,«(T), measured along the temperature gra-
S, measured along tha axis increases smoothly with tem- dientAT applied parallel to the axis, «,. This dependence
perature from zero to about 45V/K at room temperature, Shows a broad maximum in the vicinity of 50 K, a shallow
whereS, reaches a saturation, at the same teneasured minimum at 125 K and small linear increase with further
along thec-axis first it goes through a negative minimum at increasing temperature. Almost the sam@) variation was
40 K and above about 75 K it becomes positive, also follow-found for ATlIc axis, which indicates practically the lack of
ing saturation close to room temperature but with a relativelyanisotropy in«(T). The total thermal conductivity being a
high value of 60uV/K. sum of the electron and phonon contributiorss (ke+ kpp)
On the other hand, the VF compounds, like CeRteSi  of the nonmagnetic material, but being characterized by the
and Celn, exhibit large values o8 at high temperature, but presence of the enhancédl electron hybridization, may be
they have no extremum features at low temperattftes. regarded as an inverse sum of three scattering mechanisms

D. Thermal conductivity
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responsible for the heat transport in a given metal if one 10 —T ——

assumes them to be additifthe Matthiessen rujeThis can I UCoGa, , ]
be expressed as follows: - Lt """’t-.,. :T E
.
K= (th,i + th,ph + \Nph,e)_1 * Ke. (5 T ¢ 8

_ _ o X o &,
The particular terms in the bracket occurring in the above’g 6l
equation denote the thermal resistivities due to collisions of £ -
the phonons with lattice imperfections. The first term repre- ::— Lo
sents the scattering by point defect and impurities, the sec I - *
ond term being the Umklapp ph-ph scattering and the third T 2 '\
one is the phonon scattering on conduction electrons. In oul o
case the latter one is the most important and is mainly con- -* 0 100 200 300
nected to the possibility of the interactions in the material 1L . T(K) i

with some magnetic instabilities, like the spi8F or va- L —— |
lence (VF) fluctuations. Another contribution involving the 10 100
boundary scattering rate is important only at temperatures Temperature (K)

lower than 4.2 K and is not discussed here. A similar formula

to that in bracket as in Eq5) can also be written for the log-log scale. The straight lines repres@ftand T-! power laws as

erlectrog'f?eat compongnt of the":)he'rmal ?On%UC;'W’A" in the case of Ce(Bn,Sh, mixed-valence compounds, where T
these different scattering contributions for both cases ONEpp N, Pt, presented in Fig. 3 of Ref. 35,

might describe in terms of the proportionality to some simple
ower dependences'Tsee, e.g., Ref. 38 The scattering of ) i
glectronspand phonons on thge lattice imperfections isgelastic In Fig. 9 we have plotted the(T) dependence in the
and this mechanism is the most important at low temperal®9-109 scalze. The ﬂralght lines drawn below and abbyg,
tures. In contrast, the phonon-electron and phonon-phonodoW theT= and T~ variations of «(T). The temperature
interactions may have an elastic as well as an inelastic chafduared dependence beldliy just shows that the el-ph
acter and they are described by processes of the normal afgechanism is strongly favored at low temperatures. In the
Umklapp types. In this case the scattering is exponentiallynSet to this figure we present the reduced Lorehizy num-
dependent on the temperature. ber ratio versus temp_eratuTe According to the d_omm_at!on
Assuming as a first approximation the relation betweerPf the phonon scattering at low temperatures this ratio is also
the thermal conductivity and electrical resistivity, given by €nhanced by a factor of about 7 at about 20 K, where it goes
the Wiedemann—Franz  law kep/T=L, (Lo=2.45 through a sharp maximum. It should be ment|or_1ed tha}t such
X108 W Q K2 is the Lorentz constaptwe have derived an enh'ancement can be also caused by some melastlc'ph—ph
the expected temperature variation of the electronic contriScattering of Umklapp typ& Only above about 100 K this
bution, ., to the total thermal conductivity using the electri- 'atio becomes close to 1 giving arguments for the validity of
cal resistivity data obtained in this work. In turn, the phononMaking the above analysis. On the other hand, we see from
contribution we calculated from the difference;- = rcpp, Fig. 8 that the electronic contribution goes through a very
Consequently, in the figure together with the temperature de?road knee centered at about 50 K and then it falls down to
pendence of the totat, along thea axis of UCoGg, also ~ Z€T0 at_O K. Th_us it manifests the importance o_f this type of
such dependencies of the corresponding contributions, i.eScattering at higher temperatures. This behavior proves the
the electronioc, and phononk,, thermal conductivities were Well metallic conductivity character of UCo@awhich is
plotted. They are different not only in their magnitudes putresponsible for a substantial electronic contnbL_ano the
also in the overall temperature changes. From these figuresf€asureds,. Exactly the same type of behavior has been
is clear that above about 100 K, electrons mainly scatter offfferred for well-known valence fluctuating compounds,
the conduction bands but below this temperature electrongUch as CelSn;Sh,* EuPdyGe;,*” and for some
scatter mainly on phonons. This leads to unusual behavior dgicutterudites®
xpn(T) which goes through a pronounced peak at the vicinity
of Tha=40 K and then it diminishes in a systematic way
with a further increasing temperature. The reduction in
kpr(T) at temperatures abovi,,is probably caused by the  The electronic band structure was calculated by the tight-
VF-ph interaction, known as being strong in the case ofhinding linear muffin-tin orbital(LMTO) method in the
mixed-valent compound¥. Hence, in the first approxima- atomic spheres approximatigASA).3° The room tempera-
tion, such a scattering, which becomes large for large valueire experimental lattice parameters were used for computa-
of the magnetic fluctuation temperature, may be regarded a®ns, a=0.42321 nm,c=0.67051 nni’ Positions of atoms
being equivalent to the el-ph scatteri(gge, e.g., Ref. 3 in the unit cell are provided in Table I. The electronic struc-
Thus, one can treat the maximum ip(T) as being the ture is calculated without spin polarization since the system
crossover from the el-ph scattering beldyy,, to the ph-ph is paramagnetic to the lowest temperatures studied. The unit
scattering dominating above this temperature. cell contains one formula unit. In the ASA the unit cell is

