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Praseodymium-based 1-2-20 cage compounds PrTXy (T is generally Ti, V, Nb, Ru, Rh, Ir; and X is
either Al, Zn, or Cd) provide yet another platform to study nontrivial electronic states of matter ranging from
topological and magnetic orders to unconventional multipolar orders and superconductivity. In this paper, we
report measurements of the electronic heat capacity in two Pr-based 1-2-20 materials: PrNi,Cd,y and PrPd,Cd,.
We find that the lowest-energy multiplet of the Pr 4 f2 valence configuration is a I'; non-Kramers doublet and
the first excited triplet is assumed to be a magnetic I's. By analyzing the dependence of the energy splitting
between the ground and first excited singlet states on an external magnetic field, we found that the maximum in
the heat capacity corresponding to the Schottky anomaly in PrPd,Cd,, unlike PrNi,Cd,y, shows a pronounced
linear dependence on an external magnetic field at higher field values. This effect is associated with the exchange
interactions between the field-induced magnetic dipole moments.
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I. INTRODUCTION

The discovery of the second-order mean-field-like phase
transition in URu,Si, provides a remarkable example of an
ordered phase with an unknown order parameter, hence the
name ‘“hidden-order transition.” Since its discovery almost 35
years ago [1-4], quite significant experimental and theoretical
progress has been made to get insights into the microscopic
mechanism governing this transition (see Ref. [5] for the most
recent review). In particular, two singlet states of the ground
state valence configuration 5f2 of the uranium ions seem to
be a key feature to take into account in trying to identify the
symmetry of the hidden-order state [6,7].

Naturally, one may wonder whether the hidden-order state
could emerge in other materials with partially filled f or-
bitals [8,9]. Based on the body of knowledge accumulated
for URu,Si,, the prerequisite for the hidden-order state seems
to be that the valence configuration of the f-orbital multiplet
should have an even number of electrons (nonmagnetic) and
have a non-Kramers doublet as its ground state. At low enough
temperatures, this allows one to represent the f states on each
ion in terms of two-level systems. Despite the fact that it is
not possible to directly couple to the hidden-order parame-
ter, most likely a multipolar one, interactions between these
two-level systems may then lead to either a hidden-order or
antiferromagnetic state, depending on the relative strength of
the corresponding exchange parameter [7,8].

Relatively novel 1-2-20 cage compounds with the chemical
formula Pr7, X5 (T is generally Ti, V, Nb, Ru, Rh, Ir; and X is
either Al, Zn, or Cd) [10-12] appear to satisfy these criteria.
These materials are remarkable for a fairly strong hybridiza-
tion between the conduction and f-electron states [13,14].
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Furthermore, at very low temperatures some of these materials
seem to develop some type of long-range order: Prlr,Znyg
and PrRh;Zn,y develop superconductivity at 7 ~ 0.05 and
0.6 K, respectively [10], PrTi,Alyy shows a ferroquadrupole
order at 2 K [13,15], PrRh,Zn;( an antiferroquadrupole order
at 0.06 K, while the order is still undetermined in PrV,Aly,
[8,11,13,16].

The Pr ion in Pr7,X5p (X = Zn, Al) finds itself in the 4 f 2
(Pr’*) valence configuration with total angular momentum
J = 4. The ninefold degeneracy is lifted by the crystalline
electric field resulting in a I'; singlet, a non-Kramers I'3
doublet, and I'y and T's triplet states also seen in similar
Pr-based compounds [11,12,17]. Moreover, thermodynamic
measurements seem to indicate that the lowest multiplet is a
non-Kramers I'; doublet [11,18] which, as has already been
noted above, opens the way for the emergence of the exotic
multipolar ordered phases [19,20].

