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Weak localization effect in the strongly ferromagnetic Kondo compound UCgsSh,
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Experimental results of the magnetizatitv), specific hea(Cy), electrical resistivity(p), magnetoresis-
tance(MR), and thermoelectric powef) are presented for single crystals of the tetragonal {4Sb, com-
pound. Anomalies in th&1(T), [C,(T)], p(T), S(T)dependencies have allowed us to establish thatd4Elp
undergoes a long-range ferromagnetic orderingat64.52) K. The temperature dependence of the magne-
tization measured fairly far beloW. might be explained by considering both types of magnetic excitations:
i.e., the spin-wave- and Stoner-type excitations. M@) dependence is well represented by the relation 1
—M(T)/Mg=BT¥2+B, T3 %exp(-A/T) with the determined spin-wave stiffness consfant 100 meV & and a
Stoner gap\ =69(2) K. The behavior of the electrical resistivity below abdy{/ 2 is discussed in terms of the
electron scattering on magnons with a dispersion reldigmA+Dq2 and the two-dimensional weak localiza-
tion effect described by a&In T dependence. Negative magnetoresistance is observed over a wide range of
temperatures below 150 K. The relative large field and temperature changes in the transverse MR @round
are thought to be due to the ferromagnetic order or/and damped critical fluctuations by the applied fields.
Below 40 K the magnetoresistance behavior may be understood on the basis of the predominant elastic
scattering predicted for two-dimensional systems with the weak localization effect. The thermoelectric power
data indicate UCgsSh, to be ap-type material with a moderat®value of ~25 wV/K at room temperature.
The T%2 dependence observed in tB¢€T) curves forT=<30 K is consistent with the electron-magnon scatter-
ing process. The high anisotropy and temperature dependence®(fTheurves may be explained by adopting
a phenomenological model for a Kondo lattice.
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I. INTRODUCTION hybridization effect connecting with the number of tde
electrons involved. Moreover, due to the interplay of crystal
It is accepted nowadays that the magnetic behavior ofield and Kondo-like effects as well as thep mixing
uranium intermetallic compounds is intimately associatednechanism, the series ofT$b, compounds exhibits both a
with the so-called dual nature of thé Blectrons of the ura- reduction of magnetic uranium momertaore of the itiner-
nium atoms:? In this concept, part of thefSelectrons be-  ant charactérand a strong magnetocrystalline anisotrdpy

haves itinerant whereas the remaining electrons behave Igpeat deal of the localized charadtgresembling the behav-
calized. The former hybridize with the conduction and/orj,, being understood in a framework of thé-&lectron du-
valence electron states of ligands and form energy bandsism aforementioned.

while t_he latter form m_ultlplets to reduce the local Coulomb Since investigations of the T8h, compounds have been
repulsion. Correspondingly, we expect a mass enhanceme

of the delocalized quasiparticles and the formation of theﬂérformed so far only on polycrystalline samples and hence

local moments as well. However, physical properties of Corn_mformation on their anisotropy of the physical properties is
: F limited, we have prepared single crystals of all the ternaries

ounds depend not only on the interplay between these tw ! .

P P y play TSh, in order to shed more light on the unusual dual nature

phenomena but also on those involved in the interatomi . .
exchange interactions throughout the Ruderman-KittelOf thé S electrons. A paper on characterization of single

Kasuya-Yosida (RKKY) or superexchange mechanisms. cTystals and prelim_inary measurements of magnetization of
These latter kinds of interactions are often accompanied b/ C%.s5k was published elsewh_e?e. o _

an unusual high anisotropy, much affecting the magnetic and n this paper, we expanded investigation on magnetiza-
electronic transport properties. tion, specific heat, electrical resistivity, magnetoresistance,

The existence of intermetallic compound3$h, (T=Ru,  and thermoelectric power on single crystals of €3,

Fe, Co, Ni, Pd, Cu, Ag, and Auvas reported by Kaczo- We report that this compound orders ferromagnetically be-
rowski et al3 and Brylaket al? The first authors have also low 64.5 K and shows a huge magnetocrystalline anisotropy
measured magnetic susceptibility, electrical resistivity, neuin all the studied magnetic and electronic transport proper-
tron powder diffraction, and Mossbauer spectra. They havéies. Moreover, we have also established that the spin-wave
been found to pass an interesting evolution in the magnetitheory is quite suitable for the interpretation of the magnetic
properties, ranging from a paramagnefi¢gFeSh) through  and electronic transport properties of this compound. One of
an antiferromagnetiCUTSh,, T=Ru, Ni, and Pglto a ferro-  the most unusual properties found in UGBb; is its behav-
magnetic behavio(T=Cu, Ag, and A).® This evolution ior being consistent with the so-called two-dimensional weak
clearly demonstrates the decisive influence of thef-U8  localization(2DWL) effect.
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Il. EXPERIMENT 1.4 T T T T T
Single crystals of UCgsSh, have been grown from mol- 12 UCo055b2 —
ten Sb by a flux method similar to that applied earlier for the H//f’vjp,;gfgﬁéﬁfoj ==
compound UNj sSh,.6 Uranium (purity 99.98%, cobalt and 1.0 77 7 Sy e ]
antimony (purity 99.99% were weighed in the atomic ratio | & ﬁbf %4/' e i

