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We report the low temperature magnetic properties of the pyrochlore Pr,Hf,07. Polycrystalline and single-
crystal samples are investigated using time-of-flight neutron spectroscopy and macroscopic measurements,
respectively. The crystal-field splitting produces a non-Kramers doublet ground state for Pr’*, with Ising-like
anisotropy. Below 0.5 K ferromagnetic correlations develop, which suggests that the system enters a spin-ice-like
state associated with the metamagnetic behavior observed at (o H, ~ 2.4 T. In this regime, the development of
a discrete inelastic excitation in the neutron spectra indicates the appearance of spin dynamics that are likely

related to cooperative quantum fluctuations.

DOI: 10.1103/PhysRevB.94.024436

I. INTRODUCTION

Frustration is an important paradigm to stabilize spin liquids
[1,2]. Of special interest are quantum spin liquids (QSLs),
which arise from long-range entanglement in the ground state
wave function [3,4] and which host fractionalized quasiparticle
excitations [5,6]. In three dimensions, rare-earth pyrochlores
[7] have proven themselves as a wonderful landscape for
discovering and studying exotic spin liquids. The classical
spin-ice state [8,9] arises when ferromagnetic interactions
couple the first-neighbor Ising-like moments occupying the
lattice of corner-sharing tetrahedra. A local constraint—the
ice rule—creates a manifold of degenerate ground states that
can be regarded as a vacuum in which quasiparticle spin
excitations—emergent magnetic monopoles—are created and
annihilated [10]. The nature of the spin correlations generated
by the ice rule makes the system a Coulomb phase [11,12] with
emergent magnetostatics [10,13]. An important open question
concerns the nature of the spin liquid state when quantum
fluctuations amongst the states of the manifold are allowed.
By introducing transverse terms in the effective spin-1/2
Hamiltonian on the pyrochlore lattice [14,15], the quantum
spin ice (QSI) state, a special QSL whose emergent properties
are those of a U(l)-gauge theory [16], can be stabilized
[5,17,18]. It exhibits emergent quantum electrodynamics with
excitations playing the role of monopoles and photons.

Different materials are seen as candidates for QSL phases
on the pyrochlore lattice. They are based on Yb>* [15,19,20],
though this case is under debate [21,22], Pr** [23-27], or Ce**
[28], because for small magnetic moments the transverse terms
are not overwhelmed by the dipolar interaction that leads to a
classical spin ice. Two Pr’* pyrochlores were studied so far.
Pr,Sn, 07 shows short-range correlations and appears dynamic
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for inelastic neutron scattering (so far down to 0.2 K) [23]. In
Pr,Zr,0; the wave-vector dependence of the elastic part of
the magnetic neutron scattering measured at 0.05 K displays
features suggesting an ice rule is operative, but these features
broaden in the inelastic channels, and this is proposed to be
evidence of quantum fluctuations out of a QSI state [27].
However, the true nature of the ground state of Pr,Zr,O7 is
still not fully understood. Here we report on another chemical
variant, Pr,Hf, O, which is also of interest as a model material
to study the QSI since this ground state should be sensitive to
the nonmagnetic cation, which influences the superexchange
paths and the crystal field. We determine the crystal field
parameters from inelastic neutron scattering and we show
that the single-ion state of Pr’* in PryHf,0; possesses the
ingredients for the existence of significant residual transverse
spin fluctuations. Below 0.5 K the system likely enters a
state related to a QSI, which manifests itself through the
appearance of metamagnetism. Inelastic neutron scattering
measurements confirm the existence of a dynamical correlated
state, which we believe arises from quantum fluctuations.

