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Abstract

A magnetic field driven quantum critical point (QCP) is studied experimentally in the Ce;Al
magnetically anisotropic intermetallic compound, which shows both antiferromagnetic (AFM)
ordering and heavy—fermion behavior. Measurements of the magnetic susceptibility, the magnetore-
sistance and the specific heat on a Ce;Al monocrystalline sample performed down to 0.35 K in
magnetic fields up to 9 T demonstrate that the QCP is anisotropic regarding the orientation of the
magnetic field relative to the magnetically easy direction. External magnetic field drives the AFM
transition continuously toward zero temperature when applied in the (g, b) easy plane, reaching the
QCP at the critical field B** =4.6 4 0.4 T, where a quantum phase transition from the AFM to the
paramagnetic state takes place. The magnetoresistance experiments below 1 Kindicate that
intermediate magnetic states may have formed near the QCP. For the field applied along the chard
direction, the QCP has not been observed within our experimental range of the magnetic field. The
anisotropic, magnetic field driven QCP in the Ce;Al results from competition of the exchange
interaction with the Zeeman interaction in the presence of a large magnetocrystalline anisotropy. The
anisotropy of the QCP is a consequence of the fact that the magnetic anisotropy locks the
magnetization into the easy plane and cannot be pulled out of the plane by the available laboratory
field. Consequently, only the component of the magnetic field vector that lies in the easy plane
participates in the QCP formation. In AFM systems with a large magnetic anisotropy, the magnetic
field driven QCP is a continuous variable of the magnetic field vector orientation relative to the easy
direction.

1. Introduction

A quantum critical point (QCP) is a point in the phase diagram of a material where a continuous phase transition
takes place at absolute zero temperature [ 1, 2]. Quantum phase transitions at T = 0 K are triggered by zero—
point quantum fluctuations associated with Heisenberg’s uncertainty principle, in contrast to conventional
(thermodynamic) phase transitions that occur at a nonzero temperature and are triggered by thermal
fluctuations. A QCP is typically achieved by a continuous suppression of a thermodynamic phase transition to
zero temperature by the application of a magnetic field, pressure or through doping. Quantum phase transitions
arise in quantum many-body systems because of competing interactions that foster different ground states. An
example are the exchange interaction among the local moments that promotes magnetic ordering and the

© 2020 The Author(s). Published by IOP Publishing Ltd
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Kondo exchange interaction between the local moments and the conduction electrons that favors a Kondo—
screened singlet (nonmagnetic) ground state [3]. Another example are exchange—coupled spins in a transverse
external magnetic field, where a continuous increase of the field can induce a quantum phase transition from a
magnetically ordered state to a paramagnetic state via tuning the degree of quantum tunneling between the ‘up’
and ‘down’ spin—polarized states (the transverse—field Ising model). Prototype systems to explore QCPs are
heavy—fermion (HF) metals, the most prominent examples being Ce—and Yb—containing compounds [4].

In magnetically anisotropic crystals, the magnetic moments tend to align with an easy axis, representing an
energetically favorable direction of the magnetization in the crystal lattice. For certain lattices like hexagonal, an
easy plane or an easy cone can also exist. In systems containing rare earth (RE) elements, the dominant source of
magnetic anisotropy of the RE ions in a crystalline environment is the magnetocrystalline anisotropy. This
anisotropy originates from the electrostatic interaction of the 4felectronic orbitals containing magnetic
electrons with the electric field created by the rest of the crystal (the crystal field—CF). The CF interaction
stabilizes a certain orbital, and by spin—orbit interaction the magnetic moment i is aligned in a particular
crystallographic direction. The CF interaction is also able to reduce the size of the moments. The
magnetocrystalline anisotropy may be so large that external magnetic fields B = 1, H up to hundreds of tesla
are needed to overcome it by the Zeeman interaction H, = —Ji - B. The CF interaction is a single—ion
interaction, acting independently at each ionic site, and does not participate directly in the cooperative
phenomena related to magnetic ordering.

A particular kind of a phase transition that can be driven to zero temperature by the magnetic field (leading
toa QCP) occurs in anisotropic Néel- —type antiferromagnets (AFM) with two equal and oppositely directed
sublattice magnetizations My = — Mg, where the exchange interaction competes with the Zeeman interaction.
For an uniaxial anisotropy, the AFM state with the field H perpendicular to the easy direction is more stable
(energetically favorable) than the state with the field along the easy direction, owing to the fact that below the
Néel temperature Ty, the perpendicular susceptibility ; islarger than the parallel susceptibility x;. When the
field is applied along the easy direction, it tends to rotate the sublattice magnetizations perpendicular to the easy
axis into a transverse, flopped configuration. According to the magnitude of the anisotropy energy, two cases
may be distinguished. For a weak anisotropy, the two antiparallel sublattice magnetizations rotate suddenly ata
critical (spin—flop) field Hy perpendicular to the easy direction, hence perpendicular to the applied field. This is
aspin—flop transition. Upon further increase of the field, H > Hjy, the two sublattice magnetizations
continuously rotate into the field direction to form a saturated paramagnetic state with the spins polarized along
the easyaxisat H >> Hy. Foralarge anisotropy, the two sublattices remain polarized antiparallel along the easy
direction up to the critical field Hyf, where the antiparallel sublattice suddenly rotates parallel to H, again
forming the saturated paramagnetic state for H > Hy. This is a spin—flip transition. The spin—flop and spin—
flip transitions are both metamagnetic transitions, denoting a sudden increase of the magnetization upon a small
change in the externally applied field. Low—temperature antiferromagnets with weak intrasublattice interactions
usually undergo the spin—flip transition.

