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Nd2Hf>07, belonging to the family of geometrically frustrated cubic rare earth pyrochlore oxides,
was recently identified to order antiferromagnetically below Tn ~ 0.55 K with an all-in/all-out
arrangement of Nd®* moments, however with a much reduced ordered state moment. Herein we
investigate the spin dynamics and crystal field states of Nd2Hf>O7 using muon spin relaxation
(uSR) and inelastic neutron scattering (INS) measurements. Our puSR study confirms the long
range magnetic ordering and shows evidence for coexisting persistent dynamic spin fluctuations
deep inside the ordered state down to 42 mK. The INS data show the crytal electric field (CEF)
excitations due to the transitions both within the ground state multiplet and to the first excited
state multiplet. The INS data are analyzed by a model based on CEF and crystal field states are
determined. Strong Ising-type anisotropy is inferred from the ground state wavefunction. The CEF
parameters indicate the CEF-split Kramers doublet ground state of Nd3* to be consistent with the

dipolar-octupolar character.

I. INTRODUCTION

The rare earth pyrochlore oxides Ry BoO7 (R is a triva-
lent rare earth ion and B a tetravalent transition metal
ion or Ge, Sn, Pb) consisting of corner sharing tetrahe-
dra of R3* ions present diverse emergent magnetic states
due to the interplay of crystal electric field (CEF), an-
tiferromagnetic exchange and ferromagnetic dipolar in-
teractions [1-6] and form an interesting topic of current
research activities in condensed matter physics. The
crystal topology and CEF play an important role in
determining the ground state properties of these py-
rochlores, leading to an Ising-type anisotropy in spin-
ice materials Dy TisO7 and HosTisO7 [4-7]. With a lo-
cal (111) anisotropy and ferromagnetic interactions, the
ground state of these classical spin-ice materials corre-
spond to ‘two-in/two-out’ spin configuration which pos-
sesses a Pauling residual entropy of (1/2)R1n(3/2) [4, 8].
The fundametal excitation of a spin ice material is the
magnetic monopole [9] which is quite striking. Inter-
estingly, among the diverse magnetic state of these 227
pyrochlores, the antiferromagnetic (AFM) all-in/all-out
(ATAO) state has recently been predicted to show in-
teresting physics by introducing the concepts of ‘dou-
ble monopoles’ and ‘staggered charge fluid and crystal’
10, 11].

The phase diagram of an Ising pyrochlore (dipolar
model) incorporates both spin-ice and antiferromagnetic
ATAO states depending on the relative strengths of an-
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tiferromagnetic exchange and ferromagnetic dipolar in-
teraction [7, 12]. The monopole dynamics is believed to
provide the key to the understanding of dipolar spin-ice
[9, 13-16]. The magnetic monopoles emerge as quasi-
particle excitations in the Coulomb phase corresponding
to ‘three-in/one-out’ or ‘one-in/three-out’ configurations
and interact via magnetic Coulomb potential [9]. Recent
theoretical works propose that the ‘all-in’ and ‘all-out’
spin configurations also correspond to excitations in the
Coulomb phase, referred as ‘double monopoles’ as they
involve ‘double excitations’ [10, 11]. The AIAO AFM
systems are thus considered important for understand-
ing the monopole dynamics in spin ice materials.

ATAO AFM ordering has recently been found in a
few of the 227 compounds including EusIraO7 [17, 18],
Nd21r207 [19, 20}7 ngSn207 [21}, NdQHfQO7 [22] and
NdyZryO7 [23, 24]. While in EuplroO7 only Ir*t or-
ders, in NdIr,O- both Nd3* and Ir*t moments or-
der with the ATAO spin arrangement [19, 20]. On the
other hand in NdsSnsO7, NdoHf5O7 and NdsZroO7 the
B site is nonmagnetic and only Nd*T moments order.
Among these ATAO ordered systems, the compounds
containing Nd3* moments with total angular momenta
J = 9/2 are of particular interest because of the pos-
sible exotic behavior due to the dipolar-octupolar char-
acter of Kramers doublet ground state of Nd®*. The
theoretical treatment by Huang et al. [25] suggests that
the Kramers doublet ground state of rare earths with
J =9/2 (Nd*") and J = 15/2 (Dy®") under space group
symmetry may transform with octupolar component in
addition to the dipolar term. While the z and z compo-
nents of time-reversal odd pseudospin operator transform
like a magnetic dipole, the y component transforms as a
component of the magnetic octupole tensor, accordingly



