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Thickness dependence of the ground-state properties of thin films of the heavy-fermion
compound CeCy
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High-quality thin polycrystalline films of the heavy-fermion compound Cg@ere prepared by sputter
deposition. The thicker of these filnwith thickness up to around 200 nmeproduce the properties of the bulk
compound CeCyl As the thickness of the films is decreased, our measurements display strong deviations from
the bulk properties, namely, a suppression of the heavy-fermion state. We show that possible “external”
effects, such as disorder, oxidation and morphology can be excluded and that this size effect is therefore an
intrinsic property of CeCy In addition, we investigate possible scenarios explaining the size effect, and find
that the proximity of CeCyito a quantum phase transition can account for this striking result.
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. INTRODUCTION creased. We argue that the proximity of CgQa the QCP
can account for a correlation length of the quantum fluctua-
Strongly correlated electron systems have been studiegons of ca. 10 nm, which leads to the increaséldfas the
extensively over the past 2 decades and produced a plethofidickness of the films approaches this length.
of new and intriguing results. Among these systems are ex-
otic heavy-fermion superconductdré heavy-fermion para-
magnets, ferromagnets or antiferromagnets with tiny Il. EXPERIMENT
moments>* spin glasse3,Kondo insulator$,and non-Fermi
liquids.” Heavy-fermion compounds are often referred to as The thin films of CeCy, with thicknesses ranging from
the “concentrated limit” of dilute Kondo alloys, because the around 10 nm to around 200 nm, were prepared by cosput-
local spin fluctuations arising from the hybridization of the tering under ultrahigh vacuum conditions from two targets of
electrons with conduction-band states have essentially theure Cu (99.99%) and CéAmes Laboratory, 99.995%).
same origin as has the single-impurity Kondo effect. TheThey were deposited onto (D0 substrates with a §\,
Kondo-lattice concept can consistently explain many of theouffer layer at a temperature of 350°C, and subsequently
bulk properties of Ce-based heavy-fermion compounds, igoveredin situ at room temperature against oxidation with a
particular, the formation of a narrow coherent heavy-fermionSi layer. Thickness and composition of the films were deter-
band withf symmetry at low temperaturédt also provides mined by electron-probe microanalysis and Rutherford back-
a single scaling temperatuli@ characterizing the properties scattering(RBS). The films are found to be homogeneous
of the system at low temperatures. Now an intriguing quesboth in plane and as a function of depth, and have sharp
tion arises: What length scales should be associated(iyith interfaces with substrate and protection layer. X-ray diffrac-
the coherent quasiparticle state gfidl the correlations aris- tion (XRD) measurements demonstrate that the films are
ing from the single-impurity Kondo effect? In other words, polycrystalline(orthorhombic structusewith lattice param-
will a heavy-fermion system keep its bulk properties wheneters within 0.1% of those found for bulk samptésand
one of more dimensions are reduced? show a slightly preferred orientation of tieaxis in growth
In this paper, we address these queries by studying theirection. As the thickness of the films is reduced, no varia-
transport properties of thin films of Cegas a function of tions of the lattice constants, nor of the preferred orientation,
their thickness. CeGuis an archetypal heavy-fermion sys- are observed. High-resolution electron microscGgiREM)
tem with one of the largest-known electronic-specific-heathas enabled us to prove that the grain size is the same in
coefficient$'*® and no magnetic or superconducting transi-films of thickness 189 nm and 53 nm, and of the order of 10
tion down to 20 mK! =3 This makes it an ideal system to nm, independent of film thickness. Also, our RBS measure-
study the ground-state properties of the heavy-fermion statenents have enabled us to put an upper limit of 2 at. % on
Furthermore, it has attracted great attention in the past fewxygen content. Resistance measurements were performed
years due to its proximity to an antiferromagnetic quantumon structured samples in a four-probe geomésg~200um
critical point(QCP. When doping with gold (CeGu ,Au,) wide and 2—-3 mm between the voltage contairtsapplied
non-Fermi-liquid behavior is observed in CeGAug, and  magnetic fields up to 8 T and at temperatures down to 20
an antiferromagnetic ground state is found X0r0.1* Our ~ mK. We have shown in an earlier papethat for a film of
main result is that as the thickness of the films is decreasedhickness 189 nm, the measurements of resistance vs tem-
the heavy Fermi-liquid state is suppressed, and the behaviperature and those of the magnetoresistance mimic the prop-
becomes that of a dilute Kondo-impurity system. This resulterties of bulk samples, establishing the formation of a heavy
can best be explained with an increase of the characteristieermi-liquid state at low temperatures in such thick films.
temperature scal@* as the thickness of the films is de-  The resistivity data in zero magnetic field as a function of
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FIG. 1. Normalized resistivity/p(T=300 K) as a function of d (nm)