The spin—flop and spin—{lip transitions are driven by the magnetic field as the control parameter and can
occur at any temperature below Ty down to zero temperature. During the magnetic field sweep, the energy of
the spin system is changing. At finite temperatures (I > 0), the energy conservation of the entire system (spins
plus lattice) is maintained by thermal fluctuations, so that the transitions are thermodynamic. At T = 0, there
are no thermal fluctuations anymore and the energy conservation is maintained by quantum fluctuations, so
that the phase transitions become of a quantum nature, occurring at the QCP.

In multi—axially anisotropic AFMs, the situation is more involved. An example are hexagonal AFMs, where
the hexagonal plane is either the easy plane (magnetically isotropic), or there exist six easy directions within the
hexagonal plane with a small in—plane anisotropy. In both cases there exists a large anisotropy to the hard
direction along the hexagonal axis perpendicular to the hexagonal plane. The QCP becomes anisotropic,
depending on the direction of the magnetic field relative to the crystallographic axes and its experimental
observation should necessarily be done on monocrystals. Here we report on the anisotropic QCP in the
monoclinic (but very close to hexagonal) Ce;Al compound that exhibits both the AFM ordering below Ty =~
2.6 Kand the HF behavior.

2. Material description

CesAl crystallizes at room temperature in a hexagonal structure (a—Ce;Al) [5, 6], whereas at about 100 K, there
is a structural transition to a monoclinic phase (y—Ces3Al), which is almost orthorhombic (the monoclinic angle
amounts to 7, = 89.69°). The monoclinic symmetry of the  phase results from shifts of atoms within the
mirror planes from their more symmetric positions in the & phase, so that the ~y structure shows close similarity
to the parent hexagonal « structure. Structural details of the & and «y phases, as well as their similarity are
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discussed in the appendix A. The structure of the monoclinic  phase can be viewed as consisting of slightly
tilted Ce—Al and Ce—Ce chains that propagate along the a crystallographic direction and are alternately stacked
alongbandec.

Magnetic ordering in the Ce;Al has been investigated before on polycrystalline samples [6—12].
Magnetically, there are two types of Ce ions in the structure. The Ce ions in the Ce—Al chains possess magnetic
moments, which order AFM at Ty ~ 2.6 K, with the spins aligned antiparallel along the a chain direction. In
contrast, there are no moments on the Ce—Ce chains at low temperatures due to Kondo compensation [8]. The
crystal field splits the J = 5/2 line of Ce’™ into three doublets, where the two excited CF doublets occur at
energies (in temperature units) Tor; ~ 75 Kand Trr, &~ 130 Kabove the ground state doublet [9]. Crystal field
strongly reduces the low—temperature saturated moment on the Ce—Al chains to 1.24 1, per Ce ion [8] (where
{15 is the Bohr magneton), as compared to the Ce’" free—ion value of 2.5 1. The electrical resistivity p is typical
of a Kondo-lattice system, by exhibiting a Kondo resistance minimum at the temperature Ty ~ 20 Kanda
maximum at the Kondo lattice temperature T* = 3 K, below which the resistivity strongly drops. The linear
specific heat coefficient amounts to = 95 mJ/mol-CeK?” [8], revealing that the effective mass of the electrons
in the Ce;Al is enhanced, but the electrons are not as heavy as in typical HF systems like CeAl; and UPt;.

Our experiments were performed on a Ce;Al monocrystal, grown by the Czochralski technique. Growth
details, samples’ description and structural characterization by XRD and electron microscopy are given in the
appendix B.

3. Results

We have driven the AFM transition continuously towards zero temperature by the external magnetic field,
monitored via the magnetic susceptibility, the magnetoresistance and the specific heat. Three sets of experiments
were performed, with the magnetic field directed along the a, b and c crystal directions of the low—temperature
monoclinic phase. In the following we label the anisotropic physical quantities with a superscript denoting the
direction of the magnetic field (e.g., the magnetization M?, the susceptibility x?, the resistivity p® and the
specific heat C* for the field along a). Further experimental details are given in the appendix B.

3.1. Magnetic susceptibility

Direct current (dc) magnetic susceptibilities x»?¢ = M®?</H in the temperature range 300-1.9 Kina
magnetic field B = 0.1 T are presented in figure 1(a), where a 1/ T—increase upon cooling, typical of localized
moments, is evident. The positive, temperature-independent ‘foot’ originates mainly from the Pauli spin
susceptibility, which is augmented due to the heavy effective mass of the charge carriers. The susceptibility is
large and almost isotropic for the field applied in the (a, b)) monoclinic plane (x* ~ x?), whereas the
susceptibility for the field along ¢ is much smaller, yielding the anisotropy x¢ < x*! atlow temperatures. A
small discontinuous step is observed at the av — + structural phase transition, occurring at 98.5 K on cooling
andat 101 K on heating, At Ty = 2.6 K, the AFM transition takes place (x*"¢ exhibit a maximum).