systems with dipolar-octopolar Kramers doublet ground
state are predicted to show two distinct quantum spin-ice
(QSI) phases dubbed as dipolar QSI and octupolar QSI
[25]. This adds another attribute to the Nd-based AIAO
AFM compounds on account of dipolar-octopolar nature
of Kramers doublet ground state of Nd3*.

Nd3Sn,Or is found to order antiferromagnetically be-
low Ty =~ 0.91 K for which powder neutron diffraction
(ND) has revealed an ATAO magnetic structure with an
ordered moment of 1.708(3) up at 0.06 K [21]. Further,
evidence for persistent spin dynamics in the ordered state
of NdsSnsO7 is found from the muon spin relaxation
(uSR) study which also detects anomalously slow spin
dynamics in the paramagnetic state up to ~ 30Ty [21].
NdyZrsO7 is found to order antiferromagnetically below
Tn ~ 0.4 K with an ordered moment of 1.26(2) up/Nd
at 0.1 K [24] and 0.80(5) up/Nd at 0.15 K [23] in ATAO
state, determined by powder ND measurements. The
uSR study on NdyZroO7 showed no clear signature of
long range ordering, instead persistent spin dynamics is
inferred [26]. A recent inelastic neutron scattering study
reports observation of magnetic spin fragmentation in
NdyZrsO7 signifying possible spin-ice behavior in this
compound [27]

Very recently we investigated the magnetic proper-
ties of the pyrohafnate Ndo2Hf;O7 [22] and found ev-
idence for long-range antiferromagnetic ordering below
Tn =~ 0.55 K. Strong local (111) Ising anisotropy was ev-
idenced from the magnetic data which are well described
by an effective pseudo spin-half model. The magnetic
structure was determined by neutron powder diffraction
which revealed an all-in/all-out arrangement of Nd3T
moments characterized by propagation wave vector k =
(0,0,0). However, the ordered magnetic moment was
found to be only 0.62(1) up/Nd at 0.1 K [22], much lower
than the expected 2.5 pp/Nd for the Ising ground state
of this compound. Such a strong reduction of moment re-
flects the presence of strong quantum fluctuations in the
ordered state possibly due to the octupolar coupling of
the Kramers doublet of Nd3*. A recent theoretical work
by Guruciaga et al. proposes thermal order by disorder
that can be tuned by field in antiferromagnetic Ising py-
rochlores like Nd2Zro07 and NdoHf;07 [28].

Extending our work on NdsHf5O7, in order to probe
the spin dynamics we have carried out the puSR mea-
surements on NdoHf>O7. We also performed INS mea-
surements to determine the crystal field states and check
the dipolar-octupolar nature of CEF-split Kramers dou-
blet ground state of NdoHf3O7. The long range magnetic
ordering is confirmed by pSR. In addition we also see ev-
idence for persistent dynamical fluctuations in the order-
ered state. The CEF excitations are clearly seen in INS
data, the analysis of which prove that the wavefunction
of the Kramers doublet ground state of Nd3* (J = 9/2)
is compatible with a dipolar-octupolar type behavior as
anticipated in view of strongly reduced ordered state mo-
ment [22].

II. EXPERIMENTAL DETAILS

Polycrystalline samples of NdoHf;O7 and LasHf;07
were prepared by solid state reaction method using the
stoichiometric mixture of high purity materials Nd;Oj3
(99.99%) or LasO3 (99.999%) and HfO5 (99.95%) as de-
tailed in Ref. [22]. The quality of the samples were
checked by room temperature powder x-ray diffraction
which revealed the single phase nature of both samples.

