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Axions??

• Could be dark matter 

• Could solve Strong CP 
problem 

• Could do both 

• Worth looking for
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CASPEr

• Measure coupling of 
axions to nuclei 

• Oscillating effect 

• Leads to spin 
precession 

• Resonant enhancement 
of spin precession 
makes detection 
possible
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NMR

Parts of an NMR experiment: 

• Nuclear spins (sample) 

• Nuclear spin polarization 

• Applied magnetic field (B0) 

• Excitation/Irradiation 

• Detection
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CW-NMR Radio Antenna

• Most modern NMR uses 
pulsed RF 

• If you can’t control your RF, 
you have to control the 
magnetic field instead 

• But NMR suffers from 
sensitivity/polarization 
limitations 

• Generally better to use a 
“normal” antenna (or a high-Q 
cavity)

9
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CW-NMR Radio Antenna

• Most modern NMR uses 
pulsed RF 

• If you can’t control your RF, 
you have to control the 
magnetic field instead 

• But NMR suffers from 
sensitivity/polarization 
limitations 

• Generally better to use a 
“normal” antenna (or a high-Q 
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CW-NMR (Ghost) Radio Antenna

• To measure non-EM ALP 
couplings, you need a different 
kind of antenna 

• Nuclear spin antenna: 

• ALP-induced EDM ➔ spin 
precession about applied 
electric field 

• Coupling of ALP to axial 
nuclear current ➔ spin 
precession about ALP 
velocity

12

ADMX 
+ 

nuclear spins?
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CASPEr: Axion Effects on Spin

Neutron in 
Axion Wind

Spin rotates about 
dark matter velocity

Effective time-varying
magnetic field

Other light dark matter (e.g. hidden photons) 
also induce similar spin precession

Measure Spin
Rotation, 

detect Axion
+
-

Neutron in 
QCD Axion Dark Matter

QCD axion induces electric dipole moment
for neutron and proton

Dipole moment 
along nuclear spin

Oscillating 
dipole: 

Apply electric field, spin rotates

+
-+
-+
-

General Axions
CASPEr-Wind

QCD Axion
CASPEr-Electric
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General CASPEr Experiment
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Challenges: 
• Tunable homogeneous 

field 
• Tunable sensitive detector 
• Choosing the right nuclear 

spin antenna

,

Detector

Polarized 
Nuclear 
Spins

1. Prepare polarized 
spin system 

2. Sweep magnetic 
field 

3. Detect sample 
magnetization
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Magnetic Field (B0)
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B0 Field Homogeneity
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Lots of shimming required 
• automation? 
• or grad student-powered
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Detection: SQUIDS

17

• Very sensitive  
(~ fT/√Hz) 

• Wide bandwidth 
(up to MHz?) 

• I’m not an expert 
(SQUID = magic?)



Helmholtz-Institut Mainz

HIM
Ultra-Light Frontier Workshop, June 16, Mainz

Detection: SERF
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(Picture: T. W. Kornack) 

I. M. Savukov, S. J. Seltzer, and M. V. Romalis, Journal of Magnetic Resonance 
185, 214 (2007). 
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Detection: Inductive

19
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3 Field Regimes

20

Low Field (B0 < 10-2 T) 

Intermediate Field (10-2 < B0 <  1 T) 

High Field (B0 > 1 T) 

444 Rheol Acta (2011) 50:441–459

a

b

Fig. 2 Schematic drawings of the dipolar circular Halbach arrays
used. The arrows in the squares represent the permanent magnet
blocks with their polarization direction: a Technical drawing of
the two sets of magnet arrays; b The nested structure of the final
position of the arrays in (a), placed one inside the other. All
dimensions are in millimetres

2010). Obviously this compensation is easier to achieve
with a large number of “identical” magnets. The mag-
netic field inside the resulting arrays is perpendicular to
the principal axis of the cylinder. Ideally, the magnetic
field is completely confined inside the cylinder with
only little stray fields on the outside, thus making op-
timal use of the mounted magnetization and achieving
high homogeneities (typically !B/B < 10−3). These
properties allow characterizing the resulting magnetic
field inside a dipolar Halbach circular array by a single
vector describing its magnitude and direction.

Such circular arrays can be concentrically nested one
inside the other with the possibility to perform mechan-
ical rotations of their respective vectors relative to each
other by an angular displacement θ . As a result the total

magnetic field at its centre varies as a function of this
angle (Leupold et al. 1988; Leupold 1989; Ni Mhiocháin
et al. 1999; Armstrong et al. 2008; Barroso et al. 2009;
Bauer et al. 2009). When non-linearities in the magnetic
hysteresis loop can be ignored (as it is the case with
the magnetically very hard rare-earth alloys), the total
magnetic field is the vectorial sum of the magnetic fields
from both arrays. If the two Halbach circular arrays are
designed in such a way that their magnetic fluxes have
the same magnitude Bi, it is in principle possible to
vary the total magnetic flux from zero, when the vectors
are anti-parallel (θ = 180◦), up to 2Bi for parallel field

Magnets of outer top ring 
(FeNdB)  

Support for magnets of outer 
top ring (POM)  

Magnets of inner top ring 
(FeNdB)  

Support for magnets of inner 
top ring (POM)  

Covers of the top rings 
(POM) 

Drive gears (POM) 

Outer bottom ring  

Top bearing (POM) 

Bottom bearing (POM) 

Top cover (POM) 

Bottom cover (POM) 

Rods (brass) 

Support for the ARES 
rheometer (brass) 

Spacers (PVC) 

Inner bottom ring  

4.6 cm 

Worm gear (PVC, aluminium)

Brake pads (POM) 

Fig. 3 Exploded view of all the construction elements of the
nested dipolar Halbach array with description of their function
and material (in brackets)

Rheol Acta (2011) 50:441–459 445

Fig. 4 Technical drawings of
the geometries for rheological
measurements manufactured
in polyoxymethylene, POM.
Top row: side view; Bottom
row: corresponding
cross-sections. From left to
right: cup, bob (Couette), and
four-bladed vane. All
dimensions are in millimetres

vectors (θ = 0◦). In reality however, imperfections in
construction, dimensional tolerances and homogeneity
of the permanent magnets (see also Raich and Blümler
2004, for more details) limit these ideal values, es-
pecially for the case of vanishing magnetic fields. In
this case the vectors should perfectly compensate each
other.

The objective of this work is to describe an adapta-
tion of a homogeneous magnet system with mechan-
ically variable field strength to a commercial ARES
(Advanced Rheometric Expansion System) rotational
rheometer from TA Instruments to enable the mea-
surement of the rheological properties of MR fluids at
magnetic flux densities between 0 and 0.6 T.

Design and construction

The above mentioned construction principle of a dou-
ble concentric dipolar Halbach circular array with a
mechanically variable magnetic field with improved
homogeneity was used to develop a method for the
measurement of the rheological properties of magnetic
fluids in an ARES rheometer. For the construction of
the dipolar Halbach circular arrays, sintered permanent
magnets of Neodymium-Iron-Boron (NdFeB) grade N-
35 were used (Ningbo Ninggang Permanent Magnetic
Materials Ltd.-NGYC, Yinxian Ningbo, China). The
individual magnets consist of nickel-coated rectangular
blocks with dimensions of 33 × 14 × 14 mm3, with a
mechanical tolerance of ±0.1 mm. The magnetization

direction is parallel to one of the shorter sides of each
block. According to the manufacturer, the magnets pos-
sess the following characteristics: remanence Br = 1.18–
1.22 T, coercivity Hc = 875–915 kA/m and maximum
energy product (BH)max = 33–36 MGOe.

Fig. 5 Final setup of the double concentric dipolar Halbach array
mounted on the ARES rheometer: 1 upper shielding plates; 2
upper geometry (Couette); 3 main body; 4 lower shielding plates;
5 supporting frame for the shielding plates

$

$$ (or free?)

$$$$$$
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Sample Requirements

21

CASPEr-Wind CASPEr-Electric

• High nuclear spin polarization 
(Field-independent) 

• Long-ish coherence lifetime 
(T2) 

• Rapid repolarization OR long 
polarization lifetime (T1)

• High nuclear spin polarization 
(Field-independent?) 

• High Z 
• Large (consistent) effective 

electric field 
• Long-ish coherence lifetime (T2) 
• Rapid repolarization OR long 

polarization lifetime (T1)
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23

CASPEr-Wind CASPEr-Electric

• High nuclear spin polarization 
(Field-independent) 

• Long-ish coherence lifetime 
(T2) 

• Rapid repolarization OR long 
polarization lifetime (T1)

• High nuclear spin polarization 
(Field-independent?) 