The AFM peak in the susceptibility shifts to lower temperatures with the increasing magnetic field, but the
shift is anisotropic, depending on the field direction. The shift was studied by varying the field in small steps of
AB =0.2 T from zero up to a 7-T field. In figure 1(b), the x*»¢ are shown zoomed in the temperature range of
the AFM transition in three fields, B =0.1,3 and 5 T. For y“ and ?, the peak in a 3-T field has moved
significantly (and practically equally for both field directions) to alower temperature, whereas in a 5-T field, the
peak is no more observed down to the lowest measured temperature of 1.9 K. In contrast, the peak in ¢ almost
did not shift with the field (inset in figure 1(b)). By defining the anisotropic, field—dependent Néel temperatures
T{ffb *“(B) (determined from the position of the highest point of the AFM peak, see arrows in figure 1(b)), we show
this relation in figure 2(a). There is no significant anisotropy between Ty (B) and Tﬁ, (B), both decreasing
strongly with the field, but there exists large anisotropy to Ty (B), which shifts with the field very little.

The magnetization versus the magnetic field relation, M @bc(H),at T =2 Kis presented in the inset of
figure 1(a). The M®%€ all show a linear-like dependence on H, with the same anisotropy as the susceptibility,
M¢ < M* ~ MP". Aslight increase of the slope can be noticed for the M® and M? (see the dashed guideline),
happening at the field somewhere between 2 and 3 T. This is indicative of a field-induced phase transition from
the AFM to a spin—flopped state, where both states are characterized by alinear M (H ) relation, but the slope is
higher in the latter.

Based on the almost no in-plane anisotropy of the x*? and M*?, the (a, b) monoclinic plane is close to the
easy plane of the magnetization (see the discussion in the appendix B).

3



10P Publishing

J. Phys. Commun. 4(2020) 105016 SVrtnik et al

~
Q
@)
p—
]
£
E
A
S
= 6
X
0.0 + - ! . : : ;
0 50 100 150 200 250 300
T(K)
8 1.1
0.56 5T st
o 1.0
O 054437 “=
3 5 0.9
E O. 52 T 5 T %
~ )
o 4
= 0507 57
© 0484 01T
o
—
— 0.46 -
X
0.44 ]
2 3 4 5 6
T(K)
Figure 1. (a) Magnetic susceptibilities Y€ inafield B =0.1 T. Thearrowat T ~ 100 K marks the a — + structural phase
transition, whereas the arrow at Ty= 2.6 K marks the AFM transition. The M®»¢(H) relationat T = 2 Kis presented in the inset.
Dashed line is a guide for the eye, demonstrating an increase of slope at a field somewhere between 2 and 3 T. (b) x* and x” in the
temperature range of the AFM transition in selected fields B = 0.1, 3 and 5 T (for clarity of presentation, ? was shifted downwards by
0.07 x 10~°m®/mol Ce). The corresponding graph of ¢ is shown in the inset.

3.2. Magnetoresistance

The electrical resistivity and the magnetoresistance measurements were performed down to 0.35 K, with the
current directed always along the a crystal direction (the direction of the Ce—Al chains). Since in a crystal of
symmetry lower than cubic the resistivity is a tensor, this has assured that the same component of the resistivity
tensor has always been measured (p,,, abbreviated in the following as p). The resistivity in a magnetic field up to
9 T applied along the a, band c (i.e., p% p® and p°) is presented in the appendix C. There is a small anisotropy
between p® and p?, both being significantly affected by the field below the Kondo resistance minimum at Ty =
23 K (p®and p in the field are reduced, but the Kondo minimum is preserved up to 9 T). In contrast, the
resistivity p¢ is much less affected by the field. The influence of magnetic ordering in the Ce—Al chains is best
observed in the anisotropic magnetoresistance [p*(B) — p'(0)]/p'(0) = Ap'/p', (i = a, b, c)which is shown
in figure 3 at temperatures between 3 and 0.35 K in fields up to 9 T. Here it is important to stress that for the
Ap?/ p?, the current was parallel to the magnetic field, so that this is the longitudinal magnetoresistance,
whereas for the Ap?/ p? and Ap©/ p¢, the current was perpendicular to the field, representing the transverse
magnetoresistance. The longitudinal and transverse magnetoresistances usually do not differ much, typically up
to about 3%. In figure 3, small anisotropy of the magnetoresistances Ap?/p® and Ap?/ p? is observed for the
field applied in the (g, b) plane, but there exists large anisotropy to Ap©/ p¢ for the field alongc. At T > Ty (in
the paramagnetic phase), Ap®/p® and Ap?/ p? are negative in the entire field range and approach linear
variation at larger fields. This is the expected variation for paramagnetic (and also ferromagnetic) systems,
originating from suppression of fluctuations of the localized spins by the magnetic field [13, 14], leading to a
decrease of the resistivity. Below Ty, Ap?/p* and Ap?/ p? are positive at low magnetic fields, increasing roughly
as B? (parabolic fits of the 1.9-K curves are shown in figure C2 of the appendix C). At a ‘critical’ field, both
magnetoresistances exhibit a maximum and then start to decrease for higher fields in the same manner as in the
paramagnetic and ferromagnetic cases. The positions of the maxima (A p®/ p*)max and (Ap?/ p?)imax on the field
axis (marked by vertical arrows in figures 3(a) and (b)) depend on the temperature and shift to higher fields at
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Figure 2. (a) The Néel temperatures T%"¢(B), determined from the magnetic susceptibility, the magnetoresistance and the specific
heat (the method is indicated in the legend). The origin of small discrepancy of the T, (B) data determined from x¢ and C* is discussed
in the appendix B. (b) The T%" (B) values determined from y* and x? compared to the T (B) values, obtained from the magnetic
susceptibility with the magnetic field tilted by 6 = 35° out of the (a, b) plane. The scaled data T cos 0 are also shown, overlapping
perfectly with the T4? (B) data.

lower temperatures. The magnetoresistances Ap®/p® and Ap?/ p? are both large, reaching the maximum
positive values (Ap?/ p?)max = 10% and (Ap?/ p?)max 13% at T = 0.75 K. The relatively simple shape of the
magnetoresistance curves at temperatures above 1 K that show a transition from a B2 to a —B dependence after
passing a maximum becomes more complicated below 1 K, because some additional structure develops on both
sides of the maximum (clearly evident when comparing the 1.9-K and 0.35-K curves in the insets of figures 3(a)
and (b)). This structure is slightly different for Ap®/p® and Ap?/ p?, but the maximum remains well
pronounced.

