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We present, synchrotron x-ray diffraction, neutron powder diffraction and time-of-flight inelastic
neutron scattering measurements on the rare earth pyrochlore oxide Nd2Zr2O7 to study the ordered
state magnetic structure and cystal field states. The structural characterization by high-resolution
synchrotron x-ray diffraction confirms that the pyrochlore structure has no detectable O vacancies or
Nd/Zr site mixing. The neutron diffraction reveals long range all-in/all-out antiferromagnetic order
below Tx =~ 0.4 K with propagation vector k = (0 0 0) and an ordered moment of 1.26(2) ug/Nd
at 0.1 K. The ordered moment is much smaller than the estimated moment of 2.65 ug/Nd for the
local (111) Ising ground state of Na3+ (J = 9/2) suggesting that the ordering is partially suppressed
by quantum fluctuations. The strong Ising anisotropy is further confirmed by the inelastic neutron
scattering data which reveals a well-isolated dipolar-octupolar type Kramers doublet ground state.
The crystal field level scheme and ground state wavefunction have been determined.

PACS numbers: 75.25.-j, 71.70.Ch, 75.50.Ee, 78.70.Nx

I. INTRODUCTION

Frustrated magnetism in pyrochlore oxides is under-
going intense investigation due to their emergent novel
magnetic ground states and excitations arising from com-
peting interactions @, E] Over the past two decades
many interesting and exotic magnetic and thermody-
namic phenomena have been observed in the rare earth
pyrochlore oxides RaB>07 (R is a trivalent rare earth
ion and B a tetravalent transition metal ion or Ge, Sn,
Pb) which contain magnetic networks of corner-sharing
tetrahedra ﬂ}lﬂ] For example, DysTisO7 and HooTisO7
have the spin-ice ground state and their excitations are
magnetic monopoles ﬂa@], TbyTi;O7 has a spin-liquid
ground state E, @] and EryTisO7 develops antiferromag-
netic ordering through an order-by-disorder mechanism
E, ] The nature of the ground state of the rare
earth pyrochlores depends on three competing interac-
tions: the exchange interaction, the dipolar interaction
and the crystal electric field (CEF) [2]. Among these,
the crystal field produced at the rare earth cations by the
surrounding oxygen anions, is usually strongest and dom-
inates much of the underlying physics. Accordingly, the
R2B>07 compounds display strongly anisotropic mag-
netic behavior, e.g. local (111) Ising anisotropy in
Dy2TioO7 and XY-anisotropy (with a local (111) easy
plane) in ErsTisO7 E] Furthermore, the delicate balance
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between the exchange and dipolar interactions leads to
a diverse phase diagram, such as in the Gd pyrochlores
GdsTisO7 and GdaSnyO7 for which anisotropy is very
weak [11-14).

The rare earth pyrochlore oxides with Ising anisotropy
present a very interesting phase diagram. Monte Carlo
simulations have revealed that when the ferromagnetic
(FM) dipolar interaction dominates over the antiferro-
magnetic (AFM) exchange interaction, the ground state
is the spin-ice state (two spins pointing into and two
spin pointing out of the tetrahedra - the so called ‘2-
in/2-out configuration’) [15, [16]. In contrast when the
AFM exchange interaction dominates, an ‘all-in/all-out’
(ATAO) antiferromagnetic order can be stabilized where
the spins alternate between pointing all into and all out of
successive tetrahedra ﬂﬁ, |E] Several pyrochlores have
been found to show the spin-ice state (e.g. Dy2TisO7
and HooTi2O7) and the underlying physics of the spin-
ice phase has been investigated extensively by various
complementary techniques E] However, a systematic
investigation of the ATAO AFM ordered phase is still
lacking as only very few compounds showing this mag-
netic structure are known. Recent theoretical studies
of the ATAO ordered phase suggest that this state can
show the magnetic Coulomb phase like spin-ice systems
whereby new fascinating concepts of ‘double monopoles’
and ‘staggered charge fluid and crystal’ have been in-
troduced [17, [1§], making the study of the ATAO AFM
ordering and associated dynamics very important.

In order for the AFM ATAO magnetic structure to be

stabilized, the ferromagnetic dipolar interactions must be
weak so that the antiferromagnetic exchange interactions


http://arxiv.org/abs/1511.02749v1

can dominate the physics. This is most likely to occur for
the light rare earth ions which have smaller moments and
therefore smaller dipole interactions. Nd3* is a promis-
ing candidate because it is among the lightest rare earth
ions and usually has Ising anisotropy in the pyrochlore
environment with the magnetic moments oriented pref-
erentially along the local (111) direction in each tetra-
hedron. Furthermore Nd®* is a Kramers ion (J = 9/2)
and has also been predicted to be a ‘dipolar-octuplar’
doublet whereby two distinct quantum spin-ice (QSI)
phases namely dipolar QSI and octupolar QSI are possi-
ble ﬂﬁ] Thus Nd-based pyrochlores are very promising
for the study of new exotic phenomena. ATAO AFM or-
dering has recently been found in the iridate pyrochlore
NdsIrsO7 on the sublattices of both the Nd3* ion and
the magnetic transition metal ion Ir** m, @] However
the magnetic behavior of this compound is dominated
by the much stronger exchange interactions between the
Ir** ions which control the order of the Nd** ions. In
NdyMo,07 the long range ordering of Nd?+ moments is
found to be ferromagnetic with the two-in/two-out spin
configuration @, |, however again their ordering in
this compound is strongly influenced by the presence of
d-electron moments on the Mo** ions. In our recent in-
vestigation, we found the ATAO AFM ordering of Nd3+
in the hafnate pyrochlore, NdoHfsO7 ﬂﬂ] In this com-
pound the Hf** is non-magnetic and the order is due en-
tirely to the interactions between the Nd3* ions. Here,
we extend our study on the related compound NdsZrsO7
having non magnetic B site ion to get further insight of
the ATAO magnetic structure corresponding to the exotic
dipolar excitation of doube monopoles.