PrNi,Cd,o and PrPd,Cdy are relatively new additions to
the family of the 1-2-20 materials. A previous analysis on heat
capacity measurements performed down to 2 K on PrNi,Cdyg
and PrPd,Cd;y gave an indication of a I'; non-Kramers dou-
blet ground state, with the energy gaps of 12 and 11 K between
the ground state and the triplet excited state for PrNi,Cd,y and
PrPd,Cd,, respectively. In addition, neither sample shows
any signs of ordering down to temperatures of 7 ~ 0.02K
[12]. It has subsequently been shown through ultrasonic mea-
surements that the ground state of the Pr ion in the PrNi,Cdyg
material is a I's; non-Kramers doublet [21]. In this context,
we are motivated by not only confirming this recent finding
by using heat capacity measurements for both PrNi,Cd,, and
PrPd,Cd,y, but also, through Schottky fits of the specific heat
curves, we extracted the Sommerfeld coefficient ¥ and the
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values of the energy-level splitting between the two singlets
that make up the doublet ground state as well as between the
doubly degenerate ground state and the triply degenerate first
excited state. In addition, we show how the splitting between
the singlets of the non-Kramers doublet varies with external
magnetic field and estimate the strength of the exchange in-
teractions in these compounds. Hence, this would predict what
state—superconductivity or some kind of multipolar order—
these materials would develop first upon further cooling into
the millikelvin range.

In this paper, we report specific heat measurements done
on single-crystalline samples of PrNi,Cd,y and PrPd,Cdjg
in external magnetic fields. Fits of the specific heat data at
temperatures below 4 K, and entropy calculations from those
fits were done to further investigate the ground states of these
systems. We found that the ground state of the Pr ion is indeed
the non-Kramers '3 doublet. Furthermore, the predominantly
linear dependence of the peak in the heat capacity on an
external magnetic field in PrNi,Cdyo suggests that, on one
hand, the energy between the ground state doublet and first
excited triplet state is small enough for the triplet state to be
completely excluded from the analysis and, on the other hand,
the interaction between the induced dipole moments lead to
boosting the linear-in-field contribution.

II. EXPERIMENTAL DETAILS

Single crystals of PrNi,Cd,( and PrPd,Cd,y were grown at
the University of California San Diego using the Cd self-flux
technique described in Refs. [12,22]. Analysis of the pow-
der x-ray diffraction (XRD) patterns obtained via a Bruker
D8 Discover x-ray diffractometer was done to determine the
crystal structure and quality of the single crystals [12]. This
analysis showed both samples to be single-phase crystals lack-
ing any indication of impurity phases [12]. The structure for
both samples was determined to be the CeCr, Alyy-type cubic
structure, having a space group of Fd3m [12,22].

We performed heat capacity measurements on a PrNi;Cdyg
sample with a mass of 0.9 mg and a PrPd,Cd;( sample with a
mass of 1.1 mg, using the He-3 insert for a Quantum Design
physical property measurement system (PPMS) employing
a standard thermal relaxation technique. For better thermal
contact between the samples and measurement platform, the
contact surface of each sample was polished with sandpaper.
These measurements were performed in magnetic fields B
ranging from O to 14 T applied along the ¢ axis, i.e., perpen-
dicular to the single crystals and over a temperature range of
039K < T <50K.

III. RESULTS AND DISCUSSION

Figure 1 depicts the temperature dependence of the mea-
sured specific heat normalized by temperature, C/T, for
single-crystalline samples of PrNi,Cd,y and PrPd,Cd,y ob-
tained in zero magnetic field. As can be seen, both compounds
exhibit a clear Schottky-type peak just below 5 K, with addi-
tional upturns seen below 1 K. To further investigate these
features of the specific heat, we examined the 4f electron
contribution to the specific heat in more detail.
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FIG. 1. Temperature dependence of specific heat normalized
by temperature, C/T, for both PrNi,Cd,y (green squares) and
PrPd,Cdy (black circles). To further analyze the 4 f electron contri-
bution, the nonmagnetic compound LaNi,Cd,, was used to subtract
the phonon contribution to the specific heat for PrNi,Cd,, while the
phonon contribution for PrPd,Cd, is determined as discussed in the
text.

We extract the 4 f electrons contribution to the specific heat
of PrNi,Cd,( by subtracting the specific heat of the nonmag-
netic analog compound LaNi,Cd, (data also shown in Fig. 1,
red curve) from the specific heat of PrNi,Cdy( over the whole
temperature range, as has been previously done [23]. Due to
the overlap between the data for PrNi,Cd;y and LaNi,Cdyg
in the higher-temperature range, the LaNi,Cdyy data can be
subtracted from the PrNi,Cdy( data directly.

