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Complex ac susceptibility, x = x’ —ix”, measurements of the clathrate compound Pr;Pd,;Ges were
performed in static fields up to 10 mT for H || [001] and at temperatures down to 500 K. Praseodymium (Pr)
nuclear magnetic moments at the 8c site, where quadrupole moments of 4 f electrons order at Tg; = 250 mK,
were found to order antiferromagnetically at 9 mK, as shown by a peak in x’ and a substantial increase in thermal
relaxation time. The large enhancement factor (1 4+ Kg.) obtained by calculation of the hyperfine-enhanced
nuclear susceptibility of Pr at the 8c site accounts for the high transition temperature of Pr nuclear magnetic
moments and the large x’ below 30 mK. From analysis of the crystalline electric field and the mean-field
approximation, we conclude that a x peak at 77 mK can be ascribed to an antiferromagnetic ordering of magnetic
moments of 4 f electrons at the 4a site. We found that nuclear and f~electron moments order separately on two
sublattices in this compound. The temperature and magnetic field dependence of x' and x” between 30 and
60 mK are discussed in terms of dissipation phenomena.
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The nuclear magnetic moment is about two thousandths
of the electron magnetic moment, so the interaction among
nuclear spins is roughly six orders of magnitude weaker
than that among electron spins. This means that usually
nuclear magnetic ordering temperatures are on the order of
a microkelvin or a much lower temperature region, where
demagnetization of nuclear spins themselves is required. In
Van Vleck paramagnets, nuclear spins strongly couple with
f-electron spins through the hyperfine (HF) interaction, and nu-
clear magnetic ordering occurs at millikelvin or submillikelvin
temperatures, because nuclear moments are enhanced by a
factor of over ten by HF coupling. This hyperfine-enhanced
(HFE) nuclear magnetism has been studied in intermetallic
compounds of praseodymium (Pr). The HFE nuclear magnetic
ordering has been observed in several materials with a singlet
crystalline electric field (CEF) ground state, such as PrNis,
PrIns, and PrCug [1-4].

In cubic Pr compounds, the ninefold degenerate J =4
multiplet of Pr3* ions is split into a I'; singlet, non-Kramers
I'; doublet, T4, and I's triplets by CEF effects. The I'; doublet
possesses no magnetic dipole degree of freedom but does have
electric quadrupole and magnetic octupole degrees of freedom.
The I'; ground state system has attracted much interest with
respect to quadrupole ordering and the quadrupole Kondo ef-
fect [5-8]. There is also a possibility of HFE nuclear magnetic
ordering, since the I'; doublet exhibits Van Vleck paramag-
netism at low temperatures. The interplay with electrons must
bring the diversity in HFE nuclear magnetism, so itis intriguing
to study the Pr nuclear spin in the phase where the 4 f electrons
exhibit electric quadrupole ordering. However, HFE nuclear
ordering in the electric quadrupole ordered phase has been
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observed only in PrPbs; at 5 mK [9]. In PrPbs, the exotic anti-
ferromagnetic (AFM) structures due to the two different anti-
ferroquadrupole (AFQ) sublattices have been predicted [4].

Recently, there has been growing interest in Pr compounds
with cage structures. PrTipAlyg has a non-Kramers I'; ground
state and shows a superconducting transition in the phase
where 4 f electrons are ferroquadrupole (FQ) ordered [10].
In this material, HFE Pr nuclear ordering has been predicted
from a muon spin rotation (uSR) study [11]. In the filled
skutterudite PrRuyP;, and the clathrate compound Pr3;Pdy(Sig,
the formation of new multiplets caused by the HF interaction
between nuclear and f-electron spins has been studied the-
oretically and experimentally [12,13]. Anomalous transport
properties observed below 10 K in PrRusP;; [14] and a
new phase transition at 60 mK in Pr3Pd,Si¢ [13] have been
reported, but these properties are still unsolved. Novel physical
properties due to the HF interaction are expected in these
Pr-based compounds, so it is interesting to study Pr nuclear
ordering and the correlation among nuclear, f-electron, and
conduction electron spins.