• High Z 
• Large (consistent) effective 

electric field 
• Long-ish coherence lifetime (T2) 
• Rapid repolarization OR long 

polarization lifetime (T1)



Helmholtz-Institut Mainz

HIM
Ultra-Light Frontier Workshop, June 16, Mainz

Sample Requirements
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CASPEr-Wind CASPEr-Electric

• High nuclear spin polarization 
(Field-independent) 

• Long-ish coherence lifetime 
(T2) 

• Rapid repolarization OR long 
polarization lifetime (T1)

• High nuclear spin polarization 
(Field-independent?) 

• High Z 
• Large (consistent) effective 

electric field 
• Long-ish coherence lifetime (T2) 
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polarization lifetime (T1)

Optically Polarized 
Liquid 129Xe
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Sample Requirements
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CASPEr-Wind CASPEr-Electric

• High nuclear spin polarization 
(Field-independent?) 

• High Z 
• Large (consistent) effective 

electric field 
• Long-ish coherence lifetime (T2) 
• Rapid repolarization OR long 

polarization lifetime (T1)

Optically Polarized 
Liquid 129Xe

207Pb in Ferroelectric 
Crystal

• High nuclear spin polarization 
(Field-independent) 

• Long-ish coherence lifetime 
(T2) 

• Rapid repolarization OR long 
polarization lifetime (T1)

?

?
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CASPEr-Wind
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• Broadband Field-Sweep 129Xe NMR 
• Requirements: 
✦Hyperpolarized liquid Xe 
✦Tunable B0 
✦Sensitive detector(s)
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CASPEr-Wind
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CASPEr-Wind
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CASPEr-Wind: Xe SEOP
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D1 

87Rb 

Xe polarization 
through Rb/Xe 
collisions and 
Fermi contact 
spin flips 

OP 
Enhancement
X 55,000 

Optical pumping enhancement of 129Xe gas 

• “Easy” 

• Xe + Rb + 𝛾 = massive signal 

• For large volumes (and high polarization) of 
LXe, we need a lot of laser power
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Mainz Xe Polarizer
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Mainz Xe Polarizer
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CASPEr-Wind
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Low-Field CASPEr-Wind
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Ferrite shield (+ a few 
layers of µmetal)

LXe Cell

B0 Solenoid

Shim coils

Pickup coil housing

Thermal insulation

Cold (~165K) N2 Inlet
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Low-Field CASPEr-Wind
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Low-Field CASPEr-Wind
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• Simple design 

• 3D printed 
prototypes will arrive 
… tomorrow … 

• Rough design — if 
you know about 
SQUIDs, please 
point out our 
mistakes!
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High-Field CASPEr-Wind

36

Magnet Coil
(in LHe)

Liquid Xe
(~165 K)

NMR Coil
(in LHe)

To NMR
Console

(probably not 
in LHe)

Shims

Xe to Polarizer

• Commercially available 

• Highest detector sensitivity 

• Expensive
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CASPEr-Wind

37

 4

Figure 1: The projected sensitivity of CASPEr-Wind

Figure 2: The projected sensitivity of CASPEr-Electric

I have no idea 
where this comes from…
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High-Field CASPEr-Electric

38

• Just add electric field!  
(basically the same 
experiment) 

• Primary challenge: find an 
appropriate sample

Magnet Coil
(in LHe)

NMR Coil
(in LHe)

To NMR
Console

(probably not 
in LHe)

Shims

Poled
PbTiO3

(in LHe)
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207Pb in Ferroelectrics

• Huge effective electric field  
(~3 × 108 V/cm) 

• 207Pb  
• 22.6% natural abundance 
• 𝛾Pb/𝛾H ≈ 1/5 (104.6 MHz at 11.74 T) 

• But T1 is long, and T2 is short 

• And then there’s the linewidth…

39

Ferroelectric ABO3 oxides 
 
PbTiO3 

Pb 

Ti 

O 

Ferroelectric materials exhibit electric 
dipole in the absence of electric field 

Cubic Paraelectric Phase 

Tetragonal Ferroelectric Phase 

PS 

PS 

E 

E 

Pb

O

Ti
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207Pb in Ferroelectrics

40structure is thus here approximately cubic. A given nucleus
spends most of its time in a nonpolar matrix and only a small
fraction of time in a polar cluster !see expression "27#$. The
comparison between the calculated and experimental line
shapes at 410 K is shown in Fig. 4. The theoretical curve has
been calculated according to Eq. "22# with %zz!0 and a
Gaussian distribution of %0 so that Eq. "22# becomes

f "& ,' ,(#!! ) !1"&L"1#%0#$*"%0#d%0 , "28#

where *(%0) is a Gaussian distribution with a mean %̄0
!10"3 and a second moment 0.16$10"6.

On lowering the temperature the spectrum becomes
broader and starts to depend on the orientation of the crystal
in the magnetic field "Fig. 5#. The spectrum also becomes
slightly asymmetric. It can be decomposed into two slightly
displaced Gaussian components !Fig. 6"a#$ with an intensity
ratio 4:1. The weaker component is orientation dependent
and could be due to the chemically ordered part of the crys-
tal. Here the 207Pb displacements are not spherically distrib-
uted but are restricted to certain directions !see Fig. 1"ii#$,
giving rise to an angular dependence of the NMR line. The
conclusion that the weaker line can be associated with the
chemically ordered part of the crystal is also supported by
the fact that in another sample which is presumably homo-
geneously disordered, this second "weaker# component is ab-
sent. The stronger component practically does not depend on
the orientation of the crystal in the magnetic field, though it
significantly broadens with decreasing temperature. On cool-
ing from 410 K the centers of gravity of the two components
first cross around 350 K and then slowly move apart. The
temperature dependence of the centers of gravity of the two
components is shown in Fig. 6"b# and the temperature depen-
dence of the corresponding widths in Fig. 6"c#.
The observed line shape at 410 K "Fig. 4# and 15 K "Fig.

5# has been compared with the predictions of two theoretical
models. According to the first !Fig. 1"i#$, all possible polar-

FIG. 3. Temperature dependence of 207Pb NMR lineshape in
PMN for the orientation !001$"B! 0.

FIG. 4. Comparison between the theoretical "solid line# and ex-
perimental "open circles# 207Pb line shape in PMN at 410 K at
orientation !001$##B0.

FIG. 5. NMR 207Pb line shape at the orientations !001$##B0
"open circles# and !011$##B0 "solid squares# at the temperature
15 K.

FIG. 6. "a# Decomposition of the 207Pb NMR line shape in two
components, "b# temperature dependence of the centers of gravity
of the two components, and "c# the second moments M 2 of the two
components.
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207Pb NMR study of the relaxor behavior in PbMg1Õ3Nb2Õ3O3

R. Blinc, A. Gregorovič, B. Zalar, and R. Pirc
Jožef Stefan Institute, P.O. Box 3000, 1001 Ljubljana, Slovenia

V. V. Laguta and M. D. Glinchuk
Institute for Material Sciences, Ukrainian Academy of Sciences, 03142 Kiev, Ukraine

!Received 23 June 2000; revised manuscript received 22 August 2000; published 14 December 2000"

The local structure of the relaxor single crystal PMN has been studied via a measurement of the temperature
dependences of the 207Pb spectra and relaxation times between 450 K and 15 K. The 207Pb NMR spectra are
frequency distributions which reflect the existence of polar nanoclusters and which can be well described by
the recently proposed spherical random-bond–random-field model. The temperature dependence of the
Edwards-Anderson order parameter q has been determined together with the random bond coupling and the
random field variance. The results agree with those obtained from the 93Nb NMR spectra and show that at any
given instant of time the crystal consists of polar clusters with variable orientation and magnitude of the local
polarization. The polar clusters are on the NMR time scale 10!4–10!5 s, dynamic entities which exist for a
certain amount of time, disappear, and then reappear in a different form.