temperatureT on a logarithmic scale in zero magnetic field for

CeCy films of varying thickness. A darker line means a thinner  FIG. 2. Black squares, right axis: Residual resistiyigyof thin
film. films of CeCy measured at-30 mK as a function of film thickness

d. The black bar on the right axis represents the range of literature
temperature is shown for samples of various thicknesses ialues found for bulk samplegesistivities for the three crystallo-
Fig. 1. The absolute values were normalized to those meagraphic directions were averaged for single crystaBray circles,
sured at room temperature. This allows a better comparisoleft axis: Values ofT ., as a function of film thickness.
of the different samples, by removing uncertainties due to the
determination of the thickness-10%). Moreover, we are tendency toward suppression Bf,,, is found as the thick-
not able to subtract nonma.gneltic contr!butions to th(_e reSiSﬁess of the films is decreased. ax
tivity, such as phonon contributions—this would require the " £, 4~ 59 pm, Fermi-liquid behavior is fouttiat very
fabrication of LaCy thin films. At high temperatures, the low temperatures {<200 mK), p=po+AT2, whereA is

logarithmic temperature scale enables us to compare thegg, Fermi-liquid coefficient related to the effective mass
results to a dilute Kondo system, in which the temperatur%]c the quasiparticles b (m*)2.1 The values obtained for

depend(far:ce of t?e re?stlwty 31N -II— Therr]e_ |hsﬂ21_o Iclear_thA are shown in Fig. 3 as a function of film thickness. For
range of temperatures for any sampie in which this logari ‘comparison, the values found in literature for bulk samples

mic behavior is clegrly obseryed. Crystalline. electric fieldare symbolized by the gray bar on the right side of the figure.
(CER effects complicate the simple Kondo picture at M-There is a dramatic decrease Afas the thickness of the
peratures of the order of 50 K, due to the occupancy of

higher-lying CEF levelg® The general tendency at high tem-
peratures is that the sloge= —dp/d(InT) is lower for thin- 80
ner films than for thicker films.

At low temperatures, we see that large differences are
found between the thick films and the thin films. Whereas for 60 F
the thick films, there is a clear maximum of the resistiyity
at a temperaturd ., followed by a large drop upon lower-
ing the temperature, in contrast, the resistivity just saturates
for the thinnest films. The absolute values of the residual
resistivity po do not show any clear thickness dependence.
They are shown as a function of film thickne$sn Fig. 2
(right axig9. The black bar represents the approximate range
of values found in literature—averaged over the three crys-
tallographic directions for single crystals. Two remarks can 0 i : ;
be made based on these measureméint3he dependence 0 50 100 150 200
of the residual resistivity on the thickness is very weak, prov-
ing that no additional disorder is induced when the samples d (nm)
are made thinnetii) The values of the residual resistivity  ri5 3. Fermi-liquid coefficiena of the low-temperature resis-
clearly lie in a metallic regime, well below the loffe-Regel ity as a function of sample thickness. The inset shows the same
limit where the mean free pathis equal to the interatomic points on a logarithmic scale. The gray bar signifies the range of
distance, which for CeGuvould give a maximum resistivity jiterature values for found for bulk samples. For clarity reasons
of 300 u{) cm for a metallic state. Also in Fig. 2 the values the bar is not extended to the maximum value of 1d@cm/K2.
of Thax @s a function of thicknes@ray symbols, left axis  For single crystals, values along the three crystal directions have
are shown. The bulk values found in the literature are as higheen averaged. The solid gray line is a linear fit to the data.
as 15 K for particular crystallographic directions. A clear extrapolates to zero at15 nm.
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Ill. DISCUSSION