| ]
d
A
< < o D/D
[ 4 —
47 u

A 7
$ [u} | I o

of 1:1:12 and placed in an alumina crucible. Single crystals ;m 08

of a typical size 35X 1 mn? were obtained after slow = 06} b Zo_ 2K—m—4K i
cooling the constituent bath from 1150 to 600 °C. For pur- [/ - A

pose of homogenization, crystals wrapped in Ta foil were 0.4 //D,D/I> ¢ o 40 K—4— 60 K .
sealed in an evacuated silica tube and annealed at 850 °C for ap R / —>—70K—x—150K

two weeks. Purity of such obtained crystals were checked 0.2 ./ /O _::jfitﬁ/w/* |
using an optical microscope and a scanning electron micro- 0.0 A NN
scope(SEM) Phillipps 515, powder and single-crystal x-ray 0 1 2 3 4 5
diffraction (XRD). UCa, sShy, is found to crystallize in a te- uH(T)

tragonal HfCuSj-type structure, space grolg?/nmmwith

Z=2 formula units per cell, and the lattice parametars FIG. 1. Magnetization in magnetic fields applied parallel to the

=428.61) and c=883.22) pm and atomic position param- C axis at selected temperatures. The data-fqrerpendicular to the
etersz,=0.275%2) and z5,=0.63812).5 We note that the ¢ axis at 2 K(closed circleis also shown.
energy dispersive x-ray analys{&DX) and single crystal
x-ray-diffraction analysis of the selected crystals indicated dhe magnetization. These correlations vanish for tempera-
significant deviation from the 1:1:2 stoichiometry. The tures above 150 K, where the magnetization starts to be lin-
chemical composition was around UGSh,, as it was ear in the applied field.
found earlier in the case of URiSh,.6 Figure 2 shows the temperature dependence of magneti-
The magnetization measurements were performed by zation of a UCgsSh, single crystal taken at three magnetic
superconducting quantum interference deviQeantum De- field strengths applied along tleeaxis. The single-crystalline
sign) in fields up to 5 T and in the temperature range 1.7-30Gample was cooled in the presence of the field. In order to
K. Electrical resistivity was measured in the temperaturgnterpret the magnetization data we first based on the spin-
range 1.3-300 K, using a four probe dc technique with avave theory.® According to this theory, the expression for
current of 30 mA. Electrical contacts were made with Cuthe magnetization as a function of temperature is
wire, connected with silver conductive paint. Transverse M(T)
magnetoresistance data were collected in two different ways: 1-—2=
isofield data inB=ugH=8 T on zero-field cooledZFC) Ms
samples and isothermal data taken at several selected tefjnere the coefficienB is related to the spin-wave stiffness
peratures betyveen 4-100 K and in magnetic fields up to 8 TeonstantD, through B=2.612gus/ M(0)](kg/ 47D)%?2 (g is
Thermoelectric power was measured in the temperaturg,e | angé factorug is the Bohr magneton, ankk is the
range 4-300 K using a steady method. Boltzmann constait The constant®; and B, involve both
the spin-wave stiffness and average mean-square range of the
IIl. RESULTS exchange interaction. It turns out that a fit made first with a

BT3/2+ BlT5/2+ BzT7/2‘ ., (1)

A. Magnetization

Figure 1 shows the magnetization in magnetic fields ap-
plied up to 5 T paralleM; and perpendiculaM ; to thec
axis. The magnetization data were taken on samples cooled
in zero field.M; at 2 K and at a field of 5 T tends to satura-

tion, reaching a value of-1.1ug. It should be noted that at 2

this temperatureVl vs ugH shows a jump due to effect of I

narrow walls of domains at a large critical valugH, of s ©og

about 1.5 T. The value ofl; shifts down to lower values 0.4} o, A OOOOOOO 5T
with increasing temperature. The jump in the magnetization %o, °

Sa,, 25T
AR A

M(H) curves is no longer observed at temperatures above 40 05T % oo
K. On the other handyl | is almost linear inugH, exhibiting 0.0 ' : . e

. 0 20 40 60 80 100 120
very small values. This fact reflects a huge magnetocrystal- T(K)

line anisotropy existing in this compound. It is also clear

from the figure that the observed magnetization at low tem- FiG. 2. Temperature dependence of the magnetization measured
peratures is strongly reduced to a rather small value comn fields: 0.5, 2.5, and 5 T applied parallel to tb@xis. The solid
pared to the moment of 3.6 of the U** free ion. At tem- Jine is a fit to the experimental 5-T data. The temperature deriva-
peratures aboveT., we recognize that there are still tives of the magnetization as a function of temperature are shown in
ferromagnetic correlations manifesting with the curvature ofthe inset.
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simple T2 law does not converge. Inclusion of higher spin- 12—
wave terms, such a2 or 7"/, has not improved the fitting o 60K
as well. Therefore, the observed deviation requires one to 1.0 4 62k ° ek