DOI: 10.1103/PhysRevB.63.024104 PACS number!s": 77.84.Dy, 76.60.!k, 61.43.!j

I. INTRODUCTION

Lead magnesium niobate, PbMg1/3Nb2/3O3 !PMN", is
probably the best investigated perovskite relaxor crystal. Ac-
cording to x-ray studies1 it has a cubic perovskite structure
with the space group Pm 3̄m in the whole investigated tem-
perature range between 1000 K and 4 K. Structural refine-
ment results have, however, shown that the local structure is
different from the average structure. The 207Pb atoms lie on
their ideal cubic perovskite positions only above 925 K,1 i.e.,
in a temperature range where the first-order Raman spectrum
vanishes.2 Burns and Dacol suggested that local and ran-
domly oriented polar regions appear below this temperature
demonstrating a disorder in the 207Pb and 93Nb positions3
which increases with decreasing temperature. The size of
these polar regions should be smaller than 500 Å so that
they cannot be seen on the profile of the x-ray diffraction
lines.1,3 It has been suggested that the 207Pb atoms shift by
about 0.33 Å along the face diagonals #110$, leading to 12
disordered ion sites around their special positions. The cor-
responding 93Nb shifts should be about 0.18 Å along the
face diagonals #110$ or body diagonals #111$, leading to 12
and eight, respectively, disordered sites around the special
positions. Recent studies have, on the other hand, shown4
that the 207Pb ions are below 650 K, uniformly distributed
over spherical shells around their special positions. The
mean radial displacement is of the order of 0.33–0.4 Å.
Up to now the microscopic structural changes and ion

displacements leading to the giant dielectric anomaly, char-
acterizing the relaxor freezing around 0 °C, are still not com-
pletely understood. Until recently it has not been definitely
known whether the relaxor state in PMN in zero field is a
ferroelectric phase broken up into nanodomains under the
constraint of quenched random fields5,6 or whether it is a
kind of a dipolar glass state with randomly interacting polar
microregions.7 Recent high-resolution measurements of the
temperature dependence of the dielectric nonlinearities seem,

however, to show8 a behavior typical of glasses rather than
ferroelectrics in random field.
A number of important questions, however, still remain

open. The first is, what kind of glass are relaxors? Are they
similar to dipolar glasses where elementary dipoles exist on
an atomic scale or is the relaxor state indeed characterized by
the presence of nanosized polar clusters of variable sizes and
orientations? If this last case is correct, relaxors cannot be
described by a discrete ordering field of fixed length as in,
say, Ising-type dipolar glasses. Rather they represent a new
kind of glass with a quasicontinuous order parameter field,9
which is related to the polarization of the polar clusters. An-
other important open problem is the nature of nonpolar ma-
trix into which polar clusters are assumed to be embedded.
Are the polar clusters and the nonpolar matrix dynamic or
static entities?
To throw some additional light on the above questions we

decided to perform a 207Pb NMR study of the relaxor tran-
sition in a PMN single crystal at a magnetic field of 9.1 T.
We particularly wished to check the local structure of PMN
and the recently proposed spherical random-bond–random-
field !SRBRF" model of relaxor ABx

IB1!x
II O3 ferroelectrics9

with a magnetic resonance study of an A-site nucleus which
does not exhibit substitutional disorder. The SRBRF model
has been so far tested only by B-site ion NMR where we
have B I↔B II cationic substitutional disorder.
The use of high magnetic fields is essential for the study

of the 207Pb NMR spectra. The 207Pb(I"1/2) nucleus has no
electric quadrupole moment, unlike the 93Nb nucleus, but
exhibits a large chemical shift tensor anisotropy. The 207Pb
nucleus is thus in contrast to the 93Nb(I"9/2) nucleus—
which has a large quadrupole moment and ‘‘feels’’ the elec-
tric field gradient of the surrounding ions—a purely local
probe. It is thus mainly sensitive to the local 207Pb displace-
ments from their cubic special positions. The size of the
NMR frequency shifts reflecting the 207Pb ion displacements
and thus the sensitivity of the NMR technique is here the
higher the larger the value of the applied external magnetic
field.
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chemical shift anisotropies for both 137Ba and 47,49Ti via
single crystal rotation experiments. The room temperature
207Pb NMR spectrum of PbTiO3 has been reported several
times in the literature [7,22,23]. The spectrum is moderately
anisotropic, with a chemical shift anisotropy !" !
"zz ! " iso ! !777 ppm [7] and axially symmetric, consis-

tent with the undisputed tetragonal structure and four-fold
rotational symmetry about the Pb2" site in PbTiO3 at 298 K.
Conversely, any significant departure of the crystal lattice
from tetragonal and the lead site from four-fold symmetry
would inevitably result in the loss of the axial symmetry of
the lead NMR spectrum. We have therefore undertaken a
variable temperature NMR study of PbTiO3 in the low
temperature region to investigate whether NMR can confirm
the presence of a symmetry-lowering phase transition near
170 K, or other proposed phase transitions.

2. Experiment

Lead titanate was obtained from Aldrich and used without
further purification. NMR spectra were acquired using a
7.185 T solid state home built NMR spectrometer employ-
ing a singly tuned variable temperature static NMR probe.
An OMEGA Engineering, Inc. Series 6000 temperature
controller employing a calibrated platinum resistance ther-
mometer was used to monitor and control the temperature.
Liquid nitrogen was used as the coolant. Lead titanate spec-
tra were taken at 63.64 MHz and referenced to 0.5 M
aqueous lead nitrate as a standard. A Hahn spin echo
pulse sequence "#!2–$–## was used without decoupling
on all samples. #/2 pulses ranged from 2.5 %s at 60#C to
1.4 %s at!150#C; recycle delays increased from 8 to 90 s at
those respective temperatures. Between 800 and 1600 acqui-
sitions were signal averaged to produce adequate signal to
noise ratios. Errors in temperature measurement were esti-
mated to be^1# between 65 and!40#C;^2# between !40
and !80#C; and ^3# between !80 and !150#C.

3. Results

Fig. 1 shows three representative 207Pb spectra of PbTiO3
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Fig. 1. 207Pb NMR powder spectra of PbTiO3: (a) at 25#C; (b) at
!100#C; (c) at !150#C. An expanded view of the perpendicular
edges of the two lower temperature spectra are shown in the inset.

Fig. 2. The parallel and perpendicular principal values, and the isotropic chemical shift of PbTiO3 as a function of temperature. Lines are best fits
to quadratic equations, and are largely to guide the eye.
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Abstract

A variable temperature 207Pb solid-state NMR study of lead titanate was conducted between !150 and 60"C. The isotropic
lead chemical shift is only weakly dependent on temperature, probably because of changes in the average Pb–O distance, which
is known to be correlated with the chemical shift. In contrast, the chemical shielding anisotropy increases markedly with lower
temperature, and an excellent correlation is observed between the magnitude of the shielding anisotropy and the square of the
tetragonal distortion parameter c!a ! 1" The chemical shift powder pattern remains axially symmetric over the entire tempera-
ture range, ruling out any substantial lowering of symmetry; it is unlikely, however, that the very small orthorhombic distortions
detected in recent powder X-ray work can be observed by NMR. ! 2000 Elsevier Science Ltd. All rights reserved.

Keywords: A. Ferroelectrics; D. Phase transitions; E. Nuclear resonances

1. Introduction

Despite the simplicity of the crystal structures of the
perovskite ferroelectrics (general formula MTiO3, where
M is a divalent ion), their phase transitions remain a matter
of active research. Barium titanate is perhaps the best under-
stood; on cooling from the cubic perovskite phase it
possesses above 130"C, BaTiO3 experiences a series of
phase transitions which successively lower the lattice
symmetry, from tetragonal below 130"C to orthorhombic
below 5"C, and then rhombohedral below !90"C [1]. A
conventional, though perhaps simplistic, explanation for
this behavior is that these transitions arise from a size
mismatch between the divalent cations occupying the unit
cell cube edges and the tetravalent Ti4# ion in the body
center. Reinforcing this simple picture are the behavior of
SrTiO3 [2], with a cubic–tetragonal transition at 100 K, the
symmetry decreasing further to orthorhombic between 30
and 40 K; and CaTiO3, which remains cubic at all tempera-
tures [3].
The ionic radius of Pb2# is 1.10 Å, intermediate between

those of Sr2# (0.96 Å) and Ba2# (1.26 Å) [4]. Based on such
size arguments, one might expect PbTiO3 to be intermediate
in behavior between SrTiO3 and BaTiO3. In fact, however,

PbTiO3 has a cubic–tetragonal transition temperature of
490"C, much higher than that of BaTiO3 [5], and its tetra-
gonal unit cell at room temperature is more distorted than
that of BaTiO3 [6]. This may be rationalized by recalling
that Pb2# is not in fact a spherical ion; its occupied pz orbital
gives it a pronounced preferential axis, and it tends towards
structures with planar coordination, a tendency which is
manifest particularly in 207Pb2# chemical shift anisotropies,
which if at all significant are always negative in sign [7].
Nonetheless, by analogy with barium titanate, low

temperature phase transitions in which the symmetry is
lowered from the room temperature tetragonal phase have
been actively sought, and it has been reported [8–14] that
PbTiO3 undergoes a second-order phase transition at around
170 K to an orthorhombic phase, evidence for this transition
being discontinuities in the slope of the lattice parameters as
a function of temperature, and very small splittings of the
powder diffraction pattern. This claim is, however, contro-
versial: other workers find no such splitting and question the
existence of the phase transition [15–17].
One obvious means to resolve this dispute is by NMR.

Several recent studies have examined similar perovskite
systems by NMR at room temperature [18–21]. In particu-
lar, Korniyenko et al. [18] have presented a comparable
correlation between the isotropic chemical shift and oxygen
distance in both lead titanate and lead zirconate. The tita-
nates have also been explored rather thoroughly with 47,49Ti
NMR by Bastow [19,20], who was able to determine
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expectations based on the crystal structure and the 3lP NMR 
results alluded to above, we have carried out a complete single- 
crystal 31P CP NMR study on ADP. 