Previous investigations of NdsZroO7 by Blote et al. Hﬁ]
report a peak at 0.37 K in heat capacity data which could
be related to a possible magnetic phase transition to a
long range ordered state. More recently a study of the
magnetic susceptibility and heat capacity down to 0.5 K
by Hatnean et al. m] reported a FM interaction between
Nd3T moments (inferred from the positive Curie-Weiss
temperature). A strong local (111) Ising anisotropy was
also found and the susceptibility was used to deduce the
crystal field parameters @] While we were preparing
this manuscript, a paper appeared on ArXiv ﬂﬂ] which
reports results for Nd2ZroO7 that are similar to ours in-
cluding an Ising anisotropy and an ATAO AFM structure.

In this paper, we show that Nd2Zr20O7 indeed has long
range antiferromagnetic ordering below T ~ 0.4 K. Our
neutron diffraction (ND) data reveal an ATAO magnetic
structure of the Nd3* moments with a propagation vec-
tor k = (000) and ordered moment m = 1.26(2) ug/Nd
at 0.1 K. The Ising anisotropy of the Nd**t ion is con-
firmed by the analysis of magnetic susceptibility x(T)
and isothermal magnetization M(H) data. We have
measured the crystal field excitations up to 400 meV
by inelastic neutron scattering (INS) which reveal that
the Kramers doublet ground state is well separated (by
23.4 meV) from the first excited state. We find that
the ground state magnetic properties of NdsZroO7 are

well described by an effective spin S = 1/2 with effective
g-factor g,, = 5.30(6) and g; = 0. Accordingly a mo-
ment of 2.65 up /Nd is expected for the Ising ground state.
Contrary to such expectation the ordered state moment
1.26(2) pp/Nd is much lower which suggests the presence
of strong fluctuations even in the ordered state. Finally
the ground state wavefunction is found to be compati-
ble with a dipolar-octupolar doublet, making NdsZroO7
a candidate compound for dipolar and octupolar spin ice
phases [19].

II. EXPERIMENTAL DETAILS

Polycrystalline NdsZroO7 sample was synthesized by
solid state route by firing the stoichiometric mixture of
Nd203 (99.99%) and ZrOs (99.99%) in an alumina cru-
cible at 1200, 1400, 1550 °C in air for 8 days with several
intermediate grindings and pelletizing. The nonmagnetic
reference compound LasZroO7 was also prepared by the
same method and used to estimate the phonon contribu-
tion to the neutron inelastic scattering. The qualities of
the samples were checked by room temperature powder x-
ray diffraction (XRD) using the laboratory-based diffrac-
tometer (Bruker-D8, Cu-K,). The magnetic suscepti-
bility and isothermal magnetization measurements were
performed by using Quantum Design magnetic properties
measurement system (MPMS) superconducting quantum
interference device (SQUID) magnetometer and MPMS
SQUID Vibrating Sample Magnetometer (VSM) at Mag
Lab, Helmholtz-Zentrum Berlin (HZB), Germany. The
heat capacity measurements were performed by using
Quantum Design physical properties measurement sys-
tem (PPMS), Mag Lab, HZB.

The high-resolution synchrotron x-ray diffraction pat-
terns were collected on MS-beamline ﬂﬁ] at Paul Scher-
rer Institute (PSI), Switzerland and the patterns were
refined by using the FullProf Suite @] In order to carry
out these synchrotron x-ray measurements the NdsZroO7
sample was ground very finely and mixed with diamond
powder (~ 30%) to reduce x-ray absorption. The mix-
ture was put into a thin capillary (0.3 mm in diameter)
which rotated continuously during the measurement to
reduce the effect of preferred orientation. The data were
collected for a number of temperatures between 290 K
and 5 K with x-rays of energy 25 keV. The synchrotron
XRD patterns of standard Si and LaBg powders (NIST)
were also recorded at room temperature under the same
conditions to accurately determine the wavelength and
the instrument profile parameters, respectively.

The powder neutron diffraction measurements were
performed on the Cold Neutron Powder Diffractome-
ter (DMC) at PSI, Switzerland. About 10 g Nd3ZroO7
powder was sealed in a cylindrical copper can (diame-
ter 10 mm) with filling high pressure *He gas for a bet-
ter thermalization. A dilution refrigerator was used to
achieve the lowest temperature of 0.1 K. Long wave-
length neutrons (3.80 A) were used in combination with



a 20 angle range of 5°-90° to achieve a good resolution in
the low-@Q region for the determination of the character-
istic k vector of magnetic structure. Shorter wavelength
neutrons (2.46 A) were used over 10° < 20 < 90° to ac-
cess a larger () space region for the magnetic structure
refinement. Data at several temperatures between 0.1 K
and 4 K were collected with a counting time of ~ 5 hours
for every temperatures. The ND data were also refined
by the FullProf Suite [29].

