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Other probes of local structure sensitive to bonding, symmetry, disorder, dynamics

• Neutron and x-ray scattering probes (Pair Distribution Function, Diffuse Scattering)
• Nuclear resonance probes (Mossbauer Spectroscopy, NMR, …)
• Electron scattering probes (EELS, EXELFS, ) 
• Non-resonant inelastic x-ray scattering (X-ray Raman)
• Optical probes (Raman, IR, …)

Complementarity with other techniques 
Gain awareness of strengths and limitations

The different length and time scales probed by complementary techniques 
can provide a more holistic view of the structure and dynamics



Outline

§ The length scales (short vs long-range order)
§ The time scales (static vs dynamic)
§ Spatial resolution (can I resolve these distances?)
§ Atomic disorder (DWFs)
§ The “Z problem” (can I distinguish between atoms?)
§ Directional information (beyond ”radial” in RDF)
§ Extensions of XAFS (site-specific DAFS, magnetic XAFS/DAFS)
§ APS-U: nanoprobes, extreme conditions



The length scale
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The Length scale: Short versus long-ranged probes
§ XAFS probes distances as far as the elastically-scattered photoelectron can reach 

all the while the core-hole is alive. 

§ Mean-free path (l) is determined by the core-hole lifetime (t) and the 
inelastic losses. Both contributions depend on p.e. wavenumber k.

   The higher the k, the farthest the p.e. reaches within t. Losses are strongly 
tied to available excitations (e.g. plasmons)
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XAFS is an excited final state effect (finite lifetime), so length and time scales are related !
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Length scales…

Since XAFS is an interference effect between outgoing and backscattered p.e. 
waves, it needs a coherent final state. Inelastic scattering (losses) changes the p.e. 
wavenumber (energy) destroying final state coherence

i.e., don’t perturb the standing wave !

k = 2π
λp.e.

This is De Broglie 
wavelength, not mean free 
path.

Core-hole lifetime dominatesInelastic scattering dominates

At 𝑘 = 15Å!" 𝜆 = 30Å
1/e suppression at 𝑅 = 15Å

𝐸 =
ℏ#𝑘#

2𝑚 = 3.815	𝑘#

𝑘~2 − 3	Å!" = 15 − 30 eV

Plasmons and other low-E excitations

Other sources of damping and attenuation (DWFs at high 𝑘, spherical wave 𝜒(𝑘)~𝑅!#) lead to typical L	 < 	10	Å

𝑒7 ⁄9: ;(<)

𝑘(Å!")



Length scales…
§ Bragg diffraction probes a scale over which the scattering is coherent; i.e., well 

defined correlations in atomic positions. In high quality crystals this could be 1000 
Å or longer (i.e., way longer than XAFS).

§ Long-range periodic order (many unit cells) yields Bragg peaks at positions in 
reciprocal space corresponding to lattice planar spacings (given by the space 
group), while other correlated atomic displacements yield diffuse scattering (e.g. 
from phonons, or short-range order).

d
2p/d

Diffuse scattering under and 
in-between Bragg peaks. 
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PDF from total scattering data (neutrons, x-rays)
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• I(Q) can yield radial distribution functions in amorphous, liquid, crystalline samples. 
• In non-monatomic samples I(Q) probes all pair correlations (AA, BB, AB for two atom types) 
• XAFS measures partial pair correlations involving absorbing atom
• XAFS goes beyond pair correlations when multiple scattering is included (3-body, 4-body…)
• Resonant PDF can enhance selected pair correlations 

Oscillatory function of Q with rij fequency
Here Q plays role of k in XAFS

A

B
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Length scales: Some other techniques
Other probes of local structure
§ Nuclear techniques: Mossbauer spectroscopy, NMR, NQR
§ Electron techniques: Electron energy loss spectroscopy (EELS, EXELFS)
§ X-ray techniques: Inelastic x-ray scattering (X-ray Raman)

Mossbauer, NMR, NQR
Nuclear energy levels and nuclear spin 
relaxation depends on local structure 
(neighbors, symmetry, disorder).
Limited to selected isotopes

EELS, X-ray Raman 
Energy loss of inelastically scattered 
electrons  or photons. 
EELS: Limited to thin films (1000 Å) 
X-ray Raman: Access to soft x-ray edges in opaque environments (e.g. high pressure expts)
X-ray Raman and EELS: beyond E-dipole approximation at large Q values 

