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Anisotropic dependence of the magnetic transition on
uniaxial pressure in the Kondo semiconductors CeT,Al;, (T = Ru and Os)
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We have measured the strain, magnetization, and specific heat of the antiferromagnetic (AFM) Kondo
semiconductors CeT,Al;p (T = Ru and Os) under uniaxial pressures applied along the orthorhombic axes.
We found a linear dependence of Ty on the b-axis parameter for both compounds under uniaxial pressure P || b
and hydrostatic pressure. This relation indicates that the distance between the Ce-T layers along the b axis is the
key structural parameter determining 7. Furthermore, the pressure dependence of the spin-flop transition field
indicates that Ce-Ce interchain interactions stabilize the AFM state with the ordered moments pointing to the ¢

axis.
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I. INTRODUCTION

Most cerium-based compounds have metallic ground states
in which the effective mass of quasiparticles is largely
enhanced by the hybridization of localized 4 f electrons with
conduction electrons, known as c-f hybridization [1]. In a
few Ce-based compounds, however, the c-f hybridization
gives rise to a narrow gap at the Fermi level Ef, leading
to a semiconducting ground state [2]. For example, an
orthorhombic compound CeNiSn [3], a cubic one Ce;BiyPt3
[4], and a tetragonal one CeRu4Sng [5] possess an energy gap
at low temperatures, and thus are called Kondo semiconductors
(KSs). The ground state of all KSs is nonmagnetic because the
4 f moments of Ce ions are fully compensated by the conduc-
tion electrons. Recently, orthorhombic compounds CeT,Alj
(T = Ru and Os) with the YbFe, Al;(-type structure have been
found to show semiconducting transport properties and yet
exhibit an antiferromagnetic (AFM) transition at around 28 K
[6-9]. Further, the magnetic moments of 0.3—0.4 ug/Ce are
alternatingly oriented along the c axis, forming a zigzag chain
as shown in Fig. 1(a) [10,11]. In view from the ¢ direction,
the chains arrange in a rhombus with an angle 6 of 83 deg, as
shown in Fig. 1(b).

The AFM order has two unusual characteristics. One is
the unexpectedly high-ordering temperatures Ty, i.e., 27 and
28.5 K for T = Ru and Os, respectively, which are higher by
10 K than Ty of the Gd counterparts [12,13]. A promising
model for the AFM order at high 7y was proposed by a
study of polarized optical conductivity for CeOs,Al;g [14].
The study has revealed that a kind of charge density wave
(CDW) develops along the b axis at 36 K far above Ty.
The crystal structure presented in Fig. 1(a) can be viewed
as constructed from Ce-T layers stacking along the b axis.
Then, it was proposed that opening of the CDW-like gap along
the b axis induces the AFM order [14]. The other strange fact
is that the direction of ordered moments tapv along the ¢ axis
is different from the a axis that is the easy magnetization axis
preferred by the crystal field effect in the paramagnetic state
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[15,16]. To explain this puzzle, it was conjectured that the
strong hybridization along the a axis prevents the moments
from pointing to the a axis [17]. Despite extensive studies,
the relation among the anisotropic c¢-f hybridization, AFM
transition at high 7y, and ordered moment direction along the
hard axis remains unresolved.

Let us briefly summarize the structural and magnetic prop-
erties. In the series of compounds Ln7,Al;( (Ln: lanthanides),
the orthorhombic lattice parameters decrease on going from
Ln = La to Ln = Lu according to the lanthanide contraction
[13,17]. The anisotropic contraction for Ln = Ce suggested
that the c- f hybridization in the a-c plane is stronger than
along the b direction. An x-ray photoemission spectroscopic
study showed that the effective c- f hybridization in 7 = Os
is larger by 7.5% than in T = Ru [18]. It is known that
stronger hybridization leads to higher Kondo temperature Tx.
The value of Tx was estimated using the relation Tx = 37, .,
where T, is the temperature at the maximum of the magnetic
susceptibility [2]. Then, Tk of 135 K for 7' = Os is higher than
that of 90 K for T = Ru [7,8].