II. METHODS

The magnetic properties of rare-earth pyrochlore hafnates
remain little studied [29,30], at least partially due to their high
melting temperatures, which makes the preparation of single
crystals less accessible than in the case of titanates. We have
recently succeeded in growing single crystals of Pr,Hf,05
using the optical floating zone technique [31], with xenon
lamps in order to attain the temperature required to melt the
material [32]. The powder used as starting material for the
growth and as a sample for some of the characterizations
reported here was prepared by standard solid-state chemistry
techniques, using pre-annealed PrO;; and HfO, as starting
reagents and applying previously reported annealing condi-
tions [33]. A nonmagnetic reference sample, La,Hf,07, was
prepared via the same route, starting from La,O3. Both powder
samples were characterized by x-ray diffraction at room
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temperature and found to be single phase with the Pr,Hf,05
lattice parameter refined to 10.6842 + 0.0002 A, in agreement
with other reports that have established that it crystallizes in
the pyrochlore structure [33,34]. A parallelepiped sample of
mass m = 79.5 mg was cut from a single crystal of several
grams, oriented using a Laue camera, and used for macroscopic
measurements.

Magnetization (M) data were measured for a polycrys-
talline sample in the temperature (7') range from 1.8 to 370 K
in an applied magnetic field (;toH) of 0.1 T using a Quantum
Design MPMS-XL superconducting quantum interference
device (SQUID) magnetometer. Additional magnetization and
ac-susceptibility measurements were made on the single
crystalline sample as a function of temperature and field,
from 7 =0.07 to 4 K and from puoH =0 to 8 T, using
SQUID magnetometers equipped with a miniature dilution
refrigerator developed at the Institut Néel-CNRS Grenoble
[35]. Magnetization data were corrected for demagnetization
effects [36]. The heat capacity (C,) of the same sample was
measured down to 0.35 K using a Quantum Design physical
properties measurement system (PPMS).

Neutron scattering measurements with thermal and cold
neutrons were made on powder samples using the time-of-
flight spectrometers IN4 (Institut Laue Langevin, Grenoble,
France) and FOCUS (SINQ, Paul Scherrer Institut, Villigen,
Switzerland), respectively. On IN4 both samples, Pr,Hf,07
and La,Hf,07, were enclosed in flat plate holders made of
aluminum and measured using incident energies E; = 65.7,
116, and 150 meV at T = 1.6 K. An additional spectrum was
recorded for ProHf,07 using E; = 13 meV in order to verify
the absence of crystal field levels in the energy range below
10 meV. On FOCUS we made two experiments: one using
a standard ‘Orange’ cryostat with the sample in a flat plate
aluminum holder and another using a dilution refrigerator
with the sample in a cylindrical copper can with annular
geometry. Spectra were recorded with E; = 2.47 meV, at
several temperatures in the range between 7 = 1.5 and 100 K
for the first experiment and between 7 = 0.05 and 1.5 K for
the second experiment.

III. RESULTS AND DISCUSSION

A. Crystal-field states

We first report on the crystal field splitting of Pr’* in
Pr,Hf,05. By comparing data from Pr,Hf,0; and La,Hf,07,
contributions from crystal field and phonon excitations could
be distinguished (Fig. 1). Five crystal field excitations can
be identified, as expected from the splitting of the J =4
intermediate coupling ground multiplet of a 4 f2 ion in D3y
local symmetry [38] into three doublets and three singlets with
symmetry decomposition 3I'j + 2I'f + 'Y [39-41]. The
integrated intensities relative to the largest peak at 9.2 meV,
obtained from fits to Gaussian peaks, are given in Table I. The
energies and intensities of these excitations were used to adjust
the six parameters of the crystal field Hamiltonian