; TR St v 63K ° A7
consider the possibility of other contributions to the total . 61K o, 4, Xre5K
magnetization, such as, for instance, the magnon-magnon in- 08F , g5k o OAV Yo o ]
teraction or a Stoner excitation. Finally, we have gotten a  ~ : ggE °, N 0, 7, "
remarkably good fit by taking into account both the free £ 061 0 70k o° o e o 1
magnon and Stoner excitation contributions, which means % I 0 % AVAV.:,’OE; o O
the treating UC@sSh, as a strong ferromagnet. In fact, the 0.4 o %4, % 0 o v 1
magnetization data below 35 K were followed well by the o A 0 0 o UCoq 5Sb:

_ ol o & % Xe o o 0.5502
relation L34 % 0 a" H//c

0.0 882" a © oe®
1 - MO gorz, B, T¥%exp(- A/T). () 0 1 3 4 5 6
Mg u H/M (Th,)

Here, A is the characteristic Stoner gap between the top of
the full subband and the Fermi energy. It should be noted tha[hr
the expression for magnetizatidiq. (2)] was derived by
Thompsonet al® and was applied for a number of strong

ferromagnets, e.g., for the crystalline nickeand some field theory(3=0.5 andy=1), but are comparable to those

amorphous ferromagnetic materials such afNkg-B15b0  gequced from the classical Heisenberg mogt0.38 and
and FggB,.tt The fit of Eq. (2) to our experimental data y=1.379.14 9 mag0.

is shown as the solid line in Fig. 2 with the following
parameters: A=692) K, B=8x10°K™%2 and B;=1.1

X 1073 K™372 Taking V=84 A3 and g=0.667 for U* or g
=0.8 for U** we have calculated the value of the spin-wave
stiffness coefficienD=97.5 or 110 meV A for respective
U3 and U* ions. Hence, the resulting ratd/kgTc, char-

acterized by the nearest—neighpor 'exch'ar?ge interactio onfigurations. This finding strongly points out that the ef-
strength, amounts to 17.5-19.8 khich is a similar order of fective magnetic uranium moment in UGSh, is high and
magnitude to that found in an itinerant electron ferromagnetclOse to the theoretical free ion values of 3.62 and 258
MnSi (19'32 /i)’lz but considerably smaller than that in for U* and U*, respectively. This reflects rather a local
UFe, (31 A?). _ . behavior of the uranium ions in this ternary antimonide. We
From the temperature dependence of the magnetizatiogpserve the huge magnetocrystalline anisotropy  in

measured at low field we evaluated the Curie temperature bMCoO <Sh,, reflected by a large difference in the paramag-
taking Tc as a minimum in the temperature derivative of the hatic Curie temperatures®=0,-0 , =255 K.

M(T) curve. For UCgsSh, a minimum ofdM/dT taken at
0.5 T was found to be 64.8 Knset of Fig. 2. Typically for B. Specific heat

a ferromagnet, the application of a magnetic field shifts the |n Fig. 5 we show the specific heat divided by tempera-
inflection point of theM(T) curves to higher values, €.g., ture C,/T below 250 K. The sharp peak near 64.5 K is con-
from 64.8 K at 0.5 T to 73 K at 5 T. The Curie temperature

of UCqy sSh, may be determined in a more precise manner  [— : I — : :
with the help of an Arrott ploM? vs H/M as shown in Fig. ' 1
3. Clearly, the slope of th#1? vs H/M curves for tempera-

FIG. 3. Arrot plots of the magnetization isotherms for tempera-
es neafc. The dashed line indicatin§c is a guide for the eye.

obtained critical exponents differ from those of the mean-

The temperature dependences of the magnetic susceptibil-
ity x(T)=M(T)/uoH with ugH, measured along the axis
and in theab plane, were presented in our previous paper.
As was found, the high-temperature susceptibility follows
the Curie-Weiss law, yielding the effective magnetic moment
o Of approximately 3g/at.U for both these

tures neafl; is positive. Therefore, we may analyze the data 3 310

assuming the ferromagnetic transition in YG8h, to be 3
second-order. From this figure, one can see thatMRevs @ m§
H/M curves are basically linear in high fields and their in- 2 44| 1 F it §
tercept with the vertical and horizontal axes correspond tog” 1t ] g
the square of the spontaneous magnetizalibnand to the <

inverse of the zero-field susceptibiligf0) of the compound,
respectively. In Fig. M, and x(0) are plotted as a function
of the reduced temperatute|(T—-T¢)|/Tc. Near a second- i
order phase transition bottl; and x(0) should show power 0.01 Lovwst i ("") (b.) o
law dependence anwith critical exponents3 andy, respec- 0.01 0.1 1 001 0.1 1
tively. For the investigated single crystal of UGSh, a least (T,-T)T, (T-T )T,

squares analysis yield-=64.41) K and 8=0.342) from

the M, vs t? dependencéFig. 4@)] and Tc=64.61) K and FIG. 4. Mg and x(0) (from intercepts in Fig. Rvs the reduced
v=1.132) from the x(0) vs t™” dependencéFig. 4b)]. The  temperature. The solid lines are the fits.