The phonon contribution to the heat capacity for the
PrPd,Cd,y compound had to be obtained by fitting the data
over the temperature range 20 < 7' < 50 K with the standard
expression

4
P xte'd
C(T) = yT+9NkBt3/ Teer (1)

o (=1

where y is the Sommerfeld coefficient, N is the number
of primitive cells per mole [INkp ~ 1720 J/(molK)], kp
is the Boltzmann constant, and t = T/6p (0p is the De-
bye temperature, which for PrPd,Cd, equals approximately
145 K).

Then, to obtain the electronic contribution to the specific
heat, we have also subtracted the nuclear C, contribution to the
specific heat from C — Cyh, with C, o« T~% for T < 1K and
magnetic fields 24 T, where the nuclear contribution becomes
significant.

Next, we determined the energy-level splitting and the
entropy to further study the ground state structure of the 4 f
multiplet, as presented below. Figures 2(a) and 2(b) and their
insets depict, for both compounds, the temperature dependen-
cies of /T on the left axis and of the entropy S on the right
axis. We fitted the peaks near 4 K (data and fits shown in the
insets of the two figures), and the upturns below 1 K (data and
fits shown in the main panel of the figures) using a two-level
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FIG. 2. Electronic specific heat normalized by temperature C.; /T
(left axis) and entropy S (right axis insets) as a function of tempera-
ture T for (a) PrNi,Cdyy and (b) PrPd,Cd,y. The main panels focus
on the low T upturns, while the insets reveal the Schottky-type peaks
at higher 7. Fits of the Schottky-type peaks (red lines) in both the
main panels and insets were done using a two-level model (see text
for details).

Schottky model given by [12]

2 AT
Co_,y A Ge .
T3(8a + goe=®")

Here, A < 1 is a phenomenological parameter which reflects
the degree of the hybridization between Pr ions and the con-
duction band, A is the energy-level splitting, and g, and
g» are the degeneracy of the ground and first excited state,
respectively. In what follows, we use y, A, and A as fitting
parameters.

By fitting the Schottky peaks present in the two insets of
Figs. 2(a) and 2(b), we obtain values for the energy split-
ting between the ground state and first excited state. We
obtained the best fits with g, = 2 and g, = 3. This implies
that the ground state is a non-Kramers doublet and the first
excited state is a triplet. We obtained y = 0.30 £ 0.01 and
A =13.09£0.16K for PrNi;Cdyy, and y = 0.41 £ 0.01
J/mol K2and A = 11.51 £ 0.09K, for PrPd,Cd,, with A =
1 for both compounds. These values are in good agreement
with values reported previously [12]. The fact that in both of
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FIG. 3. Specific heat normalized by temperature, (C — Cpn)/T
and C, /T (left axis), and entropy S (right axis) vs temperature 7" data
measured in an applied magnetic field H of 8 T for (a) PrNi,Cd,, and
(b) PrPd,Cd,y. C is the electronic specific heat obtained by sub-
tracting the nuclear C, contribution from C — Cy,, with C,, T2,
The Schottky peak seen just above 1 K is a result of the shift in
the peak location from 7 < 0.3 K, in response to the 8 T field. Note
that the entropy exceeds the R1n2 value signaling the field-induced
admixture of the first excited triplet.

these systems A = 1 implies sufficiently weak hybridization
between the conduction and f electron states. This is con-
sistent with the non-Kramers doublet nature of the ground
state multiplet. We note that the values of A and y for both
compounds in zero magnetic field were held constant for the
subsequent fitting analysis done in higher magnetic fields.

Next, we assume that the Schottky upturns in specific heat
seen below 1 K [main panel of Figs. 2(a) and 2(b)] for each
compound is a result of the lifting of the degeneracy of the
non-Kramers doublet ground state. Hence, we fitted these data
with Eq. (2) with g, = g, = 1 and obtained values for the
energy splitting between the two levels of the ground state
to be Ag = 0.461 £0.006K and Ay = 0.401 £ 0.004K for
PrNi,Cd,o and PrPd,Cd;, respectively. We note that we ob-
tained worse fits of these data by choosing other values of g,
and g, hence other ground state options. These results there-
fore further confirm that the ground state of both compounds
is the non-Kramers doublet.