FIG. 9. Thermal conductivityx vs T as in Fig. 8 but in the

IV. ELECTRONIC BAND STRUCTURE AND XPS
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TABLE I. Crystallographic characteristics for UCo&aspace TABLE Il. DOS (Ef) UCoGa.

group P4/mmm:; lattice parameteas4.233 A, ¢c=6.723 A, aver-

age Wigner—Seitz radius 1.6016 A. U(la) Co(lb) Galc) GaZ4i) Total (per f.u)

Atom  Site X, Y, Z, Wigner—Seitz radi[A] s 0.002  0.003 0.026 0.011 0.075

p 0.009 0.025 0.207 0.083 0.573

u la 0 0 0 1.9766 d 0128 0359 0034 0008 0.553
Co 1b 0 0 1/2 1.4890 £ 2937 2937
Gal 1 12 1/2 0 1.6165 Total 3.076 0387 0267  0.102 4.138
Ga2 4 1/2 1/2 0.3048 1.5004

states. As Fig. 5 indicates, no indication of the tendency to a

filed with the Wigner-Seitz(W-S atomic muffin-tin = a4 ration of the curves representing the magnetoresistance
spheres. Their radii are: 1.977, 1489, 1.616, and 1.500 A for P g g

Qersus applied magnetic fields up to 8 T was found. The
the U, Co, Gélc) and G&4i) atoms, respectively. The over- : : A Ny
. assumption of open orbits would be in disagreement with the
lap volume is 12.6%. To compensate the ASA errors th P P g

. . . Gecent calculatiort§ of the Fermi surface for UCoGawe
standard combined corrections for overlapping W-—S sphergg, e recalculated the Fermi surface using the cosieuDio,

were applied? The exchange-correction potential was takenPrinceton Technology Software 1998—2003. The obtained re-

. ) , .
in the form proposed by Perdeet al." The spin-orbit cor- ¢ s anneared to be in good agreement with those reported
rections were calculated according to the scheme of Min ang, ©o¢ 15 Therefore. the results of the magnetic field depen-

Jang’? The scalar relativistic approximation for band elec- dence of the magnetoresistance can be understood in terms

trons and the fully relativistic approach for core eIectronsthat UC0Ga has an even number of electrons per unit cell,

