The impact of hyperfine contributions on the ground state of spin-ice compounds
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We examined the magnetic ground state of the pyrochlore spin-ice compounds ProHf>O7 and
Ho2Ti2O7 by means of specific-heat, magnetization, and ac-susceptibility measurements in the mK
regime. At these low temperatures, we observe an unexpected large specific heat and corresponding
entropy, which diminish in applied magnetic fields. This evidences the presence of additional states
beyond the electronic spin and orbital degrees of freedom. We can qualitatively explain the large
specific heat by the coupling of the nuclear spins of **'Pr and *®*Ho with their electronic counter-
parts, which leads to a complex hyperfine-coupled term scheme. With increasing fields, the nuclear
and electronic spins decouple leaving only the electronic excitations in the measured temperature
window. At intermediate fields, a rather evolved term scheme emerges that may explain the unusual
hysteretic magnetization and a remarkable state with a negative magnetization found for HoxTi2O7.
Our findings bring new insights to the complex ground state of pyrochlore spin-ice compounds and

their low-energy excitations.
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I. INTRODUCTION

The intricate balance and competition of magnetic in-
teractions among the Ising-like spins in cubic pyrochlore
oxides of the type RE2T»07, with RE being typically
a rare-earth and T a transition-metal element, play a
major role in the occurrence of their spectacular phe-
nomena [1, 2]. This includes, for example, the formation
of spin ice accompanied by a residual ice entropy [3, 4],
magnetic-monopole excitations [5], all-in-all-out type an-
tiferromagnetism accompanied by inverted hysteresis [6],
as well as quantum-spin-liquid behavior [7]. A neces-
sary condition to enable such a variety of exotic magnetic
ground states is the presence of a large crystal-electric-
field (CEF) splitting of strongly spin-orbit-coupled 4f-
electron states of the RE ions located on the pyrochlore
lattice.

Due to this CEF splitting and the spin-orbit coupling,
the combined electronic spin and orbital momentum can
be described by a Je ;¢ = 1/2 pseudospin [8, 9]. Evidence
for this ground-state doublet consisting of |mj; = £J)
states exists, for example, in HosTisO7 [10], while Pr-
based pyrochlores reveal an additional small admixture
of other |my) states [11, 12]. In Dy,Ti2O7, Ramirez et
al. evidenced the spin-ice behavior of these doublets by
the observation of a residual entropy in the specific heat
[3]. Somewhat later, Pomaranski et al. reported that
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this spin-ice entropy is recovered over very long time
scales [13]. High-field magnetization measurements on
Ho,TisO7 revealed the presence of Ising-type anisotropy
of the moments formed by these pseudospins [14].

In this work, we show evidence that the magnetic
ground states of pyrochlore compounds with enhanced
hyperfine coupling are even more complex than dis-
cussed so far. This higher complexity arises in rare-
earth-based systems, in which nuclear magnetic moments
(such as those from *'Pr and ' Ho, both occurring
with 100 % natural abundance) contribute to the for-
mation of hyperfine-coupled atomic quantum states. In
non-Kramers rare-earth ions, indeed, hyperfine interac-
tion with large electronic magnetic moments can give rise
to enhanced nuclear magnetism [15, 16].

In previous studies, uSR experiments revealed weak
static magnetism that was taken as indication for
hyperfine-enhanced nuclear magnetism in ProHf;O7 [17].
Later, the enhanced interaction of the nuclear spin with
its environment was attributed to the distortions of the
lattice by the implanted muons [18]. Here, our thermody-
namic measurements provide evidence for a considerably
enhanced nuclear magnetism in two spin-ice materials
even without invoking such lattice distortions.