Application of hydrostatic pressure on Ce compounds
strengthens the c-f hybridization, leading to delocalization
of the 4 f electron state [19]. For CeRu,Al;y under pressures,
the temperature dependences of both resistivity and magnetic
susceptibility approximate those of CeOs,Al;o under ambient
pressure [7,20,21]. This fact is consistent with the stronger
c- f hybridization in T = Os than in T = Ru, as mentioned
above. For T = Ru and Os, Ty increase to the maxima at
32 and 29 K, and abruptly disappear at 4.8 and 2.5 GPa,
respectively [7,21]. This dependence of Ty seems to be
consistent with a recent phase diagram of Ty as a function
of the Kondo exchange coupling, which has been constructed
by the dynamical mean-field calculation for an anisotropic
Kondo lattice model [22].

Concerning the AFM structure of Ce T, Al, it is noteworthy
that the direction of papm is easily changed by applications
of magnetic field and pressure as well as atomic substitution
[23-26]. The magnetic field applied along the ¢ axis induces a
spin-flop transition from papym || ¢ to apm || b at B¥ = 4 and
7T for T = Ru and Os, respectively [23,8]. The reorientation,
not along the easy a axis but along the hard b axis, was
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FIG. 1. (a) Crystal structure and antiferromagnetic structure of
CeTrAlyy (T =Ru, Os) [10,14]. The first- and second-nearest-
neighbor Ce-Ce distances d; and d, are drawn by arrows. (b) The
rhombic arrangement of Ce-Ce chains viewed from the ¢ direction,
in which the angle 6 is 83 deg for T = Ru and Os at room temperature
and ambient pressure.

attributed to the strong c- f hybridization along the a axis [24].
The strong sensitivity of the AFM structure to the pressure and
substitution was thought to support the idea that the anisotropic
c- f hybridization plays an essential role in the unusual AFM
order of CeT>,Aly (T = Ru and Os).

However, the role of anisotropic c-f hybridization has
not been fully revealed yet. One of the reasons is that
application of hydrostatic pressure uniformly strengthens the
c-f hybridization. We recall that application of uniaxial
pressure has been more useful to control the ground states
of Ce compounds. For example, an AFM order is induced
in the nonmagnetic KS CeNiSn when uniaxial pressure is
applied along the orthorhombic b or ¢ axis [26]. Thereby, the
lattice is elongated perpendicular to the applied pressure; then
c- f hybridization along the a axis is weakened. This should
promote the localization of the 4 f electrons, which is in favor
of the AFM order.

Motivated by the work on CeNiSn, we have applied uniaxial
pressures on CeT>Aljp (T = Ru and Os) to examine the
anisotropic responses of the AFM state and c- f hybridization.
We report herein the measurements of magnetization and spe-
cific heat at low temperatures and strains at room temperature
under uniaxial pressures applied along the three principal axes.
A part of the results of magnetic susceptibility for 7 = Os
under P || B has been reported in Ref. [27].
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II. EXPERIMENTS

Single-crystalline samples of CeT>Al;o (T = Ru, Os) were
grown using an Al self-flux method as described previously
[8]. Powder x-ray diffraction analysis of the samples confirmed
the YbFe,Aljp-type structure. The crystals were oriented by
the Laue method and shaped by the spark erosion for the
measurements of strain, magnetic susceptibility, specific heat,
and electrical resistivity, respectively.

The strain was measured by the strain gauge method at room
temperature under uniaxial pressures up to 0.25 GPa. Strain
gauges were glued on the surfaces of a rectangular sample
of 2 x 2 x 2mm?. The data at pressures above 0.05 GPa
were reproducible in the measurements with increasing and
decreasing pressures. For the susceptibility measurement, we
used a commercial superconducting quantum interference
device magnetometer (Quantum Design, MPMS). Uniaxial
pressures up to 0.97 GPa were applied on a sample plate of
0.5-0.8 mm in thickness by a homemade pressure cell made of
ZrO,. Two type of pressure cells of 8.8 mm in diameter were
used depending on the configurations P || B and P1B. To
observe the spin-flop transition, the magnetization processes
M(B) in B || ¢ up to 5 T were measured at 2 K on MPMS.
The range of magnetic field for M(B) measurements was
extended up to 9.5 T using a high-resolution capacitive
magnetometer equipped with a pressure cell [28]. The pressure
was determined by measuring the superconducting transition
of a piece of tin [29], which was placed at the end of the
pressure cell. Under hydrostatic pressures up to 1.24 GPa,
the spin-flop field was determined by the measurements of
longitudinal magnetoresistance in B || c up t0 9.5 T.