R3Pd)Xg (R = rare earth and uranium, X = Ge, Si) have
a cubic Cry;Ce-type structure with a space group Fm3m.
The R atoms occupy two crystallographically inequivalent
sites: 4a sites with Oy symmetry, and 8c sites with Ty
symmetry. R3;Pdy)X¢ have attracted much attention because
of their characteristic magnetic ordering with two different
propagation vectors on two sublattices, and the quadrupole
ordering of f electrons [15—19]. In particular, R3Pd,,Geg have
been studied intensively from the viewpoint of rattling motions
of a guest rare-earth ion in an oversized cage that are not
observed in R3Pd,ySig [20,21].

The Pr-based compound Pr;Pd;yGes shows quadrupole
order of 4f electrons and rattling motions of Pr atoms at
the 4a site [22]. The CEF level schemes of Pr>* ions at the
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4a and 8c sites, as determined by inelastic neutron scattering
and magnetization experiments, are I's(0 K)-I'3(5.4 K)-T"'4(50
K)-I'1 (113 K) and I'3(0 K)-I's(6 K)-I's(46 K)-I'1(111 K),
respectively [23,24]. The ground state at the 4a site is a
magnetic I's triplet that has three magnetic dipoles J,, Jy,
J; and five quadrupoles O,, O,, Oy, O,., O, while that
at the 8c site is a nonmagnetic I'3 doublet that has two
quadrupoles O,, O, and an octupole T,.. This material is an
excellent candidate to study HF interaction between nuclear
and f-electron moments.

According to ultrasound measurements of Pr;Pd;oGeg at
zero magnetic field [22], the elastic constants (C}; — C2)/2
and Cy4 exhibited considerable softening below 10 K and
showed minima at T = 250 mK and T = 60 mK, re-
spectively. The analysis of elastic constants indicated that the
minima at T and Tg, were ascribed to the AFQ ordering
of the I'; doublet at the 8c site and the FQ ordering of
the I's triplet at the 4a site, respectively. However, the dc
magnetic susceptibility of Pr;Pd;oGes shows no anomaly
down to 80 mK [25]. The magnetic property of the I's
triplet ground state at the 4a site with rattling motions is
an open question. Furthermore, no nuclear order has been
reported in Pr3PdypX¢. Nontrivial Pr nuclear order due to
the HF interaction is expected in the f-electron quadrupole
ordered states. Therefore, we have performed ac susceptibility
measurements of Pr;Pd,,Geg at very low temperatures.

The single crystal used in our investigation was from the
same batch of high-quality samples, grown by a floating
zone method, for which ultrasound measurements were re-
ported [22]. The sample, about 4 x 4 x 6 mm? in size, was
cooled with a copper nuclear demagnetization refrigerator and
a 3He-*He dilution refrigerator down to 500 uK. The temper-
ature was measured by a Pt-NMR thermometer, a *He melting
curve thermometer, and a RuO,-resistance thermometer.

The complex ac susceptibility x = x’ — i x” was measured
by a mutual inductance technique, using the same experimental
setup as described in Ref. [26]. The ac excitation field
(frequency 16 Hz) and the external static field (up to 10 mT)
were parallel to the [001] crystalline axis. The amplitude of the
ac field was 1.5 ©T above 10 mK, but was reduced to 0.15 uT
below 10 mK to suppress eddy-current heating. x’ was normal-
ized to the absolute value using the dc susceptibility measured
by a superconducting quantum interference device (SQUID)
magnetometer (Quantum Design) between 2 and 4 K.