Experimental Section 
ADP was obtained from BDH and slowly recrystallized from 

distilled water. A large crystal of approximate dimensions 10 X 
10 X 5 mm was cut into a cube, preserving the largest crystal face 
and taking account of thecrystal morphology. This natural plane 
of the crystal was glued to the XY plane of a hollow three-sided 
cubic crystal holder, measuring 4 mm on each side. 

Phosphorus-3 1 solid-state NMR experiments were recorded 
at 293 K and 81.033 MHz on a Bruker MSL-200 spectrometer 
(BO = 4.7 T). The single-crystal 3lP NMR spectra were obtained 
using an automated single-crystal goniometer probe from Doty 
Scientific. The cube mount was placed into a hollow cubic 
receptacle in the goniometer of the probe, with the rotation axis 
perpendicular to the magnetic field. Rotations about the three 
orthogonal cube axes X, Y, and Z were performed in 9' intervals, 
controlled by an external stepper motor. Spectra were acquired 
after cross-polarization under the Hartmann-Hahn match and 
under high-power proton decoupling, using 1H r / 2  pulse widths 
of 3.5 ps, contact times of 5 ms, and recycledelays of 8 s. Typically, 
8 FIDs were acquired at each orientation. 

Spin-echo experiments were carried out by using the method 
of Rance and Byrd:o with delays 7 ranging from 50 to 1000 ps. 
The phase cycle of Rance and Byrd was doubled in order to cycle 
the initial lH pulse between x and -x. 

The 31P CP NMR experiments for static or spinning powdered 
samples of ADP were performed using a Bruker double air-bearing 
probe. Phosphorus chemical shifts were referenced with respect 
to external 85% H3P04; the isotropic chemical shift of ADP is 
0.8 ppm.2' No attempts were made to correct for bulk suscep- 
tibility effects. 

Results and Discussion 
3lP NMR Spectra of Powder Samples. Powder samples of 

ADP have been investigated by several groups using 31P NMR 
spectroscopy. For a static powder sample, Mudrakovskii et ~ 1 . 2 ~  
reported an axially symmetric shift tensor, with principal 
components 611 = 622 = 10 ppm, 633 = -20 ppm, 6k = 0.4 ppm. 
Turner et al.16analyzed spectra obtained from slow-spinning MAS 
samples and determined the following values: 611 = 15.4 ppm, 
622 = 5.6 ppm, 633 = -23.6 ppm, 6 b  = -0.9 ppm. (In their original 
paper, Turner et a1.16 reported their results as follows: = 23.6 
ppm, 622 = -5.6 ppm, and 633 = -15.4 ppm. Subsequently they 
have indicated23 that these are actually shielding components.) 
More recently, Lagier et analyzed 3lP NMR spectra acquired 
under slow-spinning MAS to obtain yet another set of chemical 
shift parameters for ADP: 611 = 17 ppm, 622 = 8 ppm, 633 = -21 
ppm, 6 b  = 1.1 ppm. In view of the lack of agreement evident 
from these reports, we obtained slow-spinning MAS 31P NMR 
spectra of ADP, using spinning rates in the range of ca. 400- 
1200 Hz, incremented by 200 Hz. Two representative spectra 
are shown in Figure 2. The relative intensities of the spinning 
sidebands and isotropic peaks were integrated, and an iterative 
Simplex program24 based on the Herzfeld-BergeF procedure 
was used to calculate the principal components of the 3lP chemical 
shift tensors. The results are remarkably consistent, 611 = 19.5 
f 0.8 ppm, 622 = 5.1 f 0.3 ppm, and 633 = -22.2 * 1.0 ppm, and 
in good agreement with the recent results of Lagier et al." Clearly, 
the phosphorus chemical shift tensor of ADP appears nonaxially 
symmetric, in contrast to the results of Mudrakovskii et The 
31P CP/MAS NMR spectra of ADP further show that only one 
phosphorus site is present in ADP. 

Several years ago, Clayden et a1.26 discussed some of the 
problems associated with analyzing slow-spinning MAS NMR 
~pectra.Zs.2~ Qualitatively, the Herzfeld-BergerZS procedure is 

383Hz I 1245 Hz I 

50 0 -50 50 0 -50 
[ P P ~ I  [ppml 

Figure 2. 31P CP/MAS NMR spectra of a powder sample of NH4H2- 
PO4 at BO = 4.7 T, using spinning rates of 383 and 1245 Hz. The upper 
trace shows the experimental spectra, while the lower trace shows the 
calculated spectra using an iterative Simplex program based on the 
Herzfeld-Berger method. 
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Figure 3. 31P CP NMR spectra of a static powder sample of NH4H2P04 
at BO = 4.7 T: (a) experimental spectrum, 136 scans; (b) calculated 
spectrum using 611 = .17 ppm, 622 = 7 ppm, 633 = -22 ppm, 900-Hz 
Gaussian l i e  broadenmg; (c) calculated spectrum using 611 = 622 = 12 
ppm, 633 = -22 ppm, 1200-Hz Gaussian line broadening. 

least reliable when the span, S l  = 611 - 633, of the powder pattern 
is small and when the chemical shift tensor has near axial 
symmetry. Thus, we obtained a CP NMR spectrum of a 
static powder sample of ADP (Figure 3a). As shown in Figure 
3, the experimental spectrum can accommodate either model: 
a nonaxially symmetric chemical shift tensor (611 = 17 ppm, 622 
= 7 ppm, 633 = -22 ppm, Av1/2 = 900 Hz, Figure 3b) or an axially 
symmetric chemical shift tensor (611 = 622 = 12 ppm, 633 = -22 
ppm, Av1/2 = 1200 Hz, Figure 3c). Neither fit is very satisfying. 
Particularly striking in Figure 3 are the large Gaussian line widths, 
= 1 kHz, required to obtain a satisfactory fit between experiment 
and calculations. The line broadening originates from homo- 
nuclear 31P-31P dipolar interactions (uide infra).% In order to 
investigate this problem further, we carried out a single-crystal 
31P NMR study of ADP. 

SingleCrystal 31P CP NMR Spectroscopy. The single-crystal 
3lP CP NMR spectra obtained for ADP as a function of the cube 
orientation in the external magnetic field are displayed in Figure 
4. Obviously, the two peaks observed by Lagier et ul.l7 for certain 
orientations of single crystals of ADP and KDP are reproduced 
in the present study. While Lagier et al.17 attributed the two 
peaks to nonaxially symmetric, magnetically distinct phosphorus 
chemical shift tensors, related by the symmetry operations of the 
space group, we examined the effect of homonuclear 3lP-3lP 
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Figure 4. 3lP NMR spectra of a single crystal of NH&PO4 as a function of the orientation of the crystal in the external magnetic field. The spectra 
were obtained at 81.033 MHz with high-power IH decoupling and CP. Rotations were performed in 9' increments about an axis perpendicular to 
the magnetic field with the X,Y,Z axes of the crystal holder in turn parallel to the rotation axis. 

dipolar interactions on the 31P NMR line shapes. From the crys- 
tal structure of ADP, it is clear that any phosphorus is surrounded 
at 4.2 A by four nearest phosphorus neighbors (Figure 1). At 
this separation, the 31P-31P direct dipolar coupling constant, R, 
is 270 Hz, where R is defined as 

and all symbols are standard. 
The Hahn spin-echo experiment, u/2 - s - P - s - ACQ,29 

is the simplest pulse NMR experiment available to address the 
question if spin-spin interactions or differences in chemical shifts 
are responsible for the splittings illustrated in Figure 4. If the 
two peaks arise from two species differing in their chemical shifts, 
this experiment will always yield the same line shape, only the 
intensity will decay as a function of the delay 7, determined by 
Tz; Le., chemical shift differences are refocused by this experiment. 
In contrast, homonuclear spin-spin interactions are not refocused 
by this experiment and, in addition to the natural decay in echo 
intensity, a modulation of the phase of the peaks is expected as 
a function of 7. In Figure 5 we show the spectra obtained from 
spin-echo experiments for an orientation of the crystal rotated 
by 45O about the Yaxis of the cube; the splitting is at maximum, 
cu. 900 Hz, for this orientation. Clearly, the 31P NMR peaks 
show modulations of their phase angles as a function of the echo 
delay, qj = 4ras. The fastest modulation has a period of 1400 
ps  (7 = 700 ps), corresponding to a dipolar splitting, a = 700 Hz. 
It is apparent that dipolar 3lP spin-spin interactions play a major 
role in determining the line shape of the 31P NMR spectra of 
ADP. 