Acr = BiC3 + ByCy + B3 (C; — C3) + BC§
+B5(Co —Co) + BY(C +C). ()
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FIG. 1. Magnetic neutron scattering intensity as a function of
energy transfer at 1.6 K, measured at different incident energies E;.
In (a) and (c) data measured for La,Hf,O; was subtracted from that of
Pr,Hf,05, and the resulting scattering integrated over a small range
of momentum transfer Q. In (b), high-angle data from Pr,Hf,0;
was subtracted from low-angle data, using a scale factor determined
from La,Hf,0; data [37]. Spectra were fitted with a series of
Gaussian peaks for the crystal-field transitions labeled 1-5. Unlabeled
signals are attributed to residual phonon scattering from Pr,Hf,O; or
hydrogen-containing contaminants formed through exposure to air.
Note that in (b) the | Q| range is not constant as a function of energy
transfer, and integrated intensities have to be extrapolated to Q = 0
by correction for the magnetic form factor. The inset in (c) shows the
powder-averaged inverse magnetic susceptibility calculated from the
fitted crystal-field parameters (red) and our powder measurement of
H/M at uoH = 0.1 T (blue).

k k
where B, denotes the crystal field parameters and C, are

the components of the tensor operator C* (see Ref. [42]),
using the SPECTRE program and starting from the results
obtained in a similar way for Pr,Sn,O; [37,43]. We have
used the complete set of 91 intermediate coupling basis states,
which is required by the comparable strengths of the crystal
field and spin orbit interactions in Pr. The refinement reaches
the standard normalized goodness-of-fit parameter x> = 1.2.

TABLE I. Observed and calculated crystal-field transition ener-
gies and intensities of Pr,Hf,O;. The best crystal-field parameters
used for the calculations are B = 34.2, Bj = 402.8, B = 170.8,
BS = 147.1, BS = —106.8, and B¢ = 155.4 meV.

Level Degeneracy E o E qc Lobs Leaic
F;’ 2 0.0 0.0

Ff 1 9.2(3) 9.29 1.00 1.00
rf 2 53.5(5) 53.41 0.33(8) 0.35
Ff’ 1 78.6(3) 78.59 0.40(6) 0.32
F; 2 89.4(4) 89.44 0.37(7) 0.60
rf 1 103.6(10) 103.84 0.26(8) 0.26
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FIG. 2. Magnetization (M) as a function of internal magnetic field
(H;) at T =0.08 K for H applied along different crystallographic
directions. Inset: derivative for H||[111], emphasizing the anomaly
at [L()Hr ~24T.

Table I gives the best-fit Wybourne coefficients B"; together
with the energies and relative intensities of the calculated
levels. The temperature dependence of the inverse magnetic
susceptibility calculated from the set of fitted crystal-field
parameters reproduces our experimental data [see inset of
Fig. 1(c)]. The energy-level scheme is very similar to that
determined for Pr,Sn,O; [37] or Pr,Zr,O; [27], and the
energy-level schemes of all three Pr’* pyrochlores have
the same sequence of alternating doublets and singlets. In
Pr,Hf,0O; the ground state doublet wave function (symmetry
I'y) written in terms of the [*5T'L;, M) basis is

|4) = 0.83° Hy,+4) + 0.511° Hy,£1) — 0.12]> Hy, F2)
+0.14)'G4,+4) £ 0.09/' G4,+1)
¥ 0.06]> Hs,+4) + 0.05]° Hs, F2). 2)

We note the significant admixture of terms with |M; # £J),
which can increase quantum fluctuations [25,44]. Indeed, their
existence implies additional effective transverse exchange
terms in the spin ice Hamiltonian, which allows the two-
in-two-out configurations to tunnel among themselves. The
calculated anisotropy in the susceptibility is x;/x1 ~ 24 at
T = 10K, where x| and yx , are the susceptibilities parallel and
perpendicular to the (111) quantization axis of the crystal field.
This ratio is about half of that in Pr,Sn, O [37], in agreement
with the reduction of the energy gap to the first excited level
in PryHf,07 (~9 meV vs ~18 meV in Pr,Sn;05).

