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Kondo screening of uranium in the dilute system(U,La ;_,)Ru,Si,
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Kondo screening is found in dilute uranium compoufidslLa; _,)Ru,Si, (x<0.15. At high temperatures,
the susceptibility with a large magnetic anisotropy is explained by the crystal field model with the non-Kramers
doublet ground state. On the other hand, the low-temperature behaviors of the high-field magnetization, sus-
ceptibility, and specific heat are well described by the Kondo model.yThalue and Schottky anomaly are
nearly the same as those observed for YHy. These results suggest that single-site Kondo screening is
important for understanding the Fermi liquid state in YRiy. [S0163-18206)03341-3

[. INTRODUCTION high temperatures and the large magnetic anisotropy were
analyzed by means of the CEF mod&lt is derived from

Several uranium-based heavy fermion systems have athis analysis that the CEF ground state is the Ising-type non-
tracted much interest due to their unconventional properties<ramers doublet{{2) or I'2)). The experimental results at
Many experimental and theoretical studies have been dorlew temperatures below about 25 K suggest a single-site
intensely to clarify the ground state of these systems. In thesgcreening of the localized magnetic moment. In the tempera-
studies, URYSi, is one of the most interesting systems, be-ture  dependence of the magnetic susceptibility,
cause it exhibits the coexistence of a type-I antiferromagneti€U,La; ,)Ru,Si, is quite different from the dilute
order (Ty=17.5 K) with an unusual small ordered moment uranium compoundsU,Th; ,)Ru,Si, which indicates a
(~0.04ug) and non-BCS-type superconductivitf =1.2  logarithmic temperature dependeriée.The study of
K).1=* Much experimental study has been done extensivelyU,Th,_,)Ru,Si, shows the non-Fermi-liquid behavior and
to understand this system with various measurentefits. suggests the possibility of the two-channel Kondo effect,
The mechanism of the phase transitionTat, however, is  which are quite different from the Fermi liquid behavior ob-
still controversial. Moreover, it has not yet been clearedserved in URYSi,.
whether the % electrons of this system are itinerant or well ~ The aim of this paper is to study the origin of the screen-
localized. In the itinerant electron picture, the weak-ing of the localized moment of the uranium atom in
antiferromagnetic ordering was ascribed to the formation of d aRu,Si,. We performed a high-field magnetization mea-
spin density wave (SDW) due to itinerant heavy surement to study the magnetic field effect to this screening
electronst?® In the well-localized electron picture, these and also measured the specific heat to study the thermody-
magnetic properties have been studied theoretically by theamical properties of the screening in the low-temperature
crystalline electric fieldCEF) model with the singlet ground region. The analysis of the single-site properties of the ura-
state’*~1®For the phase transition &t , the contribution of nium atom is important to understand the relation between
the quadrupolar coupling betweerf ®lectrons of the ura- the heavy fermion state and the Kondo effect in YBi.
nium atoms was suggested by the study of the nonlinear
SUSCGpthIlIWp 19 However, it seems that a complete expla- L. EXPERIMENTAL PROCEDURE
nation for the experimental results has not yet been given.

One of the complications for understanding the magne- We prepared the single-crystalline and polycrystalline
tism of URu,Si, is the competition between the Kondo ef- samples ofU,La;_,)Ru,Si, (x=0.0, 0.05, 0.07, and 0.15
fect and the RKKY interactioA’22In order to clarify this  The polycrystalline samples were fabricated by arc melting
situation experimentally, and to understand the role of theand this melting procedure was repeated about 7 times to
uranium crystalline field, we have carried out the magneticensure the sample homogeneity. The single crystals were
measurements onU,La;_,)Ru,Si, (x=0.05, 0.07, and grown by the Czochralski method with a tri-arc furnace.
0.15 reported here. After identifying the single-site proper-  The high-field magnetization measurements up to 30 T
ties on the dilute uranium system, this competition should bavere performed at the high magnetic field laboratory of Re-
analyzed on the samples with more uranium concentration.search Center for Extreme Materials, Osaka University. The

In the dilute uranium compound¥),La;_,)Ru,Si,, the  magnetization measurements up ¥ T and the magnetic
temperature dependence of the magnetic susceptibility &usceptibility measurements between 1.8 K and 300 K were
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FIG. 1. C5;/T vs T plot of the electronic specific heat of

