aps CHCRUS

physics

This is the accepted manuscript made available via CHORUS. The article has been
published as:

Tuning the Magnetic Quantum Criticality of Artificial Kondo
Superlattices CeRhIin_{5}/YbRhIn_{5}
T. Ishii, R. Toda, Y. Hanaoka, Y. Tokiwa, M. Shimozawa, Y. Kasahara, R. Endo, T. Terashima,
A. H. Nevidomskyy, T. Shibauchi, and Y. Matsuda
Phys. Rev. Lett. 116, 206401 — Published 20 May 2016
DOI: 10.1103/PhysRevLett.116.206401


http://dx.doi.org/10.1103/PhysRevLett.116.206401

Tuning of magnetic quantum criticality in artificial Kondo

superlattice CeRhIn;/YbRhIn;

T. Ishii!, R. Toda!, Y. Hanaoka!, Y. Tokiwa!2?, M. Shimozawa?, Y. Kasahara!, R.
Endo!, T. Terashima?, A. H. Nevidomskyy?, T. Shibauchi®, and Y. Matsuda!
L Department of Physics, Kyoto University, Kyoto 606-8502, Japan
2Research Center for Low Temperature and Materials Science,
Kyoto Unaversity, Kyoto 606-8501, Japan
3 Institute for Solid State Physics, University of Tokyo, Kashiwa 277-8581, Japan
4 Department of Physics and Astronomy, Rice University,
6100 Main St., Houston, TX 77005, USA and
® Department of Advanced Materials Science,

University of Tokyo, Chiba 277-8561, Japan

Abstract

The effects of reduced dimensions and the interfaces on antiferromagnetic quantum criticality
are studied in epitaxial Kondo superlattices, with alternating n layers of heavy-fermion antiferro-
magnet CeRhIns and 7 layers of normal metal YbRhIns. As n is reduced, the Kondo coherence
temperature is suppressed due to the reduction of effective Kondo screening. The Néel temperature
is gradually suppressed as n decreases and the quasiparticle mass is strongly enhanced, implying
dimensional control toward quantum criticality. Magnetotransport measurements reveal that a
quantum critical point is reached for n = 3 superlattice by applying small magnetic fields. Re-
markably, the anisotropy of the quantum critical field is opposite to the expectations from the
magnetic susceptibility in bulk CeRhlns, suggesting that the Rashba spin-orbit interaction arising
from the inversion symmetry breaking at the interface plays a key role for tuning the quantum

criticality in the two-dimensional Kondo lattice.



In Kondo lattices consisting of a periodic array of localized spins which are coupled to
conduction electrons, a very narrow conduction band is formed at sufficiently low tempera-
tures through the Kondo effect [1]. Such systems are realized in intermetallic heavy-fermion
metals, which contain a dense lattice of certain lanthanide (4f) and actinide (5f) ions. In
particular, in Ce(4f)-based compounds, strong electron correlations strikingly enhance the
quasiparticle (QP) effective mass to about 100 times or more of the bare electron mass,
resulting in a heavy Fermi liquid state. In the strongly correlated electron systems, non-
Fermi liquid behavior, associated with the quantum fluctuations near a quantum critical
point (QCP), a point at which a material undergoes a second-order transition from one
phase to another at absolute zero temperature [2], has been one of the central issues. The
heavy-fermion systems are particularly suitable for this study, because the ground state
can be tuned readily by control parameters other than temperature, such as magnetic field,
pressure, or chemical substitution [3]. As a result of the many-body effects within the nar-
row band in these heavy-fermion compounds, a plethora of fascinating properties have been

reported in the vicinity of a QCP.

Recently, a state-of-the-art molecular beam epitaxy (MBE) technique has been devel-
oped to fabricate an artificial Kondo superlattice, a superlattice with alternating layers of
Ce-based heavy-fermion compounds and nonmagnetic conventional metals with a few atomic
layers thick [4]. These artificially engineered materials provide a new platform to study the
properties of two-dimensional (2D) Kondo lattices, in contrast to the three-dimensional bulk
materials. In the previously studied CeColns/YbColns superlattices [4], where CeColny is
a heavy-fermion superconductor and YbColnjs is a conventional metal, each Ce-block layer
(BL) is magnetically decoupled from the others, since the Ruderman-Kittel-Kasuya-Yoshida
interaction between the spatially separated Ce-BLs is negligibly small due to the presence
of the nonmagnetic spacer Yb-BLs. Moreover, the large Fermi velocity mismatch across
the interface between heavy-fermion and nonmagnetic metal layers significantly reduces the
transmission probability of heavy QPs [5]. In fact, it has been shown that the superconduct-
ing heavy QPs as well as the magnetic fluctuations are well confined within the 2D Ce-BLs,
as revealed by recent studies of upper critical field and site-selective nuclear magnetic reso-
nance [6, 7]. Quantum fluctuations are expected to be more pronounced in reduced spatial
dimensions [8], and the artificial Kondo superlattices therefore have an advantage to extend