Muon spin relaxation measurements were carried out
at the ISIS facility, Rutherford Appleton Laboratory,
Didcot, U.K. using the MuSR spectrometer both in zero
field (ZF) and in longitudinal fields (LF') up to 0.3 T. For
these measurements the powder sample of NdoHfs O7 was
mounted on a high purity silver plate using diluted GE
varnish (covered with a thin silver foil). Temperatures
down to 42 mK was acheived using a dilution refrigera-
tor. The ZF uSR spectra were recorded at several tem-
peratures between 42 mK to 3.5 K, and LF data were
collected at 0.17 K and 1.0 K for fields between 5 mT to
0.3 T.

The inelastic neutron scattering measurements were
carried out at the Spallation Neutron Source (SNS),
Oak Ridge National Laboratory (ORNL), USA using
the direct geometry time-of-flight spectrometer ARCS
[29]. For these measurements about 20 g samples each
of NdyHfs07 and LasHf;07 were mounted inside thin
double-walled cylindrical aluminium cans casting the
powdered samples in the form of cylinderical annuli. In
order to access the full range of excitations the INS re-
sponses were collected at 5 K and 300 K using neutrons
of incident energies E; = 50 meV, 150 meV, 400 meV
and 700 meV.

III. MUON SPIN RELAXATION

In order to probe the spin dynamics of NdoHf;O7 we
carried out SR measurements in zero field (ZF) as well
as for magnetic field applied in longitudinal geometry,
i.e., along the initial spin direction of the muon. The
ZF uSR asymmetry spectra (G, as a function of time t)
for few representative temperatures between 42 mK and
1.5 K are shown in Fig. 1. A clear change in uSR spectra
is evident at temperatures above and below Ty = 0.55 K.
Even though we do not see any clear oscillation (related
to muon spin precession about a well defined magnetic
field) in the uSR spectra in the ordered state, a loss
in initial asymmetry clearly distinguishes the antiferro-
magnetically ordered state from the paramagnetic state.
Further, we notice that at T < Ty initially at low ¢
the initial asymmetry decreases rapidly, with a slower
rate of decrease at higher ¢. This kind of sharp decrease
in asymmetry at short times has recently been observed
in the ordered state of the all-in/all-out antiferromagnet
Nd5SnyO7, though in that case oscillations in the time
dependent asymmetry were also observed [21]. The os-
cillations were also observed in the uSR spectra of all-
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FIG. 1. (Color online) Zero field muon spin asymmetry func-
tion G versus time t spectra of NdoHf>O7 at few representa-
tive temperatures. Solid curves are the fits to the uSR data
by the relaxation function in Eq. (1). Inset: An expanded
plot for t < 2 pus.

in/all-out antiferromagnet Nd2Ir2O7 [20, 30]. On the
other hand no such oscillations were observed in the uSR
spectra of NdyZroO7 which also has all-in/all-out anti-
ferromagnetic order [26]. Moreover no oscillating asym-
metry was observed in the ordered state puSR spectra
of Tngn207 [32, 34], EI‘QTiQO7 [33, 34] or Yb28n207
[35, 36]. We would also like to point out that the present
data were collected at a pulsed muon source which does
not have enough resolution at very short time to observe
the strongly damped oscillations (in very short time win-
dow) in the asymmetry.

The pSR spectra could be successfully analyzed using
a relaxation function consisting of a combination of two
Lorentzian and one Gaussian terms, accounting for both
static and dynamic local fields at muon sites,

G.(t) = Ay exp(—A1t) + A exp(—Aat)

2t2 1
—i—AseXp(—a )"’ABGa @

2

where Ay, As and As are the initial asymmetries of the
three components, and A\;, A2 and o are the depolariza-
tion rates. The first two exponential terms (Lorentzian
form) in Eq. (1) account for the dynamic magnetic fluc-
tuations (fast and slow relaxation components, \; >
A2) and the third term (Gaussian form) accounts for
an isotropic Gaussian distribution of static fields. The
last term Apg is a constant background accounting for
the muons stopping on the silver sample holder. The
Apg = 0.01 was estimated from fitting the spectra at
3 K which was then fixed for all other temperatures.
The three relaxation terms in Eq. (1) suggests three
possible muon stopping sites in NdoHf5O7. In a re-
cent study using DFT calculations Foronda et al. [37]
have identified the three possible muon stopping sites in
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FIG. 2.