The inelastic neutron scattering measurements were
performed on the direct geometry time-of-flight spec-
trometer ARCS at the Spallation Neutron Source (SNS),
Oak Ridge National Laboratory (ORNL), USA. The INS
measurements were conducted on about 20 g samples of
both NdsZroO7 and LagZroO7. Thin-walled cylindrical
aluminium cans were used to mount the powdered sam-
ples. The INS data were recorded with incident neutron
energies of F; = 50 meV, 150 meV and 400 meV at 5 K
and 300 K to access the full range of the excitations. The
INS data were analyzed by the software SPECTRE [30].

III. CRYSTALLOGRAPHY
A. Laboratory x-ray diffraction

The room temperature powder XRD data (not shown)
of Nd2Zr,O7 were refined using the FullProf software @]
The structural Rietveld refinement revealed the sample
to be single phase and confirmed the EusZroO7-type face-
centered cubic (fcc) pyrochlore structure (space group
Fd3m) of NdyZroO7 with the lattice parameter a =
10.6728(1) and the z-coordinate of O1 zo; = 0.3351(4),
which agrees very well with the reported values ﬂﬁ, ].
The single phase nature of the LasZroO7 sample was also
inferred from the refinement of the room temperature
powder XRD data (not shown), which was also found to
crystallize in the fcc pyrochlore structure with parame-
ters a = 10.7996(1) A and zo; = 0.3310(7), again in very
good agreement with the values in literature [32].

B. Synchrotron x-ray diffraction

Figure[llshows the high-resolution synchrotron powder
XRD pattern recorded at 5.0 K together with the struc-
tural Rietveld refinement profile calculated for the fcc py-
rochlore structure. The wavelength of the synchrotron x-
rays used was determined to be 0.495734(8) A by refining
the Si pattern and the starting profile parameters were
obtained by refining the LaBg pattern collected with the
same instrument settings. While refining we included the
possibility of site mixing of Nd and Zr and allowed the
occupancies to vary for possible off-stoichiometry. The
crystallographic parameters and agreement factors ob-
tained from the refinements of the 5 K and 290 K patterns
are listed in Table[ll The refinements of the 5 K and 290 K
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FIG. 1. (Color online) Synchrotron x-ray diffraction pattern
(red circle) of polycrystalline Nd2Zr2O7 at 5 K along with
structural Rietveld refinement profile [simulated (black line)
and difference (blue line)]. The short vertical bars indicate the
positions of Bragg peaks of Nd2Zr2O7 and diamond (added to
the sample to reduce x-ray absorption). Inset: An expanded
scale view showing the details of the refinement in a small
angle range at high 26.

TABLE 1. Crystallographic parameters for Nd2Zr2O7 ob-
tained from the refinements of high-resolution synchrotron
x-ray diffraction patterns at 5 K and 290 K. The Wyck-
off positions of Nd, Zr, O1 and O2 atoms in space group
Fd3m are 16d (1/2,1/2,1/2), 16¢ (0,0,0), 48f (x01,1/8,1/8)
and 8b (3/8,3/8,3/8), respectively. The atomic coordinate
zo1 is listed below.

5K 290 K

Lattice parameters

a (A) 10.6611(1) 10.6735(7)
Atomic coordinate

o1 0.3357(2) 0.3356(2)
Refinement quality

X2 10.3 8.35

R, (%) 3.01 4.05

Ruwp (%) 3.73 4.78

RBragg (%) 4.12 4.57

patterns indicate no change in structural symmetry be-
tween the room temperature and 5 K. The temperature
dependences of lattice parameter a is shown in Fig. Bl A
weak contraction of the unit cell is inferred from the T
dependence of a. Furthermore no evidence of Nd/Zr site
mixing or oxygen deficiency could be deduced from the
refinement.

The R2B>07 pyrochlore structure can be viewed as
an ordered defect fluorite CaFy structure (space group
Fm3m) [33). In fluorite structure, Ca cations form
a cubic close packed lattice and fluorine anions fill all
the tetragonal interstices. In the pyrochlore structure,
there are two types of R-B ordered close packed lay-
ers stacked alternatively along the [111] direction: one
with Kagomé lattice formed by R atoms with B atoms
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FIG. 2. (Color online) Temperature 7' dependence of lattice
parameter a. The black line is the guide to eyes.

located at the hexagon centers, and the other with the
reversed R/B occupation. The O2?~ anions sit in the
tetrahedral interstices formed by the R4 (8b site) and
the RoBs (481 site) networks, leaving the By interstices
(8a site) unoccupied. The ratio of the ionic radii of the
trivalent (rr) and tetravalent (rp) cations determines
whether the ordered or disordered phase forms. At ambi-
ent pressure, a stable ordered pyrochlore phase is found
for 1.36 <rg/rp < 1.71 ﬂ] For Nd»Zrs07, the effective
ionic radii of eight-fold coordinated Nd3* and six-fold co-
ordinated Zr** are 1.109 A and 0.72 A, respectively [34].
Thus rr/rp = 1.54 which indicates that Nd2ZroO7 lies
well inside the stable pyrochlore phase. In addition, the
valence of Zr®*t is very rare in Zr compounds, thus O
deficiency in zirconate pyrochlores should not appear as
commonly as in the titanate pyrochlores where Ti?* is
possible, especially after heating in air @] Altogether
this suggests that NdoZro07 should form a highly ordered
pyrochlore phase as is inferred from the synchrotron x-
ray data.