Our investigations comprise extensive studies of the
specific heat, ac susceptibility, and static magnetization
of single-crystalline ProHf5O7; and Ho;TisO; samples.
We focus on low temperatures between 0.05 and 20 K
and magnetic fields up to 13 T, a regime where our
study allowed us to obtain new insights into the ground-
state physics in these spin-ice materials. Our experi-
mental results evidence that hyperfine contributions cru-
cially modify the electronic magnetic ground-state dou-



blet, which is an essential ingredient in the spin-ice be-
havior. At low temperatures, the nuclear spin I and the
total angular momentum J couple to a combined angu-
lar momentum F = I —|—i leading to multiple-degenerate
states described by the quantum number F'

II. EXPERIMENTAL

We performed the experiments on high-quality single-
crystalline samples grown by the floating-zone technique
at the Helmholtz-Zentrum Berlin (ProHf207) and at
Kanazawa University (HooTiaO7). The quality of the
ProHf507 sample was established in Ref. [19], while the
HooTi2O7 sample was previously reported in Ref. [14].

We measured the specific heat of both samples between
0.05 and 1 K using a dilution refrigerator and between
0.5 and 20 K in a 3He cryostat. In both setups, we used
the quasi-adiabatic heat-pulse method by making use of
a short heat pulse of defined power and observing the cor-
responding rise in temperature with high resolution. We
extracted the magnetic contributions to the specific heat
(Cmag) by subtracting the small lattice contributions, see
lines in Fig. 1(a). For that, we used our high-temperature
data up to 40 K and fitted a 72 plus T° term to them.
Indeed, the phonon contribution only plays a role above
about 5 K reaching about 50 % of the total specific heat
at 10 K. We calculated the magnetic-entropy change be-

tween 17 and T using AS = TTI C;“g dT’, with Ty being
the lowest temperature of the measured data.

We measured the ac susceptibility in the frequency
range between 16 Hz and 1 kHz down to 50 mK using
a compensated-coil susceptometer and a lock-in ampli-
fier. For the measurement of the static magnetization,
we used a SQUID magnetometer in a commercial setup
and another one in a self-built setup operated in a dilu-
tion refrigerator. Furthermore, we used InSb-GaAs Hall
sensors, which allowed us to gather data in the wide tem-
perature range between 50 mK and 300 K (here, only
data up to 20 K are shown) and fields up to 5 T. In all
experiments, we applied the magnetic field along the [111]
direction, for which one spin per tetrahedron is parallel
to the external field.

III. RESULTS

We present our specific-heat data of HooTisO7 and
ProHf;07 in Fig. 1(a) together with literature data for
Dy5TisO7 from Ramirez et al. [3]. For HopTisO7, pre-
vious specific-heat data are only available for tempera-
tures above about 0.8 K [20] and above 0.5 K [21]. These
data fit nicely to our specific-heat results at these higher
temperatures. For ProHf;O7, we are not aware of any
previous specific-heat data.

For both, HosTioO7 and ProHf507, two features ap-
pear in the specific heat: A broad maximum or shoulder
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FIG. 1. (a) Low-temperature specific heat of ProHf>O7 and
Ho2TizO7 as function of temperature, compared to litera-
ture data for Dy,TioO7 [3], all scaled in mol per rare-earth
atom. Dashed lines of corresponding color show the sub-
tracted phonon background estimated from data up to 40
K. Real (b) and imaginary part (c) of the zero-field dynamic
magnetic susceptibility of ProHf2O7 and Ho2Ti2O7 as func-
tion of temperature.

at about 2 K as well as a larger and sharper anomaly
at about 0.5 K (Ho2TizO7) respectively at about 0.1
K (ProHf;07). While the two anomalies merge in
Ho,TisO7, they are clearly separated in ProHf5O7. The
literature data on Dy2TiaO7 [3], shown in Fig. 1(a), do
not reflect any additional anomaly towards low temper-
atures and are in line with specific-heat results obtained
by Giblin et al. measured for isotope-pure 92Dy, TiyO7
[22].