The specific heat was measured under uniaxial pressures
up to 0.45 GPa by using an ac calorimeter in the temperature
range 1.6-40 K [30]. Thereby, we used disk-shaped samples
of 2 mm in diameter and 0.2 mm in thickness. The pressure
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FIG. 2. (a) Variations of the relative change in the length of single
crystals of CeT, Al (T = Ru, Os) along the three principal axes as a
function of uniaxial pressures at room temperature. (b) Variations of
unit-cell volume under uniaxial pressures, which are compared with
the data under hydrostatic pressure in Ref. [32].
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TABLE 1. Pressure derivative of the lattice parameters a, b, and ¢ of CeT,Al;, (T = Ru, Os) at room temperature under uniaxial pressures
P |l a, P | b,and P | c. The data under hydrostatic pressure P, are taken from Ref. [32].

P, (T = Ru) P, (T = Os) Py (Ref. [32])
Pla P|b Plec Pla P|b Plec T =Ru T =Os
(1/ag)da/d P(%/GPa) —0.56 0.15 0.15 —0.32 0.07 0.13 —0.32 —0.29
(1/bo)db/d P(%/GPa) 0.14 —021 0.11 0.08 —0.20 0.16 —0.28 —0.23
(1/co)dc/d P(%/GPa) 0.16 0.08 —0.58 0.09 0.12 —0.39 -035 —-0.30

was determined by the pressure dependence of 7, of a piece
of indium [31].

III. RESULTS AND DISCUSSION

A. Variations of lattice parameters

First, we show the uniaxial pressure dependences of the
relative length variations AL/Lg for CeT>Alg (T = Ru, Os)
atroom temperature in Fig. 2(a). The slope of the data gives the
rate (1/Lo)dL/d P (%/GPa), whose values are listed in Table I
together with the data measured under hydrostatic pressure,
Py, [32]. The lattice parameters perpendicular to the applied
pressure increase through the Poison ratio. For T = Ru, the
values of contraction rate (1/Lo)dL/dP along the applied
pressure for P || a and P || ¢ are similar, whereas that for
P || bis 37% of those for P || a and P || c. Therates for P || a
and P || c¢ decrease by approximately 40% on going from 7' =
Ru to T = Os. The magnitude correlation in (1/Lg)dL/dP
under uniaxial pressures is consistent with the smaller value of
(1/bo)db/d P compared with others under hydrostatic pressure
[32], as shown in Table I. The weaker response for 7 = Os
than for 7 = Ru to uniaxial pressures also agrees with that
under hydrostatic pressure.

Application of hydrostatic pressure on CeRu,Al;( contracts
the lattice in an anisotropic way, where Ab/by is 80% of
Aajay >~ Ac/co [32]. The anisotropic contraction is still
stronger for the substituted system Ce(Ru;_, Fe, ),Al;y, where
Ab/bg is only 50% of Aa/ag >~ Ac/co [33]. This smaller
contraction along the b axis in Ce(Ru;_,Fe,),Al;( was thought
to be the reason for the monotonic decrease in Ty [34]. It
contrasts with the appearance of the maximum in 7y under
hydrostatic pressure. The different variations of 7Ty hinted at
the strong dependence of Ty on the b-axis parameter.

The set of data of AL/L in Fig. 2(a) gives the volume
contraction under uniaxial pressures as shown in Fig. 2(b). The
volume changes in 7" = Os under P along the three directions
are smaller than in 7 = Ru. It is noteworthy that the cell
volume of both compounds is essentially constant under P || b
up to 0.5 GPa.