(Color online) Temperature 7' dependence of the
initial asymmetries (a) A1, (b) A2, (c) As, and the depolar-
ization rates (d) A1, (e) Az, (f) o, obtained from the analysis
of the zero field uSR data of NdaHf20O7 at 42 mK < T < 3 K.

ProT507 (T = Sn, Zr, Hf). The uSR data of YbeTisO7
[38] were analyzed using two Lorentzian relaxation com-
ponents like the present compound, however no Gaussian
term was required. For the present compound while the
1SR data at T' > Ty are well described by two Lorentzian
components, the uSR data at T < Ty need an additional
Gaussian term. In order to avoid any abrupt change in fit
parameters as a result of the change in fitting function at
temperatures above and below Ty we analyze uSR data
with relaxation function in Eq. (1) in the whole temper-
ature range. As can be seen from the fit parameters the
Gaussian contribution above Ty is very small and almost
T-independent.

The fits of the uSR spectra by the combination of
Lorenztian and Gaussian decays in Eq. (1) are shown
by the solid curves in Fig. 1. The fit parameters ob-
tained are shown in Fig. 2 as a function of temperature.
A transition at Ty =~ 0.55 K is quite clear from the T
dependences of parameters A1, Az and o [Figs. 2(d)—(f)].
While both A\; and A, decreases very rapidly below T,
o increases. This suggests that the Gaussian contribu-
tion (static field) grows below Tx and reflects a slow-
ing down of spin fluctuations. The static field at muon
sites increases due to an increase in ordered moment as T’
is lowered. The asymmetry of the Gaussian component
(A3) shows a peak near Tx. While the asymmetry A; of
the fast relaxing dynamic component shows a sharp de-
crease near Ty and a nearly T-independent behavior in
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FIG. 3. (Color online) Longitudinal field muon spin asym-
metry function G versus time t spectra of NdoHf>O7 at few
representative fields at 0.17 K. Solid curves are the fits to the
uSR data by the relaxation function in Eq. (1).

ordered state, the asymmetry As of the slow relaxing dy-
namic fluctuation drops rapidly initially but eventually
increases below 0.5 K. The increase of Ay is accompa-
nied by a decrease in Asz. Possibly, the muons sense a
distribution of local fields.

The sharp decrease in A1 (T") and A\2(T") below the max-
ima near Ty can be understood to be the result of the
slowing-down of critical fluctuations at the antiferromag-
netic transition. However, in the ordered state at T' < Tx
one expects a vanishing A. Contrary to such an expecta-
tion we notice that both A\; and Ao shows a nonvanising
plateau in the limit of T — 0 indicating the presence of
dynamic fluctuations down to 42 mK. A similar plateau
was recently observed in the A\(T") of Nd2SnyO~ [21] which
was interpreted to be the signature of persistent spin dy-
namics. We thus see that the muons, in addition to long
range ordering, also show dynamic spin fluctuations deep
inside the ordered state of NdyHf507.

The LF pSR asymmetry spectra measured at 0.17 K
are shown in Fig. 3 for few representative fields between
5 mT and 300 mT. From the raw data it is seen that the
initial asymmetry increases with increasing field. The
LF pSR spectra were also analyzed by Eq. (1). The fit
parameters are shown in Fig. 4. It is seen that the value
of A1 at 5.0 mT [Fig. 4(d)] drastically increases compared
to its value in zero field [Fig. 2(d)]. No such increase is
observed in the values of \g or o at 5.0 mT. With further
increasing field \; decreases rapidly initially and then
shows a weak field dependence at H > 50 mT [Fig. 4(d)].
The o(H) [Fig. 4(f)] increases initially and then at H >
50 mT remains nearly H-independent (with a reduced
value). The Ao(H) on the other shows a weak increase
with field [Fig. 4(e)]. A weak increase is also seen in
asymmetries A; [Fig. 4(a)] and Ay [Fig. 4(b)], whereas
As decreases with increasing field [Fig. 4(c)].