1 0.01
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FIG. 5. Semilogarithmic scale temperature dependence of the FIG. 6. Temperature dependence of the electrical resistivity for
specific heat divided by temperature. The dashed line presents tkkflowing perpendicular and parallel to tleeaxis of the sample in
Debye function withep=215 K. The solid line is a fit. semilogarithmic scale. The solid and dashed lines are the fits to the

experimental data. The inset shows the low-temperature part of the

sistent with the ferromagnetic transition implied by the mag-"eSiStivity with J ¢ axis together with the fit.

netic measurements. The specific-heat data in the

temperature range 2—8 K may be analyzed as a sum of twfS seen, the linear temperature dependence, being character-
different contributions: the electronicC, and phonon istic of the phonon resistivity at high temperatures, is not
Ch contributions, which are assumed to be dependent ofbserved here. Instead, the resistivity shows aT-tlepen-
temperature aCe(T)=»T and Cp,(T)=8T3, respectively. dence with decreasing temperature. This is indicative of a
From the fit of the experimental data we obtained considerable contribution originating from the Kondo-type
=35.62) mJ/mol K2 and 8=1.035) mJ/mol K*. The latter ~ Scattering of the conduction electrons on the localized ura-

value allows us to determine the Debye temperature throughium moments. Taking into account the impurity scattering
the relation and spin-disorder contributions, the experimental data be-

. tween 160-300 K can be perfectly fitted with the equation
12 T
[ — Al
B=CRm ((%) . () p(M =pour+CInT, 4)

Using the above equation we estimat®#$=211 K. This whereCIn T is the Kondo resistivity angg 1 denotes the
value is very close t®,=215 K, for which the Debye func- temperature-independent resistivity, containing both the re-
tion Cpn=(9NaksT3/O3) 0 [x%*/(€*~1)?]dx reproduces sidual and spin-disorder contributions. The fit of the experi-
quite well the experimental data for temperatures abye mental data for Jic (dashed ling gives C=
(dashed line in Fig. b -48.055) Q) cm K™ and pg yr=623(1) 12 cm. We are re-
Based on the model developed by Andersen and Smith fostrained to give the absolute values of the resistivity mea-
the electron-magnon scatterring in ferromagritshere the  sured withJllc axis because of the uncertainty about the
magnetic contribution to the total specific heat is given assample dimension in the measured configuration.
Cmag(T)=aT°-5exp(—A/ kgT), where A is an energy gap in A clear evidence of the anisotropy appears at low tem-
the magnon spectrum, we have analyzed our data betwegerature. Fodlic the resistivity continuously increases and
2—-20 K (solid line in Fig. 5. Assuminngh(T)=,8T3 for this  saturates at low temperatures. In contrasiltg J L c below
temperature range we obtaineg=36(1) mJ/mol K2, B 160 K starts to deviate from the Kondo-type behavior. First,
=0.785) mJ/mol K4, =490 J/molK3 andA=50(1) K in it goes through a local maximum and then drops rapidly at
the fitting of the equatiolC,=Cyy+Ce+Cag to the experi-  Tc=65 K. Unexpectedly, at about 20 K, (T) exhibits a
mental data. It is recommended that the magnetic contribushallow minimum(see the inset of Fig.)éand a logarithmic
tion obtained via subtracting the phonon and electronic condependence with temperature below this minimum. The on-
tributions from the total specific heat should be examineds€t of the magnetic ordering is revealed by a peak in the
separately. However, for UGgSh, there is still a lack of a temperature derivative of the resistivity, typical of a Fisher-
suitable nort-electron reference compound. Therefore, theLanger-type anomaly; owing to the loss of spin disorder

absolute values of the fitting parameters should be taken witfcattering just below the Curie point. Hence, the Curie tem-
some caution. perature of 65 K could be determined exactly by the peak in

the dp(T)/dT curve (not shown herg
In conventional ferromagnets, with single-magnon type
scattering, the low-temperature magnetic resistiyify, is
Figure 6 displays the temperature dependence of the eledescribed by a? dependencé '’ For UCq, sSh,, attempts
trical resistivity from 1.3 to 300 K for the electric curreht. of fitting this power law to the experimental data have failed.
¢ axis and from 4 to 300 K for the electric currehfc axis.  However, a convergent fit could be achieved if one assumes

C. Electrical resistivity
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the existence of a gap in the magnon spectrum. According 400 ————
to the model of Anderson and Smithdescribing electron
scattering by magnon with a dispersicﬁ}]=A+Dq2, the
magnetic resistivity is as follows:

TA
Pmag=AT—exp(— A/kgT)
kB 380

T
><<1 + ZrkB +1/2 exg— A/kgT) + ) (5)