B. Variations of Ty and T,

The temperature dependences of magnetic susceptibility
x(T) for CeT,Alyp (T = Ru, Os) under uniaxial pressures
applied parallel and perpendicular to the external field B are
represented in the upper panel of Fig. 3. The data of x(7')
for B || a and B || ¢ exhibit maxima at T, as indicated by
arrows, the temperatures of which are comparable for the
two field directions. It should be recalled that the strength of

hybridization is related to Tx which is approximated by 37,1,
[2]. Under P || a and P || ¢, Ty, shifts to high temperatures
and the magnitude of x (7)) decreases in both compounds.
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FIG. 3. Temperature dependence of magnetic susceptibility x (7')
for CeT>Al;o (T = Ru, Os) measured in magnetic fields B || a, B || b,
and B || ¢ under uniaxial pressures P || a, P || b,and P || c¢. The data
near Ty are replotted in the lower panel, where Ty is taken as the
intersection of the two lines above and below Ty. For the data only
under P || b, a suitable offset is added for clarity.
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FIG. 4. Variations of Ty for CeT,Al;y (T = Ru, Os) under
uniaxial pressures as a function of T, the temperature at the
maximum in the magnetic susceptibility x (7') for B || c.

On the contrary, neither T, nor x (7, ) changes under P || b,
indicating very weak effect of P || b on the c- f hybridization.

The selected data of x (7') in the range 2535 K are replotted
in the lower panel of Fig. 3 to show the variation of Ty.
Thereby, the value of Ty was taken as the temperature where
the two lines extrapolated from above and below the kink
intersect. Upon application of P || a up to 0.5 GPa, Ty for
T = Ruincreases by 1.5 K, whereas Ty for T = Os decreases
by 0.7 K. Under P || ¢, however, the change in Ty for the
two compounds is less than 0.1 K. By contrast, application of
P || b enhances Ty by 1.2-1.5 K. A similar degree of increase
in Ty is observed in the specific heat C divided by temperature
(not shown). Using these data, we derived the dependences
of Ty on Ty, and present the results for B || ¢ in Fig. 4. The
data of Ty for T = Ru under P || a and P | ¢ are smoothly
connected to Ty for T = Os at P = 0. Then, Ty for T = Os
gradually decreases with increasing P || a and P || c¢. This
variation of Ty could be understood by assuming that the c- f
hybridization governs the Ty. Under P || b, by contrast, Ty of
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both compounds significantly increases without any change in
Ty m. This observation is at variance with the belief that c- f
hybridization governs Ty in these KS compounds.

For understanding the unexpected dependence of Ty on
T,m in Fig. 4, we plot the data of Ty as a function of the
lattice parameters in Fig. 5. Thereby, the lattice parameters
under pressures were derived from the relative change in
the length along the principal axes shown in Fig. 2(a). As
a function of the a and ¢ parameters, the variations of Ty
under uniaxial pressures are largely different from those under
hydrostatic pressure Py,. As a function of the b-axis parameter,
however, the data of Ty for 7 = Ru are linearly increased
and smoothly connected with those for T = Os. This relation
holds even for both P, and P || b, although the a- and c-axis
parameters decrease under P, but increase under P || b. These
results of Ty strongly indicate that Ty is enhanced when the
b-axis parameter is decreased. It should be noted that the
b-axis parameter slightly increases under P || a and P || c, as
shown in Fig. 2(a). If the Ty is a linear function of the b-axis
parameter, then we expect a slight decrease in Ty under P || a
and P || c. This is confirmed for T = Os, but it is not the case
for T = Ru. To understand this discrepancy, it is necessary
to examine the possible shift of the atomic coordinate of the
Ce atom at the 4c site (0 0.124, 1/4) [17] by x-ray diffraction
measurements under uniaxial pressures.

C. Spin-flop transition

As described in Sec. I, the ordered moments gy in the
AFM state of CeRu, Al are oriented along the ¢ axis, although
the a axis is the easy axis in the paramagnetic state. The
magnetization M (B || ¢) exhibits a spin-flop transition from
uarm || ¢ to papm || b when external field is applied along the
c axis [23]. We have studied the stability of the unusual AFM
state with puapm || ¢ by measuring M (B || ¢) under uniaxial
pressures. As shown in Fig. 6, the spin flop occurs at ambient
pressure at B* = 5.2T, which field agrees with the midpoint
of the jump in the magnetoresistance curve shown in the inset
of Fig. 6, but is somewhat larger than the reported value of
4.2 T [23]. The magnitude of B* increases as the uniaxial
pressure is applied along the a axis, while B* does not change
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FIG. 5. Variations of Ty for CeT,Al}p (T = Ru, Os) under uniaxial and hydrostatic pressures as a function of the orthorhombic lattice

parameters a, b, and c.
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FIG. 6. Isothermal magnetization curves M(B || c¢) at 2 K for
CeRu,Aljy under uniaxial pressures (a) P || a, (b) P || b, and (c)
P || c. The data for P || a are offset for clarity. The inset shows the
data of M (B || ¢) and magnetoresistance p(B || ¢)/p(B = 0) for the
longitudinal configuration at ambient pressure. The magnitudes of
the spin-flop field B* taken as the midpoint of the jump in M(B || ¢)
and p(B || ¢), respectively, agree with each other.