As we have seen, the most common model used to de-
scribe heavy-fermion systems is that of the Kondo lattice.
Let us first take this model as a starting point in our discus-
sion and see whether reducing the sample dimensions can
lead to our results. We can approach this in two ways: The
| single impurityKondo scattering is affected by a reduction of
o145 nm i the size of the samplgscenario ), or the Kondo tempera-

: ture itself is size dependeriscenario I}, affecting the
-2 189nm . . ] electron-electron interactions leading to the coherent state in
0 > 4 6 8 10 the Kondo lattice.

Finally, in scenario Ill, we will also put forward an alter-
T (K) native way of looking at CeGy based on the fact that this
: . i system lies close to a quantum critical point.
‘ FIG. 4. Magnetoresistance MR.me_asured n a field .Of 4Tasa) Let us first remark tf?at it is not simpIS the coherence that
unction of temperature for Ce@uhin films of varying thickness. . - .
Only a few measurement points were taken for the film of thicknesd> lost when t_he thickness is reduced. I_f that were the case,
189 nm, represented by the black dots. CeCy woulld just cross over fr_om a periodic Kondo systgm
to a dense independent-impurity Kondo system. The resistiv-
ity would increase down to zero temperature, with no change
samples is reduced. Below 50 nm this drop is better viewe@t high temperatures, leading to a strong increase of the re-
on a logarithmic scale, as seen in the inset. sidual resistivity. Also the magnitude of the MR would not

Overall, the value oA decreases by nearly four orders of change at the minimur?, as opposed to the large suppres-
magnitude, which should be contrasted with a maximum difsion we observe for thinner films.
ference by a factor of 5 between the different bulk samples.

For the thinnest films of 11 nm and 12 nm, the resistivity just

MR, (%)

saturates down to lowest temperatures, and no valdecah A. Size dependence of single-impurity Kondo scattering
be defined. Our results clearly demonstrate thatftaavy It is generally accepted by now that the original picture of
FermI-IIqUId state Is Suppressed in our thinnest films. a “Kondo cloud” with finite Spatia| extension of Spin_

The magnetoresistand®R) is also strongly thickness polarized electrons screening the magnetic moment of the
dependent: The magnitude of the negative MR decreases &®ndo impurity® is not correct. This follows both from the-
the thickness is decreased for all temperatures below 10 Koretical consideratiod8 and experimental result§:232°
This is shown in Fig. 4 where measurements of the MR in arHowever, a number of experimental observations were made
applied field of 4 T were performed. The MR is defined ason the size dependence of the Kondo effect, mostly using
MR=[p(H)—p(0)]/p(0). The thickest film (189 nm)  thin films or thin wires of very dilute Kondo alloys, e.g.,
shows the typical MR of a Kondo lattice system, with an AuFe?>2326-28or CuCr?®2° No clear picture emerges from
increasingly negative MR as the temperature is lowered, folthese experimental results, since in some cases a size effect
lowed by a minimum and an increase of the MR that is dués indeed observé&?®~-22*and in other cases nét?°What
to the onset of coherence and the heavy-fernildéR) state.  these results have in common though, is thatKondo tem-

In the thinnest films, the MR effect is much weaker, andperature appears to be constafithe size effect on the trans-
there is no minimum, proving again that the coherent state iport properties, if any, shows a reduction of the Kondo scat-
suppressed. tering term in thinner films or wires-seenario I