In order to verify this interpretation, we have attempted to 
calculate the line shapes of dipolar coupled 31P NMR spectra of 
ADP. The calculation of the detailed line shape of a nucleus 
dipolar coupled to other nuclei in a crystal lattice is a formidable 
task,30 a problem which can be circumvented by using the second 
moments of line shapes." In Figure 6, we compare the 
experimental second moments, in angular frequency units, 

I 

Figure 5. 31P CP NMR Hahn spin-ccho spectra of a single crystal of 
NHdHzP04 rotated by 45' about the Y axis of the crystal holder. The 
delay 7 was varied in 50-p increments from to 1 ms (the receiver 
dead time for the first experiment was 10 p). 

with the calculated second moment resulting from the sum of 
3IP,31P and 31P,14N dipolar spin-spin interactions using the 
following relationships:31 

M2d = M2,PP + MZ,PN (3) 

Thesummations were carried out for a phosphorus nucleus located 
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A 31P NMR study of powder and single-crystal samples of ammonium dihydrogen phosphate (ADP), NH4H2- 
PO4, was undertaken in order to resolve the apparent discrepancies in the literature concerning the local symmetry 
at  the phosphorus nucleus of the H2PO4 moiety. In two independent 31P N M R  studies of solid dihydrogen 
phosphates, evidence has been presented which indicates that the phosphorus chemical shift tensor of ADP is 
nonaxially symmetric, in contrast to expectations based on the accepted crystal structure from X-ray and 
neutron diffraction experiments. In analyzing the single-crystal 31P NMR results presented here, it is essential 
to consider the influence of homonuclear 31P-31P dipolar interactions. The analysis indicates that the phosphorus 
chemical shift tensor is axially symmetric, 61 1 = 822 = 12 ppm and 833 = -20 ppm, consistent with the expectations 
based on the known crystal structure. The unique component of the phosphorus chemical shift tensor is oriented 
along the c axis of the tetragonal crystal. The present study also demonstrates the dangers of analyzing magic- 
angle spinning (MAS) NMR spectra of powder samples if the nuclei under consideration are strongly dipolar 
coupled to neighboring spins. 

Introduction 
Several dihydrogen phosphate salts, MH2PO4, are of techno- 

logical interest because they exhibit ferroelectric (M = K, Rb, 
Cs) or antiferroelectric (M = NH4) properties at low temper- 
atures.' Below the Curie temperature, Tc, the hydrogen atoms 
of the dihydrogen phosphate ion are localized at one of the two 
oxygen atoms in a double-minimum potential (i.e., O-H--O). In 
ferroelectric materials, this causes a spontaneous polarization of 
the electric dipoles of the hydrogen bonds along one direction;2J 
in antiferroelectric materials, the electric dipoles cancel one 
another.4 Above Tc, the paraelectric phases of these compounds 
exhibit normal dielectric behavior.' For ammonium dihydrogen 
phosphate, ADP, TC is 148 K, while in the deuterated analogue, 
ND4D2P04 (DADP), TC = 238 K. Similar large isotope effects 
on TC have been observed for the other simple dihydrogen 
phosphates. These dramatic deuterium isotope effects have been 
taken to imply that the protons tunnel between their two 
equilibrium positions rather than occupy a position at the center 
of the 0-H-0 hydrogen bond.5 While the conventional methods 
of crystal structure determination such as X-ray or neutron 
diffraction rely on the periodicity of the lattice and yield the unit 
cell structure averaged over space, spectroscopic techniques are 
usually more sensitive to the local structure. A variety of 
spectroscopic methods such as infrared,5b Raman,6 electron spin 
resonance,' nuclear magnetic resonance (NMR),* and nuclear 
quadrupole resonance9 have been used to investigate these systems. 
Both KH2P04 (KDP)l0 and ADP1' are isomorphous at room 
temperature and crystallize in the tetragonal space group I42d 
(Figure 1). All phosphorus nuclei are situated at special positions 
with local 3 = S 4  symmetry. This symmetry requires that the 
phosphorus chemical shift tensors in KDP and ADP be axially 
symmetric.12 The phosphorus nuclei within the unit cell are 
symmetry-related among each other by translations, 2, 21, and 
4 axes and diamond glide planes. These symmetry relations are 
not necessarily sufficient to make the 31P chemical shift tensors 
magnetically eq~iva1ent.l~ However, since the unique components 
of all axially symmetric 31P chemical shift tensors are along the 
4 axis, hence parallel to c, these tensors should be de facto 
magnetically equivalent. Furthermore, a single crystal of KDP 
or ADP should exhibit one single 31P NMR peak for any 
orientation of the crystal in the magnetic field.14 In accord with 
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Figure 1. Perspective view of the tetragonal unit cell of ammonium 
dihydrogen phosphate, ADP. The space group is 142d, a = b = 7.50 A, 
c = 7.55 A. Hydrogen atoms have been omitted for clarity. 

these expectations, a 31P NMR investigation of KD2P04 dem- 
onstrated that the phosphorus chemical shift tensors were axially 
symmetric and magnetically eq~iva1ent.l~ However, in recent 
31P CP/MAS NMR studies of several solid dihydrogen phos- 
phates, evidence was brought forward according to which the 31P 
chemical shift tensors in ADP and KDP are not axially sym- 
metric.16.17 In particular, the authors of the latter study17 reported 
that for single crystals of KDP and ADP two 31P NMR peaks 
were observed for certain orientations of the crystal in the external 
magnetic field, implying two magnetically distinct phosphorus 
sites. It is interesting to note in this context that X-ray diffraction 
studies of the temperature dependence of the thermal parameters 
in KDP1* and ADP19 indicated a two-site distribution of the 
phosphorus atoms along the c axis, both sites separated by 0.03 
A from the special position, as well as a single-minimumvibration 
along the a(b) axes. Furthermore, Raman studies6b showed that 
the phosphate ion in KDP at room temperature adopts C2 rather 
than S4 symmetry. However, these apparent asymmetries are 
expected to be averaged on the much slower NMR time 
scale.8g In light of the obvious disagreements between the 
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exhibit normal dielectric behavior.' For ammonium dihydrogen 
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ND4D2P04 (DADP), TC = 238 K. Similar large isotope effects 
on TC have been observed for the other simple dihydrogen 
phosphates. These dramatic deuterium isotope effects have been 
taken to imply that the protons tunnel between their two 
equilibrium positions rather than occupy a position at the center 
of the 0-H-0 hydrogen bond.5 While the conventional methods 
of crystal structure determination such as X-ray or neutron 
diffraction rely on the periodicity of the lattice and yield the unit 
cell structure averaged over space, spectroscopic techniques are 
usually more sensitive to the local structure. A variety of 
spectroscopic methods such as infrared,5b Raman,6 electron spin 
resonance,' nuclear magnetic resonance (NMR),* and nuclear 
quadrupole resonance9 have been used to investigate these systems. 
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symmetry-related among each other by translations, 2, 21, and 
4 axes and diamond glide planes. These symmetry relations are 
not necessarily sufficient to make the 31P chemical shift tensors 
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or ADP should exhibit one single 31P NMR peak for any 
orientation of the crystal in the magnetic field.14 In accord with 

@ Abstract published in Advance ACS Abstracts, February 15, 1994. 

0022-3654/94/2098-3 108%04.50/0 

L b e P O N O O  
a 

Figure 1. Perspective view of the tetragonal unit cell of ammonium 
dihydrogen phosphate, ADP. The space group is 142d, a = b = 7.50 A, 
c = 7.55 A. Hydrogen atoms have been omitted for clarity. 

these expectations, a 31P NMR investigation of KD2P04 dem- 
onstrated that the phosphorus chemical shift tensors were axially 
symmetric and magnetically eq~iva1ent.l~ However, in recent 
31P CP/MAS NMR studies of several solid dihydrogen phos- 
phates, evidence was brought forward according to which the 31P 
chemical shift tensors in ADP and KDP are not axially sym- 
metric.16.17 In particular, the authors of the latter study17 reported 
that for single crystals of KDP and ADP two 31P NMR peaks 
were observed for certain orientations of the crystal in the external 
magnetic field, implying two magnetically distinct phosphorus 
sites. It is interesting to note in this context that X-ray diffraction 
studies of the temperature dependence of the thermal parameters 
in KDP1* and ADP19 indicated a two-site distribution of the 
phosphorus atoms along the c axis, both sites separated by 0.03 
A from the special position, as well as a single-minimumvibration 
along the a(b) axes. Furthermore, Raman studies6b showed that 
the phosphate ion in KDP at room temperature adopts C2 rather 
than S4 symmetry. However, these apparent asymmetries are 
expected to be averaged on the much slower NMR time 
scale.8g In light of the obvious disagreements between the 

0 1994 American Chemical Society 

Powder
Single Crystal



Helmholtz-Institut Mainz

HIM
Ultra-Light Frontier Workshop, June 16, Mainz

Single Crystal vs. Sintered Powder

42

"P NMR Study of NH4H2P04 The Journal of Physical Chemistry, Vol. 98, No. 12, 1994 3109 

expectations based on the crystal structure and the 3lP NMR 
results alluded to above, we have carried out a complete single- 
crystal 31P CP NMR study on ADP. 