We use A\ (H) data in Fig. 4(d) to estimate the spin

0.15 ‘ 8
T=047K @ (@
6 4
0.10 - 1 o %
< g4t 1
0.05 1 T re
< 0 ]
[¢] o [
(o] q
OOO L L 0 L L
0 100 200 300 0 100 200 300
H (mT) H (mT
0.20 : : 0.12 ‘ ‘
(b) (e)
015 |
— 5 4/008) ]
~0.10 oo 0 E
< ¥ ;)/G) 2= = —
£0.04 po- ]
0.05] ]
0.00 ‘ ‘ 0.00 ‘ ‘
0 100 200 300 0 100 200 300
H (mT) H (mT)
0.15 ‘ ‘ 15 ‘ ‘
(c)
0.10 1 10
o ]
< =
005 1 &5
0.00 ‘ ! 0 ‘ ‘
0 100 200 300 0 100 200 300

H (mT) H (mT)

FIG. 4. (Color online) Magnetic field H dependence of the
initial asymmetries (a) A1, (b) A2, (¢) Az, and the depolar-
ization rates (d) A1, (e) A2, (f) o, obtained from the analysis
of the longitudinal field uSR data of NdoHf2O7 at T'= 0.17 K
and 50 mT < H < 300 mT.

autocorrelation time 7, of spin fluctuation using the Red-
field equation,

27/,21, <H120c>TC

AMH) =M\ —_—
(H) 0+1+7§H2702

(2)

where \g is H-independent depolarization rate, v, is the
muon gyromagnetic ratio and (Hg_) is the time aver-
age of the second moment of the time-varying local field
Hyo.(t) at muon sites due to the fluctuations of neigh-
boring Nd 4f moments. The fit of A\(H) data by Eq. (2)
is shown by solid green curve in Fig. 4(d). A good fit is
obtained with the fitting parameters Ao = 0.90(8) us™1,
V{HE.) =2.4(2) mT, and 7. = 6.2(8) x 107 s. We thus
find a correlation time of about 600 ns for spin flucta-
tions in NdoHf507. A correlation time of about 100 ns
was found for spin fluctations in Nd2Sn,O7 [21].

IV. INELASTIC NEUTRON SCATTERING
AND CRYSTAL FIELD EXCITATIONS

The inelastic neutron scattering responses from
NdsHf507 and LasHf507 are shown in Fig. 5 as color-
coded contour maps depicting the energy transfer E
versus wave vector ) for neutrons of incident ener-
gies E; = 50 meV, 150 meV and 400 meV at 5 K.
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FIG. 5.

(color online) Inelastic neutron scattering response, a color-coded map of the intensity, energy transfer (E) versus

momentum transfer (Q) for Nd2Hf>2O7 (upper panels) and LasHf2O7 (lower panels) measured at 5 K with the incident energies
E; =50 meV, 150 meV and 400 meV. The arrows mark the crystal field excitations in Nd2Hf>O7.

The LasHf5O7 being nonmagnetic shows only scatter-
ing of phonons whose intensity increases with increas-
ing Q. The NdyHf507, on the other hand, in addi-
tion to these phonon scattering, also shows three strong
dispersionless excitations around 23.7 meV, 34.7 meV,
and 106.5 meV and three weaker excitations around
245.7 meV, 265.9 meV and 311.9 meV which are quite
clear for the low-@ region of the contour plots. These
excitations are marked with arrows in Fig. 5. The inten-
sities of these low-@Q) excitations decrease with increas-
ing @ which suggests that they have magnetic origin
due to the crystal field excitations from Nd3*. The Q-
integrated one-dimensional energy cuts of the INS re-
sponse are shown in Fig. 6 which illustrate the CEF ex-
citations more clearly. No additional magnetic excita-
tions were resolvable in the INS spectra measured with
E; =700 meV (not shown).