To summarize our experimental findings, we observe a Two different theoretical models have been put forward to
dramatic suppression of the heavy-fermion state in thexplain these results. The first, bysaghy et al3! considers
ground state of CeGuas the thickness of the films is re- the effect of spin-orbit interaction of the conduction electrons
duced. Whereas the residual resistiyityand the XRD mea- with the magnetic impurity. This interaction induces an
surements prove that the intrinsic disorder is not changed d@mpurity-spin anisotropy close to the surface of the sample,
the films are made thinner, characteristic signatures of thevhich reduces the effective thickness contributing to the
heavy-fermion ground state such as the high Fermi-liquidkondo scattering of the conduction electrons. While this may
coefficientA and the sharp minimum in the MR are reduced,explain the observed reduction of the logarithmic slope of
and even completely suppressed in our thinnest films. Ashe resistivity of CeCgfilms as a function of temperature at
mentioned previously, the quality of the thin films was care-high temperatures, such a scenario cannot explain our obser-
fully analyzed, so that external effects such as preferred orivation that at low temperatures, the Fermi-liquid coefficient
entation changes, the grain structure or oxygen contaminas completely suppressed in films of 10 nm thickness. The
tion can, as far as we can determine, be excluded as possitdecond model, by Martiet al>? describes how the interplay
explanations for the observed thickness dependence. Thizetween spin scatteringondo and weak localizatioridis-
striking effect is therefore an intrinsic property of CeCu ordep can modify the coefficient of the [ dependence of
and we will now consider possible scenarios for this thick-the resistivity. However, their theory only applies in the very
ness dependence of the correlated state. dilute case, in which normal impurity scattering leading to
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weak localization dominates over spin scattering. Geahs AT
viously does not belong to this category. TN

B. Size dependence of the Kondo temperature

Within the Kondo lattice model for heavy fermions, the

Kondo temperatur&y is the fundamental energy scale of the . NFL

system. Other commonly used energy scales, such as the T .~ AFM
coherence temperature or the Ruderman-Kittel-Kasuya- FI:\ .~

Yosida (RKKY') temperature, can be directly relatedTp. . RIS N
Returning to the analogy with dilute Kondo systems, let us K x=0 Xo=0.1 .
consider ahickness-dependent Kondo temperatasea pos- CeCug Ke