IV. MAGNETIC SUSCEPTIBILITY AND
MAGNETIZATION

Figure [B] shows the zero field cooled (ZFC) and field
cooled (FC) magnetic susceptibility x of Nd3Zr2O7 as a
function of temperature T for 2 K < T < 50 K mea-
sured in a field of H = 0.10 T after subtracting the dia-
magnetic signal of the sample holder. The x increases
smoothly with decreasing 7" and shows no anomaly or
thermal hysteresis between ZFC and FC data above 2 K,
in agreement with the single crystal data m] The
X(T) data were fitted to a modified Curie-Weiss law
X(T) = xo+C/(T —6,) in the temperature range 10 K <
T < 30 K to minimize the effects of short range magnetic
correlations (at T < 10 K) and crystal field excitations
(at high-T') on the estimate of the Weiss temperature 6,
and effective moment peg of the ground state. The best
fit (inset of Fig. ) gives xo = 2.82(2)x 10~ emu/mol Nd,
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FIG. 3. (Color online) Temperature T dependence of suscep-
tibility x of polycrystalline Nd2Zr2O7 for 2 K < T < 50 K
measured in an applied field H = 0.10 T. Inset: Inverse sus-
ceptibility x1(T) for 2 K < T <30 K at H = 0.10 T and
the Curie-Weiss fitting (red solid line) in 10 K <7 < 30 K.
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FIG. 4. (Color online) Magnetic field H dependence of
isothermal magnetization M of polycrystalline Nd2Zr2O7 at
2 K, 5 K, 10 K and 20 K. The solid curves are the fits based
on the Ising anisotropic model according to Eq. ().

0, = 0.233(5) K and peg = 2.55(1) ug/Nd. In order to
compare the values of 6, and p.g with those reported
for a single crystal NdZroO7 ﬂﬁ], we also fitted the sus-
ceptibility by x(T) = C/(T' —6) for 2 K < T <10 K
which gives 6, = 0.124(2) K and pes = 2.60(1) pg/Nd,
consistent with the reported values. The positive 6}, indi-
cates an effective ferromagnetic interaction between the
Nd3* spins. This contrasts with the antiferromagneti-
cally ordered ground state inferred from neutron diffrac-
tion data as shown later. The peg = 2.55(1) ug/Nd
obtained is much lower than the theoretical paramag-
netic state moment of 3.62 ug/Nd for free Nd3T ions
(et = g7/ J(J + 1)) and reflects that the crystal field
ground state is not the pure |419/2, +9/2) Kramers dou-
blet.

Figure M shows the isothermal magnetization M (H)



curves at 2 K, 5 K, 10 K and 20 K. The M(H) at 2 K
shows a saturation tendency with M = 1.27 ug/Nd at
5 T which is much lower than the free ion saturation
value of My = g;J up = 3.27 ug/Nd. The strongly re-
duced value of M can be attributed to the strong Ising
anisotropy and the reduction of the Nd3* moment due
to the CEF effect (Sec. [VII)). To estimate the moment of
Nd3* in NdyZrO7, we analyzed the M (H) data with the
effective spin-half model. For an Ising pyrochlore with
large separation between the ground state doublet and
the first excited state, which is the case with the present
compound, the low temperature magnetic properties can
be described by an effective spin S = 1/2 and the pow-
der averaged magnetization in paramagnetic state can be
described by [36]

gzzﬂBHS/k?BT

(M) = ()" xtanh(z)dz (1)

- QZZHBHQS 0

where © = g,,us HS/kgT and g.. is the longitudinal g-
factor (while the transverse g-factor is zero). Simultane-
ous fitting of M (H) data at 2 K, 5 K, 10 K and 20 K
(Fig. @) yields g,, = 5.24(2). This g-factor is lower than
the g., = 2g;J = 6.54 expected for a Kramers doublet
formed from only the pure m; = +9/2 states of Nd**,
and suggests mixing of the m ; states as is found from the
CEF analysis of INS data below (Sec.[VII)). The g.. value
yields the ground state moment of mnq = ¢,.5 up ~
2.62 up/Nd for NdyZroO7 which is consistent with the
te determined from the susceptibility above. The ob-
tained g, value is comparable with that of NdoHf5 O for
which a similar analysis of magnetic data has been found

to yield g.. = 5.01(3) [24].

V. HEAT CAPACITY

Figure [l shows the heat capacity C,(T') data for the
temperature range 2 K-300 K measured in zero field.
Consistent with the x(T') data, the C,(T) shows no
anomaly related to a magnetic phase transition down to
2 K. However, an upturn is evident at T' < 6 K as can be
seen from the Cp,/T versus T plot shown in the inset of
Fig. Bl The upturn in C,(T") probably reflects the pres-
ence of short-range magnetic correlation at temperatures
which is much higher than the antiferromagnetic order-
ing temperature of 0.4 K (Sec. [VI)). The upturn feature
in Cp(T) is consistent with the reported Lambda-type
anomaly at 0.37 K , @] on account of long-range an-
tiferromagnetic ordering.