Typically for Nd3* ion the transitions from the ground
state (GS) multiplet 4I9/2 is below 200 meV, therefore
the excitations 23.7 meV, 34.7 meV, and 106.5 meV are
understood to arise from the transitions within the GS
multiplet, whereas the excitations 245.7 meV, 265.9 meV
and 311.9 meV [Fig. 6(c)] are assigned to the transi-
tions from the first excited multiplet *Iy; /5. For Nd**
J = 9/2, therefore the (2J 4+ 1 = 10)-fold degenerate GS
multiplet 4I9/2, when subject to CEF created by the eight
neighboring oxygen ions in the cubic pyrochlore structure
(with D3g symmetry) of NdyHf;07, should split into five
doublets of | £m ) type. Accordingly, one would expect
four excitations for the transitions from the ground state
doublet to the four excited doublet states. However, we

see only three excitations at 23.7 meV, 34.7 meV, and
106.5 meV. The peak at 34.7 meV in Fig. 6(a) appears
broader than the peak at 23.7 meV, indicating for the
presence of two unresolved excitations from two closely
situated CEF levels in the vicinity of 34.7 meV corre-
sponding to the so-called quasi-quartet state as inferred
from the analysis of magnetic heat capacity data [22].
The INS spectra of NdyZroO7 was also found to show
similar unresolved excitations near 35.0 meV [23, 24]. We
tried to fit the 34.7 meV with two Lorentzian peaks which
yielded the two possible peaks at 34.7 and 35.8 meV.

We analyze the INS data by a model based on the
crystal electric field. Further we use tensor operator for-
malism (instead of Stevens’ operator) which allows us
to account for the mixing of the GS multiplet with the
higher multiplets. In the tensor operator formalism the
CEF Hamiltonian for the fcc pyrochlore structure hav-
ing D3, symmetry (point symmetry 3m) with local cubic
(111) direction along the z axis is given by [39]

Hcpr =B2C2 + BCy + B3 (CY, + C3) + BSCS

+ BS(C%4 + C§) + BS(CS6 + CF). )
The BZ; are the crystal field parameters and C’g the ten-
sor operators in Wybourne notation [39]. Following the
approach we used for NdoZroO7 [24], we employ a set
of 108 intermediate coupling basis states which account
for the basis states from 12 multiplets below 2.24 eV.
The results of our analysis of the magnetic scattering
data (obtained after subtracting the phonon contribu-
tion using the LagHfsO7 INS data) using the software
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FIG. 6. (Color online) Q-integrated inelastic scattering in-
tensity S(E, Q) versus energy transfer E of NdoHf207 for
(a) E; = 50 meV, momentum Q range [2-3] A~!, (b) E; =
150 meV, Q range [3-5] A™!, and (c) E; = 400 meV, Q range
[5-8] A=! at 5 K. The arrows mark the crystal electric field
(CEF) excitations. The CEF excitations in (a) and (b) arise
from the transitions from the ground state multiplet 41 /2 of
Nd*' and in (c) from the transitions to the first excited state
multlplet 4]11/2.

SPECTRE [40] are summarized in Table I. The fits of
magnetic excitations with a Lorentzian shape peak func-
tion is shown in Fig. 7. For least-squares fitting of the
observed excitation energies and relative intensities the
starting Bf; parameters were taken to be equivalent to
those of NdaZryO7 [24].

The least square fits of the INS data yielded the Bg
parameters Bf = 49.8 meV, B} = 419.0 meV, B} =
121.2 meV, B§ = 142.9 meV, B = —94.5 meV, and
BS = 140.9 meV which correspond to five doublets at 0,
23.8 meV, 34.7 meV, 35.7 meV and 106.6 meV. The CEF
energy level scheme of the GS multiplet 41 /2 obtained
from the analysis of INS data is shown in Fig. 8. Also
shown are the calculated energy levels for the transitions
to the first excited multiplet 417, s2 which are in good
agreement with the experimental results [Fig. 6(c)].

In order to check if the ground state doublet of Nd3*
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Q=[3-5]A" _
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FIG. 7. (Color online) Q-integrated inelastic magnetic

scattering intensity Sm(E,w) versus energy transfer E for
Nd2Hf207. The data for the three lower crystal field levels are
from the dataset with incident neutron energy E; = 50 meV
integrated over the momentum Q range [2-3] A~!. The data
for the crystal field excitation at 106.4 meV are from the
dataset with E; = 150 meV, integrated Q range [3-5] A~1.
The solid lines are the fits of the data according to the crystal
field model discussed in the text. The dashed and dotted lines
show two closely spaced peaks near 34.7 meV and 35.7 meV.