The shapes of the Ap?/ p® and Ap/ pt curves at temperatures T > 1 K (where the additional structure
around the maximum is still absent) can be explained by considering that the magnetic field induces a spin—flip
type transition from the AFM to a paramagnetic state. For the field pointing along the magnetization direction of
the two oppositely polarized spin sublattices of the AFM structure, the fluctuations of spins on the sublattice
parallel to the field are suppressed in the same way as in the paramagnetic and ferromagnetic cases, whereas the
fluctuations of spins on the antiparallel sublattice are increased (the field tries to turn over these spins). The total
magnetoresistance in such a case is positive and increases as B2 at low fields [ 14]. At the critical field, the spins of
the antiparallel sublattice rotate into the field direction and the magnetoresistance starts to decrease roughly as
—B with the increasing field. The magnetoresistance thus exhibits a maximum at the critical field. The critical
field value at a given temperature can be used to construct the field-dependent Néel temperature Ty (B). The
T% (B) and TY (B) values, obtained from the magnetoresistances Ap?/p® and Ap?/ p?, respectively, are also
plotted in figure 2(a), confirming that there is no pronounced anisotropy for the field along a or b at
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Figure 3. The anisotropic magnetoresistance (a) Ap?/p?, (b) Ap?/p? and (c) Ap©/ p at temperatures between 3 and 0.35 K in fields
up to 9 T. Vertical arrows in panels (a) and (b) mark the magnetoresistance maxima for selected temperatures.

temperatures above 1 K, T&(B) ~ T%(B). Good matching to the values obtained from the magnetic
susceptibilities x and ' is evident in the overlapping region.

At temperatures below 1 K, where the Ap®/p® and Ap?/ p? curves show additional structure in the vicinity
of the maximum, the Ty (B) and T}\’, (B) values no more coincide. While the Ty (B) curve below 1 K shows
smooth continuation of the trend from the temperatures above 1 K, the T}Q (B) curve does not change with the
field anymore and becomes infinitely steep. This additional structure suggests that the magnetic field—
temperature (B, T)phase diagram below 1 Kin the region close to the critical magnetic field may involve
intermediate magnetic phases between the simple collinear AFM and the paramagnetic phases, which depend on
the field direction. Magnetic neutron scattering experiments within the critical region are needed to resolve this
question.

The magnetoresistance Ap¢/ p° (figure 3(c)) is very small as compared to Ap?/ p® and Ap?/ pP. In the low—
field regime B <2 T, Ap®/ p© is practically zero at all investigated temperatures below 3 K. At higher fields, a
weak field dependence develops (roughly as B2, see the inset in figure 3(c)), but no pronounced maximum can
be observed. The almost vanishing magnetoresistance Ap°/ p¢ can be explained by considering that the
magnetic field applied along ¢ now points perpendicular to the easy plane, hence perpendicular to the
magnetization direction of the two oppositely polarized AFM spin sublattices. In the low—field region, this yields
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Figure 4. The anisotropic specific heat of Ce;Al in the temperature range from 3 to 0.35 K in magnetic fields 0-9 T applied along (a)
the adirection (C%)and (b) the ¢ direction (C°).

zero magnetoresistance [ 14]. The strong anisotropy of the magnetoresistance, Ap/p¢ < Ap®t/p®?
originates from the fact that the direction of the AFM magnetization in the crystal lattice is locked into the (a, b)
monoclinic plane by the dominant CF interaction. External magnetic field within our accessible rangeupto 9 T
is unable to change the orientation of the sublattice magnetizations relative to the ¢ axis, but can easily rotate
them within the (a, b) easy plane.

3.3. Specific heat

The field-induced shift of the AFM transition was monitored also via the specific heat. In magnetically
anisotropic crystals, the magnetic specific heat in a magnetic field also becomes anisotropic, because the
magnetic energy level scheme varies with the field direction. Anisotropic specific heat in a magnetic field is not
unknown in literature and has been reported e.g. for the CeCug Kondo-lattice system [15]. The anisotropic
(total) specific heat of Ce;Al in the temperature range from 3 to 0.35 K in magnetic fields 0-9 T is presented in
figure 4.

No pronounced anisotropy was found for the field alongaand b (C* ~ ("), so that only C* and C* are
shown. For both field directions, a peak is observed at Ty due to the AFM ordering. The peak in C? shifts
strongly with the field to lower temperatures and decreases in height (figure 4(a)). At fields higher than about 5 T,
no pronounced AFM peak can be observed in C* anymore (the field has destroyed the AFM transition). For C*
(figure 4(b)), the shift of the AFM peak with the field is much weaker and the peak remains to be observed up to
the highest field of 9 T (the AFM transition is not destroyed by the field along ¢). This is the same type of
anisotropy as observed in the magnetic susceptibility.