The ac susceptibility shows pronounced peaks in its
real [Fig. 1(b)] as well as in its imaginary part [Fig. 1(c)].
These peaks appear for HoyTioO7 at roughly the same
temperature range as the shoulder in the specific heat.
This evidences that the strong, low-temperature specific-
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FIG. 2. Temperature-dependent magnetic part of the specific heat of (a) Ho2Ti2O7 and (b) ProHf>sO7 measured in several
external magnetic fields. Entropy change as function of temperature for (c) Ho2TizO7 and (d) ProHf;O7. ASy/2 = RIn(2),
expected for a spin-1/2 system, and AS;cc = R/21n(3/2) ~ 0.2R, are indicated by black and greens bars, respectively.

heat anomaly does not originate solely in the electronic
spin system. For ProHf;O7, the peaks lie close to the low-
temperature maximum in the specific heat, especially at
low excitation frequency. While the shift of the maxima
with frequency in both compounds is typical for spin-
glass and spin-liquid materials [23], the ac-susceptibility
signals show not the usually observed behavior. In par-
ticular, for ProHf50O7, the real part of the ac suscepti-
bility does not vanish down to lowest temperature. For
HosTizO7, we observe on the contrary that the ac sus-
ceptibility, both real and imaginary parts, sharply drop
to zero below about 0.7 K. These observations advocate
for non-trivial physics beyond the spin-ice model in the
magnetic systems of both compounds.

The shoulder at about 1.5 K in the specific heat of
HoyTisO7 as well as the broad maximum around 3 K
in ProHf5O7 originate in the excitation of three-in-one-
out and one-in-three-out spin configurations on the rare-
earth corner-sharing tetrahedra and, thus, with the emer-
gence of magnetic monopole excitations out of the two-in-
two-out state [19, 24-26]. Compared to the prototypical
spin-ice material Dy5TisO7, the maximum in ProHf507
of 1.55 J/(Kmol-Pr) is roughly only half as large and sig-
nificantly broader than suggested by the spin-ice model
[Fig. 1(a)]. This difference may occur due to non-Ising-

like interactions that are present in Pr-based pyrochlores
[11]. A possible additional low-temperature contribution
that is linear [27] or cubic [28] in nature, predicted by
quantum spin-ice models, is masked by the large low-
temperature anomaly here.

While the specific-heat anomalies between 1 and 3
K are associated with the spin-ice physics, the large
peaks appearing at lower temperatures cannot be de-
scribed by such a scenario. In earlier reports, the au-
thors claimed that the onset of the low-temperature
anomaly in HoyTisO7 might be attributed to the high-
temperature Schottky-like tail of nuclear magnetic con-
tributions [21, 25]. This was based on a simple Schottky-
anomaly analysis in zero field of Blote et al. for another
Ho-containing pyrochlore material with nuclear I = 7/2
spins and large hyperfine interaction [29].

Notably, in contrast to HosTisO7; and ProHf;07,
Dy, TisO7 shows only one anomaly near 1 K and Cjag
drops to zero below 0.5 K, as shown in Fig. 1(a). In com-
parison to "!'Pr and '9°Ho, natural abundant Dy has a
wide distribution of isotopes, some of which carry a nu-
clear spin, I = 5/2 (Table I), but their corresponding nu-
clear magnetic moment is roughly an order of magnitude
smaller. For these reasons, the associated temperature
scale for nuclear magnetic contributions in Dy Tis O7 and



TABLE 1. Nuclear magnetic properties of '*'Pr, 1*Ho, and
the five most abundant Dy isotopes [30]. I is the total nu-
clear spin quantum number, u, the nuclear magnetic mo-
ment in units of the nuclear magneton pn, and @ the nuclear
quadrupolar moment.

Isotope Abundance 1 L, Q

(%) (1n) (fm?)
141py 100 5/2 4.28 -7.7
160y 2 0 0 0
161Dy 19 5/2 -0.48 247.7
162Dy 25 0 0 0
163Dy 24 5/2 0.67 265.0
164Dy 28 0 0 0
16510 100 7/2 4.18 358.0

their impact on the physical properties are expected to be
substantially lower and might contribute to the specific
heat at much lower temperatures in the sub-millikelvin
regime.

Figure 2 shows the magnetic specific heat, measured
in various applied magnetic fields, together with the cal-
culated entropy for both compounds. For HosTisO7 in
zero field, the entropy amounts to about 2R in the in-
vestigated temperature range, 0.05 to 20 K [Fig. 2(c)].
This entropy is much larger than what is expected for a
pseudospin-1/2 ground-state doublet, R1In(2) = 0.693R.