TABLE I. Observed and calculated crystal-field transition en-
ergies (E) and integrated intensities (/) within the ground
state multiplet 41'9/2 of NoHf507 at 5 K. The I is rela-
tive with respect to the highest peak observed. The Bf; pa-
rameters obtained from the analysis are: B2 = 49.8 meV,
Bf = 419.0 meV, B = 121.2 meV, BS = 142.9 meV,
BS = —94.5 meV, and BS = 140.9 meV.

Levels Eops (meV) Ecai (meV) Tops Teal
' 0 0 - 2.5
rf 23.7(3) 23.84 0.8(1) 0.78
I 34.7(3) 34.67 1.0 1.0
ry 35.8(3) 35.65 0.5(1) 0.55
ry 106.5(5) 106.57 0.6(1) 0.74

in NoHf507 is consistent with the dipolar-octupolar na-
ture we first convert the Béf parameters into the Steven’s
formalism by using the relation Df = AN B! (A =
ay, By and 7, listed in Ref. [41] and A} listed in
Ref. [42]). An essential condition for the Kramers doublet
GS of Nd** (J = 9/2) to be compatible with dipolar-
octupolar character is that the parameter D2 be neg-
ative and dominate over other terms [25]. The trans-
formation of Bf; parameters into the Steven’s formalism
gives D = —0.160 meV, D§ = —0.0153 meV, Dj =
0.105 meV, DS = —0.00034 meV, DS = —0.0046. meV,
and D§ = —0.005 meV. We see that the D} is in-
deed negative and dominating which confirms that the
Kramers doublet ground state of Nd3* is consistent with
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FIG. 8. (Color online) Crystal field energy schemes for (a) the
ground-state multiplet 1o /2 and (b) the first excited multiplet
41 /2 corresponding to the crystal field parameters obtained
from the analysis of INS data. I' shows the irreducible repre-
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FIG. 9. (Color online) Inverse magnetic susceptibility x

versus temperature 1" of polycrystalline Nd2Hf>O7 measured
in a field of 1.0 T. The red solid line is the inverse crystal
field susceptibility xgpp(T) corresponding to the crystal field
parameters obtained from the analysis of INS data. Inset:
Magnetic contribution to heat capacity Cmag(T) [22]. The
blue solid curve is the heat capacity calculated from the crys-
tal field Ccer (T)

the dipolar-octupolar character.

Further we find significant mixing of m; terms within
the GS multiplet 41, /2- The analysis of INS data yielded
the wavefunction for the Kramers doublet ground state
to be

I'fy = 0.903[*1y2, £9/2) + 0.334|* 1y 2, F3/2)
F0.232|*Iy 0, £3/2) F 0.111|*I}; o, £9/2)  (4a)
+0.045|* 1132, £9/2)

and the wavefunction of the first excited doublet is found
to be

I} = 0.139|*I /0, £7/2) 4+ 0.720|*Iy 2, F5/2)
F0.671|*1g/2, £1/2) £ 0.053|* 111 /2, £7/2) (4D)
+0.052|* 111 /2, £5/2).

The ground state wavefunction [Eq. (4a)] clearly shows
the mixing of |*Iy/2,49/2) with |*Ig2,m; # +£9/2)
terms as well as with excited state multiplets *I;; /2 and
4113/2. The mixing of m; terms and higher state mul-
tiplets can be held responsible for the observation of re-
duced ordered moment of Nd3T [22]. We estimate the
magnetic moment from the ground state wavefunction in
Eq. (4a) which turns out to be 2.53 up, consistent with
the value of effective moment obtained from the magnetic
susceptibility data (= 2.45 up) [22]. Furthermore we find
the g-parameter g,, ~ 5.1 and g; = 0 which are again
close to the values obtained from the magnetic data [22].
The values of ground state moment and g-parameters re-
flect the Ising anisotropy in NdyHf;O7. The large split-
ting between the ground state doublet and the first ex-
cited state doublet suggests that the Ising anisotropy is
quite strong.