Figure 1 shows the temperature dependence of yx’ of
Pr3Pd,oGeg in zero static field below 4 K. x’ increases mono-
tonically with decreasing temperature down to about 80 mK.
We confirmed that the magnetic susceptibility showed no sign
of magnetic ordering at the AFQ ordering temperature, Tg; =
250 mK. These results are consistent with the previous dc
susceptibility measurements reported by Amitsuka et al. [25].
The lines displayed in Fig. 1 are the calculated results based
on the CEF level scheme and the mean-field approximation.
In R3Pd;yXs, neutron diffraction experiments demonstrated
that the magnetic ordering at the 4a and 8c sites occurs
independently at different temperatures [15—17]. Furthermore,
the CEF level schemes of the 4a and 8c sites in Pr;Pd,Geg are
different. Therefore, the magnetic susceptibility of Pr;Pd,oGeg
could be obtained by the sum of the contributions from both
sites. The 4 f-electron magnetic susceptibility of each site is
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FIG. 1. (Color online) Temperature dependence of the suscep-
tibility of single crystalline Pr;Pd;oGes along the [001] axis. The
open circles are the real part of the ac susceptibility in zero static
magnetic field. The solid circles are dc susceptibility in a static field of
100 mT. The dotted line and dashed line represent the susceptibilities
for 4a and 8c sites that are calculated from the CEF level schemes
with no exchange interaction, respectively. The total susceptibility
with no exchange interaction is represented as a solid line. The bold
solid line denotes total susceptibility in the case where the Pr atom at
the 4a site has an antiferromagnetic interaction.

expressed as 1/x4p; = 1/x FF — A; (i = 4a,8¢), where xEF
are the single-ion magnetic susceptibilities calculated from the
CEEF level scheme, and X; are the molecular field coefficients.
The total susceptibility x4 4q+sc is expressed (note that the oc-
cupationratioof 4a : 8¢ = 1:2)as x4r4a+8c = (1/3) X440 +
(2/3)xaf,38¢c. Our experimental results give A4, = —0.22 and
Age = 0 T/up. The negative A4, indicates an AFM interaction
between 4 f-dipole moments at the 4a site.

Figure 2 shows both components of the susceptibility as
functions of temperature between 20 and 120 mK in static
fields of 0, 3, 5, and 10 mT. x’ shows a significant field
dependence below 90 mK. Both x’ and x” have a sharp
peak at Tn; = 77 mK in zero static field. Upon application
of magnetic fields, the peak temperature does not change,
but the peak height diminishes. The field dependence of the
peak temperature and the negative A4, indicate that the AFM
ordering of the I's triplet at the 4a site occurs at Tyj. It
is possible that this transition corresponds to that observed
by ultrasound measurements at Tq, [22]. The difference
in transition temperatures of these two measurements may
be caused by a sample dependence because the R3PdyyXg
phase possesses a very narrow homogeneous range [27]. The
interplay between 4 f electrons at the 4a site is an important
issue. The complicated temperature variation of susceptibility
between 70 and 30 mK will be discussed later.

Figure 3(a) shows x’ as a function of temperature down to
500 uK in static fields of 0, 3, 5, and 10 mT. As mentioned
above, the ac excitation field was reduced below 10 mK; this
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FIG. 2. (Color online) Both components of the ac susceptibility
of single crystalline Pr;Pd,;yGeg as a function of temperature between
20 and 120 mK in static fields of 0, 3, 5, and 10 mT along the [001]
axis. The open arrows represent the susceptibility peaks at Ty, =
77 mK and 73 = 43 mK.

meant that x’ became very scattered, and changes in x” were
not discernible from the scatter. x’ increases again below
30 mK and shows a peak at Tno, = 9 mK in zero static field.
The susceptibility peak becomes smaller and shifts slightly
to lower temperatures with increasing static fields. From
the analysis in terms of the HFE Pr nuclear magnetism and
measurements of the thermal relaxation time (see below), we
concluded that these peaks can be attributed to AFM nuclear
ordering at the 8c site.