The low-T' C,(T) data were fitted to C,(T") = 7T +
BT3 + §T° in the temperature range 9.5 K < T < 16 K
(with v+ = 0 for an insulating ground state). The fit
yields 8 = 1.57(6) x 10=* J/mole K* and 6§ = 1.20(3) x
107¢ J/mole Kb. The coefficient 3 gives Debye temper-
ature Op = 514(6) K according to the relation ©p =
(127*nR/56)/3 where n = 11 is the number of atoms per
formula unit and R is the molar gas constant. However,

250
L [e)
200 |
X 150 [
<] I
E
= 100 |
O
50 | 000°” ]
r ] 5 10 15 20:
0'.|....|....|....|..T.(K.)|....
0 50 100 150 200 250 300

T(K)

FIG. 5. (Color online) Temperature 7' dependence of heat
capacity Cp of Nd2ZrO7 for 1.8 K < T < 300 K measured
in zero field. The solid curve is the fit by Debye+Einstein
models of lattice heat capacity plus crystal field contribution.
Inset: Cp/T versus T plot for 1.8 K < T < 20 K.

the low-T' Cp,(T) data in pyrochlores have been found to
yield ©p much smaller than the one obtained from high-
T C,(T) data [24, [37]. Therefore the C,(T) data were
analyzed by the combined Debye and Einstein models
of lattice heat capacity ﬂﬁ] For this purpose we in-
cluded the crystal field contribution to the heat capacity
CcEr calculated according to CEF level scheme obtained
from the analysis of INS data (Sec. [VII)). The sum of De-
bye+Einstein models of lattice heat capacity and Ccgp
is shown by the solid curve in Fig. Bl By fitting the dif-
ference C},(T") — Copr(T') data in the temperature range
10 K < T < 300 K we obtain Op = 756(10) K and Ein-
stein temperature O = 161(5) K with 73% weight to the
Debye term and 27% to the Einstein term. The deduced
value of Op is very close to the one obtained for the sim-
ilar compounds, such as for NdoHf;O7 (©p = 785(6) K)
[24] and Dy, TiO7 (©p = 722(8) K) [317].

VI. NEUTRON DIFFRACTION AND
MAGNETIC STRUCTURE

The neutron diffraction data were collected at several
temperatures between 0.1 K and 4.0 K. The ND pat-
terns collected at 0.1 K and 4.0 K using neutrons of
wavelength 2.45 A are shown in Fig. As shown in
the inset of Fig. [0l additional intensities are clearly seen
at 0.1 K, in particular on top of the nuclear Brag peaks
(220) and (311) which indicates long range magnetic or-
der. Further we see an additional magnetic peak (420)
where nuclear Bragg reflection is forbidden, which fur-
ther confirms the magnetic origin of the additional in-
tensities. The magnetic intensity decreases continuously
with increasing temperature (indicating a second order
phase transition) and vanishes at 0.4 K (Fig. [[), allow-
ing us to define T = 0.4 K consistent with the reported
heat capacity data [23, 1] and the ND data in Ref. [27)].
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FIG. 6. (Color online) Comparison of the neutron diffraction
patterns of Nd2Zr2O7 collected at 0.1 K (blue) and 4.0 K
(red). The peaks are marked with the (hk¢) Miller indices.
The Cu and Al peaks come from the sample holder and sample
environment.
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FIG. 7. (Color online) Temperature T' dependence of the in-
tensities of the magnetic Bragg peaks (220) , (311) and (420)
obtained by subtracting the 4.0 K neutron diffraction pat-
tern from the neutron diffraction patterns at the indicated
temperatures.

No extra peaks were observed at low @ in the ND pat-
tern collected with neutrons of wavelength 3.80 A (not
shown).

The difference pattern obtained by subtracting the
4.0 K ND data from the 0.1 K data is shown in Fig.
which clearly shows all the magnetic Bragg peaks associ-
ated with the ordering of Nd*+ moments. We found that
all the magnetic Bragg peaks can be indexed with the
magnetic propagation vector k = (000), which is con-
sistent with Ref. [27]. The wavevector k = (000) also
indexes all the magnetic Bragg peaks in NdoHf07 M]
indicating a similar magnetic structure. The representa-
tion analysis performed using the program BASIREPS
shows that the magnetic representation of Nd (16d site)

can be reduced into four nonzero irreducible representa-
tions (IRs) of the little group of wavevector k = (000):

Tmagna = 175+ 1T5 +1T3 +2T9,. (2)

Each IR is multiplied by the number of times it occurs,
the superscript of I' corresponds to the dimensionality of
IR, and the subscript the order of IR. All possible models
of the magnetic structure can be obtained by combina-
tions of the basis vectors of the IRs ﬂﬂ]

We refined the ND difference pattern (magnetic only)
with all possible magnetic structure models defined by
the IRs. The crystallographic parameters were fixed to
the ones determined in the synchrotron-XRD refinement
and the scale factor was fixed by the refinement of nu-
clear pattern at 4.0 K. The best fit was obtained for the
I3 corresponding to the all-in/all-out magnetic structure
shown in Fig. The refinement of the magnetic-only
pattern at 0.1 K is shown in Fig. The ordered mo-
ment obtained from the refinement of ND data at 0.1 K
is m = 1.26(2) up/Nd. The temperature dependence of
ordered state moment is shown in Fig. and it is fit-
ted to m = mo(1 — T/Tx)” giving Tx = 0.39(2) K and
a = 0.37(5) which within the error bar is close to the
expected critical exponent 0.33 for a three dimensional
Ising system. The same magnetic structure was found by
Lhotel et al. ﬂﬂ] who also found a similar Ty = 0.41 K
for the powder sample but a much smaller ordered mo-
ment 0.80(5) up/Nd at 0.15 K. The difference is believed
to be related to the synthesis procedure and quality of
the sample. An ordered moment of 0.62(1) up/Nd at
0.1 K was found in NdyHf50O7 which also orders with
an ATAO AFM structure below 0.55 K [24]. The strong
reduction in ordered moments in these Nd compounds
reflect persistence of strong quantum fluctuations well
inside the ordered state. We suspect that these reduc-
tions/fluctuations result from the octupolar component.