With increasing field, we observe a clear suppression
of the low-temperature peak at 0.5 K of HoyTisO7 and
a shift of the shoulder at about 1.5 K to higher temper-
atures, thereby evolving into a separate peak [Fig. 2(a)].
At 1 T, the entropy is enhanced reaching about 2.4R at
10 K [Fig. 2(c)]. Increasing the field further reduces the
entropy again. This suppression of the low-temperature
specific-heat anomaly and associated entropy evidences a
complex, magnetic-field-dependent coupling mechanism
of the electronic and nuclear moments (see discussion be-
low).

We find similar results for ProHf3O7, though the zero-
field entropy as well as the field-dependent entropy sup-
pression [Fig. 2(d)], extracted from the measured specific
heat [Fig. 2(b)], are smaller than those of HoyTizO7.
This is a consequence of the smaller J and I values in
141Py resulting in a reduced magnetic moment per Pr
ion (J = 4, I = 5/2) compared to the Ho ion (J = 8,
I =7/2). Still, the entropy of ProHf>0O7 is much larger
than the 0.693R, the value expected for a low-lying CEF
doublet state. With increasing field, the entropy up to 20
K gradually becomes smaller. The low-temperature peak
in ProHf507 at 0.1 K shifts to higher temperatures with
increasing external field while becoming monotonously
smaller, unlike the low-temperature peak in HoyTisO7
at 0.5 K.

Usually, a strong evidence in support for spin-ice be-
havior is the detection of a remnant spin-ice ground-state
entropy, AS;.e = R/2In(3/2) ~ 0.2R [3, 31]. In our

case, however, the entropies of HosTisO7 and ProHf;07
clearly exceed the value predicted by the spin-ice model
and show that analyzing the saturation entropy with and
without a degeneracy-lifting external magnetic field is not
viable in compounds that possess a strong coupling be-
tween the nuclear and electronic spins. The large field-
dependent entropy change, obviously, is due to a modi-
fication of this coupling by the external magnetic field.
The always strong hyperfine coupling does not allow us to
disentangle nuclear and electronic entropies and, there-
fore, makes the extraction of a possible residual entropy
hardly possible.

IV. DISCUSSION

In the following, we argue that an enhanced nuclear
magnetism [15, 16], i.e., the formation of a total spin-
multiplet that combines electronic and nuclear momen-
tum, explains the observed large magnetic entropy. In
bare nuclear magnetic spin systems, such as LiH [32], Cu
[33], and Aulny [34], as well as in hyperfine-enhanced nu-
clear spin systems with an electronic CEF singlet ground-
state, such as the van Vleck paramagnets 14'PrCug [35]
and *!'PrNis [36], hyperfine interactions play only a mi-
nor role and lead to a splitting of the electronic states in
the sub-millikelvin regime. Corresponding specific-heat
anomalies occur, therefore, at temperatures much lower
than the regime accessed by us. On the other hand, the

-

coupling of nuclear spin (I) to non-singlet total electronic

=

angular momentum (J) leads to the manifestation of cou-
pled total spin states F' = J + I [37].

In addition to the strong CEF present in our com-
pounds, we have to consider magnetic dipolar, exchange,
hyperfine, and Zeeman interactions, as well as nuclear
electric quadrupolar effects in the total spin Hamiltonian,
as described by:

H = Hopr + Hpsr + gipn (Hoﬁ'j) +Aur (f j) +

electronic Zeeman hyperfine

(1)
¢Q Vopr (3m3 — I (I +1)).

tINEN (’“‘Oﬁ'f) Trer-n
—_——

nuclear Zeeman nuclear electric quadrupolar

In this equation, Hopr _describes the influence of the
crystal-electric field and Hpgy the effective exchange and
dipole-dipole interactions as stated in the dipolar spin-ice
model [31]. The following terms describe the electronic
and nuclear Zeeman effect, the hyperfine coupling of the
electronic to the nuclear degrees of freedom, and the nu-
clear quadrupolar interaction with the gradient of the
CEF. Thereby, g stands for the electronic Landé factor,
wp is the Bohr magneton, Ay the hyperfine coupling,
gn the nuclear g-factor, e the elementary charge, Vopp
the CEF potential, and m; the nuclear magnetic quan-
tum number.