for P || c. On the contrary, B* decreases to 2.6 T as P || b is
increased to 0.62 GPa. This suppression of B* under P || b
suggests that the difference in the total energy between the
two AFM states with papm || ¢ and papwm || & is diminished
by the deformation in the rhombus shown in Fig. 1(b). It is
expected that application of P || b increases 6 and changes the
rhombus to a square. Here, we recall that the AFM state with
uarm || b is stabilized even in zero field by the substitution of
La for Ce in Cey_,La,Ru,Al;( at a low concentration x = 0.1
[24,25]. As in the case of application of P || b, the angle 6 is
found to be increased by the La substitution. Furthermore, the
direction of papm for x = 0.1 changes from || b to || ¢ under
a weak hydrostatic pressure of 0.3 GPa, while retaining Ty as
high as under zero pressure [24,25]. This fact suggests that the
mechanism for the high 7y is different from that for orienting
apM to the ¢ direction.

The obtained pressure dependences of B* for CeRu,Aljg
are plotted in Fig. 7(a). With applying pressure, B*(P,)
increases linearly, whereas B*(P || @) and B*(P || b) change
in opposite directions. The opposite changes suggest that B*
depends on the ratio of lattice parameters b/a. Therefore, these
data of B* are plotted as a function of b/a in Fig. 7(b), where
the slope of B* vs b/a for P is much steeper than those for P ||
a and P || b. To describe all the data including that of B*(P),
we have searched for an additional structural parameter. As a
result, we found that all data of B* fall on a line as a function
of (1/dy) x (b/a), as shown in Fig. 7(c). Here, d, is the
second-nearest-neighbor Ce-Ce distance that is the distance
between the zigzag chains as marked in Figs. 1(a) and 1(b).
We recall that d, decreases under P, but b/a hardly changes
under the condition Aa/ayg =~ 1.2Ab/by [32]. When d, is
decreased, the interchain interaction should be strengthened
so that the AFM state with papm || ¢ is more stabilized. As a
result, B* is increased under P;. On the other hand, application
of P || b should transform the rhombic arrangement of the
zigzag chains closer to a regular tetragonal arrangement

PHYSICAL REVIEW B 96, 245130 (2017)
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FIG. 7. Spin-flop field B* for CeRu,Al;, under hydrostatic
pressure P, and uniaxial pressures P || a, P || b, and P || ¢ as a
function of (a) applied pressure, (b) the ratio of lattice parameters
b/a, and (¢) (1/d,) (b/a), where d, is the interchain distance shown
in Fig. 1.

with increasing 6 from 83 deg to close to 90 deg. This
transformation may destabilize the AFM state with papym || ¢,
leading to the decrease of B* under P || b. In other words,
the antiferromagnetic interchain interaction in the rhombic
arrangement realizes the unusual AFM state with uapm | c.

IV. SUMMARY

To better understand the mechanism of the unusual AFM
order with the high 7y in the KSs CeT>Aljy (T = Ru, Os), we
have studied the responses of strain, magnetic susceptibility
X, and specific heat C to uniaxial pressures. First, it is
found that application of P || b strongly increases Ty with
keeping both the magnitude of x(7) and the temperature at
the maximum T, unchanged. This finding indicates that the
c- f hybridization is not the key parameter determining Ty.
Instead, the scaling of 7Ty by the b-axis parameter for the
two compounds confirms the important role of the charge
conduction along the b axis in the AFM order. Second, we have
analyzed the pressure dependences of the spin-flop transition
from papm || ¢ to wapm || & for CeRu, Alyg. The spin-flop field
B* is found to be a linear function of (1/d>) x (b/a), where d»
is the distance between the Ce-Ce zigzag chains. This finding
highlights the importance of the interchain interaction in the
rhombic arrangement for realizing the unusual AFM state with
uarMm along the ¢ axis.
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