were used. L . , . and is a semimetal with the equal numbers of conduction

The f‘g"og'v'”lg initial atomic conf|g7;urat|ons were assumed: gjocrons and holes, as was shown experimentally in Ref. 9.
core+613 51°%d'7s* for U, _core+3j 4s’ for Co and core The valence band of the measured x-ray photoemission
+4§4p_ for G.a' Computatlons were performgd f.or 397 spectrum is presented in Fig. 11 and is compared with the
points in the irreducible wedgel /16) of the Brillouin zone - jated ondinsey. The experimental curve contains raw
(B.Z.). Ingezgratlons. in the B.Z. were made by the tetrahedrony,ta no hackground subtracting has been applied. The agree-
method!>~*° Iterations were continued until the self- o appears to be quite good, the observed features of the
consistency of energy values was achieved within the errog,nerimental curve have their counterparts in the calculated
0.01 mRy. From the computed partial densities of stateges |n order to identify the role of the atomic ingredients in
(DOS) the valence band x-ray photoemission SpectruMpe gpectrum the theoretical plot is decomposed into contri-
(XPS) was calculated by the standard procedure. The partiglsions from the U, Co and Ga atoms, respectively. The inset
DOSs weighted by the atomic cross sections for photonys rig 11 illustrates the different share to the XPS from the
scatterind® were convoluted with a Gaussian function to Ga atoms in the two nonequivalent crystallographic posi-
take into account a finite experimental resolution. The phosions Note that there are four times as many Ga atoms in the
ton energy 1486.6 eVAIl K, sourcg and the energy resolu- (4j) positions than in thé1c) ones. The lack of a distinct
tion 6=0.3 eV were taken in accord with experimental pa’intensity enhancement at around —6 eV binding enéggs),
rameters. where the @2s) line usually appears, indicates that the
sample practically is not contaminated by oxygen. The XPS
Th a broader BE range shows a strong narrow peak located at
a BE of about -19 eV, originated from the Gd 8ore elec-
trons. The calculated spectrum in this energy region is dif-
ferent, consisting of a weak peak at BE=-19 eV, but due to
the U & core electrons and a strong peak from the @a 3
core electrons, but located at a BE of about —15.5 eV. The
discrepancy is apparently attributable to errors in the TB-
LMTO method in this high-energy regime, as found also in
other calculationgsee, e.g., Ref. 47

s, p, d andf electrons. Partial DOS’s from U, Co and @a
two nonequivalent positions in the unit oedlre displayed in
Figs. 1Qa-1Q(d), respectively. The most prominent features
of the total DOS is the 1.3—eV-wide band from the © 5
electrons. Thef band is split by about 0.7 eV due to the
spin-orbit interactions. The Fermi level is situated in the val-
ley between these twb subbands. A dip aEg also appears
for contributions fromd and s electrons altogether giving
rise to a remarkable dip & in the total DOS. The band

with a width of about 3 eV beloviEg is a superposition of TABLE Ill. NOS (Ef) UCo0Ga,

contributions from thel electrons, mainly from Co, and from

p electrons, mainly provided by Ga. A striking feature is the U(la Co(lb) Galc) GaZ4i) Total (per f.u)
very low value of partial DOS from the electrons neaEg

(see Table I\. This property has presumably a strong effectS 0552  0.672  1.393  1.285 7.757

on the transport properties of the system investigated here. 0 6.344  0.951 1.519 1.381 14.338
Table Il the values of partial DOS & are summarized. In d 2.368 7.836  10.136  10.075 60.640
turn the total numbers of statédOS) are listed in Table 1ll. 3.265 3.265

A significant charge transfer from Ga to U and also to Co iStgia) 12529 9459  13.048  12.741 86.000

indicative of a strong hybridization between thed and f
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FIG. 10. Total and partial densities of stat@s and contribution to DOS from lg) Co (c) and Ga(d). DOS’s from Ga in the two
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Important information on the final states in the photoemis- 800 ————r T
sion transitions can be extracted from the structure of the U [ 2?2 u4f,,
4f core lines. In the inset of Fig. 12 is shown the line © 4
split into 4f%2 and 47/? sublines by the spin-orbit interac-
tions, separated by the typical splitting of about 11 eV. Un-
fortunately, in the present compound the structure of the U
4152 peak is over covered by the nearby GeM line (see
the inset of Fig. 12 Therefore only the U #/2 line can be
unambiguously decomposed into the main line and its satel-
lites. The decomposition was done by the standard proce-
dure, as described in our earlier pap@se, e.g., Ref. 47As
seen from Fig. 12, there are, except for the main line, as

6000

Normalized intensity

4000

Intensity [arb.units]

2000

[ S felhs I TS .,

many as two new satellites denoted in the figure as Nos. 1 -384 -381 -378 375
and 2. The following values of the Doniach asymmetry pa- Binding energy [eV]

rameters, a, were taken: 0.5 for the main lind-BE

=377 eV}, 0.3 for the satellite No. {at 377.9 eV, and 0.03 FIG. 12. The core line U #/2 decomposed into the main line

for the satellite No. 2at 380.5 eV. Note that there is the and two satellites denoted as Nos. 1 and 2. In the inset both com-
lack of satellite No. 3, called 7 eV satellite, usually occurring PONents of the U #are shown.