sible cause of our resultsseenario Il. From Fermi-liquid
theory, A is proportional toN(Eg)?, the density of states FIG. 5. Schematic phase diagram of the doped system
(DOY at the Fermi level squared. Our measurements thu€eCy_,Au, that undergoes a QPT at=0.1. K is the coupling
show that the DOS at the Fermi level is reduced in thinneparameter measuring the strength of the quantum fluctuations. NFL
films. The Kondo temperature is related to the DOS at thestands for non-Fermi liquid, AFM stands for antiferromagnetic.
Fermi level viaT o 1/N(Ef) provided the Kondo interaction
is much greater than the RKKY interactidhj.e., IN(Eg) parison with a dilute Kondo model, with all its shortcomings
>1 with J the magnetic coupling. An increase of the Kondowhen applying it to a Kondo lattice system: One of them lies
temperatureT with decreasing thickness is in qualitative in the assumption of no residual interactions or magnetic
agreement with our results: An increaségd reduces the ordering appearing on the periodic Ce lattice. Indeed, even
magnetic interactions at low temperature and therefore sugder large T, interactions and antiferromagnetic order do re-
presses the heavy Fermi-liquid state. main a possibility at low temperatures and thereby the trans-
Unfortunately, transport measurements do not allow us tgort properties would be modified accordindty.
determine unambiguously the Kondo temperature in our sys-
tem. The maximum in the resistivity,,,x results from the
onset of coherence in the heavy Fermi-liquid state and is
therefore not a good measure fog. The MR results can In order to get a deeper physical feeling for the observed
provide better information about the Kondo temperature. Theffects, let us take a step back, and attempt to describe
calculations by Kawakami and OKffishow that for decreas- CeCy in a more general manner, oscenario Ill. We al-
ing H/ T, the amplitude of the MR decreases. The changgeady mentioned that Ceglies very close to a magnetic
of amplitude in the MR of a factor of 5 as we observe in Fig.instability. Whether or not it does actually order antiferro-
4 can be explained by an increaseTgf by about a factor of magnetically at very low temperatures is still debataBleyt
4. As is the case fof ., We cannot use the position of the there is not much needed to trigger such a transition: doping
minimum of the MR as a measure fdt , since we cross the system with gold leads to an antiferromagnéfa&M)
over from a Kondo lattice to an independent Kondo impurityground state for CeGu,Au, with x=0.1 (Fig. 5). It is now
system. believed that the non-Fermi-liquid behavior observed at
To explain the observed size dependence of Kondo scat=0.1 arises from the QCP at that doping concentration. The
tering in point-contact experiments also a variation of thegeneral picture is the followingsee Fig. % When describing
Kondo temperature with size was put forwafd he theoret- the thermodynamics of a quantum systenDirdimensions,
ical explanation, given by Zanal and Udvardf! is based not  the expression for its partition function maps onto a classical
on a decrease of the DOS but rather on fluctuations of thgartition function for a system witid +1 dimensions; the
local DOS near the surface of the point contact. For veryextra dimension is finite in extent and has units of fithe
small point contacts, the contribution of strong fluctuationsf/kgT. At T=0, the quantum system undergoes a quantum
of the local DOS near the surface of the point contact lead$hase transitioiQPT) when the strengtkk of the quantum
to the observation of an enhanced “effective” Kondo tem- fluctuations is changed and becomes equal to a critical value
perature. The smaller the value of the bulk Kondo temperaK.: These fluctuations play the role of the thermal fluctua-
ture, the larger the enhancement in small point contacts. W&ons in the classical system.
do not believe that such an explanation can hold for our thin Therefore, using our knowledge of critical phenomena, a
films of CeCy: First, the effects we observe occur at very spatial correlation length diverges a — K with a critical
large film thickness as compared to the length scales oveaxponenty. Similarly, there must be a correlation “length”
which one may expect fluctuations of the D&/Second, the &, in temporal direction, which may have a different critical
Kondo temperature of the compounds that were studied itbehavior thané because of the possibly different nature of
the point contact experiments were one to two orders ofhe correlations in space and in time, respectively. Quite gen-
magnitude smaller than that of CeGuvhich has a bulk erally, the relation betweeé and ¢, is governed by the dy-
Kondo temperature of the order of 1 K. namical exponent, ¢~ &% The effect of finite temperatures
Whether scenario Il can form the basis for explaining ouris to cut off the low-frequency fluctuations viggT~#/7.
results is highly debatable. This scenario is based on a conFhe characteristic temperatufé of the system is the tem-

C. Dimensional crossover due to quantum criticality
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perature at which the cutoff frequencyzlis equal to the lower than free electrons in normal metals. Also we have a
coherence frequency &/. This temperature marks a cross- system with a low characteristic energy sciedd™* of about
over with increasing temperature from d{¢1)- to a 1 K, which can be estimated, e.g., from the temperature
D-dimensional system. Now, when the thickness of the filmswvhere the coherent state becomes important. This character-
is decreased, the spatial correlation lengtis cut off at the  istic energy corresponds to a time scéle= 10! s leading
thicknessd of the film for sufficiently smalld. This leads to indeed to a characteristic length of£,.=10 nm. It is actu-

an effective increase of the coherence frequency, since noelly this very low value of T* that is believed to make
&.~d? For sufficiently smalld, the coherence “length” in  CeCy and other so-called “Kondo lattice” compounds
temporal direction is now directly related to the thickness ofheavy-fermion systems.

the films, and therefore also the characteristic temperature

T* is related tod for sufficiently smalld, IV. CONCLUSIONS

T*ocd™ 2 (1) Our measurements on thin films of CeChave exhibited
a dramatic change of the ground-state properties upon ap-