The peak in the specific heat provides another means to determine the T{:"¢ (B) relation. The Ty values
determined from the specific heat were found systematically lower by 0.2 K as compared to the values
determined from the magnetic susceptibility peak (i.e., the peak of the zero—field specific heat occurs at Ty =
2.4 K, whereas the low—field susceptibility peak occurs at Ty = 2.6 K). The origin of this small discrepancy is
discussed in the appendix B. The T%"¢(B) values shifted up by 0.2 K are also plotted in figure 2(a), where good
matching to the values obtained from the magnetic susceptibility and the magnetoresistance is evident.
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4. Discussion

The T¥ (B) and Tk, (B) data summarized in figure 2(a) demonstrate that the external magnetic field drives the
AFM transition continuously toward zero temperature for the field applied in the (4, b) easy plane. The
magnetoresistance data of figure 3 indicate that at temperatures above 1 K, the field—induced phase transition is
of a spin—{lip type from the AFM to the paramagnetic state, thermodynamic in nature. This kind of a phase
transition is plausible, because CesAl is a low—temperature antiferromagnet with weak intrasublattice
interactions (as evidenced by thelow Ty (B = 0) =2 2.6 K). Since the phase transition temperature can be
continuously driven toward zero, this suggests thatat T = 0, the magnetic field can be used as a non—thermal
control parameter to induce a quantum phase transition, and the critical field value B, where the AFM state is
destroyed represents the QCP. Extrapolating the Tx (B) and T}\’, (B) curvesto T' = 0, the QCP occurs at BY =
5.0 T for the field along aand B® = 4.2 T for the field along b. For the field applied along the perpendicular ¢
(hard) direction, the QCP could not be observed within our experimental range of the magnetic field. The
anisotropy of the QCP can be understood by considering that the two competing interactions are the indirect
exchange and the Zeeman interaction, which compete in the presence of a much larger CF interaction that fixes
the moments i into the easy plane. A simple estimate of the critical field value B, can be obtained by equalizing
the magnitudes of the exchange and the Zeeman interactions, where E,, /kg ~ 2.6 K (the zero—field Néel
temperature), whereas E; = 1.24 1, B (taking the moment y value from [8]). The condition E,, = Ezis
fulfilled at B, = 3.1 T, which matches qualitatively well to the experimental B® and B’ values. A continuous
increase of the magnetic field from 0 to 9 T thus tunes the magnitude of the Zeeman interaction from the
condition E; < E, to E; > E,,,passingthrough the QCP at the critical field. For the magnetic field tilted by
anangle 0 out of the (a, b) easy plane, only the in—plane component of the magnetic field vector B cos 6
participates in the Zeeman interaction, a consequence of the fact that the magnetic field is unable to pull the
magnetization out of the easy plane due to the large anisotropy to the c hard direction. For the field along c,

0 = m/2and H; = 0,so thatthe QCP does not occur within the accessible field range (as one of the two
competing interactions is missing), whereas for the in—plane field application (¢ = 0), the QCP occurs at the
lowest value of the magnetic field. For a general tilt of the field out of the (g, b) plane, the QCP should occur ata
higher field, which scales with the tilt angle 6 as B.(§) = B.(0)/ cos 6. This consideration has been tested via
the magnetic susceptibility, by tilting the magnetic field for # ~ 35° out of the (g, b) plane and following the
field—induced shift of the AFM peak in the upper temperature range of the AFM phase (down to 1.9 K). The raw
datalabeled as T, and the scaled data T§; cos 6 are presented in figure 2(b), where it is seen that the field
dependence of TY, (B) is considerably weaker than that of T (B), whereas the scaled data T§ cos  perfectly
overlap with the.

The critical fields B? and B, determined by extrapolating the magnetoresistance data, are slightly different
(5.0 T versus 4.2 T), but the difference is relatively small. In view of the in—plane isotropy of all other reported
physical parameters (i.e., the (4, b) plane is very close to the easy plane) and uncertainties in the interpretation of
the magnetoresistance (recall that Ap?/ p* is the longitudinal magnetoresistance, whereas Ap?/ p? is the
transverse magnetoresistance), it appears plausible that both in—plane crystallographic directions have the same
critical field for the transition to the intermediate and paramagnetic states. It is hence reasonable to assume a
single in—plane critical field B** = 4.6 + 0.4 T.

The temperature range below 1 K deserves special attention. Second—order phase transitions are marked by
the growth of random fluctuations on ever—longer length scales, called ‘critical fluctuations’. At the classical
critical points, the critical thermal fluctuations are limited to a narrow region around the phase transition. For a
quantum phase transition, on the other hand, the influence of quantum fluctuations is felt over a wide range of
temperatures above the QCP, so that the effect of quantum criticality is felt to higher temperatures without ever
reaching absolute zero. Quantum critical fluctuations dominate the physical properties of a metallic material
also at nonzero temperatures and away from the critical magnetic field, within the quantum critical region. In
response to the quantum critical fluctuations, the properties of a metal depart qualitatively from the standard
Fermi-liquid behavior, to form a metallic state sometimes called a non—Fermi liquid or a ‘strange metal’.
Quantum critical fluctuations can also drive the formation of exotic magnetic phases in the vicinity of the
QCP[16].