The local anisotropy is confirmed by M vs H measurements
along different crystallographic directions at 7 = 0.08 K
(Fig. 2). The magnetization measured along [111], M[j1;,
is about +/3/2 times Mi100), as expected for Ising spins on
the pyrochlore lattice [45]. Mi110;/ M1y is slightly larger
than the predicted value of 2/+/6. The corresponding local
Pr** magnetic moment at oH = 8 Tis 2.2 4+ 0.1 ug/Pr’t.
This is consistent with the magnetic moment pups+ = 2.43 ug
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FIG. 3. (a) Magnetization (M) vs temperature (7)) under a
magnetic field uoH = 4x 1073 T applied along the [100] direction,
presented as M/ H (blue data points) and H /M (red data points). The
green line is a fit to the Curie-Weiss law between 7' = 1 and 4 K:
H/M = 0.49 + 1.22T . (b) Heat capacity C, vs T at uoH =0 T.

calculated from our ground doublet wave function [Eq. (2)]
since the magnetization curves are not fully saturated at 8 T.

B. Spin-ice-like correlations

At temperatures sufficiently low for the ground doublet to
be isolated, the magnetic susceptibility x ~ M/H [Fig. 3(a)]
follows a Curie-Weiss law indicating dominant antiferromag-
netic interactions of the order of [f¢cw | = 0.40 £ 0.01 K. A rea-
sonable effective magnetic moment, ptesr = 2.56 = 0.02 wp, is
deduced from this linear fit (1 < T < 4 K). The temperature
dependence of x demonstrates the absence of a magnetic
transition down to 0.07 K. However, below T = 0.6 K, x
exhibits a different behavior where it increases faster than the
Curie-Weiss law as the temperature is lowered [c.f. x !
H/M(T), Fig. 3(a)]. This is the signature of ferromagnetic
correlations, which suggests, in the presence of such multiaxis
Ising anisotropy, that the system is entering a spin-ice-like
state.

The existence of such a local spin configuration is consistent
with the anomaly observed in the magnetization curve at
0.08 K when the field is applied along the [111] direction
at M ~ 0.82ug/Pr** (Fig. 2), very close to the value of
upi+/3 = 0.81up. This anomaly, reminiscent of the kagome
ice state observed in classical spin ice systems [46], is predicted
in QSIs [25,44,47] and has been reported in the metallic analog
Pr,Ir, 07 [48]. It is a metamagnetic behavior associated with
the transition from the ‘two-in-two-out’ configuration to the
‘one-in-three-out’ (‘three-in-one-out’) state. The maximum of
the derivative dM/dH (Fig. 2, inset) gives a critical field
noH, = 2.4 T, which allows an estimate of the effective
exchange energy scale in the system, E.¢ = % Holest He [ kp =~

~

1.2 K. This is close to the value reported in the metallic Pr**
iridate, where the estimates of ugH, =2.3 T and upps+ =
2.7 up lead to a slightly higher value of E s &~ 1.4 K [48].
The heat capacity C), is characterized by a broad hump
around 7 = 2 K [Fig. 3(b)], reflecting the onset of magnetic
correlations. Our data closely resembles those for Pr,Zr,O7
[24,27], but the peak is slightly shifted towards lower tem-
perature in the case of Pr,Hf,O;. We found that C, data
extending far below the lower limit of our setup (0.3 K),
for both Pr,Hf,07 and La,Hf,07, would be necessary for a
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FIG. 4. Real part x/ (a) and imaginary part x; (b) of the ac
susceptibility vs 7" at several frequencies f between 0.11 and 211 Hz
(oHy = 5.47x107* T, applied in an arbitrary direction). Inset:
T =1/2mf vs 1/ Tpeax, Where Tpey is the temperature of the x/
maximum. The line is a fit to the Arrhenius law, for 7 > 1072s:
T = 4x107%exp(0.88/ Tpeu)-

proper integration procedure of C,(T') after subtraction of the
lattice and hyperfine contributions. Therefore, here we do not
provide the low temperature magnetic entropy vs temperature
of Prszz 07 .