the quantum critical regime without long-range ordering. On the other hand, although the



previous studies on CeColns/YbColns superlattices pointed out the importance of the in-
terface between the heavy-fermion and the adjacent normal-metal BLs [9-11], the question

of how the interface affects quantum critical phenomena still remains largely unexplored.

Here, to study the magnetic quantum criticality of 2D Kondo lattices, we have fab-
ricated superlattices of CeRhlns(n)/YbRhIns(7), formed by alternating layers of heavy-
fermion CeRhIns [12-14] and normal metal YbRhIns [15]. Bulk CeRhln; shows a long-
range antiferromagnetic (AFM) order below Ty = 3.8 K at ambient pressure; it orders in
an incommensurate magnetic structure with ordering vector g = (1/2,1/2,0.297) [16]. The
magnetic order is suppressed by applying pressures and the ground state becomes purely
superconducting at p > p* ~ 1.95GPa with most likely d-wave symmetry, similarly to
CeColn; [17] and Celrlns [18]. Compared to the previously studied Celns/Lalng superlat-
tices [4] based on the cubic heavy-fermion antiferromagnet Celns with higher Ty = 10K
and q = (1/2,1/2,1/2) [19], the effect of reduced dimensionality would be more prominent
in the present superlattices based on the tetragonal CeRhln; with lower T. We show that
the reduced dimensionality, achieved by reducing n, leads to the appearance of the QCP at
n ~ 3. Remarkably, quantum fluctuations in the n = 3 superlattice are sensitive to the ap-
plied magnetic field and its direction. Based on these results, we discuss the significant effect
of the inversion symmetry breaking at the interface on the magnetic quantum criticality in

2D Kondo lattice.

The CeRhlns(n)/YbRhIns(7) Kondo superlattices used for this work were epitaxially
grown on MgFy substrate using the MBE technique [4]. We first grew Celns (~ 20nm) as
a buffer layer, on top of which 7 layers of YbRhIns and n layers of CeRhlns were stacked
alternatively, in such a way that the total thickness was about 300 nm (see inset in Fig. 1).
Figure 1 shows the temperature dependence of the resistivity p(7T") of the n = 9, 5, 4, and
3 superlattices, along with the CeRhIns thin film (300nm). The resistivity of the thin film
reproduces well that of a single crystal. In the thin film and n = 9 superlattice, the Kondo
coherence temperature Tt is estimated from the maximum in p(T') after subtracting the
resistivity of nonmagnetic LaRhIns [20] to account for the phonon contribution. The p(7T)
data in the n = 5, 4, and 3 superlattices shows a maximum at T, without any background
subtraction. As shown in the inset of Fig. 1, T, decreases with increasing 1/n, indicating
that reduced dimensionality dramatically suppresses the Kondo coherence [21]. It is unlikely

that the crystal electric field at Ce-site changes significantly in the superlattices, because
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it is mainly determined by the neighboring Ce, In, and Rh ions. Therefore, the observed
suppression of T, in the superlattices is a many-body effect likely due to the reduction of
the effective number of the conduction electrons which participate in the Kondo screening.

It has been reported that the temperature derivative of the resistivity dp/dT exhibits a
sharp peak at Ty in the bulk CeRhIns. Figure 2(a) depicts dp/dT at low temperatures for the
thin film and the superlattices. In thin film, dp/dT reproduces that of the bulk, indicating
the AFM transition at Ty = 3.8 K [14]. A distinct peak is also observed in the n = 9, 5, and
4 superlattices, suggesting the presence of the AFM order. For the n = 3 superlattice, on the
other hand, the peak is very broad, and thus, the determination of Ty is ambiguous, which
will be discussed later. Obviously, the approach to two dimensions yielded by reducing n
enhances quantum fluctuations and thus reduces Ty. To see whether the resistivity obeys
the Fermi-liquid expression, p = py + AT?, where p is the residual resistivity and A is the
Fermi liquid coefficient, the resistivity at low temperatures is plotted as a function of 72 in
Fig.2(b). The resistivity of the thin film and n =9, 5, and 4 superlattices are well fitted by
p < T? in a wide temperature range. On the other hand, as shown in the inset of Fig.2(b),
the T2-dependence is observed only at very low temperatures for the n = 3 superlattice,
consistent with approaching a QCP.