The HFE single-ion nuclear magnetic susceptibility of a
Pr nucleus at each site can be expressed by the Curie law as
Xni = 21T + 1)(1 + K;)?*/3ksT (i = 4a,8¢), where g,,
Wa, and kg are the nuclear g factor, the nuclear magneton,
and the Boltzmann constant, respectively. The enhancement
factor 1 4+ K; is expressed as K; = A;gyusA/(1 — 1:)gnthn,
where A is the HF coupling constant A ~ +0.052 K [28,29],
the inverse of 1—mn; (7, = AigiuaA;) depends on the
exchange interaction between 4f electrons, and A; is
calculated from the nondiagonal matrix elements of J, and
the energy differences between excited and ground states.
The enhancement factors for the Pr nuclei at the 4a and 8¢
sites were calculated by using A; obtained by CEF analysis
and evaluated as 14 Ky, ~23.7 and 1+ Kg. >~ 394.
Those enhancement factors are the averaged values of the
enhancement factors for each eigenstate of CEF ground state.

At very low temperatures, the observed susceptibility
mainly consists of Pr nuclear and 4 f-electron susceptibilities.
The 4 f-electron susceptibility has already been calculated
using the CEF level schemes and plotted as the bold solid line,
X4f,4a+8c‘()\'4a = _0.22,)\.8L- = OT//LB), in Flg 1. To elucidate
the effect of HFE Pr nuclear spins on the observed suscep-
tlblhty’ we plOtted (2/3))(11,80 + X4 f.4a+8¢ and (1/3)Xn,4a +
X4 f,4a+8c as shown by the solid and dashed lines in Fig. 3(a), re-
spectively. The solid line almost agrees with the experimental
results above Ty». Therefore, the susceptibility increase below
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FIG. 3. (Color online) (a) Temperature dependence of the real
part of the ac susceptibility in static fields of 0, 3, 5, and
10 mT along the [001] axis. The solid arrows represent the nuclear
magnetic transition at 7n;. The solid and dashed lines repre-
sent (2/3)Xn,80 + X4f.4a+8c and (1/3)Xn,4a + Xafda+8cs respectively.
(b) Thermal relaxation times of the ac susceptibility after a tempera-
ture change around 9 mK.

30 mK is accounted for principally by the HFE Pr nuclear
magnetism caused by the I'; ground state at the 8¢ site. The
HFE nuclear magnetism due to the non-Kramers I's ground
state has been observed in several materials, such as PrMgs,
PrPbs, and PrV,Aly, [7,9,30]. On the other hand, the increase
in x’ expected from the Pr nuclei at the 4a site as shown by the
dashed line was not observed down to the lowest temperature.
This result suggests that the nuclear spin degrees of freedom
at the 4a site are suppressed in this temperature range.

We found that the thermal relaxation time of the suscepti-
bility at zero static field becomes considerably longer around
Tno = 9 mK, reaching 24 h. x’ relaxation after a temperature
change could be fitted with a single exponential law exp(—¢/t”)
as a function of time. Figure 3(b) shows the temperature
dependence of the thermal relaxation time t’. In agreement
with the susceptibility peak, T’ has a sharp peak at Ty;. In this
thermal relaxation process, t’ is given as t’ = RgC, where C
represents the sample heat capacity, and Rp is the boundary
resistance between the thermal link and the sample. Usually,
Rgp is inversely proportional to temperature. Therefore, the
peak of relaxation time indicates that the heat capacity has a
maximum at Tx,. The significant increase in t’ in the vicinity
of the HFE nuclear magnetic phase transition temperature of
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FIG. 4. (Color online) Hyperfine-enhanced Pr nuclear magnetic
ordering temperatures as a function of K squared. The circles and
triangles indicate ferromagnetic (FM) and antiferromagnetic (AFM)
transitions, respectively. The dashed line is a guide for the eye.

PrCug has been also reported by Akashi et al. [3]. We estimated
Rp considering that the electrical resistivity of silver paste
was dominant. The boundary resistance was approximately
RgT ~ 10* K? /W, and the entropy change from 2.8 to 14.5 mK
was on the order of gas constant R that is sufficient to account
for the phase transition. We concluded that the susceptibility
peak and the relaxation time maximum at 7y, can be ascribed
to the HFE Pr nuclear magnetic phase transition at the 8c site.