O K-edge Raman (Ei~ 10 keV), Diamond anvil cell
X-ray induced H2O cleavage and formation of O2-H2 molecular alloy
W. Mao et al., Science 2006

Mg K-edge EXELFS (Ei=200 keV) 
Haskel et al, Ultramicroscopy 1995



Summary: Length scales
§ XAFS (also EELS/EXELFS, X-ray Raman, Nuclear techniques) sensitive to short-range order 

only (~ few Å to 10 Å= 1 nm)
§ X-ray and Neutron scattering can probe both long-range (~ 1000 Å) periodic ordering (Bragg scat, 

Q=G) and short-range ordering through PDF analysis (diffuse scat. Q¹G). 
§ The big advantage of XAFS is in its elemental specificity (PPDF): e.g., diluted concentrations. 

Also allows direct measurement of 3-body correlations through multiple scattering. The big 
advantage of PDF-scattering is that it can also probe intermediate order (10-30 Å), if it exists. 

Roscioni et al., PRB 2011 Banerjee et al., J. Chem. Phys. C, 2018
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Example: Local structure vs average structure
Diffraction: Ni doping contracts c-axis, expands a-axisLa1.85Sr0.15Cu1−yNiyO4

Ni/Cu

Cu2+: Jahn Teller 
Ni2+: non JT 

Cu

Ni

(ΔV /V )Ni > (ΔV /V )macroscopic

x ⋅cNi + (1− x) ⋅cCu = cmacroscopic
Vegard’s law

Jahn-TellerNon Jahn-Teller



Ni XAFS Cu XAFS

• JT effect absent in Ni2+, large reduction in 
Ni-O(2) distance. 

• Random distortion, so diffraction only sees 
average lattice contraction 

• Distortion should produce diffuse scattering

Ni-O(2)

Ni-O(1)

Cu-O(2)

Cu-O(1)

Cu

Ni

Cu/Ni

x ⋅cNi + (1− x) ⋅cCu = cmacroscopic Haskel et al, PRB 2001

Polarization dependent XAFS on oriented powder, fluorescence detection (few % Ni)
Local structure vs average structure



Local strain field around a diluted (few at %), large ion

Strain field around Ba due to 
larger ionic size than La.

Ba/La

Ba K-edge

• Non-periodic distortion easily seen/quantified with XAFS
• Invisible to diffraction other than disorder, average lattice expansion. 
• Should give diffuse scattering

Local structure vs average structure

La 3+
R=1.22	Å

Ba 2+
R=1.47	Å

Tranquada et al., JPSJ 2021
Haskel et al, PRB 2000



Time scales



Time scale: XAFS
• XAFS time scale given by the core-hole lifetime, 10-15 sec (fs), much faster than any atomic 

motion (meV phonons ~ 10-12 sec).

• Each absorption event probes the instantaneous atomic positions. Since a measurement 
integrates over many snapshots (time averaging) and over many absorbers (spatial averaging), 
XAFS probes the distribution of atoms through both spatial and time averaging.

• XAFS cannot directly distinguish between static and dynamic displacements.
• However, temperature dependence can be used to separate static and thermal contributions to 

atomic disorder (DWFs)

Static Dynamic

t1

t2
T

En = !w(n+
1
2
)



Time scale: Scattering/Diffraction
The x-ray and neutron scattering 
cross section is related to S(Q, w):
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… and results in S(Q) at t=0; i.e, the instantaneous 
correlation function.

Energy discrimination (inelastic scattering) can be used 
to probe dynamics

𝑄 = 𝒌$ − 𝒌% 𝜔 = 𝐸$ − 𝐸%
𝒌% , 𝐸% 𝒌$ , 𝐸$

Niels Christensen, Technical U. Denmark



Summary: Time scales

§ XAFS and diffraction measure the instantaneous distribution of atoms, averaged 

over their respective length scales.

§ Inelastic x-ray and neutron scattering can probe excitations within an energy 

window to deduce time scale of dynamics leveraging Heisenberg’s uncertainty 

principle (Δ𝐸	Δ𝑡	~ℏ): 1 meV ~ 1 ps; 100 meV ~ 10 fs

§ Nuclear techniques such as Mossbauer spectroscopy have slower time scales 

(10-9 sec) due to longer lifetime of excited nuclear states.