(Ug1d-ag g9 RU,Si,. The dash-dotted and dashed lines show the FIG. 2. Temperature dependence of the magnetic susceptibility
fitting results for the temperature dependenc€gf/ T by using the  Of (Uo.od-80e9 RU2Si; along thec anda axes. The dashed lines
Kondo model and the CEF splitting, respectively. The solid lineShow the temperature dependence of the calculated magnetic sus-

shows the sum of the fitting calculations by the Kondo model andceptibility based on the CEF model.
the CEF splitting.

centration. On the other hand, below 10 K the electronic
performed by a superconducting quantum interference despecific heat coefficienty(=Cs;/T) has been estimated

vice (SQUID) and the Faraday balance magnetometers. Theather accurately, fofU,La;_,)Ru,Si, (x=0.05, 0.07, and
magnetic susceptibility measurement down to 350 mK wa$).15), to be about 136 20 mJ/K?> U mol, which is almost
performed using a Hartshorn bridge ac method with a diluthe same value as that of URSi,.

tion refrigerator. The specific heat measurements between In our early study, the magnetic susceptibilities in this
4.2 K and 40 K were performed by a standard adiabaticoncentration region were analyzed by assuming the CEF

method. splitting which has the non-Kramers doubldt® or I'$))
Il RESULTS AND DISCUSSIONS ground state and a singlet excited one located at around

10° K.2% These CEF levels, however, are not appropriate to
In Fig. 1 we show theCg;/T vs T plot of the electronic  €xplain the Schottky anomaly in the specific heat at around

specific heat for thgU d.a, g9 Ru,Si, polycrystal. The 25 K. Therefore, the susceptibility and magnetization data
contribution of & electrons is obtained from the total spe- are reanalyzed in detail by the exact calculation of the CEF
cific heat by subtracting the lattice part using the referencéheory so as to satisfy the specific heat data.

compound LaRySi,. The lines in Fig. 1 show the calculated ~ Figure 2 shows the magnetic susceptibilities of the
electronic specific heats, which are explained later. As showflJ 0.08-20.09 RU,Si, single crystal along the anda axes.

in Fig. 1, theCs/T vs T curve shows a broad maximum at The contribution of 3 electrons is estimated by subtracting
around 17 K, which corresponds to the CEF splitting ofthe susceptibility of LaRuSi,. It is noted that a large
about 60 K between the ground and first excited states. Thigniaxial magnetic anisotropy is observed for the susceptibil-
anomaly is similar to the one observed for UfSi,. Al- ity measurement, as similarly observed for UiSi,. The
though the total specific heat is measured with an experimergusceptibility along thee axis obeys the Curie-Weiss law
tal error of about 0.7% in our measurement, the absolut@bove about 100 K, while the susceptibility along thaxis
value of the electronic specific heat per uranium mole ha#s almost constant down to the lowest temperatures mea-
some ambiguity above 10 K, which is mainly due to thesured. The dashed lines in Fig. 2 are the fitting results of the
small electronic specific heat in the dilute system compareEF calculation to the experimental data. The CEF splitting
with the lattice part. For example, the contribution of thedetermined here is as follows. The ground state is the mag-
electronic part to the total specific heat is only about 3% anetic non-Kramers doublet with the strong Ising property and
40 K. In addition, there is an inaccuracy of about 10% aristhe first excited one is the nonmagnetic singlet located at
ing from the nominal uranium concentration. This inaccu-around 60 K. The wave functions of the ground and first

racy is estimated from the susceptibility and magnetizatiorexcited states ar{z) andTI'y (or I') and I'{?)

5 1’), respec-
measurements for the samples witk0.05, 0.07, and 0.15. tively. The Jx matrix element between these two states is

The estimate of systematic errors is shown by the error bargery small, so that this energy splitting could not be deter-
in Fig. 1. The electronic specific heat of the three compoundsined by the CEF fitting calculation for susceptibility mea-
(U,La;_,)Ru,Si, (x=0.05, 0.07, and 0.15hows a similar  surement in the previous pagerThe fitting curves are al-
broad maximum at around 25 K and the qualitative behaviomost the same as the ones obtained in Ref. 23, because the
of the Schottky anomaly is independent of the uranium consinglet excited state is nonmagnetic. As shown in Fig. 2, the
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FIG. 3. High-field magnetization curves 0f,La;_,)Ru,Si, FIG. 4. High-field magnetization curve ¢€, 4 a0 59 RU,Si,
(x=0.05, 0.07, and 0.3%at 4.2 K. at 4.2 K. The dashed line and the crosses show the magnetization

curves calculated by the CEF and Kondo model, respectively.