In Figs. 3(a) and 3(b) we show the specific heat for both
compounds measured in an applied magnetic field of 8 T.
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These plots exhibit how C,;/T data (dark yellow points) were
obtained by subtracting a low T nuclear contribution from
(C — Gpn)/T (black data points). Subsequently, we fitted these
latter data measured in different magnetic fields. These results
reveal that the zero-field upturns seen in Figs. 2(a) and 2(b)
below 1 K shift to higher temperatures with increasing applied
magnetic field and the peaks that are not visible in B =0
down to 0.3 K become visible at, e.g., T & 1 K in a magnetic
field B = 8 T. Fits of these Schottky peaks with Eq. (2) with
g4 = g» = 1 are shown on the figures in red. At this mag-
netic field we obtained Ay = 3.57 & 0.04 K for PrNi,Cd,g
and Ay = 4.48 £+ 0.02 for PrPd,Cdy.

In order to further check the validity of the conclusions
we have drawn from our fits in Figs. 2(a) and 2(b) and their
insets, we also calculated the entropy from the data at a mag-
netic field of B = 8 T where the peak that develops is clearly
visible, using

r dT
S(T) = f [Ca(T) ~ Y15 3)
0

[see the blue lines in Figs. 3(a) and 3(b)]. The entropy was
calculated using the electronic specific heat data (dark yellow
data points in Fig. 3) with the extrapolation below 0.39 K
made through the Schottky fit as stated before (red lines in
Fig. 3). Here, both compounds achieve the expected RIn2 =
5.76 J/molK at T =~ 5K. This confirms that, indeed, the
Schottky peak observed in 8 T for both compounds is a result
of the splitting of the ground state I'; non-Kramers doublet.
An entropy larger than RIn2 at T > 5K is a result of the
excited triplet states contributing at the higher temperatures.

In addition, we note that the higher-energy multiplets,
specifically the triplet state above the ground state doublet,
becomes accessible as the temperature increases. As with
the lower-temperature Schottky peak, we expect the overall
change in entropy after this multiplet is accessed to be equal
to RIn(g, + g»), where now g, = 2, and g, = 3. Thus, we
expect a change in entropy equal to RIn5 = 13.4 J/mol K. As
can be seen in the insets of Figs. 2(a) and 2(b), we obtained
90.5% of the expected value, i.e., S = 12.13 J/mol K for
PrNi,Cdyy at T = 15K and 97.7%, S = 13.09 J/mol K for
PrPd,;Cd,y at T = 15 K. Thus, we find that in this temperature
range the contribution to the entropy comes from the non-
Kramers doublet along with the two lowest lying states in the
first excited triplet.

We plot the temperature dependence of C. /T data for
PrNi,Cdyy and PrPd,Cdyp measured in applied magnetic
fields from O to 14 T in Figs. 4 and 5, respectively. We
note that the data for B =10, 12, and 14 T for PrNi,Cd,g
[Fig. 4(c)] deviate from the Schottky fits between about 1 and
3 K and that a sharp peak appears at around 1.7 Kin B = 12 T.
This latter feature may indicate a metamagnetic transition,
when the lowest lying state of the first excited triplet moves
below the non-Kramers doublet. It also could be the reason
for the fact that the data at these higher field values deviate
from the Scottky fits. Nevertheless, the presence of this extra
feature in the specific heat data clearly does not affect our
main findings in the present work.

We also note that, even though the ground state valence
configuration of the Pr ions is nonmagnetic, the locations
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FIG. 4. (a)-(c) Electronic specific heat normalized by temper-
ature C,/T vs temperature T and Schottky fits (dashed lines) in
applied magnetic fields H for PrNi,Cd,,. (d) Energy gap (Ay)
between the two ground state levels, as a function of magnetic
field B.

of the peaks in Figs. 4 and 5 exhibit a dependence on the
magnetic field. This dependence for both materials can be
understood using a simple model of interacting two-level sys-
tems in an external magnetic field, which we discuss in the
theoretical model section below.