P | 1
40 60 80 100

Utilizing this equation we could obtain a satisfied fit but only
in the temperature range 20-50 K. This is due to a subtle
increase in the resistivity below 20 K mentioned above. A
similar upward increase in the resistivity has been observed
in a number of wuranium alloys, for instance,
U, ThyRW,Si,*® U,Ni,In,2% and Uy(Ni;_Pt),In,2t as well

as in cerium alloys, such as LaCeCus?? La,_,CePd;,?3

and Ce_,RNi;Sis (R=Y, Gd andx=0.1).>* For all these
alloys, a Kondo-hole scattering mechani8m’ was pro-
posed. One could add that some uranium and thorium alloys 340 L_ , , L
displaying a structural disorder, such as UAs$Ref. 28 and 4 10 100
ThAsSe(Ref. 29 were also found to exhibit an upturn in the T(K)

resistivity at low temperatures. This behavior was attributed

to the so-called nonmagnetic Kondo effect, based on the two- FIG. 7. Temperature dependence of the electrical resistivity
level system Kondo modé?. In fact, the resistivity data of r.neasured.at Oand 8T fc?rperpendicular to .the axis. The solid
UCaysSh, at low temperature is very well described by the lines are fits to the exp_erlmental data. The inset shows the magne-
~In T dependencésee Fig. 6, and may support a Kondo-like toresistance as a function of temperature.

scattering mechanism. However, in addition to the magnetic )

and nonmagnetic Kondo-type scattering, the effect of two- D. Magnetoresistance

dimensional weak localizatiofDWL) leads the resistivity The effect of an applied magnetic field on the resistivity
to show a —InT dependence as wéft-33This behavior was can be seen in Fig. 7, where we compare the resistivity mea-
previously observed, for instance, in a number of low-sured at a fixed field of 8 T with that of the zero field for
dimensional systems, such as Cy@oC}, SbCk, and also  J.L c. The field was applied along tleeaxis, perpendicular to

in graphite intercalation MoGlcompounds#3°> According  the current. One aspect we would like to emphasize here is
to theories related to this effect, the weak localization phethe temperature dependence of the resistivity measured at 8
nomenon is an inherent interference effect common to any at low temperatures. Since theé8 T,T) curve below 40 K
wave propagation in a disordered mediéhi®37This effect  can be also well fitted with Eq$5) and(6) we conclude that
occurs when the probability for the elastic scattering is muctthe same scattering mechanism persists there as that in the
larger than that of the inelastic one. The occurrence of theero-T resistivity, i.e., both the zero- and 8-T resistivities are
2DWL effect in UCq sSh, seems to be justified. First, the governed mainly by both the spin-wave scattering and
presence of numerous vacancies in the Co atom layers whi@DWL effect and eventually in addition by a Kondo-like
are potential centers for the elastic scattering of charge caeffect either conventional or non-magnetic. Furthermore,
ries increases the probability for such a kind of scatteringwe found that the magnitude of the gap is considerably
The observed value of the residual resistivity, being as largeltered by the applied magnetic field. Keeping
as 360u ) cm, is in agreement with this interpretation. Sec-A=6.5x 102 ) cm K2 in the fit we obtain C.t

ond, the possibility of the occurrence of the two dimension-=-1.45 x) cm K* andA(8 T)=783) K. The change in the
ality in UCqy sSh; is relatively easy to understand owing to magnitude ofA in the applied magnetic field is caused by an
the layer type of crystal structure of this compound. Henceadditional Zeeman-type contribution to the gagH)=A(0)

the final expression for the resistivity in the ordered state forguguoH. For a field of 8 T theguguoH contribution

P (U cm)

360

J 1L c can then be expressed as follows: amounts to 4.3 K when we takp=0.8 in the case of the )
ion. The mechanism for a change in {@g; value due to the
p(T) = po+ pmag* Crr I T. (6)  magnetic field will be discussed below.

Magnetoresistance(MR) defined as Ap/p=[p(T,B)
From the fitting data between temperatures 1.3-35 K, we-,(T,0)]/p(T,0), is shown as a function of temperature in
have obtained the following parametepg=3601) u{) cm,  the inset of Fig. 7. At 8 T the MR is negative over the
A=6.53)x10° u cmK™, ~ A=681)K, and Cir investigated temperature range. The negative MR is passing
=-0.781) uQ cmK™ The result of the fits to Eq(6) is  through a sharp minimum arount., where it reaches a
illustrated as the solid line in the inset of Fig. 6. valueAp/p=-7.5%. The observed effect is expected for the
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o ' ' ' is governed by the domain effect, the orientation of magnetic
0 Faa’e UCo,,Sb, - moments and the change in the density of states is due to an
S Hile, jLc applied field. Thus, to study the possible contributions to the
. *’Fi»ooo%_ MR due to the magnetic scattering on local spins, we will
5 2+ %%“:..% ’ consider the relation between the MR and magnetization for
< f°°-..‘“,i0§.\».f;ﬁ>(J(7 N each temperature measured. There have been several theoret-
S Al . oK oo “--“.OOU‘;‘?” 00 ical studies assuming an existence of the relationship be-
< o 20K «DDF P, oo, tween the magnetization and magnetoresistance. One of the
"k S e, models which is worth mentioning here is the effective ex-
6 S change interaction model developed by Peski-Tinbergen and
. . . ‘ Dekker#® According to these authors, the relevant param-
0 2 4 6 8 etersV and J are taken into account, whekéis the spin-
,H(T) independent electron scattering potential dnid the effec-

tive exchange interaction integral between the spof the
FIG. 8. Magnetoresistance measured at several temperatures @snduction electrons and spiof the local moments. The

a function of the magnetic field. The solid line is a fit to the experi- magnetoresistance is then given by the relation
mental data at 70 K.