experimental result along thteaxis deviates from the calcu-
lated susceptibility below about 100 K. In another pafer, The fitting result is given by the crosses in Fig. 4. The
the uranium concentration dependence was discussed for th@ndo model® is applied to only along the axis in the
susceptibility. The Curie-Weiss consta®t=11+1 K is ob-  calculation of the magnetization, because the susceptibility
tained for the samples with=0.05, 0.07, and 0.15, and it is along thea axis is negligibly small compared with that along
independent of the uranium concentration. The RKKY inter-the ¢ axis and the screening is detected only for thaxis
action has only a minor effect on the suppression of thesusceptibility. The saturated moment used in this fitting is
susceptibility in the samples witkh<0.15. This deviation the same as the one used in the CEF calculation. The Kondo
between the experimental data and the fitting curve indicateemperaturel i is estimated to be 182 K, which definition
that the single-site screening of the localized magnetic mofollows the paper of Desgranges and Schéit€he magne-
ment is the major effect on the suppression of the suscepttization calculated by the Kondo model agrees fairly well
bility in this dilute system as discussed beféte. with the experimental results over the whole range of the

The high-field magnetization measurements were permeasurement.
formed on the polycrystalline sample to clarify this deviation ~The magnetic susceptibility is also fitted by the Kondo
observed in the low-temperature region. The magnetizatiomodel using the same paramet&r3he calculated suscepti-
per uranium atom is obtained for thréd,La;_,)Ru,Si, bility of this model has a finite value at zero temperature and
with x=0.05, 0.07, and 0.15, within the errors of 10% usingthe overall behavior of this fitting quantitatively agrees with
the nominal concentrations. As shown in Fig. 3, the magnethe experimental results over the whole temperature range.
tizations of the various uranium concentrations increasdhis is clearly seen in the plots ef Tdy/dT as a function of
gradually and do not saturate, even at 30 T. the temperaturésee Fig. 3 The value of this plot is that it

The dashed line in Fig. 4 shows the calculated magnetieliminates the constant component of the susceptibility,
zation based on the CEF model using the same fitting paranteaves the term of T/ unchanged, and converts the term
eters as the high-temperature susceptibility. The saturatesf InT to a constant. The magnetic susceptibility for
moment along the axis is estimated to be about L8 by  (Ugqdaggg)Ru,Si, was measured by using the powdered
this CEF fitting. This value is almost the same as the onsample, but forx=0.05 and 0.07, the susceptibility data as
obtained by the high-field magnetization measurement otthe powdered sample are obtained by averaging the data for
URu,Si,.! The large anisotropig values seen in Fig. 2 are the single crystals. The temperature dependence of the sus-
averaged by integrating the direction cosine to the magneticeptibilities for the single crystal and powdered sample are
field. The calculated magnetization shows a saturation ahe same as each other except for the absolute value, because
about 15 T, which is quite different from the experimentalthe susceptibility along the axis is constant. As is seen in
data(solid line). This means that at low temperatures, theFig. 5, the experimental data show almost no uranium con-
CEF model is not valid to understand the magnetic propereentration dependence, reach a maximum at around 25 K,
ties. and decrease in the low-temperature region. The susceptibil-

To explain this magnetization data, the Kondo model isity increases more steeply than the slope-tfiT above 25 K
used. The experimental results are compared with the exauthile it increases weakly below 25 K. It becomes nearly
Bethe ansatz results found in Schlottman’s review artitle. constant below about 10 K as shown in the inset of Fig. 5,
The fitting calculation is made for th&=1/2 case, because which means the formation of the Kondo singlet state. The
the CEF ground state is considered to be a doublet. Thsolid line in Fig. 5 shows the fitting result for the suscepti-
fitting parameter is the Kondo temperatirg. bility by using the Kondo model, which traces well the ex-
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: , . . , mated to be about 8.5, which is quite different from the value

D ' of 2 for the exact solution of th8=1/2 Kondo model. The
6? %M ) Wilson ratio of 2 was obtained for the exact calculation of
I ®o | the isotropicS=1/2 Kramers doublet ground-state system.
Our system is the Ising-type non-Kramers doublet ground-
state system, and so it is not necessary that the Wilson ratio
of our system should be 2. Therefoilg, may be adjusted for
the specific heat and the susceptibility, becauseShd /2
Kondo model is used. The exact calculation of the thermo-
dynamics properties for the system with the doublet-singlet
CEF splitting has not yet been performed so far.