in many uranium systems, having some localized character

of their 5f electrons. This fact probably indicates an itinerant5f* states(see, e.g., Refs. 47 and #8n addition to the the
character at least of some part of 8lectrons in the com- 3 eV symmetric satellite described above we deal here also
pound studied. Satellite No. 2 at -BE=380.5 @6-called Wwith the asymmetric onéNo. 1) located at about 1 eV with
satellite —3 eV is rather considered here as a result of thehigher BE than the main peak. We have observed such a
U** final state, as in the case of YQ@han due to the problem satellite and studied the uranium ternary compound
of oxidizing the sample. However, we cannot exclude thatJ,Ru,Sn, which has been established as being a mixed-
this satellite is probably enhanced by a slight presence ofalent compound and also classified as a semimetallic Kondo
uranium oxides, which just give a symmetric line near thissystent® Surprisingly, for this case no traces of the satellite
position. Sample cleanness was checked by monitoring thbo. 2 have been found. It is clear that this complex satellite
oxygen and carbonls) levels. However, as the photoemis- structure in a number of ternary uranium compounds is at-
sion spectrum made in the whole energy range displgigs tributed first of all with the initial ground electronic structure
13), there is only a trace of the (@s) peak at —BE Of uranium in these kinds of compounds. For better under-
=532 eV(see the inset of Fig. 33Along this line is also the ~Standing of it more such studies are required.

fact that the intensity of this peak did not change even after

1.5 h lasting exposition of the sample during the measure- V. CONCLUSIONS

ments. Hence, one has to rule out the possibility of oxidizing

the sample also during the time of experiment. Similar sat- We have performed a number of measurements such as
ellites, but around both main core lines of U, re also the magnetoresistivity, thermopower and thermal conductiv-
reported in other studies and are interpreted as being due tty on UCoGag single crystals in order to study the effects of
some mixed valence character of uranium with tfé &nd

40000 —T —
1.0 T I T 'I T II T . T T - ~x ' g gl
L 0.06 Total Ga i § = =
. contribution — T 10 = 5 —
o " ? O ® 2
0.8 - — 2 =
=) 30000 } 5 3 .
@ L 4 7 I & i
g 0.03 =
€ 0.6 - 3
ke 2 - 1
@ " oo T S, 20000 IEAR
T 04 — = i 1 Ga(LMM) g
g . 2 o o A
s ! |2 I
> - £ L=
0.2 ks T experiment _ 10000 A%%_
| theory (5=0.3 eV) | 5 8 80
0 =S = : i 3
-10 -6 2 2 0 [ ' PR T T L .w
Binding energy [eV] -1000 -500 0

Binding energy [eV]
FIG. 11. The measured XPS for the valence béhe upper-
most curvg compared with the calculated onéhe next curves FIG. 13. The x-ray photoemission spectrum in the whole mea-
from the top. The lines marked U, Co and Ga represent the respecsured binding energy range. In the inset, on the extended scale, a
tive contributions. The inset shows the contribution from the Gaweak peak indicating a trace amount of oxygen which eventually
atoms in the two nonequivalent sitedj) and(1c). can be detected.
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spin or valence fluctuations, the many-body phenomen&ons by the extent4p hybridization acting in a somewhat
which could be suggested by the presence of the susceptibsimilar way as in its parent compound U8 The only

ity maximum at 650 K, observed in our earlier wdikEirst  difference is that in the :1:5 case the unit cell of the the
we found that the observed minimumgfiT) at 25 K and the latter is enriched by an additional CoGlyer. The good
dominant part of the remarkably high residual resistivity cor-agreement of the valence bands found from XPS experiment
responds, at least along thia axis, to the Kondo contribu- and calculations gives further arguments for the almost itin-
tion, probably of nonmagnetic nature. The positive temperaerant character of thef%lectrons suitable here for the va-
ture variation of the MR measured at constant magnetic fieldence instability to occur. In addition, the complex dore

of 8 T ruled out the distinct presence of spin fluctuations inphotoemission spectra observed for UCg@ary much sup-

the compound under study. The thermoelectric power deports this idea.

pending on the measured direction could be explained by

both types of ms_tabllltl_es in the crystal, dependlng_orj the ACKNOWLEDGMENTS

temperature gradient direction. The temperature variation of
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