Experimental Section 
ADP was obtained from BDH and slowly recrystallized from 

distilled water. A large crystal of approximate dimensions 10 X 
10 X 5 mm was cut into a cube, preserving the largest crystal face 
and taking account of thecrystal morphology. This natural plane 
of the crystal was glued to the XY plane of a hollow three-sided 
cubic crystal holder, measuring 4 mm on each side. 

Phosphorus-3 1 solid-state NMR experiments were recorded 
at 293 K and 81.033 MHz on a Bruker MSL-200 spectrometer 
(BO = 4.7 T). The single-crystal 3lP NMR spectra were obtained 
using an automated single-crystal goniometer probe from Doty 
Scientific. The cube mount was placed into a hollow cubic 
receptacle in the goniometer of the probe, with the rotation axis 
perpendicular to the magnetic field. Rotations about the three 
orthogonal cube axes X, Y, and Z were performed in 9' intervals, 
controlled by an external stepper motor. Spectra were acquired 
after cross-polarization under the Hartmann-Hahn match and 
under high-power proton decoupling, using 1H r / 2  pulse widths 
of 3.5 ps, contact times of 5 ms, and recycledelays of 8 s. Typically, 
8 FIDs were acquired at each orientation. 

Spin-echo experiments were carried out by using the method 
of Rance and Byrd:o with delays 7 ranging from 50 to 1000 ps. 
The phase cycle of Rance and Byrd was doubled in order to cycle 
the initial lH pulse between x and -x. 

The 31P CP NMR experiments for static or spinning powdered 
samples of ADP were performed using a Bruker double air-bearing 
probe. Phosphorus chemical shifts were referenced with respect 
to external 85% H3P04; the isotropic chemical shift of ADP is 
0.8 ppm.2' No attempts were made to correct for bulk suscep- 
tibility effects. 

Results and Discussion 
3lP NMR Spectra of Powder Samples. Powder samples of 

ADP have been investigated by several groups using 31P NMR 
spectroscopy. For a static powder sample, Mudrakovskii et ~ 1 . 2 ~  
reported an axially symmetric shift tensor, with principal 
components 611 = 622 = 10 ppm, 633 = -20 ppm, 6k = 0.4 ppm. 
Turner et al.16analyzed spectra obtained from slow-spinning MAS 
samples and determined the following values: 611 = 15.4 ppm, 
622 = 5.6 ppm, 633 = -23.6 ppm, 6 b  = -0.9 ppm. (In their original 
paper, Turner et a1.16 reported their results as follows: = 23.6 
ppm, 622 = -5.6 ppm, and 633 = -15.4 ppm. Subsequently they 
have indicated23 that these are actually shielding components.) 
More recently, Lagier et analyzed 3lP NMR spectra acquired 
under slow-spinning MAS to obtain yet another set of chemical 
shift parameters for ADP: 611 = 17 ppm, 622 = 8 ppm, 633 = -21 
ppm, 6 b  = 1.1 ppm. In view of the lack of agreement evident 
from these reports, we obtained slow-spinning MAS 31P NMR 
spectra of ADP, using spinning rates in the range of ca. 400- 
1200 Hz, incremented by 200 Hz. Two representative spectra 
are shown in Figure 2. The relative intensities of the spinning 
sidebands and isotropic peaks were integrated, and an iterative 
Simplex program24 based on the Herzfeld-BergeF procedure 
was used to calculate the principal components of the 3lP chemical 
shift tensors. The results are remarkably consistent, 611 = 19.5 
f 0.8 ppm, 622 = 5.1 f 0.3 ppm, and 633 = -22.2 * 1.0 ppm, and 
in good agreement with the recent results of Lagier et al." Clearly, 
the phosphorus chemical shift tensor of ADP appears nonaxially 
symmetric, in contrast to the results of Mudrakovskii et The 
31P CP/MAS NMR spectra of ADP further show that only one 
phosphorus site is present in ADP. 

Several years ago, Clayden et a1.26 discussed some of the 
problems associated with analyzing slow-spinning MAS NMR 
~pectra.Zs.2~ Qualitatively, the Herzfeld-BergerZS procedure is 
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Figure 2. 31P CP/MAS NMR spectra of a powder sample of NH4H2- 
PO4 at BO = 4.7 T, using spinning rates of 383 and 1245 Hz. The upper 
trace shows the experimental spectra, while the lower trace shows the 
calculated spectra using an iterative Simplex program based on the 
Herzfeld-Berger method. 
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Figure 3. 31P CP NMR spectra of a static powder sample of NH4H2P04 
at BO = 4.7 T: (a) experimental spectrum, 136 scans; (b) calculated 
spectrum using 611 = .17 ppm, 622 = 7 ppm, 633 = -22 ppm, 900-Hz 
Gaussian l i e  broadenmg; (c) calculated spectrum using 611 = 622 = 12 
ppm, 633 = -22 ppm, 1200-Hz Gaussian line broadening. 

least reliable when the span, S l  = 611 - 633, of the powder pattern 
is small and when the chemical shift tensor has near axial 
symmetry. Thus, we obtained a CP NMR spectrum of a 
static powder sample of ADP (Figure 3a). As shown in Figure 
3, the experimental spectrum can accommodate either model: 
a nonaxially symmetric chemical shift tensor (611 = 17 ppm, 622 
= 7 ppm, 633 = -22 ppm, Av1/2 = 900 Hz, Figure 3b) or an axially 
symmetric chemical shift tensor (611 = 622 = 12 ppm, 633 = -22 
ppm, Av1/2 = 1200 Hz, Figure 3c). Neither fit is very satisfying. 
Particularly striking in Figure 3 are the large Gaussian line widths, 
= 1 kHz, required to obtain a satisfactory fit between experiment 
and calculations. The line broadening originates from homo- 
nuclear 31P-31P dipolar interactions (uide infra).% In order to 
investigate this problem further, we carried out a single-crystal 
31P NMR study of ADP. 

SingleCrystal 31P CP NMR Spectroscopy. The single-crystal 
3lP CP NMR spectra obtained for ADP as a function of the cube 
orientation in the external magnetic field are displayed in Figure 
4. Obviously, the two peaks observed by Lagier et ul.l7 for certain 
orientations of single crystals of ADP and KDP are reproduced 
in the present study. While Lagier et al.17 attributed the two 
peaks to nonaxially symmetric, magnetically distinct phosphorus 
chemical shift tensors, related by the symmetry operations of the 
space group, we examined the effect of homonuclear 3lP-3lP 
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Figure 4. 3lP NMR spectra of a single crystal of NH&PO4 as a function of the orientation of the crystal in the external magnetic field. The spectra 
were obtained at 81.033 MHz with high-power IH decoupling and CP. Rotations were performed in 9' increments about an axis perpendicular to 
the magnetic field with the X,Y,Z axes of the crystal holder in turn parallel to the rotation axis. 

dipolar interactions on the 31P NMR line shapes. From the crys- 
tal structure of ADP, it is clear that any phosphorus is surrounded 
at 4.2 A by four nearest phosphorus neighbors (Figure 1). At 
this separation, the 31P-31P direct dipolar coupling constant, R, 
is 270 Hz, where R is defined as 

and all symbols are standard. 
The Hahn spin-echo experiment, u/2 - s - P - s - ACQ,29 

is the simplest pulse NMR experiment available to address the 
question if spin-spin interactions or differences in chemical shifts 
are responsible for the splittings illustrated in Figure 4. If the 
two peaks arise from two species differing in their chemical shifts, 
this experiment will always yield the same line shape, only the 
intensity will decay as a function of the delay 7, determined by 
Tz; Le., chemical shift differences are refocused by this experiment. 
In contrast, homonuclear spin-spin interactions are not refocused 
by this experiment and, in addition to the natural decay in echo 
intensity, a modulation of the phase of the peaks is expected as 
a function of 7. In Figure 5 we show the spectra obtained from 
spin-echo experiments for an orientation of the crystal rotated 
by 45O about the Yaxis of the cube; the splitting is at maximum, 
cu. 900 Hz, for this orientation. Clearly, the 31P NMR peaks 
show modulations of their phase angles as a function of the echo 
delay, qj = 4ras. The fastest modulation has a period of 1400 
ps  (7 = 700 ps), corresponding to a dipolar splitting, a = 700 Hz. 
It is apparent that dipolar 3lP spin-spin interactions play a major 
role in determining the line shape of the 31P NMR spectra of 
ADP. 