(H)/p(0) = 1 +aM(H, T)tanh(gugH/2kgT)
MR due to damping of the critical fluctuations by the fiétd. pvie Quehl/eks

The negative MR foff > T may be interpreted as due to the _ c®M(H,T)?
suppression of the Kondo type and the existence of expanded 1 +aM(H, T)tanh(gugH/2kgT) '
critical fluctuations. As can be seen in Fig. 8, the shape of the
(Ap/p)(B) curve taken a little abov@c, e.g., at 70 K refers Where constanta andc are dependent on the parameters
to the case where the latter mechanism becomes dominant #dJ- In fact, this model has been used to explain the mag-
UCo, <Sb.. netoresistance behavior of systems showing a large

A remarkable feature is found for the MR at temperaturegnagnetoresistance:*> Other models are based either on the
below 30 K, where the MR shows a weak temperature des-d indirect Hamiltonian or Kondo lattice Hamiltonian with
pendence, retaining an average value of abedit5% up to  the ferromagnetic-type couplirfg:** Both these latter mod-
this temperature. In order to clarify any mechanism respon€ls provide the relation
sible for this phenomenon, one needs to separate the total _ 2
MR into partial magnetoresistances. For instance, in general p(H)/p(0) =1 +CM, ®
we can distinguish some known contributions to the MR,whereC is a constant involving the saturation magnetization.
such as the ordinary MR due to the orbital motion of theTo correlate the behavior of the MR amd, we have taken
electrons in a magnetic field, contributions due to the anisointo account an isothermal magnetization fdif ¢ axis and
tropic scattering, elastic scattering on defects and impuritiesnagnetoresistance trying to fit these data into the models
inelastic scattering on charge carriers, and finally scatteringhentioned above. However, we have obtained fits of poor
on local magnetic moments. However, by bearing in mindguality for the magnetoresistance data collected b&lgwn
that the MR is a superposition of different contributions, itsturn, by using Eq(7) a good fit could be attained for the data
separation into each particular contribution is usually rather @t 70 and 80 K, i.e., abov&;, where short-range ferromag-
sophisticated task and often not possible to be accomplishegetic correlations still persist. The result of the fit for the data
Especially, we have no idea how to make such a separatiogollected at 70 K is illustrated in Fig. 8.
in the MR being related with the anisotropic scattering. Nev- The fact that we have not gotten a reliable relationship
ertheless, we suppose that the contribution from the ordinargetween theM and MR for T<T; may suggest that the
MR (Lorentz typé being always positive, may be negligible magnetoresistance associated with the magnetization process
because our total MR is essentially negative. A presumptioloes not give any important contribution to the total magne-
of a minor contribution from the Kondo-type effect one cantoresistance. In order to simplify further analyses we will
accept as well. Based on the two-conduction-band periodiassume that at low temperatures, far below the Curie tem-
Anderson model, Chent al3® obtained a negative magne- peratureT; and magnon gap, say below about 40 K, the
toresistance for a Kondo-hole disorder. However, it is wellcontribution from the inelastic scattering process is signifi-
known that the field dependence of magnetoresistance for @ntly smaller than those from the elastic and magnetic scat-
Kondo system, in general, is scaled to the Kondo temperaerings, because the critical scattering as well as the electron-
ture T.3® For UCq sSh,, the MR data do not obey the scal- magnon process is expected to be no longer important at low
ing function A/p~f(H/H"), whereH" (T)=H"(0)+ksT/gu  temperatures. In consequence, the contribution to the MR
andH"(0)=kgTx/gu. Thus, the description of the resistivity from the scattering on the nonmagnetic centers in their
below 20 K in terms of a Kondo-type effect as theTin atomic layers should play a dominant role at low tempera-
dependence becomes unreliable. tures.

As far as the magnetic scattering effect in the presence of As we have discussed above, one of the possible explana-
a magnetic field is concerned, one has to put forward amions for the occurrence of a —Thdependence of the resis-
argument that the magnetic scattering process is caused lyity at low temperature is the 2DWL effect. This effect
several reasons. Similar to the way a magnetization procesgppears basically in disordered systems, where the propaga-

()
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TABLE |. Parameters found by fitting of the experimental data

utilizing Eq. (10).

T (K % H; (T Ho (T
(K) 20(0)11%(0) #oH; (T) moHo (T)

S
L 4 2.78 0.21 10.5
3 20 2.09 0.29 10.7
30 2.99 0.22 9.7
40 2.88 0.16 10.9

O O O L 1 1
0 2 ,f/(T) 6 8 tions of the magnetic impurity scattering and spin-orbit cou-
Hy

pling are suspected to be small. The assumpthrHgg
=0, H;=H,, andH,=H3=H;, which was also made in some