For the Ce;Al, there is a twofold experimental evidence on the existence of a quantum critical region. The
firstis the electrical resistivity (presented in the appendix C), where the zero—field resistivity shows a T?
dependence, compatible with a Fermi liquid, in the low—temperature region between the lowest measured
temperature of 0.35 Kup to T' = 1.7 K (figure C1). Upon increasing the magnetic field applied in the (a, b)
monoclinic plane, the temperature interval, where the resistivity shows a T? dependence, becomes progressively
smaller (the upper limit of this interval shifts to lower temperatures), whereas for the field B >4 T, no T*?
dependence is observed anymore (inset in figure C1(b)). This can be understood by considering that the
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magnetic field within the quantum critical region above the QCP has destroyed the Fermi-liquid state. For the
field applied along the c hard direction, the resistivity continues to show a T* dependence up to the highest field
of 9 T (inset in figure C1(c)), which is consistent with the fact that no QCP is formed for the field in the ¢
direction and the Fermi-liquid state is consequently not destroyed. The second evidence on the quantum critical
region comes from the magnetoresistance (figure 3), where below about 1 K, the magnetoresistances Ap?/ p?
and Ap®/ p® no longer show the relatively simple shape of a B> dependence at low fields that turns to a —B
dependence at high fields after passing a maximum at the spin—flip transition from the AFM to the paramagnetic
state. The additional structure that develops on both sides of the magnetoresistance maxima (insets in

figures 3(a) and (b)) suggests that novel magnetic phases could have formed within the quantum critical region.
This effect is absent for the Ap©/ p¢, which is again consistent with the fact that no QCP is formed for the field in
the c direction up to the highest available field of 9 T.

The Ce;Al magnetic phase diagram and the T%%¢(B) curves presented in figure 2(a) could be modeled in
principle by taking into account that the AFM ordering of the Ce moments takes place on the Ce—Al chains,
whereas the Ce moments of the Ce—Ce chains do not order because they are strongly reduced by the Kondo
effect. Disregarding the Ce—Ce chains, the appropriate spin Hamiltonian for a Ce—Al chain would be a spin 5/2
Heisenberg antiferromagnet with exchange anisotropy of an XXZ~type and a quadratic single—ion CF
anisotropy D(S,)?, in the presence of a magnetic field. This model has been widely investigated for spins 1/2 and
1 in two and three dimensions on square and cubic lattices [17, 18]. For a spin 5/2, numerical calculations
appear to be unfeasible due to the size of the respective Hilbert space.

5. Conclusions

The anisotropic, magnetic field driven QCP in the Ce;Al results from competition of the exchange interaction
with the Zeeman interaction in the presence of a large magnetocrystalline anisotropy. External magnetic field
applied within the easy plane drives the AFM transition continuously toward zero temperature, leading to a
quantum phase transition from the AFM to the paramagnetic state at T = 0. The electrical resistivity and
magnetoresistance experiments below 1 K indicate that intermediate magnetic states may have formed near the
QCP. For the field along the hard direction, the AFM transition does not shift with the field and the QCP has not
been observed within our experimental range of the magnetic field (up to 9 T). The large magnetocrystalline
anisotropy locks the magnetization into the easy plane, which cannot be pulled out of the plane by the available
laboratory field. Only the component of the magnetic field vector that lies in the plane participates in the Zeeman
interaction, so that tilting the field out of the easy plane effectively tunes the magnitude of this interaction. In the
AFM systems with a large magnetic anisotropy, the magnetic field driven QCP is generally anisotropic. The
critical magnetic field B, () of the QCP is a continuous variable of the magnetic field vector orientation ¢
relative to the easy direction. As a technical remark, the observation of the anisotropic QCP in magnetically
anisotropic systems should necessarily be performed on monocrystalline samples, with the magnetic field
applied along well defined crystal directions.

Appendix A. Ce;Al structural details

The room—temperature structure of Ce;Al is hexagonal (a—Ce3Al), space group P65;/mmc (No. 194), with unit
cell parametersa = 7.008 A and ¢ = 5.422 A [5]. There are two atomic sites in the unit cell, Ce (in 6 h Wyckoff
position) and Al (2d). Atabout 100 K, there is a structural transition to a monoclinic phase (y—CesAl), space
group P112,/m (No.11),witha = 6.824 A,b = 12.458 A, ¢ = 5.366 A,and ~, =89.69° (valuesat T = 15 K).
There are two inequivalent Al sites, both in 2e Wyckoff position, and six inequivalent Ce sites, all in 2e, in the
monoclinic unit cell. In both the hexagonal and the monoclinic structures, each atom lies on a mirror plane
normal to the z—axis and has 12—fold coordination. Six neighbors are in the same plane, and three neighbors
each are in the upper and lower planes.

The monoclinic structure is very close to orthorhombic, as the monoclinicangle ~, <t a, bisvery close to
90° and By, ~ (3/2)" 1/ %ayex. The monoclinic symmetry of the  phase results from large shifts of atoms within
the mirror planes from their more symmetric positions in the parent hexagonal « phase [6]. Close similarity of
the «v and ~y structures is evident from comparison of projections of the two crystal structures along the z—axis
(figures Al(a) and (b)), where for the & phase, both the hexagonal and the orthohexagonal unit cells are drawn.
The lattice constants of the monoclinic cell nearly equal those of the orthohexagonal cell of the hexagonal phase.
In figure A1(c), the monoclinic and the orthohexagonal cells are drawn superimposed on each other with the
atomic shifts (from hexagonal to monoclinic) marked by arrows. The structure of the +y phase can be viewed as
consisting of slightly tilted (zig—zag) Ce—Al and Ce—Ce chains (hence Ce;Al) along the a direction, alternately
stacked along both the b and the c directions (figure A1(d)). There are two types of the Ce—Ce chains, one
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Figure Al. (a) Projection of the a—Ce;Al hexagonal structure along the z—axis, where both the hexagonal and the orthohexagonal
unit cells are drawn. (b) A projection of the y—Ces;Al monoclinic structure along the z—axis. (c) The monoclinic (dashed frame) and
the orthohexagonal (solid frame) cells superimposed on each other with the atomic shifts from the hexagonal to the monoclinic
structure marked by arrows (atomic positions in the monoclinic unit cell are encircled black). (d) The structure of the y phase can be
viewed as consisting of slightly tilted Ce—Al and Ce—Ce chains along the a direction, alternately stacked along both the band ¢
directions.