C. Spin dynamics from ac susceptibility

A frequency-dependent peak is observed below 7' = 0.2 K
in ac-susceptibility experiments (Fig. 4), i.e., deep in the
correlated regime appearing at T < 0.6 K. This slowing down
of the spin dynamics is rather similar to Pr,Zr,O; [24,27],
but the amplitude of the out-of-phase part of the susceptibility
x" is larger, about one third of the in-phase susceptibility
x', meaning that a larger part of the magnetic moments is
involved in the process. In comparison to the closely related
zirconate and hafnate, the ac-susceptibility signal in Pr,Sn, O
was reported to appear at slightly higher temperature, below
T = 0.35 K [49]. For frequencies f < 20 Hz the relaxation
time probed in Pr,Hf,0O; follows an Arrhenius law t =
t9exp(E/kpT) with an energy barrier £ ~ 0.86 K and a
relatively long characteristic time 7y &~ 4x107% s likely due
to cooperative rather than single-ion dynamics. At higher
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temperature, the relaxation time deviates from this law and the
peaks broaden, suggesting another regime with a distribution
of relaxation times.

The presence of a frequency-dependent peak in the ac
susceptibility at low temperature is not only characteristic
of the Pr** zirconate [24,27], stannate [49], and hafnate
(Fig. 4), but it was also reported in the classical spin-ice
materials. In these compounds, two regimes could be identified
[50-53]. Upon cooling above T & 5 K, single-ion dynamics
related to the anisotropy barrier are observed, first above the
barrier, by thermal activation, and then across the barrier,
via quantum tunneling. At lower temperature, T < 5 K, the
dynamics slow down but persist due to monopole excitations
above the spin-ice ground state. In the Pr’* systems, fast
single-ion dynamics might prevent the observation of the high
temperature relaxation in the ac susceptibility, but we access
the slow dynamics at very low temperature in the correlated
state.

Finally, the ac susceptibility in Tb,Ti,O7, a material with
low-temperature correlations reminiscent of spin ices [54], is
also rather different compared to that in the Pr** pyrochlores.
Although the freezing appears below T ~ 0.3 K in this
compound, the shape of the signals is rather unusual and
their frequency-dependence does not follow an Arrhenius
law. Instead, the peak shift may be described by a glassy
behavior, using 7 = 1y exp[(E/T)°] with E ~ 0.91 K and
7o ~ 1.1x 1077 s [55].

D. Spin dynamics from neutron spectroscopy

The spin dynamics were further investigated by low-energy
neutron-scattering experiments. In Figs. 5(a) and 5(b) we

o —

present energy cuts integrated over Q = [0.7,1.2] A 1, after
subtraction of the background of the empty sample holders. We
fit the energy spectra using a Lorentzian peak shape weighted
by detailed balance and convoluted with the instrumental
resolution, plus a Gaussian peak at the elastic position [56].
The resolution is estimated from the width of the Gaussian
(0.057 meV). In the range 0.5 < T < 100 K, the data are well
described by a quasielastic Lorentzian in combination with an
elastic Gaussian [as in Fig. 5(a)], but for 7 < 0.5 K we have
to allow the center of the Lorentzian to shift to a finite energy
transfer A. In Fig. 5(b) we show that in this temperature range
the quasielastic Lorentzian compares unfavorably with those
centered at E = A.

We interpret the quasielastic scattering observed at 0.5 <
T < 100 K as lifetime broadening of the single-ion ground
state doublet. Upon cooling within this regime, the intrinsic
width of the Lorentzian, I', corrected for resolution decreases,
while its amplitude increases [Figs. 5(c) and 5(d)], showing
that the lifetime is increasing as the associated fluctuations are
slowing. The characteristic times of the fluctuations probed
by quasielastic neutron scattering within this regime are in the
range from ~5x107!2 to ~1x107!! s. Lifetime broadening
of crystal field states is an uncorrelated, single ion fluctuation.
In insulating compounds of rare-earth ions it is primarily due
to interaction with phonons and population of excited states,
but we were not able to fit the temperature dependence by
a simple model such as an Arrhenius law or single Orbach
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FIG. 5. Low-energy transfer neutron scattering in the temperature range 0.05 < 7' < 100 K. In (a) and (b) we present energy cuts integrated