In the strongly hyperfine-interacting nuclei *'Pr and
165Ho in ProHf,O7 and Ho,TisO7, respectively, F mul-
tiplets with nonequidistant energy splitting replace the
electronic CEF ground-state doublets [37]. A simplified
single-ion model, that ignores spin-spin interactions with
the neighboring ions is sketched in Fig. 3. The nature of
the coupling and, thereby, the positions of the multiplet
levels depend on the magnetic field at the ion site. On
the left side of Fig. 3, the magnetic field is small against
the interaction strength and J and T are coupled to a
total angular momentum ﬁ, whose possible states are
described by the total quantum number F' and the mag-
netic quantum number mpg. On the right side of Fig. 3,
in the regime of stronger fields, Jand I decouple leading
to the usually considered CEF-split electronic states that
are further split to equidistant hyperfine states. Here, the
resulting states are described by the independent mag-
netic quantum numbers m; and my.

The magnitude of the hyperfine split can be estimated
by a = gyun(1+ K)By/+/J(J + 1), with B being the
internal electronic magnetic field at the site of the nu-
cleus, and K a parameter that describes the electron-
nuclear interaction, known as Knight shift in metals [37].

With this model, we can compute the partition func-

tion
m=Yew () ©)

with A; the energies of the excited levels with respect to
the ground state and kp the Boltzmann constant. From
that, we obtain thermodynamic properties such as the
specific heat
82
C= 972 (kgTInZ). (3)

The calculated temperature-dependent zero-field spe-
cific heats of ProHf;O7 and HosTisO7 capture the key
features of our experimental data (Fig. 4). The quantita-
tive deviations between the measured and calculated spe-
cific heat might origin from interatomic and quadrupolar
interactions. These influences are obviously not captured
by a single-ion model, but they certainly modify the mul-
tiplet. In turn, this alters the position of the peaks in the
specific heat on the temperature axis, since these peaks
are proportional to A;. Nevertheless, the appearance of
the calculated anomalies in the experimental data do ad-
vocate for a complex energy-level scheme generated by
the enhanced hyperfine coupling, while it shows at the
same time that the single-ion approach is too simplistic
for quantitative predictions.

We should add that at very low temperatures, we as
well cannot exclude that our heat-pulse method might
not be able to capture the whole nuclear specific heat.
The nuclear spin-lattice relaxation time might be longer
than our heat-pulse relaxation time. This might explain
in particular the rapid drop of Cp,eg in ProHf07 below
100 mK (Fig. 4).
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FIG. 3. (a) Scheme of the effective localized magnetic mo-
ments for the case of ProHf;O7 (for Ho2Ti2O7 analogous,
with a hyperfine split of 59.5a). In weak magnetic fields (left),
the localized electronic magnetic moment, J and the nuclear
spin, I couple to the total angular momentum, F=J+1
At hlgh fields (right), J and I decouple. (b) Slmphﬁed level
scheme of the Pr®t ion. In low fields (left), the multiplet is
described by (F,mp). At high fields (right), J and I decou-
ple to a split electronic ground-state doublet with maximum
my, whose two states are further split in 2m; + 1 equidistant
hyperfine states [37]. Levels with m; # +J are shifted to
higher energies by the CEF. (See text for further details.)