By fitting the specific heat data of Figs. 4 and 5 with
Eq. (2) where g, = g, = 1, we extract the values of the en-
ergy splitting A, between the two levels of the non-Kramers
doublet ground state as a function of magnetic field for the two
compounds. We show these results in Figs. 4(d) and 5(d). The
red solid lines are fits of these data using a phenomenological
model, as discussed in the next section.
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FIG. 5. (a)—(c) Electronic specific heat normalized by temper-
ature C,;/T vs temperature 7 and Schottky fits (dashed lines) in
applied magnetic fields H for PrPd,Cdy. (d) Energy gap (Ao) be-
tween the two ground state levels, as a function of magnetic field
B.
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IV. PHENOMENOLOGICAL MODEL AND DISCUSSION

In order to fit the experimental data for the dependence
of the energy splitting on an external magnetic field seen in
Figs. 4(d) and 5(d), we consider the ground state non-Kramers
doublet with state vectors

7 5
'3, a) = \/;(M) +1—4) - \/glo),

1
T3, b) = —=(12) + | = 2)). “
V2
Our data indicate that there is a small energy splitting Ag
between |I'3, a) and |I'3, b) states. For the first excited triplet
state we use the results of Ref. [12] and assume that it is
described by the I's triplet which lies at the energy A above

F3Z
IT's, a(b)) = [Iﬂﬂ f|:|:1

I's,c) = —(2) — | —2)) 5
II's, ¢) f(l ) — 1 ®)
Given that in our experiments the magnetic field is along
the ¢ axis, B [|[[001], one can immediately check that it will
induce virtual transitions between |I'3, b) and |I's, ¢) states.
Assuming that the magnetic field H < A/up, these virtual
transitions lead to a decrease in the energy of the |I'3, a)
state by 8¢ ~ (ugH)?/ A, while the energy of the |T's, ¢) state
increases by the same amount. Furthermore, the energy of the
|T's, a) decreases linearly with increasing magnetic field.
With these provisions, we fit the dependence of the peak in
the heat capacity on the magnetic field at low temperatures
using a model with three energy levels ¢;, &,, and &3. The
first two energy levels correspond to the non-Kramers dou-
blet states: 61 = —Ag/2 — p[V A%+ (upH)? — Al and & =
+Ap/2. The third energy level corresponds to the |I's, a)
state, &3 = A —aupgH. We consider o and p as the fitting
parameters. The best fits for the experimental data shown in
Figs. 4(d) and 5(d) were obtained for Ap/2 ~ 0.495K and
p =~ 2.95. The values of the remaining parameters A and « are
A =10K, o = 0.1 for PrPd,Cdyy and A = 12K, @ = 1.15
for PrNi,Cd,g. Note that the values for both Ay and A, which
we have chosen independently for the fits, are in agreement
with those extracted from the heat capacity. Significantly

higher values of the parameter « in PrNi,Cd, are likely due
to enhanced dipole-dipole interactions in this material.

Lastly, we note that in principle the very similar results
could be found under the assumption of I'y being the first
excited triplet. In order to verify that our assumption of I's be-
ing the first excited triplet indeed holds, more detailed studies
of the dependence of the Schottky peak on various directions
of the external magnetic field will have to be carried out.

An analysis of this H dependence of the energy split-
ting of the ground state shows that the exchange interactions
between the two-level systems are weak in PrNi,Cd,g, but
they cannot be neglected in PrPd,Cd,y. These latter results
therefore suggest that in the millikelvin range of temperatures
PrNi,Cdyg could develop superconductivity, while PrPd,Cdyg
will develop long-range order that could be either multipolar
or magnetic.

V. CONCLUSIONS

We performed specific heat measurements of PrNi,Cd,g
and PrPd,;Cd;( in magnetic fields ranging from O to 14 T and
in temperatures ranging from 50 K down to 0.39 K. Schottky
fits of the specific heat curves show that in both compounds
studied the ground state is the non-Kramers I'; doublet, while
the first excited state is a triplet. Entropy calculations pro-
vide further evidence. Through Schottky fits of the specific
heat curves we also extracted the values of the energy-level
splitting between the two singlets that make up the doublet
ground state and between the doubly degenerate ground state
and the triply degenerate first excited state. We also obtained
the magnetic field dependence of the energy-level splitting of
the ground state.
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