Having determined the Ty and magnetic structure of
NdsZr,07, we now try to estimate the effective near-
est neighboring dipolar interaction D,, and effective
exchange interaction Jy, to find out the position of
NdsZr,07 in the phase diagram of Ising pyrochlore mag-
nets ﬂﬁ, @] The D, can be simply estimated by using
the equation [2]

_ 5 (Hoy miq

Dun = 3 (471') r3. 3)
From the distance 7., = (a/4)v2 = 3.77 A between
the nearest neighboring Nd3* ions and the ground state
moment myq = 2.65 up (from the CEF analysis of the
INS data, see below) we calculate the dipole interaction
Dyn =~ 0.14 K. With this we get Tn/Dpn = 2.86. Ac-
cording to the dipolar model phase diagram HE], this
value of Tx /Dy, places NdaZroO7 deep inside the ATAO
AFM ordered phase with magnetic ordering wavevector
k = (000) just as we have found experimentally. Fur-
thermore the phase diagram suggests that for this value
of Tx/ Dy, the ratio Ju,/Dypn = —1.45 giving the effec-
tive nearest neighbour exchange constant J,, ~ —0.25 K
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FIG. 8. (Color online) Magnetic diffraction pattern (red cir-
cles) at 0.1 K ( obtained from subtracting 4.0 K pattern from
the 0.1 K pattern) together with the calculated magnetic re-
finement pattern (black line) for an “all-in/all-out” magnetic
structure. The difference between the experimental and cal-
culated intensities is shown by the blue curve at the bottom.
The green vertical bars show the magnetic Bragg peak posi-
tions. The peaks are marked with the (hk¢) Miller indices.

Cc
b
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FIG. 9. (Color online) The ‘all-in/all-out’ magnetic structure
which is comprised of corner-shared tetrahedra with magnetic
moments pointing alternatively inwards (all-in) or outwards
(all-out) the centers of the successive tetrahedra (along the

local (111) direction). The spheres represent Nd atoms and
arrows denote the ordered moment directions.

and thus the total interaction J = J,,,, + D, =& —0.11 K
which is antiferromagnetic in contrast to the effective fer-
romagnetic interaction inferred from 6,. We also see that
Jun 1s significantly stronger than D, which contrasts
with the observation in spin-ice materials where the dipo-
lar interaction is the stronger one. As such NdsZroO7 is
expected not to show the frustration prevalent in spin-ice
materials, but rather should result in a stable long-range
ordered ground state.

0.2'_ o D_at_a
+ —— Fitting
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FIG. 10. (Color online) Temperature T dependence of the
ordered Nd** moment m(T') obtained from the refinement of
neutron powder diffraction patterns at different temperatures.
The solid curve shows the fitting in 0.3 K < T < 1w by
m=mo(1 —T/Tn)".

VII. INELASTIC NEUTRON SCATTERING
AND CRYSTAL FIELD EXCITATIONS

Figure [[I shows the color contour maps of time-of-
flight INS spectra of powder NdsZroO7 with incident
neutron energy F; = 150 meV and 400 meV at 5 K.
These maps show the normalized scattering cross sec-
tion S(F,Q) where E is the energy transfer and @ is
the scattering vector. While the high intensity around
E = 0 arises from elastic scattering, the scattering of
phonons gives rise to a ) dependent intensity which in-
crease with increasing Q. In addition to these features we
can clearly see three strong dispersionless excitations at
low-@ around 23.4 meV, 35.0 meV and 106.2 meV in the
spectrum with F; = 150 meV [Fig.[ITl(a)] and two weaker
ones near 240 meV and 310 meV (with even weaker levels
in between these energies) in the spectrum with E; = 400
meV [Fig. [Ilb)]. The Q-dependent integrated intensity
between 105.7 meV and 106.7 meV follows the magnetic
form factor F2(Q) of Nd** [38] as shown in Fig. [2 and
thus suggests that those excitations in the INS spectra
result from the scattering of single-ion CEF transitions.

For the Nd3* ion, the Hund’s-rule ground state (GS)
multiplet is 41 /2 and the first excited multiplet, 4, /25
is typically 250 meV above it @, @] Furthermore in
pyrochlores the CEF splitting of the GS multiplet of rare
earth ions is normally ~ 100 meV ] Therefore, we
assign the three excitations below 200 meV to transitions
within the GS multiplet and the two above 200 meV to
intermultiplet transitions. According to Kramers theo-
rem, the CEF interaction should split the GS multiplet
19,5 of Nd** into five doublets of | +m ) type and thus
there ought to be four excitations in the INS spectra
at base temperature, corresponding to transitions from
the GS doublet to the four excited doublet states. Al-
though only three excitations within the GS multiplet
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FIG. 11. (color online) Color contour maps of energy E versus
wavevector ) of the inelastic neutron scattering intensity of
Nd2Zr0O7 at 5 K with (a) E; = 150 meV and (b) E; =
400 meV. The spectra (a) shows the crystal field splitting of
the ground state multiplet 419/2 and (b) shows the crystal
field splitting of the first excited multiplet 4111/2.

at 23.4 meV, 35.0 meV and 106.2 meV are apparent, a
closer inspection of the INS data (Fig. [[3]) reveals that
the excitation at 35.0 meV is rather broad (compared to
the instrument resolution function) which could be due
to two unresolved excitations from two closely situated
CEF levels (the so-called quasi-quartet). Similar unre-
solved excitations near 35.0 meV were also observed in
INS data from a thermal neutron triple axis spectrom-
eter in Ref. [27]. Two closely spaced CEF levels near
35.0 meV were also inferred by analyzing susceptibility
and heat capacity data in Ref. [26].