Nevertheless, our results clearly show that the nuclear
magnetic moments are strongly intertwined with the elec-
tronic ones and contribute to the thermodynamic proper-
ties considerably. Interatomic interactions among these
F states with the CEF may lead to spin structures be-
yond the two-in-two-out ground state or excited three-in-
one-out configurations, because additional levels will in-
crease transverse interactions perpendicular to the local
Ising axis. Such transverse interactions are predicted to
essentially modify the spin-ice physics [7, 8, 27]. Another
consequence of these strongly hyperfine-coupled states
might be the faster relaxation of magnetic perturbations
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FIG. 4. Comparison of the measured (red/blue circles) spe-
cific heat of Ho2Ti2O7 and ProHf>O7 at zero field with the
calculated(red/blue line) results using the single-ion F' multi-
plet model shown in Fig. 3 and Eq. (3). The hyperfine con-
stants are set to " = 10 mK for the Pr and to a™° = 42 mK
for the Ho compound.

of the two-in-two-out state in HosTisO7 compared to
Dy, TizO7, as reported in Ref. [38], due to its increased
number of available states in the relevant temperature
range.

The specific heat and entropy get strongly suppressed
when applying magnetic fields (Fig. 2). This can be un-
derstood qualitatively by a strong field-induced shift and
crossing of the F' levels and, in particular, by a decou-
pling of F into nearly independent moments J and I at
higher fields of a few tesla, as sketched on the right side
of Fig. 3.

In the high-field limit, i.e., for the Paschen-Back sce-
nario [37], the nuclear spin and the electronic total angu-
lar momentum decouple and form a wide-split ground-
state doublet, whose two mj; = £J states are further
split into 2my+1 equidistant hyperfine states [37]. States
with other m ; are shifted by CEF effects to high energies
and can only be populated at temperatures above about
100 K [10, 12]. The hyperfine splitting of each m  state,
AFE o mrpiy, is of the order 150 uK in an external mag-
netic field of 1 T. Above 50 mK, the lowest temperature
attained in our specific-heat measurements, all m; states
are equally occupied and, therefore, do not contribute
to the specific heat anymore. Consequently, C,qq and
the corresponding entropy are strongly reduced at high
fields in our experimental temperature window. The bare
hyperfine contribution would appear only at much lower
temperatures in the specific heat. For HooTioO7 at 3 T
and for ProHf5O7 at 13 T, we observe an entropy change
which approaches the one expected for an Ising-like spin-
1/2 system.

While the nuclear and electronic moments are decou-
pled at strong fields, a description of the thermodynamic
properties, including the specific heat, in intermediate

applied magnetic fields is highly challenging, even on a
qualitative level. For intermediate magnetic fields, the
energy-level scheme becomes very complex. Even the
single-ion hyperfine interaction model has no simple so-
lution here [37].

The existence of nuclear magnetic anomalies in the spe-
cific heat at rather high temperatures has consequences
for the spin-ice physics. To fully understand the physics
of correlated spins in spin-ice materials with a consid-
erable nuclear magnetic moment, a detailed theoretical
model that encompasses electron-nuclear interactions is
necessary. This model needs to include on-site hyperfine
and quadrupolar interactions as well as interactions with
the neighboring ions which goes beyond the scope of the
present paper.

The complex term schemes of the hyperfine-enhanced-
coupled ions may also explain the field-dependent mag-
netization of HoyTioO7 at very low temperatures, shown
in Figs. 5(a) and 5(b). As known from previous reports
[14, 39], Ho2TioO7 shows the expected Ising-limit magne-
tization at moderate fields and temperatures in the kelvin
range, corresponding to about 5upg, i.e., 1/2 of the full
Ho moment. Only at much larger magnetic fields (above
about 25 T), higher CEF levels get occupied leading to a
gradually increasing magnetization. However, even 120
T are not sufficient to reach full saturation [14]. Similar
to the case of DysTisO7 [4], a kagome-ice-like plateau
with 1/3 of the full Ho moment evolves at about 0.7 T
for fields aligned along the [111] direction in HoyTi2O7
[see Ref. [14] and Fig. 5(a)].

Our magnetization measurements at very low tem-
peratures (50 mK) using the mentioned SQUID magne-
tometer and Hall sensor reveal an unusual negative mag-
netization in small applied fields, for zero-field cooling
[Fig. 5(a)]. In a field of 0.05 T, the negative magnetiza-
tion (about —0.23pup) is temperature independent, until,
with rising temperature, at about 0.7 K the magneti-
zation increases by about 0.3up to positive values [Fig.
5(b)]. Such increasing magnetization appears at higher
magnetic fields as well, up to 0.3 T. This suggests that
Ho5TisO7 might undergo a transition into a magnetically
ordered state at very low temperatures and low fields,
possibly induced by interatomic and nuclear hyperfine
interactions.