Figure 3 depicts the thickness dependence of Ty and A that is related to the QP effective
mass m* through the effective specific heat coefficient v.¢ o< m* and the Kadowaki—-Woods
Fermi liquid relation, A/v% =1 x 107° pQem(mol K?/mJ)? [22]. Concomitantly with the
disappearance of T near n = 3, A is strikingly enhanced, about 20-fold of its magnitude in
the bulk. It is natural to consider that the mass enhancement and the deviation from the
Fermi liquid behavior of the resistivity for the n = 3 superlattice are caused by the quantum
critical fluctuations associated with the QCP in the vicinity of n = 3, i.e. dimensional tuning
of the quantum criticality.

To further elucidate the nature of the QCP, we study the magnetoresistance and its
anisotropy in an applied magnetic field. Figures4(a) and 4(b) show the evolution of «, the
exponent in p(T) — pg = Ap(T) o< T, within the field-temperature (B — T') phase diagram
of the n = 3 superlattice, for the magnetic field applied parallel to the ab plane and c
axis, respectively. For both field directions, the exponent o at low temperatures is strongly
affected by the magnetic field [23-25]. At B.~ 1.2T for B || ab and B. =~ 2T for B || ¢, the

non-Fermi liquid behavior (o < 1.5) is observed down to the lowest temperatures and in a
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largely extended field range at higher temperatures. For B > B,, a broad crossover regime
from the non-Fermi liquid state to the field-induced Fermi liquid state at lower temperature
is found to occur. Thus, the non-Fermi liquid behavior dominates over a funnel shaped
region of the B — T phase for both field directions. We note that similar phase diagrams
have been reported in the bulk heavy fermion compound YbRhySis [23], which constitutes
one of the best studied examples of quantum criticality. In Figs.4(a) and 4(b), the field
dependence of y.¢ for the n = 3 superlattice estimated from the T?-dependent resistivity in
the Fermi liquid regime is also plotted. As the field approaches B, from either side, v.g is
rapidly enhanced. These results corroborate the emergence of a field-induced QCP at B..
Although dp/dT does not show a discernible peak for the n = 3 superlattice in Fig. 2(a), the
Néel temperature is roughly estimated to be Ty ~ 0.16 K by the temperature below which
the Fermi liquid behavior is observed (see inset of Fig. 2(b)). We conclude that in the present
2D Kondo lattice, quantum fluctuations are sensitive to the applied magnetic field; fields of
about 1T are sufficient to induce a QCP, above which Fermi liquid state with a strongly
field-dependent QP mass appears. This small B, is in sharp contrast to the magnetic field
of ~ 50T required to suppress T in the bulk CeRhlns [26].

The quantum fluctuations are also sensitive to the field direction. It should be noted
that in the bulk CeRhlns, magnetic susceptibility perpendicular to the ab plane is much
larger than that parallel to the plane, x. > xa [13], implying that the field response for
B || ab is expected to be much less sensitive than that for B || ¢, similar to the case of
YbRhySi; where the magnitudes of B, for the different field directions are proportional to
the magnetic anisotropy. What is remarkable is that, as seen from Figs.4(a) and 4(b), the
quantum fluctuations are more easily suppressed for B || ab than for B || ¢. Thus, the
anisotropy of the quantum critical field in the present 2D Kondo lattice is opposite to that
of the bulk susceptibility. Interestingly, recent high-field study of the bulk CeRhlInj finds
that the critical value of B, at T" = 0 is isotropic [26], although it has been reported that
the suppression of Ty by magnetic field occurs more rapidly for B || ¢ than for B || ab at
low fields, opposite to what we observe in Fig. 4.