In order to verify this interpretation, we have attempted to 
calculate the line shapes of dipolar coupled 31P NMR spectra of 
ADP. The calculation of the detailed line shape of a nucleus 
dipolar coupled to other nuclei in a crystal lattice is a formidable 
task,30 a problem which can be circumvented by using the second 
moments of line shapes." In Figure 6, we compare the 
experimental second moments, in angular frequency units, 

I 

Figure 5. 31P CP NMR Hahn spin-ccho spectra of a single crystal of 
NHdHzP04 rotated by 45' about the Y axis of the crystal holder. The 
delay 7 was varied in 50-p increments from to 1 ms (the receiver 
dead time for the first experiment was 10 p). 

with the calculated second moment resulting from the sum of 
3IP,31P and 31P,14N dipolar spin-spin interactions using the 
following relationships:31 

M2d = M2,PP + MZ,PN (3) 

Thesummations were carried out for a phosphorus nucleus located 
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A 31P NMR study of powder and single-crystal samples of ammonium dihydrogen phosphate (ADP), NH4H2- 
PO4, was undertaken in order to resolve the apparent discrepancies in the literature concerning the local symmetry 
at  the phosphorus nucleus of the H2PO4 moiety. In two independent 31P N M R  studies of solid dihydrogen 
phosphates, evidence has been presented which indicates that the phosphorus chemical shift tensor of ADP is 
nonaxially symmetric, in contrast to expectations based on the accepted crystal structure from X-ray and 
neutron diffraction experiments. In analyzing the single-crystal 31P NMR results presented here, it is essential 
to consider the influence of homonuclear 31P-31P dipolar interactions. The analysis indicates that the phosphorus 
chemical shift tensor is axially symmetric, 61 1 = 822 = 12 ppm and 833 = -20 ppm, consistent with the expectations 
based on the known crystal structure. The unique component of the phosphorus chemical shift tensor is oriented 
along the c axis of the tetragonal crystal. The present study also demonstrates the dangers of analyzing magic- 
angle spinning (MAS) NMR spectra of powder samples if the nuclei under consideration are strongly dipolar 
coupled to neighboring spins. 

Introduction 
Several dihydrogen phosphate salts, MH2PO4, are of techno- 

logical interest because they exhibit ferroelectric (M = K, Rb, 
Cs) or antiferroelectric (M = NH4) properties at low temper- 
atures.' Below the Curie temperature, Tc, the hydrogen atoms 
of the dihydrogen phosphate ion are localized at one of the two 
oxygen atoms in a double-minimum potential (i.e., O-H--O). In 
ferroelectric materials, this causes a spontaneous polarization of 
the electric dipoles of the hydrogen bonds along one direction;2J 
in antiferroelectric materials, the electric dipoles cancel one 
another.4 Above Tc, the paraelectric phases of these compounds 
exhibit normal dielectric behavior.' For ammonium dihydrogen 
phosphate, ADP, TC is 148 K, while in the deuterated analogue, 
ND4D2P04 (DADP), TC = 238 K. Similar large isotope effects 
on TC have been observed for the other simple dihydrogen 
phosphates. These dramatic deuterium isotope effects have been 
taken to imply that the protons tunnel between their two 
equilibrium positions rather than occupy a position at the center 
of the 0-H-0 hydrogen bond.5 While the conventional methods 
of crystal structure determination such as X-ray or neutron 
diffraction rely on the periodicity of the lattice and yield the unit 
cell structure averaged over space, spectroscopic techniques are 
usually more sensitive to the local structure. A variety of 
spectroscopic methods such as infrared,5b Raman,6 electron spin 
resonance,' nuclear magnetic resonance (NMR),* and nuclear 
quadrupole resonance9 have been used to investigate these systems. 
Both KH2P04 (KDP)l0 and ADP1' are isomorphous at room 
temperature and crystallize in the tetragonal space group I42d 
(Figure 1). All phosphorus nuclei are situated at special positions 
with local 3 = S 4  symmetry. This symmetry requires that the 
phosphorus chemical shift tensors in KDP and ADP be axially 
symmetric.12 The phosphorus nuclei within the unit cell are 
symmetry-related among each other by translations, 2, 21, and 
4 axes and diamond glide planes. These symmetry relations are 
not necessarily sufficient to make the 31P chemical shift tensors 
magnetically eq~iva1ent.l~ However, since the unique components 
of all axially symmetric 31P chemical shift tensors are along the 
4 axis, hence parallel to c, these tensors should be de facto 
magnetically equivalent. Furthermore, a single crystal of KDP 
or ADP should exhibit one single 31P NMR peak for any 
orientation of the crystal in the magnetic field.14 In accord with 
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Figure 1. Perspective view of the tetragonal unit cell of ammonium 
dihydrogen phosphate, ADP. The space group is 142d, a = b = 7.50 A, 
c = 7.55 A. Hydrogen atoms have been omitted for clarity. 

these expectations, a 31P NMR investigation of KD2P04 dem- 
onstrated that the phosphorus chemical shift tensors were axially 
symmetric and magnetically eq~iva1ent.l~ However, in recent 
31P CP/MAS NMR studies of several solid dihydrogen phos- 
phates, evidence was brought forward according to which the 31P 
chemical shift tensors in ADP and KDP are not axially sym- 
metric.16.17 In particular, the authors of the latter study17 reported 
that for single crystals of KDP and ADP two 31P NMR peaks 
were observed for certain orientations of the crystal in the external 
magnetic field, implying two magnetically distinct phosphorus 
sites. It is interesting to note in this context that X-ray diffraction 
studies of the temperature dependence of the thermal parameters 
in KDP1* and ADP19 indicated a two-site distribution of the 
phosphorus atoms along the c axis, both sites separated by 0.03 
A from the special position, as well as a single-minimumvibration 
along the a(b) axes. Furthermore, Raman studies6b showed that 
the phosphate ion in KDP at room temperature adopts C2 rather 
than S4 symmetry. However, these apparent asymmetries are 
expected to be averaged on the much slower NMR time 
scale.8g In light of the obvious disagreements between the 
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A 31P NMR study of powder and single-crystal samples of ammonium dihydrogen phosphate (ADP), NH4H2- 
PO4, was undertaken in order to resolve the apparent discrepancies in the literature concerning the local symmetry 
at  the phosphorus nucleus of the H2PO4 moiety. In two independent 31P N M R  studies of solid dihydrogen 
phosphates, evidence has been presented which indicates that the phosphorus chemical shift tensor of ADP is 
nonaxially symmetric, in contrast to expectations based on the accepted crystal structure from X-ray and 
neutron diffraction experiments. In analyzing the single-crystal 31P NMR results presented here, it is essential 
to consider the influence of homonuclear 31P-31P dipolar interactions. The analysis indicates that the phosphorus 
chemical shift tensor is axially symmetric, 61 1 = 822 = 12 ppm and 833 = -20 ppm, consistent with the expectations 
based on the known crystal structure. The unique component of the phosphorus chemical shift tensor is oriented 
along the c axis of the tetragonal crystal. The present study also demonstrates the dangers of analyzing magic- 
angle spinning (MAS) NMR spectra of powder samples if the nuclei under consideration are strongly dipolar 
coupled to neighboring spins. 

Introduction 
Several dihydrogen phosphate salts, MH2PO4, are of techno- 

logical interest because they exhibit ferroelectric (M = K, Rb, 
Cs) or antiferroelectric (M = NH4) properties at low temper- 
atures.' Below the Curie temperature, Tc, the hydrogen atoms 
of the dihydrogen phosphate ion are localized at one of the two 
oxygen atoms in a double-minimum potential (i.e., O-H--O). In 
ferroelectric materials, this causes a spontaneous polarization of 
the electric dipoles of the hydrogen bonds along one direction;2J 
in antiferroelectric materials, the electric dipoles cancel one 
another.4 Above Tc, the paraelectric phases of these compounds 
exhibit normal dielectric behavior.' For ammonium dihydrogen 
phosphate, ADP, TC is 148 K, while in the deuterated analogue, 
ND4D2P04 (DADP), TC = 238 K. Similar large isotope effects 
on TC have been observed for the other simple dihydrogen 
phosphates. These dramatic deuterium isotope effects have been 
taken to imply that the protons tunnel between their two 
equilibrium positions rather than occupy a position at the center 
of the 0-H-0 hydrogen bond.5 While the conventional methods 
of crystal structure determination such as X-ray or neutron 
diffraction rely on the periodicity of the lattice and yield the unit 
cell structure averaged over space, spectroscopic techniques are 
usually more sensitive to the local structure. A variety of 
spectroscopic methods such as infrared,5b Raman,6 electron spin 
resonance,' nuclear magnetic resonance (NMR),* and nuclear 
quadrupole resonance9 have been used to investigate these systems. 
Both KH2P04 (KDP)l0 and ADP1' are isomorphous at room 
temperature and crystallize in the tetragonal space group I42d 
(Figure 1). All phosphorus nuclei are situated at special positions 
with local 3 = S 4  symmetry. This symmetry requires that the 
phosphorus chemical shift tensors in KDP and ADP be axially 
symmetric.12 The phosphorus nuclei within the unit cell are 
symmetry-related among each other by translations, 2, 21, and 
4 axes and diamond glide planes. These symmetry relations are 
not necessarily sufficient to make the 31P chemical shift tensors 
magnetically eq~iva1ent.l~ However, since the unique components 
of all axially symmetric 31P chemical shift tensors are along the 
4 axis, hence parallel to c, these tensors should be de facto 
magnetically equivalent. Furthermore, a single crystal of KDP 
or ADP should exhibit one single 31P NMR peak for any 
orientation of the crystal in the magnetic field.14 In accord with 
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Figure 1. Perspective view of the tetragonal unit cell of ammonium 
dihydrogen phosphate, ADP. The space group is 142d, a = b = 7.50 A, 
c = 7.55 A. Hydrogen atoms have been omitted for clarity. 