It is worth to note that, in a previous study, we too
have observed a negative magnetization of 0.6up to-
gether with an inverse hysteresis in the antiferromagnet
NdyHf;07 [6]. While in small external fields, except for
domain walls, the magnetization is zero in antiferromag-
netic NdoHf>07, this is not the case for HoyTisO7, for
which the effective interaction is ferromagnetic [9]. This
suggests that the negative magnetization in HosTi3O7 is
a bulk phenomenon. A speculative cause for this pecu-
liar state may be associated with the large quadrupolar
moment of the '%5Ho nucleus, which is interacting with
the electric-field gradient generated by the O%~ ions.

This is further substantiated by the fact that ProHf5O7
does not show any signs for a negative magnetization
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FIG. 5. Magnetization of Ho2Ti2O7 as function of (a) magnetic field and (b) temperature. At small fields and low temperatures,

the magnetic moment is negative. Panels (c¢) and (d) show the

magnetization of ProHf>O7 as function of field and temperature,

respectively. The saturation value at 4 T, about 1.0 up, is slightly smaller than the expected magnetic moment per Pr ion for
a two-in-two-out spin configuration of the pyrochlore lattice and we observe no sign for a transition into a kagome-ice phase as

indicated around 0.5 T in the Ho>Ti2O7 data at T'=0.05 K s

[Figs. 5(c) and 5(d)]. Indeed, ' Pr has a nuclear mag-
netic moment of similar magnitude as of '®Ho, but
a quadrupolar moment that is approximately 45 times
smaller (Table T).

The magnetic moment of ProHf3O7 saturates slightly
above 1up at low temperatures and a few tesla. This is
somewhat smaller than expected for the polarized three-
in-one-out state projected on the [111] direction. For
that, a saturation magnetization of ps.¢/2 = 1.6up and
for a kagome-ice state psq:/3 = 1.1up is expected. This
smaller saturation magnetization hints at fluctuations
of the moment that are of non-thermal origin, support-
ing the applicability of the quantum spin-ice model for
PI‘QHfQO7.

These fluctuations are also expected to leave their
mark in dynamical magnetic properties [27, 40]. This
has, for example, been observed in ProSny O in the form
of persisting spin dynamics down to lowest tempera-
tures by measuring the spin-relaxation time with neutron
diffraction [41]. The spin dynamics are likewise reflected
in the response of the sample to an oscillating external
magnetic field. In line with that, the ac susceptibility of
ProHf507 does not vanish down to lowest temperatures
[see Fig. 1(b)]. Different from, for instance, Dy3TiaO7
[42], the spins of ProHf5O7 can be canted by the driv-
ing field and, thus, generate an ac signal. Together with
the smaller saturation magnetization this corroborates

hown in (a).

the existence of non-thermal fluctuations influencing the
low-temperature behavior of ProHf507.

V. CONCLUSION

In summary, our thermodynamic investigations clearly
reveal that in HooTisO7 and ProHf5O7 the nuclear spin
and total electronic angular momentum are coupled and
create a complex F-state term scheme. This makes a reli-
able determination of a possible residual entropy in these
materials hardly possible. The strongly enhanced hyper-
fine coupling and possible interatomic interactions may
cause new cooperative phenomena, such as the unusual
negative magnetization in HoyTisO7. They further may
play a role in the peculiar spin dynamics of the quan-
tum spin-liquid candidate ProHf;O7; that persists down
to lowest temperatures as shown by our ac-susceptibility
data. For a comprehensive understanding of the physics
of pyrochlore compounds with large nuclear magnetic
moments, it is, therefore, important to take such hyper-
fine couplings into account as well as higher-order effects
caused by the nuclear quadrupolar moment.
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