We have seen that it is difficult to determine the temperaproaching a thickness of the order of 10 nm.
ture scale of our system based on transport measurements Because CeGuis usually described as a Kondo-lattice
only. We believe that the Fermi-liquid coefficieAtis the  system, we have attempted to reconcile our results with the
most physical quantity that we can extract. Without requiringproperties of adilute Kondo system. A size effect of the
any of the concepts of Kondo theory, we can still relatm ~ Kondo effect itself(scenario ), as observed experimentally
T*. We know from Landau Fermi-liquid theory thaa in dilute Kondo systems, does not account for the scaling of
«N(Eg)2. Dimensional analysis requires thBit <1/N(Ef).  characteristic energies that we observe as a function of thick-
Our experiments suggest a linear relationship betweand ness A and T,,). The characteristic energy of the Kondo
the film thicknessd. Putting these results in E¢l), we ob- lattice model is the Kondo temperatufg, and a thickness
tain z=0.5. dependence of ¢ can qualitatively explain our resul{sce-

To explain our results within the framework of quantum nario Il ). However, it is not clear whether this scenario also
criticality, we sketched in Figs a phase diagram whede*  applies to a Kondo lattice, and why fluctuations of the DOS
is put on the horizontal axis, which normally measures theshould occur at the relatively large length scale of around 10
strength of the fluctuations. For, by decreasing the thicknessm.
of the films, we are increasing the characteristic temperature The proximity of CeCy to a quantum critical point has
T* thus moving away from the QCP. This suggests that movied us to seek an explanation in terms of another description
ing away from the Ndeordered state enhances the quantumof CeCy (scenario I1). The physics of a system near a QCP
spin fluctuations and therefore suppresses the heavy-fermias governed by two correlation lengths, in the time direc-
state, especially with a dimensionality reduction. In thetion and¢ in spatial direction that diverge as one approaches
phase diagram, this is equivalent to moving towards the lefthe QCP. When, as is the case for CgQbe quantum fluc-
on the horizontal axis, or to stretching tfieaxis and thereby tuations are so large that the system is not ordereld=ad,
pulling up the line describind*. We do not observe a sig- £, sets a characteristic temperature sddleabove which the
nificant increase of the residual resistivity due to this en-system “loses” one dimension. Becaugeandé¢ are coupled
hancement of the quantum fluctuations. The relationship bethrough the dynamical critical exponentan effective reduc-
tweenA andT* was recently confirmed by measurements bytion of one spatial dimension belog has the effect of in-
Pfleidereret al*® They find thatA tends to diverge a3* creasing the characteristic temperature sddle This leads
becomes zero at the QCP, proving that heavy-fermion behawn the one hand to a “stretching” of the temperature axis,
ior is enhanced as one approaches the QCP. The value of the., a flattening of resistivity as a function of temperature.
dynamical exponerg= 0.5 is quite unusual, since this would On the other hand, it leads to a lower DOS at the Fermi level,
mean that the spatial correlation length diverges faster thaand hence to a weakening of the correlatithescrease of\).
the temporal correlation length as the QCP is approachedhis scenario therefore provides a reasonable “starting
The expected value affor an antiferromagnetic system is 2, point” for the length scale that was found in our experiments
and is confirmed by the non-Fermi-liquilFL) behavior at  although we cannot explain the very small value&dbr the
the critical point, assuming two-dimensional AFM thinnest films and the residual resistivity does not reflect the
fluctuations®”*® We therefore wish to stress here that theincrease of the quantum fluctuations.
arguments we used to determinavere merely qualitative,
and that in order to confirm this picture of the HF system
CeCy, measurements of thermodynamic quantities such as
the specific heat or the susceptibility in these thin films We wish to thank L. Qin and H. W. Zandbergen from the
would be more appropriate. They are unfortunately very dif-National Center for HREM in Delft, The Netherlands, for the
ficult to perform in view of the small available volume in HREM measurements on our films. Furthermore, we would
thin films. like to acknowledge J. Zaanen for enlighting discussions on

A length scale¢ of 10 nm might seem very large at first the theory of quantum phase transitions. This work was sup-
sight. However, we are dealing with particularly “slow” qua- ported by the Dutch Foundation for Fundamental Research
siparticles, with a typical velocity that is a factor 1000 on Matter(FOM).
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