Figure 4 shows the HFE nuclear magnetic ordering temper-
atures in Pr compounds as a function of K squared [1,2,9,31].
According to Andres [32], HF nuclear transition temperatures
increase approximately in proportion to the square of K.
Owing to a large enhancement factor (1 + Kg. ~ 39.4), the
nuclear transition temperature of the 8c site in Pr3;PdyoGeg is
much higher than those in other Pr compounds.

We now discuss dissipation phenomena in Pr3Pd;(Ges.
The susceptibility (Fig. 2) shows a complicated temperature
variation between 70 and 30 mK. Both x’ and x” show an
abrupt increase at about 70 mK in zero static field; this increase
is not seen at 10 mT. In static fields <10 mT, x’ decreases with
decreasing temperature from 60 to 30 mK, and x” has a broad
peak at 7g = 43 mK. The decreasing x’ below 60 mK and
the peak of x” at Tg indicate that magnetic moments cannot
follow the ac field; this indicates dissipation phenomena.
We analyzed this behavior in terms of the Casimir—du Pré
theory [33], which is the simplest relaxation model, described
by a single relaxation time t. The Cole-Cole plots of the ac
susceptibility in the temperature range from 30 to 60 mK
and in static fields of up to 10 mT are presented in Fig. 5.
These plots are nearly semicircular for each static field. In our
experiments, the angular frequency w was constant, 100 rad/s
(16 Hz). Therefore, the susceptibility behavior between 30 and
60 mK can be attributed to an abrupt increase in relaxation time
from 7 < 1/w to T > 1/w. In ultrasonic measurements of
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FIG. 5. (Color online) Cole-Cole plots of the ac susceptibility as
a function of temperature between 30 and 60 mK in static fields of
0, 3, 5, and 10 mT along the [001] axis. The open and solid arrows
indicate the susceptibilities at 30 and 60 mK, respectively.

Pr3Pd,oGeg, it was reported that the attenuation coefficient of
the C44 mode increases around 60 mK, and the elastic constant
Cy44 at 20 mK shows hysteresis during a field change below
0.4 T [22]. These results support the idea that the complicated
susceptibility behavior was because of dissipation phenomena
caused by the I's triplet ground state at the 4a site.

One possible cause of such dissipation is the domain-wall
motion ascribable to an incommensurate-to-commensurate
(IC-C) transition. In the I's triplet ground states of PrB¢ and
PrPds, first-order IC-C AFM transitions have been investigated
by neutron scattering [34,35]. In Pr3PdySig, similar ac
susceptibility behavior has been reported by Steinke et al. [13].
They have argued that a first-order IC-C AFM transition
occurs at the 4a site where the magnetic ground state is a
quartet (pseudospin 3/2) as a result of the formation of 4 f-
electron-nuclear hyperfine-coupled multiplets, as described
by Aoki et al. [12]. Thus, it is possible that the 4a site
in Pr3Pdy)Geg undergoes a first-order IC-C AFM transition
at 60 mK. Further experimental and theoretical studies are
necessary in order to understand details of magnetic behavior
both 4 f-electron and Pr nuclear magnetic moments, such as
dissipation phenomenon, suppression of nuclear spin degree
of freedom at the 4a site, spin structures of the 4 f-electron
moment and the Pr nuclear magnetic one, and the interplay
between the 4a and 8c sites.

In summary, we measured the complex ac susceptibility of
the clathrate compound Pr3Pd,yGeg in static fields of up to
10 mT along the [001] axis at temperatures down to 500 K.
The absence of a susceptibility anomaly at the AFQ ordering
temperature To; = 250 mK was confirmed. This compound
showed AFM ordering of 4 f-electron moments of the I's
triplet ground state at the 4a site at Ty; = 77 mK. It was found
that the Pr nuclear magnetic moments at the 8c site, where
4 f-electron quadrupole moments of the I'; doublet order at
Tq1, show a phase transition to an AFM state at T, = 9 mK.
Pr3Pd;yGeg is a novel material where multiple ordering of
nuclear and f-electron moments coexists on two sublattices.
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entific Research from JSPS (No. 23103506 and No. 24540367)
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