composed of Ce(2) and Ce(5) and the other of Ce(4) and Ce(6). There exist also two different Ce—Al chains, one
composed of Ce(3) and Al(1) and the other of Ce(1) and Al(2). On each of the chains, there are two alternating
distances between the nearest neighbors, one ‘short’ and one ‘long’ (Ce(2)-Ce(5): 3.258 and 3.615 A; Ce(4)-Ce
(6):3.291 and 3.536 A; Ce(3)-Al(1): 3.143 and 3.747 A; Ce(1)-Al(2): 3.135 and 3.736 A). The distances are also
indicated in the graph.

Appendix B. Material and methods

The Ce;Al monocrystal was grown by the Czochralski technique, using the Oxypuller 05-03 apparatus,
produced by Cyberstar S.A. (Echirolles, France). The melt was prepared from a prealloyed Ce;Al ingot of 8 g
mass, contained within an Al,O; crucible. The atmosphere in the furnace was flowing argon at ambient
pressure. A Ce;Al crystal from former experiments was used as the seed, without any predetermined orientation.
The pulling rate was set at 1.5 mm h ™", The final crystal had a mass of 3.9 g and exhibited two grains along the
cross section. Each grain was crystallographically oriented uniformly over the entire length of 20 mm, which
implied that the boundary between the grains was located approximately in the middle of the crystal. The two
grains were separated by cutting with a wire saw.

The XRD pattern of a Ce;Al monocrystalline sample at room temperature is shown in figure B1. All peaks
could be indexed to a hexagonal close packed (hcp) structure (space group P65/ mmc) with the lattice parameters
a = 7.03 Aand ¢ = 5.29 A, in agreement with the literature data [5]. Miller indices /kl are written on the
diffraction peaks. Large intensity of the 0k0 reflections and the absence of most reflections with nonzero
support the monocrystalline nature of the sample. Good crystallinity is evident also from the selected area
electron diffraction (SAED) pattern shown in the inset of figure B1.

Magnetic measurements were conducted in part using a Quantum Design MPMS XL-5 SQUID
magnetometer equipped with a 5 T magnet and in part using a Quantum Design MPMS3 SQUID magnetometer
equipped with a 7 T magnet, both operating down to 1.9 K temperature. The electrical resistivity, the
magnetoresistance and the specific heat were measured with a Quantum Design Physical Property Measurement
System (PPMS 9 T), equipped with a9 T magnet and a *He cryostat, operating down to 0.35 K temperature.

For the magnetic susceptibility measurements, three needle—shaped samples of 4 x 0.5 x 0.5 mm’
dimensions were cut from the parent monocrystal with their long axes oriented parallel to the a, band ¢
directions of the low—temperature monoclinic phase. The electrical resistivity and the magnetoresistance
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Figure B1. The XRD pattern of the Ce;Al monocrystalline sample at room temperature (Cu K, radiation, A = 1.54056 A). The inset
shows SAED pattern taken in the [110] zone axis (ZA). Probe size for the electron diffraction was 7 nm.

experiments were conducted on a rectangular bar—shaped sample of 4 x 1 x 1 mm? dimensions with its long
axis parallel to a. The specific heat was measured on a cube—shaped sample of 1 mm edge length.

In our measurements of the physical properties of a Ce;Al monocrystal in a magnetic field applied along the
a, band c crystallographic directions, we consistently found that the properties were close to isotropic for the
field applied in the (a, b)) monoclinic plane, whereas there was a large anisotropy to the properties for the field
along c. This kind of anisotropy is similar to that found in hexagonal lattices [19], where at high temperatures,
the basal plane is the easy plane of magnetization (magnetically isotropic). The orientation of the moments is
determined by the product of the 4 fcharge—density electric quadrupole moment and the electric field gradient
at the RE site, which for the Ce*" ions with oblate (flattened) charge density in a hexagonal field directs the
moments into the basal plane. Atlow temperatures, the basal plane may become magnetically anisotropic with
six equivalent easy directions at a 60° azimuthal angle to each other and the moments may also be somewhat
pulled out of the basal plane. There, however, still exists large anisotropy to the perpendicular hexagonal
direction. For the Ce;Al, the reason for the hexagonal-like anisotropy in the low—temperature monoclinic phase
is the structural similarity of this phase to the parent hexagonal phase, as described in the appendix A. The small
anisotropy of the properties observed experimentally also in the (g, b) plane is considered to originate
predominantly from the monoclinic distortion of the hexagonal symmetry, but such anisotropy is at low
temperatures also inherent to the hexagonal phase. The experimental error due to small deviation of the applied
field direction from the crystallographic axes (especially the tilt out of the monoclinic plane) could add to the
effective anisotropy as well. Different tilts of the field away from the c axis are believed to be the main reason for
the small difference between the Ty, (B) data points (figure 2(a)) determined from the magnetic susceptibility x¢
and the specific heat C*.