FIG. 9. Field dependence of the magnetoconductance of rior works4547 seems to qive a qood fit to our experimental
UCqy 5Sh,. The solid lines are fits to the experimental data. P ' 9 9 P

data. The results of the fits to E¢LO) are marked by the

. ) . _ .. solid lines in Fig. 9, and the rendered values for three param-
tion wave of conduction electrons is believed to split iNt0 eterse?/ 20(0) m#i, Ho, andH; are listed in Table I. The val-
two waves _interfering in the back_scattering direction. Amag-,es of the prefactoH, hold on the level of about 10 T for
netic field introduces a magnetic phase shift and therefor mperatures below 40 K, and they are much larger than
suppresses the interference. Hence, it leads to the destructighyce for the otheH- value’s SinceH,~ 1/7, we have the

- ; i . ,

o_f the Iocgllzatlon effect and, in consequence, the magnetores ,ation wherer,< 7, which provides the excellent condi-
sistance is expected to be negatfve. tions for the occurrence of the WL effect. We suppose that

For a clarity of our analysis, we recall some importantnis mechanism is able to explain the enlargement of the
points of the weak localization theories for 2D system. In thecoefficientCLT at8 T

case of the magnetic field applied perpendicular to a plane of
2D electronic systems, the conductance is givett By546

&2 1 H 3 (1 H, E. Thermoelectric power
oHT)=0(@)+ — |-V -+— |+ -V - +— .
27h 2 H 2 \2 H The temperature dependence of the thermoelectric power
1 /1 H S(T) measured along the two principal axes is shown in the
- —\y(— + _3>] 9) form of the double logarithmic plot in Fig. 10. It is apparent
2 \2 H that S(T) of UCo, 5Sh, is positive over the whole tempera-

ture range investigated and is indicative op aype of ma-
terial. We observe that th&T) curves show a highly aniso-
tropic behavior, similar to the other physical properties
studied here. With the heat flo@ applied along the axis,

Ape thermoelectric powe§ first decreases monotonically
with decreasing temperature and near 100 K shows a broad

In Eq. (9), o() is the conductance in the infinite magnetic
field, ¢ is digamma function, anHl,, H,, andH; are defined
by Hi=Ho+HsotHs Ho=Hi+3Hso+5H, and Ha=H;
+2H,. The quantitiesH, with indexesk=0, SO, s, andi
represent the characteristic fields associated with differe
scattering mechanisms, such as 0: elagtioelastic,s: mag-
netic impurity, andSQ spin-orbit coupling. FoH=0,

e2 Hg/Z
g-(O,T) = g-(oc) + ﬂm | W

10 oo Qlc B
UCo, Sb, @ ]
and therefore the magnetoconductance becomes 0059 ]
_ < o T 1
oHD-00D _ & —w(hm)ﬁqf(} < e o f
a(0) 20(0) 2 H/) 2 \2 SRl o G wg%{ . ]
L o ]
Ho\ 1 (1 Hj H3? o0 = TEe ¥ ope ]
o oY o) o 17z) | & gt
H 2 \2 H HqH3 PO
(10 o -
4 10 100 300
We have fitted Eq.(10) to the experimental data fof T(K)
<50 K, however, the fitting procedure was not good. This
can be perceived in the fitting values df, and H; of the FIG. 10. Thermoelectric power in double logarithmic scales

order of fitting errors and which are practically undistin- measured with the heat flow along tbeaxis andab plane as a
guished from each other. The reason for it is because of thnction of temperature. The dashed and solid lines are fits to the
large number of fitting parameters used. Also the contribuexperimental data.

094428-7



TRAN et al. PHYSICAL REVIEW B 71, 094428(2005

minimum. Below~70 K, i.e., at temperatures closeTg, S,  over, the relaxation time of conduction electrons is altered
starts to increase reaching a maximum around 35 K. In convery much due to the presence of vacancies in the Co layers.
trast, the thermoelectric pow&, with Q L ¢ axis does not This may lead to a larger value & measured in the con-
show a minimum and has at room temperature a relativel§iguration Qllab plane. On the other hand, any anisotropy in
large value of 25uV/K, i.e., several times larger than the the thermopower should be correlated to an anisotropic

value of 3.4uV/K yielded by the parallel componer§,. structure of the Fermi surface. Unfortunately, no information
The former first decreases slowly with decreasing temperasn the Fermi surface is available at the moment.

ture and belowl =100 K a systematic drop i8, (T) is ob- Finally, we may also interpret the high-temperat&&)
served. behavior with the help of a phenomenological model for a

A rather unexpected feature found in tBE€T) curves is  Kondo lattice>® The presence of the Kondo effect in the
imperceptible contribution of the phonon drag. Generally, intemperature dependence of the resistivity found in the para-
the thermoelectric power of a magnetic compound, aparmnagnetic state justifies the application of a Kondo-type
from the electron diffusion and magnon-drag contributionsmodel for theS(T) dependencies. According to Freimuth’s
we should usually observe a phonon-drag contributionmodel®! which was used by Garde and R&jn the case of
which at low temperatures follows the power dependéifge Ce-based compounds, a high-temperature value of the ther-
as the lattice specific heat does. In fact, both (&) and  mopower of anf-electron system due to the scattering be-
S, (T) curves in the temperature range 4-20 K take the forniween the conduction electrons of the braad bands and

thef electrons of the narrow shaped Lorentzian bands can be

S=aT+pT" (1) described using the following phenomenological formula:
which is illustrated as the dashed lines in Fig. 10. In @4) CTT,
the first and second term represent the diffusion and magnon ST =aT+ = W' (13
drag contributions to the total thermopower, respectively. To+