For a quantitative analysis of INS data we used crystal
field model. In order to account for the mixing of the
GS multiplet with the higher multiplets which is neces-
sary for the situation with a large splitting of the GS
multiplet (comparable with the energy separation of the
first excited multiplet), we use tensor operators for the
CEF Hamiltonian instead of Stevens’ operator equiva-
lents ] In the fcc pyrochlore structure of NdoZroO7
the Nd37 ions are subjected to a crystal electric field with
Dsq symmetry created by the eight neighboring oxygen
ions, and for the z axis along the local cubic (111) direc-
tion the CEF Hamiltonian is given by [46],

Heer =BjC3 + BiCy + B3(C 5 + C3)

4
+ BSCE + BS(CO 5 + C§) + BS(C® 4 + CF) @
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FIG. 12. (color online) @ dependence of the integrated scat-
tering intensity over energy region 105.7-106.7 meV. The solid
curve is the scaled magnetic form factor F?(Q) with dipolar
approximation of Nd®*.
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FIG. 13. (Color online) Fitted inelastic neutron spectrum of
the four transitions within the ground state multiplet 419/2
at 5 K. The data for the three lower crystal field levels are
from the dataset with incident neutron energy E; = 50 meV
integrated @Q over the range [2.5-3] A~!. The data for the
crystal field excitation at 106.2 meV are from the dataset
with E; = 150 meV integrated Q range [4.3-5] A~1.

where Bf; and Cé“ are the crystal field parameters and
the tensor operators, respectively.

We used the intermediate-coupling free ion basis states
for diagonalizing the Hcgp. In a 4f™ system, the
static electric repulsion between the localized electrons
splits the 4 f™ configuration into Russell-Saunders (LS-
coupling) terms and the spin-orbital interaction mixes
the LS-coupling terms with the same .J [39, l40]. The
intermediate-coupling wave function is formed by a lin-
ear combination of LS-coupled states of the same J with
the Hund’s-rule ground state as the dominate term. Be-
cause of the very large number of terms, it is not easy
to handle all of them, so we only included the 98 inter-



TABLE II. Observed and calculated crystal-field transition
energies (E) and integrated intensities (I) within the ground
state multiplet 419/2 of NoZr2O7 at 5 K. The I is relative
with respect to the highest peak observed.

Levels Eops (meV) Ecqi (meV) Tobs ITeal
T 0 0 - 2.5
rf 23.4(2) 23.36 0.58(5)  0.558
e 34.4(4) 34.44 11 0.655
rf 35.7(4) 35.81 ] 0.345
rf 106.2(5) 106.28 0.60(8)  0.525

mediate coupling basis states from the first 12 multiplets
below 2.2 €V in our calculation.

INS measures the powder averaged unpolarized neu-
tron inelastic scattering double-differential cross section
given by [48]

Ao 5 K o
o = (70)" 7 D (Gap — fafig) D P
af AN
< (MQL| XY (N 1Qs|N) 8 (Ex — Ex + Tw) ,
(5)

where @, is effectively the Fourier transform of the mag-
netization. For the calculation of the intensity of the
transitions within the GS multiplet, we used the dipo-
lar approximation allowing the above expression to be
rewritten as

% ,
daE ~FQf SO oV el N Lax (6)
a AN

where ¢ is a constant, F2(Q) is the magnetic form fac-
tor, k and &’ are the moduli of the incident and scattered
wave vectors, |A\') and |\) are the initial and final eigen-
functions, J, is the x, y or z component of the total
angular momentum operator, and Ly is the Lorentzian
function describing the line shape of the excitation.

The refinement of the INS spectra of the CEF transi-
tions within the GS multiplet was performed using the
program SPECTRE @], which was recently used suc-
cessfully for analyzing the INS data of ProSnsO7 ﬂﬂ] and
ThoTis Of HE] The energy values and the integrated in-
tensities of the levels were obtained by fitting the peaks
in the spectrum with Lorentzian functions. As the two
overlapping excitations near 35.0 meV are not resolved
in our data, we used the combined intensity obtained by
fitting them as a single peak. On the other hand, to get
their approximate positions we fitted the peak with two
Lorentz functions of same area and width. The low-Q
data were used where phonon scattering is weak and the
LasZro07 data were used to identify phonons and to pro-
vide the non-magnetic background that was subtracted
from the data. The CEF parameters in Ref. [2G] were
used as the starting parameter for the least-square fit-
ting but scaled overall to match the calculated energy
levels with the measured ones. We also tested the case
where the two overlapping levels were exchanged.

- 4 3201 4
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FIG. 14. (Color online) Crystal field energy schemes for (a)
the ground-state multiplet *Io /5 and (b) the first excited mul-
tiplet 11, /2 corresponding to the crystal field parameters ob-
tained from the analysis of INS data. I' shows the irreducible
representation that the corresponding CEF state transforms
as.