The small discrepancy that the Ty values determined from the specific heat are systematically lower by 0.2 K
as compared to the values determined from the magnetic susceptibility peak are very likely a consequence of the
criterion for the Ty determination from . We used the temperature of the y maximum as Ty, whereas another
common definition of Ty is the temperature of the dx /dT slope maximum that would yield a slightly lower
value.

Appendix C. Anisotropic electrical resistivity in a magnetic field

To study the anisotropy of the electrical resistivity in a magnetic field, three sets of experiments were conducted,
with the electric current always directed along the a direction (the direction of the Ce—Ce and Ce—Al atomic
chains), whereas the magnetic field was applied along the g, b and c directions. The anisotropic resistivity is
labeled by a superscript denoting the direction of the magnetic field, p?, p?, and p¢. The measurements were
performed in the temperature range between 300 and 0.35 K in magnetic fields between 0 and 9 T in steps of
AB=1T.

The resistivities p*?¢ between 60 and 0.35 K are shown in figure C1. Their temperature dependence is
typical of a Kondo-lattice system, by exhibiting a Kondo resistance minimum at Ty =23 K and a maximum at
the lattice Kondo temperature T* ~ 3 K, followed by a rapid decrease upon T — 0. The magnetic field
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Figure C1. Electrical resistivity of the Ce;Al in the temperature range between 60 and 0.35 K in magnetic fields 0-9 T for the current
along the a direction and the field applied (a) along a direction (p?), (b) along b direction (p?) and (c) along c direction (p¢). The inset
in panel (a) shows the resistivity p“ in the entire investigated temperature range (300-0.35 K) in two magnetic fields of 0 and 9 T. In
the insets of panels (b) and (c), the T — 0 resistivities p? and p¢ are plotted on a T? scale, respectively. Dashed line is the fit of the
zero—field resistivity with the expression p = p,, + p, T2 (with py; =92 uQcmand p; = 6.8 uQem K ).

influences the resistivity below Tx in an anisotropic manner. While p® and p? are both significantly and almost
equally affected by the field (p® ~ pP), the effect on p¢ is much weaker. The resistivity p* in the entire
investigated temperature range (300—0.35 K) in two magnetic fields of 0 and 9 T is shown in the inset of

figure C1(a). A sharp, discontinuous jump is observed at the o« — -y structural phase transition (at T' = 100 K).
The electrical resistivity of Ce;Al was investigated before on polycrystalline samples by various authors [7, 9-12].
Polycrystals show qualitatively similar features in the temperature—dependent resistivity (a jump at the a« — ~
transition, a minimum at T, a maximum at T* and a strong drop below), but there exists some scatter of the
temperature of the & — +y transition and of the Ty and T* values between different samples. The resistivity
values of polycrystalline samples also vary considerably. A pronounced difference between the polycrystals and
our monocrystal is the resistivity step at the & — -y transition, which is truly discontinuous in the monocrystal,
whereas it is more rounded (continuous-like) in polycrystals.

The resistivity of a Kondo-lattice system typically exhibitsa p o« — In T behavior between Ty and T*,
corresponding to the regime of a single-impurity Kondo effect. For the CesAl, such behavior was confirmed
before on a polycrystalline sample [7] and since our results are in complete agreement, we do not repeat the
analysis here. Below the lattice Kondo temperature T*, the resistivity strongly drops, because scattering of the
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Figure C2. The 1.9-K curves of Ap®/p?and Ap?/ p? on an expanded scale, with parabolic fits in the low—field region that
demonstrate an AFM-type B>~magnetoresistance up to about 1.5 T.

electrons on rare—earth ions arranged on a periodic sublattice becomes coherent. The lattice part of the
resistivity becomes negligibly small and the scattering of the electrons by spin fluctuations from the Kondo
ground state becomes dominantinthe T — 0 limit. Since the electronic term in the resistivity involves
electron—electron scattering, thisleadstoa p oc T2 behavior, as expected from such a mechanism. The
temperature dependence of the resistivities p? and p¢inthe T — 0 limit is presented in the insets of
figures C1(b) and (c), respectively, where the resistivity is plotted on a T2 scale for 0.35 K < T < 2 K in magnetic
fields between 0 and 8 T. The zero—field resistivity shows a T2 dependence up to T~ 1.7 K (or up to T? ~ 3 K?),
where the fit with the expression p = p,, + p, T? is shown by a dashed line (the values of the fit parameters are
given in the figure caption). Upon increasing the magnetic field, the temperature interval where p? showsa T
dependence becomes progressively smaller (the upper limit of this interval shifts to lower temperatures),
whereas for fields B > 4 T, no T? dependence can be claimed anymore (inset in figure C1(b)). For p¢, the T?
dependence is affected by the magnetic field much less and persists up to the highest field (inset in figure C1(c)).

The electrical resistivity of the Ce;Al in the monoclinic phase is predominantly determined by the Kondo
effect on the Ce—Ce chains. Magnetic ordering on the Ce—Al chains starts to affect the resistivity below the Néel
temperature Ty = 2.6 K, which is best observed in the magnetoresistance, as discussed in the main paper.

The B?-dependence of the magnetoresistances Ap“/ p® and Ap/ pb within the AFM phase in the low—field
range (roughly in the interval 0 < B < 1.5 T) is demonstrated in figure C2, where the 1.9-K curves were fitted
with a parabola, Ap’/p’ = A;B%
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