To explain the observed anisotropy of the critical field, we point out the importance of the
space inversion symmetry. Here, in the n = 3 superlattice, the inversion symmetry is locally
broken at the top and bottom layers of the CeRhIn; blocks in the immediate proximity to
the YbRhIng layers, whereas the symmetry is preserved in the middle layer [7, 9-11]. In the
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absence of inversion symmetry, asymmetry of the potential in the direction perpendicular to
the 2D plane V'V || [001] induces Rashba spin-orbit interaction ag g(k)-o x (k x VV) - o,
where g(k) = (ky, —k;,0)/kp, kp is the Fermi wave number, and o is the vector of Pauli
matrices. The Rashba interaction splits the Fermi surface into two sheets with different
spin structures. The energy splitting is given by ag, and the spin direction is tilted into
the plane, rotating clockwise in one sheet and anticlockwise in the other [27]. Since the
noncentrosymmetric interface layers occupy two thirds of the CeRhlns layers in the n = 3
superlattice, the local inversion symmetry breaking at the interfaces, which results in the
Rashba spin-orbit splitting of the Fermi surface, has a significant impact on the magnetic
properties. In fact, it has been reported that local inversion symmetry breaking strongly
affects the superconducting and magnetic properties in CeColns/YbColns superlattices,
leading to the suppression of the Pauli paramagnetic pair breaking effect and magnetic

fluctuations at the interface [7, 9-11].

In the presence of the local inversion symmetry breaking at the interfaces, the magnetic
anisotropy is expected to be modified. For B L ab, the Zeeman splitting h = gupgJ, B enters
the energy ey of QPs at the Fermi level quadratically alongside the Rashba interaction:
Ei(k) = e & /h?2 + a%|g(k)|2. Therefore, for weak fields (h < ag, which is the case

here), the Zeeman effect is quadratic rather than linear in field, and is therefore strongly
suppressed. By contrast, for in-plane field B || ab, there is a component of B parallel to
the Rashba-induced spin g(k), and the Zeeman effect is stronger. Therefore, the magnetic
susceptibility for B L ab is expected to be suppressed more strongly than for B || ab.
We theoretically analyzed the anisotropy ratio of the magnetic susceptibility, x./Xa, and
found that xe/Xa ~ (Xe/Xab)bulk X 12(62 + O(6%)), where § = h/ar. We note that the
results are robust against the details of the many-body renormalization of the effective mass
(see Supplemental Material [28]). Realistic values of the Rashba interaction and material
parameters of CeRhlIns lead to the estimate of § in the range (0.02 —0.1) for field B =1 T,
yielding the anisotropy ratio 1/100 < x./xa < 1/10 [28], which is opposite to the anisotropy
of the bulk CeRhIns. To confirm this reversed anisotropy of the magnetic susceptibility,
more direct measurements which provide microscopic information of the magnetism at the

interface, such as site selective nuclear magnetic resonance, are strongly desired.

In summary, to investigate the physical properties of the two-dimensional Kondo lat-

tice, we fabricated CeRhlIns(n)/YbRhIns(7) superlattices. As the CeRhIns layer thickness
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is reduced, the effective Kondo screening is largely reduced and the system approaches a
quantum critical point in the vicinity of n = 3. We find that the quantum critical fluc-
tuations, responsible for the non-Fermi liquid behavior, are very sensitive to the applied
magnetic field and its direction. The fields of about 1T are sufficient to tune the system
to the QCP, which is two orders of magnitude smaller than the bulk value. The opposite
anisotropy of the quantum critical field between the bulk and n = 3 superlattice suggests
that the Rashba spin-orbit interaction, arising from the local inversion symmetry breaking
at the interface, plays an essential role for the magnetism in this artificially engineered 2D

Kondo lattice.
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FIG. 1. (Color online) Temperature dependence of resistivity p for CeRhlns thin film and
CeRhIns(n)/YbRhIns(7) superlattices. The arrows indicate the Kondo coherence temperature

Teon- Insets: (top) A schematic representation of the superlattice. (bottom) T¢., as a function of
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FIG. 2. (Color online) (a) Temperature derivative of the resistivity, dp/dT’, as a function of
T for CeRhIns thin film and CeRhIns(n)/YbRhIns(7) superlattices. Arrows indicate the Néel
temperature T. (b) p — po plotted against 72. The solid lines are the fits to the T2dependence
at the lowest temperatures. The inset displays p — pg vs. T2 for the n = 3 superlattice at low

temperatures.
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FIG. 3. (Color online) The Néel temperature Ty (left axis) and Fermi liquid coefficient A derived
from the expression p = pg + AT? as a function of 1/n. Ty for the n = 3 superlattice (diamond)

is estimated by the temperature below which the Fermi liquid behavior is observed.
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FIG. 4. (Color online) Temperature and magnetic field evolution of the exponent a derived from
the expression p(T) = pg + AT in the n = 3 superlattice (a) for B || ab and (b) for B || c.
The triangles represent the effective specific heat g estimated from the resistivity at the lowest

temperatures assuming the T2-dependent resistivity (right axis).
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