The observation of th&*?2 dependence o8(T) supports our \here

interpretation in terms of the spin-wave theory. On the other

hand, the magnon-drag process is often reflected by the oc- W=T; exp(— T¢/T).

currence of a maximum ir§(T), usually betweenTc/10 ¢ 1. andT, are the characteristic constants, determining the
<T<Tc/5,* which in fact is not detected in our data. AlSO magnetic scattering process. It appears thatis the
the fact of the lack of a distinct anomaly néyin the S, (T)  temperature-dependent parameter, which sets the Wichh
curve leads us to suspect that the magnon-drag contributiofe f pand, while T, represents the position of thfeband
toS is of minor importanqe_compared with the other contri- iip respect to the Fermi level, i.&kgTy=|Ex—E;|. Though
butions, namely, those originating from the magnon-magnoRne fitting of Eq.(13) to the experimental data, shown in Fig.
and magnon-phonon scattering, discussed, for examplgg as the solid lines, may have only a qualitative meaning, it
many years ago by Morkowskf.Consequently, the observed reflects the importance of the results of our calculations.
changes in bot!$, (T) andS(T) in the vicinity of Tc may be  They are as follows(i) It has been possible to reproduce in
interpreted in terms of changes taking place in the structurghe paramagnetic state the temperature dependence of the
of the density of states at the Fermi le#&l correspondingto  g(T) dependenciesii) The temperaturd;=194(10) K for

the diffusion thermopower. This mechanism, in accordancg = comparable to the position of a broad maximum ob-

to the Mott's formula may be presented®@as served in theS, (T) curve, is almost three times smaller than
kg Jno kg that for S, T;=680(30) K. (iii) A narrow f band in theab
S= TRANP = 3jd kgT plane is characterized by the position if=12514) K. In
<Er contrast, a broadefr band is formed along the axis with
dINNER) dlnr To=-8(3) K. This may suggest that the hybridization be-
X Je + Je . (12) tween the 5 electrons and conduction electrons along ¢he
Er

axis is much stronger than that in thé plane.

Accordingly, S depends not only on the energy derivative of
the relaxation .timg of the conduc_tion electrofig Je, bl_Jt V. SUMMARY
also on a derivative of the density of statM$Er). This
means thaS is very sensitive to the change in the electronic We have measured the magnetization, specific heat, elec-
band structure nedgg, which is usually accompanied by a trical resistivity, magnetoresistance, and thermoelectric
magnetic phase transition. power of single crystals UG@Sh,. The observed anomalies

Next we discuss a highly anisotropic behavior observed irare consistent with the onset of ferromagnetic order below
the temperature dependence of the thermopower ofc=64.52) K. A scaling analysis of the isothermal magne-
UCaq, sSh. First of all, the large values &, observed in the tization provided a precise value of the Curie temperature
paramagnetic state, compared to thos&§pkuggest a two- and the magnetization critical exponents. At temperatures be-
dimensional motion of the carriers. Within treb plane, low aboutT/2, two types of magnetic excitations are ob-
where the magnetic uranium moments tend to align parallelserved; the spin-wave and Stoner-type excitations. We have
the carriers become scattered on the localized magnetic mestimated the spin-wave stiffness coefficiéht A relative
ments much more effectively than along theaxis. More- large D/T¢ ratio found suggests the presence of strong fer-
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romagnetic interactions between the nearest located uraniumdicative of the Kondo-type behavior. Based on spin-wave
magnetic moments. The most exciting finding in our work istheory, we were able to account for th&/? dependence ob-
the observation of the 2DWL effect in UggSh,. This ef-  served in the thermoelectric power of UGSh, at tempera-
fect, together with the electron magnon scattering one, isures below Tc/2. The applied here phenomenological
thought to be the main mechanism governing the tempera<ondo lattice model could give an adequate description for
ture dependence Of the reSiStiVity in the Ordered State. Thﬁ]e temperature dependencies%'r) at h|gh temperaturesl

latter r_nechanism can be described_ by_taki_ng into account ag g our knowledge, UGaSh, is the first ternary uranium
gapA in the magnon spectrum, which is slightly altered by ompound  showing the characteristics of the two-

:Ee appllgd_r‘rsagnepcdﬁeld. Thedgr:_atngtla IZn the m?gnltudﬁo imensional weak localization effect. We believe that in con-
€ gap Is Interpreted as an adartional zeeman term Wiy, o \ith a Kondo-like manner, a strong ferromagnet

should be ac_;lded to f[he gap determined at zero field. Negati Coy S, appears to be an interesting enough compound for
magnetoresistance is observed over a wide temperature range

below 150 K. The behavior of the magnetoresistance taken a rthe_r mv_estlgatlons, especially with respect to its low di-
. . . ; mensionality.

temperatures far beloW; is consistent with the interpreta-

tion in terms of the elastic scattering in a 2D system with the

weak Io_cal_lzatlon effect. We have_ ascribed the effect_ of the ACKNOWLEDGMENTS
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