As mentioned in the Introduction, the study of the dilute
uranium compoundg$U,Th;_,)Ru,Si, suggests the possi-
bility of the two-channel Kondo effeét: According to their
Lo ° 5 = work, the CEF ground state is the same as the one obtained
§ ' . . . . in the present study. HoweveGs; /T increases logarithmi-

0 50 100 150 cally and does not approach a constant value. Moreover, the
T (K) specific heat shows no Schottky anomaly. These results are
quite different from those of URySi, and are considered to

FIG. 5. Temperature dependence of theldy/dT plot for be a non-Fermi-liquid behavior. On the other hand, the
(UyLa;_4)Ru,Si, (x=0.05, 0.07, and 0.35The dashed and solid present results show the similarity of the value and
lines show the CEF and Kondo model calculations, respectivelySchottky anomaly between these dilute uranium compounds
Inset: Temperature dependence of the magnetic susceptibility dlU,La;_,)Ru,Si, and URWSi,. Therefore, we suspect that
(UyLa;_,)Ru,Si, (x=0.07 and 0.1palong thec axis. The data for  the present results indicate the fundamental interactions
x=0.15 are estimated from the experimental value for the powderefmportant for URYSi,. The difference between
sample. (U,La;_,)Ru,Si, and(U,Th;_,)Ru,Si, may be explained

by the shift of the singlet excited energy level. The theoreti-
perimental data. The value as powder sample is obtained ical study shows that the singlet excited state plays an impor-
the same way mentioned above. On the other hand, the susnt role in stabilizing the Fermi liquid state over the non-
ceptibility calculated by the CEF model, which is indicated Fermi-liquid state’*
by the dashed line, deviates from the experimental value be-
low 100 K, because this CEF model has a susceptibility with
the term of 1T. These analyses have ignored the effect of the IV. CONCLUSION
interactions between the dilute magnetic moments, because
—Tdy/dT vs T plots are almost independent of the uranium
concentration.

The experimental data of the electronic specific heat a
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We have analyzed the magnetic and thermodynamical
properties of the dilute uranium system by the crystalline
lectric field (CEP and Kondo models. In the high-
low temperatures are also fitted qualitatively well by the cal- emperature region above 100 K the CEF model with the

non-Kramers doublet ground state is a good picture, while at

culation which takes account of both the Kondo mé%& low temperatures the Kondo model shows qood aareement
and the CEF splitting. The fitting results are shown by the P 9 9

lines in Fig. 1. The dash-dotted and dashed lines show th\é\{ith the_ experimental data' This means that there is the
- I§|ngle-S|te Kondo screening of the uranium atom and the

specific heat calculated by the Kondo model and the CE Fermi liquid state occurs at low temperatures. Fhealue
splitting, respectively. The solid line shows the total calcu- _c /'Ig) and Schottkv anomal ar% nearl .the same as
lated specific heat. The fitting parameters are the Kondo te h S b d for U Y = yth yIt e )
peratureTy, which is estimated to be 6710 K using the osedo hservs or | RZ.S'Z' rodm ese resutts, it 1s sugf
same definition as before, and the CEF excitation energ ested t at.t € sing e-5|t_e .KOT‘ 0 screening 1S Important for
A, which is estimated to be 606 K. From these results, it is nderstanding the Ferm! liquid state n UgBl,. Furthgr :
concluded that the Kondo behavior does exist in the diIuteStUdy of the Sa”.‘p'es with more uranium concentration s
uranium systenfU La, ,)Ru,Si, and the Kondo screening hecessary to clarify the role of the RKKY interaction in the
reduces the magnetic moment of the uranium atom at Iov&Ormatlon process of the heavy fermion state in (JBis.
temperatures. The observation of the enhangeédlue is the
evidence to show that the ground state of tlieekectrons at
low temperatures is the Kondo singlet state which is de-
scribed as the Fermi liquitf. The authors would like to express their sincere thanks to
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