over |Q| =10.7,1.2] AT after subtraction of the empty sample holder spectra. The lines are fit using the line-shape functions outlined in
the text. In (b) we show two fits for each temperature: the inelastic scattering taken into account by either a quasielastic (dashed lines) or an
inelastic (solid lines) Lorentzian contribution. In (c) we show the amplitude of the Lorentzian contribution and the integrated intensity of the
Gaussian (divided by 2.5) as a function of 7. The data sets are scaled to match the elastic intensity at 1.5 K. Open symbols show parameters
derived from quasi elastic fits, closed symbols from inelastic fits. Panel (d) gives the dependence of the width, I', and energy center A (inset)

of the Lorentzian contribution over the entire 7" range.

process. It is interesting that these fluctuations are measurable
down to 0.5 K in PrpHf;,0;. For example, in Ho,Ti,O7,
which also has a non-Kramers doublet ground state, single-ion
fluctuations vanish at 7 =~ 100 K [57,58], 200 times higher,
despite the gap to the first excited state (22 meV) being only
~2.4 times greater than in Pr,Hf,07. Therefore, the overall
observations suggest that another mechanism is at play in the
case of Pr,Hf,05.

In the range 0.05 < T < 0.5 K, the fluctuations in
Pr,Hf,O7 change from single-ion-like to some other type, and
quasielastic spectral weight is redistributed. On one hand the
elastic Gaussian increases in amplitude [Fig. 5(c)], indicating
the development of a small static component of the magnetic
moment. The wave-vector dependence of this elastic signal
cannot be appreciated from our experiment. On the other hand,
a discrete excitation appears, whose energy center A increases
to 0.2 meV ~2.3 K [Fig. 5(d), inset], which we interpret [59]
as a signature of cooperative quantum fluctuations [56]. In this
respect, we might compare Pr,Hf,O7 to Tb,Ti,O;, where a
correlated ground state is well known to exist [7] and a shift of
spectral weight similar to that described here also occurs [56].
The appearance of an elastic component and a pronounced
low-energy component in ProHf,0; at T < 0.5 K, where
x(T) also deviates from its single-ion behavior, therefore
qualitatively resembles the formation of a correlated state such
as that in Tb,Ti, O7.

IV. CONCLUSION

The single-ion ground state of Pr** in Pr,Hf,0; fulfills
the requirements for the QSI state: small Ising-like moments
and the potential for transverse fluctuations. Furthermore,
we provide convincing arguments for the realization of a
strongly-correlated state by observing (i) a discrete inelastic
signal that appears below T = 0.5 K, and (ii) slow fluctuations,
probed by ac susceptibility, that appear in the same regime and
may be associated with the manipulation of correlated objects
appearing static for neutrons.

Measurements under applied magnetic fields suggest that
this strongly-correlated state is a QSI. Indeed, the critical field
of the metamagnetic behavior is consistent with a transition
from two-in-two-out to three-in-one-out configurations. The
value of this metamagnetic field and the theoretical apparatus
existing for Pr’™ pyrochlores provide an estimate of the
effective exchange energy in an insulating compound where
the correlations that develop at low temperature are very
probably related to a spin ice and originate from exchange
interactions.

We suggest ProHf;0; to be a model pyrochlore with
thermally-isolated non-Kramers Ising moments and spin-
ice-like correlations. Its availability as large, high quality,
single crystals make it a promising system for investigating
phenomena such as cooperative multipoles and chiral spin
liquids [25]. Neutron scattering experiments on such samples
are needed to examine the wave-vector dependence of the
elastic and inelastic signals and look for signs of the elusive
photon modes and broadened pinch points predicted for QSIs.
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