Next we estimate the crystal field susceptibility
xcer(T) and heat capacity Cogr(T) using the CEF pa-
rameters listed in Table I. The calculated xcer(T) is
shown in Fig. 9 (red solid line) along with the experimen-
tal x(T') data plotted as their inverse, and we see a very
reasonable agreement between ycgr(7T) and x(T'). The
ratio x| /xL of the anisotropic CEF suceptibility x| (par-
allel to (111)) and x, (perpendicular to (111)) is found
to be ~ 67 at 10 K and ~ 191 at 3.5 K. For comparison,
the value of x| /x1 for Dy»Ti;O7 is ~ 300 at 10 K [43].
For hafnate pyrochlore ProHf;O7, x)/x1 ~ 45 at 10 K
[44]. The Ccorr(T) calculated from the CEF parameters
is shown in the inset of Fig. 9 (solid blue curve) which
again is in very reasonable aggreement with the magnetic
heat capacity Cyag(T) data (see Ref. [22] for a descrip-
tion of the measurement and phonon subtraction of heat
capacity). The good agreement of xcgrr(7T') and Ccgr(T)
with the experimental data supports the deduced CEF
parameters and energy level scheme.

V. CONCLUSIONS

We have investigated the spin dynamics of all-in/all-
out antiferromagnet NdoHf5O7 using the muon spin re-
laxation technique and determined the crystal field states
through the inelastic neutron scattering measurements.
The INS data show three CEF excitations near 23.7 meV,
34.7 meV and 106.5 meV due to transitions from the
ground state doublet. The excitation near 34.7 meV
is rather broad and comprises of two unresolved exci-
tations. The analysis of INS data suggests the five dou-
blets of Nd3T to be situated at 0, 23.8 meV, 34.7 meV,
35.7 meV and 106.6 meV. The anisotropic g-parameters



obtained from the CEF-split Kramers doublet ground
state wavefunction along with the large CEF splitting
between the ground state and the first excited doublet
provide evidence for strong local (111) Ising anisotropy
as previously noted from the analysis of magnetic sus-
ceptibility and isothermal magnetization [22]. The CEF
parameters obtained from the analysis of INS data reveal
the dipolar-octupolar nature of Kramers doublet ground
state of Nd** (J = 9/2) moments, making NdyHf,07 a
candidate compound for dipolar and octupolar spin ice
phases [25].

The zero field uSR data confirm the occurence of long
range magnetic ordering below Ty = 0.55 K. Further, the
ZF uSR also show evidence for the presence of persistent
dynamic spin fluctuations deep inside the ordered state,
which is manifested by novanishing depolarization rates
in the Lorentzian channel in the limit of T — 0. The
longitudinal field uSR data show the dramatic effect of
external magnetic field on the fast relaxing component
of the Lorentzian channel. From the field dependence of
this depolarization rate we estimate a correlation time
of about 600 ns for the spin fluctuations. The reduced
ordered moment can thus be attributed to the presence
of persistent dynamic fluctuations very likely on account
of mixing of the m; terms and higher state multiplets
as well as the octupolar tensor component of Kramers
doublet ground state of Nd** (J = 9/2).

The all-in/all-out antiferromagnetic ordering, the CEF
level scheme, strong Ising anisotropy, dipolar-octupolar
nature of Kramers doublet ground state of Nd3t, and

)

persistent dynamic fluctuations in the ordered state
are the common features that NdoHf;O; shares with
NdsZryO7 [23, 24, 26]. We thus see that apart from
the difference in detecting the long range ordered state
through uSR, the ground state properties of NdoHf;0O7
are very similar to those of NdyZryO7. Therefore in
view of the recent observation of magnetic fragmentation
and hence spin-ice behavior in NdyZroO7 [27] one would
naively expect a similar behavior in NdyHf>O7, which,
however, remains to be verified experimentally. The Pr
analog of NdoHf5O7, ProHf50O7 has recently been found
to present signatures of quantum spin-ice behavior with-
out any evidence of long range magnetic ordering down
to 90 mK [44, 45]. Further investigations to understand
the possible attributes due to dipolar-octupolar character
and/or spin fragmentation in NdyHf>O7 are underway.
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