these expectations, a 31P NMR investigation of KD2P04 dem- 
onstrated that the phosphorus chemical shift tensors were axially 
symmetric and magnetically eq~iva1ent.l~ However, in recent 
31P CP/MAS NMR studies of several solid dihydrogen phos- 
phates, evidence was brought forward according to which the 31P 
chemical shift tensors in ADP and KDP are not axially sym- 
metric.16.17 In particular, the authors of the latter study17 reported 
that for single crystals of KDP and ADP two 31P NMR peaks 
were observed for certain orientations of the crystal in the external 
magnetic field, implying two magnetically distinct phosphorus 
sites. It is interesting to note in this context that X-ray diffraction 
studies of the temperature dependence of the thermal parameters 
in KDP1* and ADP19 indicated a two-site distribution of the 
phosphorus atoms along the c axis, both sites separated by 0.03 
A from the special position, as well as a single-minimumvibration 
along the a(b) axes. Furthermore, Raman studies6b showed that 
the phosphate ion in KDP at room temperature adopts C2 rather 
than S4 symmetry. However, these apparent asymmetries are 
expected to be averaged on the much slower NMR time 
scale.8g In light of the obvious disagreements between the 
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expectations based on the crystal structure and the 3lP NMR 
results alluded to above, we have carried out a complete single- 
crystal 31P CP NMR study on ADP. 

Experimental Section 
ADP was obtained from BDH and slowly recrystallized from 

distilled water. A large crystal of approximate dimensions 10 X 
10 X 5 mm was cut into a cube, preserving the largest crystal face 
and taking account of thecrystal morphology. This natural plane 
of the crystal was glued to the XY plane of a hollow three-sided 
cubic crystal holder, measuring 4 mm on each side. 

Phosphorus-3 1 solid-state NMR experiments were recorded 
at 293 K and 81.033 MHz on a Bruker MSL-200 spectrometer 
(BO = 4.7 T). The single-crystal 3lP NMR spectra were obtained 
using an automated single-crystal goniometer probe from Doty 
Scientific. The cube mount was placed into a hollow cubic 
receptacle in the goniometer of the probe, with the rotation axis 
perpendicular to the magnetic field. Rotations about the three 
orthogonal cube axes X, Y, and Z were performed in 9' intervals, 
controlled by an external stepper motor. Spectra were acquired 
after cross-polarization under the Hartmann-Hahn match and 
under high-power proton decoupling, using 1H r / 2  pulse widths 
of 3.5 ps, contact times of 5 ms, and recycledelays of 8 s. Typically, 
8 FIDs were acquired at each orientation. 

Spin-echo experiments were carried out by using the method 
of Rance and Byrd:o with delays 7 ranging from 50 to 1000 ps. 
The phase cycle of Rance and Byrd was doubled in order to cycle 
the initial lH pulse between x and -x. 

The 31P CP NMR experiments for static or spinning powdered 
samples of ADP were performed using a Bruker double air-bearing 
probe. Phosphorus chemical shifts were referenced with respect 
to external 85% H3P04; the isotropic chemical shift of ADP is 
0.8 ppm.2' No attempts were made to correct for bulk suscep- 
tibility effects. 

Results and Discussion 
3lP NMR Spectra of Powder Samples. Powder samples of 

ADP have been investigated by several groups using 31P NMR 
spectroscopy. For a static powder sample, Mudrakovskii et ~ 1 . 2 ~  
reported an axially symmetric shift tensor, with principal 
components 611 = 622 = 10 ppm, 633 = -20 ppm, 6k = 0.4 ppm. 
Turner et al.16analyzed spectra obtained from slow-spinning MAS 
samples and determined the following values: 611 = 15.4 ppm, 
622 = 5.6 ppm, 633 = -23.6 ppm, 6 b  = -0.9 ppm. (In their original 
paper, Turner et a1.16 reported their results as follows: = 23.6 
ppm, 622 = -5.6 ppm, and 633 = -15.4 ppm. Subsequently they 
have indicated23 that these are actually shielding components.) 
More recently, Lagier et analyzed 3lP NMR spectra acquired 
under slow-spinning MAS to obtain yet another set of chemical 
shift parameters for ADP: 611 = 17 ppm, 622 = 8 ppm, 633 = -21 
ppm, 6 b  = 1.1 ppm. In view of the lack of agreement evident 
from these reports, we obtained slow-spinning MAS 31P NMR 
spectra of ADP, using spinning rates in the range of ca. 400- 
1200 Hz, incremented by 200 Hz. Two representative spectra 
are shown in Figure 2. The relative intensities of the spinning 
sidebands and isotropic peaks were integrated, and an iterative 
Simplex program24 based on the Herzfeld-BergeF procedure 
was used to calculate the principal components of the 3lP chemical 
shift tensors. The results are remarkably consistent, 611 = 19.5 
f 0.8 ppm, 622 = 5.1 f 0.3 ppm, and 633 = -22.2 * 1.0 ppm, and 
in good agreement with the recent results of Lagier et al." Clearly, 
the phosphorus chemical shift tensor of ADP appears nonaxially 
symmetric, in contrast to the results of Mudrakovskii et The 
31P CP/MAS NMR spectra of ADP further show that only one 
phosphorus site is present in ADP. 

Several years ago, Clayden et a1.26 discussed some of the 
problems associated with analyzing slow-spinning MAS NMR 
~pectra.Zs.2~ Qualitatively, the Herzfeld-BergerZS procedure is 

383Hz I 1245 Hz I 

50 0 -50 50 0 -50 
[ P P ~ I  [ppml 

Figure 2. 31P CP/MAS NMR spectra of a powder sample of NH4H2- 
PO4 at BO = 4.7 T, using spinning rates of 383 and 1245 Hz. The upper 
trace shows the experimental spectra, while the lower trace shows the 
calculated spectra using an iterative Simplex program based on the 
Herzfeld-Berger method. 
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Figure 3. 31P CP NMR spectra of a static powder sample of NH4H2P04 
at BO = 4.7 T: (a) experimental spectrum, 136 scans; (b) calculated 
spectrum using 611 = .17 ppm, 622 = 7 ppm, 633 = -22 ppm, 900-Hz 
Gaussian l i e  broadenmg; (c) calculated spectrum using 611 = 622 = 12 
ppm, 633 = -22 ppm, 1200-Hz Gaussian line broadening. 

least reliable when the span, S l  = 611 - 633, of the powder pattern 
is small and when the chemical shift tensor has near axial 
symmetry. Thus, we obtained a CP NMR spectrum of a 
static powder sample of ADP (Figure 3a). As shown in Figure 
3, the experimental spectrum can accommodate either model: 
a nonaxially symmetric chemical shift tensor (611 = 17 ppm, 622 
= 7 ppm, 633 = -22 ppm, Av1/2 = 900 Hz, Figure 3b) or an axially 
symmetric chemical shift tensor (611 = 622 = 12 ppm, 633 = -22 
ppm, Av1/2 = 1200 Hz, Figure 3c). Neither fit is very satisfying. 
Particularly striking in Figure 3 are the large Gaussian line widths, 
= 1 kHz, required to obtain a satisfactory fit between experiment 
and calculations. The line broadening originates from homo- 
nuclear 31P-31P dipolar interactions (uide infra).% In order to 
investigate this problem further, we carried out a single-crystal 
31P NMR study of ADP. 

SingleCrystal 31P CP NMR Spectroscopy. The single-crystal 
3lP CP NMR spectra obtained for ADP as a function of the cube 
orientation in the external magnetic field are displayed in Figure 
4. Obviously, the two peaks observed by Lagier et ul.l7 for certain 
orientations of single crystals of ADP and KDP are reproduced 
in the present study. While Lagier et al.17 attributed the two 
peaks to nonaxially symmetric, magnetically distinct phosphorus 
chemical shift tensors, related by the symmetry operations of the 
space group, we examined the effect of homonuclear 3lP-3lP 
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Toward Bulk Synthesis of Polar Cages
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Combination: Para/ferroelectric Zeolite?
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Conclusions

✦ CASPEr ⟹ NMR, and NMR is a mature field 

✦ Nuclear spin antenna:  

• ALPs interact with nuclei 

• Nuclear magnetization measured by pickup 
loop(s) 

✦ All that remains is to produce samples, stick them in 
magnets, and start measuring
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ALSO: ZULF-NMR
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ALSO: ZULF-NMR
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Proper fitting underway!
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ALSO: ZULF-NMR
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