For the best fit the CEF parameters are B =
49.2 meV, Bj = 408.9 meV, Bj = 121.6 meV, By =
148.1 meV, B = —98.0 meV, and B = 139.1 meV
yielding standard normalized goodness-of-fit parameter
x? = 0.34. The fitting details are shown in Table [ and
the fitted spectrum is shown in Fig. As listed in Ta-
ble [Tl these CEF parameters correspond to five doublets
at 0, 23.4 meV, 34.4 meV, 35.8 meV and 106.3 meV.
In order to compare with other related reports, we con-
verted these parameters into the Steven’s formalism by
using the relation D} = AN B! (A = ay, B; and vy
listed in Ref. [47) and ! are listed in Ref. [40]). Af-
ter the transformation we get D2 = —0.158 meV, Dj =
—0.0149 meV, D3 = 0.105 meV, D§ = —0.00035 meV,
D$ = —0.0048 meV, and D§ = —0.005 meV. These
CEF parameters are comparable with those obtained for
NdsZr,07 from the CEF analysis of susceptibility data
in Ref. @] However our results differ significantly with
those in Ref. ﬂﬂ], where only the two lowest excitations
were measured using a triple axis spectrometer and were
analyzed within the ground state multiplet using Stevens’
operator equivalents. Our analysis is also consistent with
that of PraSny O m]

The refined CEF energy scheme of the GS multiplet
419/2 is shown in Fig. [[4] together with the calculated
scheme for the first excited multiplet %I, /2 which also
matches the experimental INS data well (not shown).
The wavefunctions of the GS doublet and the first ex-
cited doublets within the GS multiplet 4 /2 are found
to be

I'ds =0.899[*Ig/5,£9/2) F 0.252| Iy /o, £3/2)

4 4 (7a)
+0.330[*Tgj2, T3/2) F 0.112[*I; 1o, £9/2)
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FIG. 15. (Color online) Inverse magnetic susceptibility X!
versus temperature T of powder Nd2Zr2O7 measured in a
field of 1 T. The solid curve is the crystal field susceptibility
corresponding to the crystal field parameters obtained from
the analysis of INS data.

and

I =0.149|"Iy )5, £7/2) + 0.743|* Iy 5, ¥5/2)

! ! (7b)
F 0.643[ I /9, £1/2) £ 0.056] 11 /5, £7/2).

As we can see from Eq. ([Th), there is a large mixing
of [*Ig/9,+9/2) with [*Ig/o,m; # +9/2) terms in the
ground state as well as a small mixing with 47, /2 leading
to reduction in the moment of Nd3*. The ground state
moment calculated from Eq. ([fh) is 2.65 up with g¢,, ~
5.30 and ¢g; = 0 which indicates an Ising anisotropy.
Moreover the Ising anisotropy can be regarded as very
strong when considering the large first excitation energy
23.4 meV. These values agree well with the magnetic data
in Sec. [Vl However our g,, is different from the value of
4.793 in Ref. [26] and the value of 4.3 in Ref. [27]. The dif-
ference in g,, results probably from different sets of CEF
parameters obtained in Refs. @, ] Since we have ac-
cessed the higher energy excitations we believe that our
CEF parameters are more accurate. Furthermore, the
ground state is exactly diploar-octuploar doublet which
transforms as I'j; expected when D3 < 0 and dominates
the other terms HE] The magnetic susceptibility cal-
culated according to the CEF parameters is shown in
Fig. A very good agreement between the experimen-
tal data and the calculation supports the validity of our
analysis of the INS data and the extracted CEF param-
eters.
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VIII. SUMMARY AND CONCLUSIONS

We have investigated the magnetic structure and crys-
tal field states of the pyrocholre compound NdsZrsO7.
The high-resolution synchrotron x-ray powder diffraction
reveals the pyrochlore structure (Fd3m) of NdsZroO-
without any observable oxygen deficiency or Nd/Zr site
mixing. A positive 8, in x(7') indicates a ferromagnetic
coupling between the Nd3* moments although the ef-
fective nearest neighbour interaction is antiferromagnetic
leading to a long range antiferromagnetic order. The neu-
tron diffraction data reveals an all-in/all-out magnetic
structure below T ~ 0.4 K with an ordered moment
1.26(2) up/Nd at 0.1 K. The ground state moment has
Ising anisotropy and is estimated to be ~ 2.65ug/Nd
giving an effective S = 1/2 doublet with g,, = 5.30(6)
and g; = 0, which are deduced from the magnetization
and INS data. The crystal field eigenvalues and eigenvec-
tors have been determined by analyzing inelastic neutron
scattering data which confirm the strong local (111) Ising
anisotropy and the dipolar-octupolar nature of Nd3* mo-
ments with a large separation of 23.4 meV between the
ground state doublet and the first excited doublet.

We see a strongly reduced ordered state moment of
1.26(2) up/Nd compared to the estimated Ising moment
of 2.65 up/Nd indicating persistent quantum fluctuations
deep into the ordered phase. According to the phase dia-
gram of Ising pyrochlore HE] the ATAO antiferromagnetic
state is a stable state without any kind of frustration in
the ordered state. As such the reduction in moment could
not be understood to result on account of frustration.
We therefore suspect that the strong quantum fluctua-
tions and reduction of moment could be an attribute of
octupolar tensor component of ground state doublet HE]
Because of the octupolar term the NdsZr,O7 may not be-
have strictly like a dipolar system and this non-Ising term
can cause quantum fluctuations. Further investigations
are desired to access the attributes arising from dipolar
octupolar nature of ground state Kramers doublet and
associated double monopole dynamics.
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