Example: Time scales

La/Ba

Bragg diffraction:
LTT® LTO® HTT
      60K      200K

Change in tilt direction results in significant redistribution 
of La-O(2) distances; easily probed by (polarized) XAFS

Tranquada et al., JPSJ 2021



Expected changes at LTT® LTO phase transition 

La K-edge XAFS Neutron PDF

Local O6 tilts
remain LTT type

Bragg diffraction:
LTT® LTO® HTT
      60K      200K

Billinge et al, PRL 1994 
Haskel et al, PRB 2000



Temperature driven (dynamical) orientational disorder

Slower probes (e.g. 139La NMR) or long-range probes (diffraction) will average over dynamic 
displacements, while XAFS only sees local tilts/displacements

Billinge et al, PRL 1994 Sicron, Ravel et al., PRB 1994
<111> local displacements persist 
in high-T “cubic” phase 



Spatial resolution

21



Spatial resolution: XAFS
The ability to resolve two distances “close” to each other.

DR

R1

R2

R1

R2

€ 

R = (R1 + R2) /2
σ = ΔR /2

OR

Intuition: To resolve needs DR to be a significant fraction of smallest p.e. wavelength: 
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Spatial Resolution: XAFS

DR

R

€ 

sin2kR + sin[2k(R + ΔR)] =

sin2kR + (sin2kRcos2kΔR + cos2kRsin2kΔR)
sin2kR[1+ cos2kΔR]

A little more rigorous derivation:

DR=0.05 Å

DR=0.1 Å

DR=0.15 Å

Low “freq” modulation
with beat at 2kDR=p

R=2.0Å
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kbeat =
π
2ΔR



Spatial Resolution: XAFS

R1

R2
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R = (R1 + R2) /2
σ = ΔR /2

OR

DR

R1

R2

s=0.025 Å (Δ𝑅 = 0.05	Å)

s=0.075 Å (Δ𝑅 = 0.15	Å)

s=0.05 Å (Δ𝑅 = 0.1	Å)

Needs kmax>kbeat to resolve DR

𝑘&'() = 31.4	Å!"	

𝑘&'() = 15.7	Å!"	

𝑘&'() = 10.47	Å!"	
N=2



Spatial resolution: diffraction 

q

R

k, 2R Q, R

Q

In XAFS phase shift between outgoing and backscattered waves is given by 2R (optical path length).
In diffraction, phase shift between scattered waves given by some projection of R.
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kmax ≥
π
2ΔR
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Qmax ≥
π
ΔR
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Q =
4π
λ
sinθ

Bragg :Qhkl =
2π
dhkl

; dhkl =
a2

h2
+
b2

k 2
+
c 2

l2

a~3Å, (10,0,0), Q~20Å-1, DR~0.16 Å
kmax~20Å-1, DR~0.08Å



Summary: Spatial resolution
§ In order to resolve distances or interplanar spacings that differ by DR needs to 

measure XAFS to at least kmax=(p/2DR) and diffraction up to Qmax=(p/DR).
§ Other probes sensitive to point and space group symmetry (optical Raman, Bragg 

diffraction) could be more sensitive than XAFS for detection of small distance splittings 
and symmetry breakings, especially when kmax is limited.

§ XANES can provide high sensitivity to symmetry breaking (e.g. loss of inversion 
center, e.g. off-center displacements in titanates)

§ Even if distance splittings cannot be resolved by XAFS, they may become evident in 
anomalous T Dependence of DWF’s.

Unresolved distance splitting at low T
due to a structural phase transition

T

σ2

De  Beer George et al, JACS 2005 Shebanova et al, J. Solid State Chem., 2003

Fe3O4



Atomic Disorder (Debye Waller factors)

Image credit: https://www.stx.ox.ac.uk/event/happ-one-day-conference-order-and-chaos

https://www.stx.ox.ac.uk/event/happ-one-day-conference-order-and-chaos


Debye-Waller factors
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Diffraction: u2
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R: equilibrium position
R’: off-equilibrium, either thermal or static

XAFS is biased towards sensing optical versus acoustic phonon modes



Summary: Atomic Disorder
§ XAFS measures disorder in interatomic distances while diffraction (as well as 

Mossbauer spectroscopy) measures disorder about lattice site. 

§ Care must be exercised when comparing DWF’s amongst techniques. Such 
comparison, however, might be useful in learning about correlations in atomic 
displacements.
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| u1 |=| u2 |
σ 2 = u1

2 + u2
2, if C = 0

σ 2 = 0, if C =1
σ 2 = 4u2, if C = −1



The “Z” problem



The Z problem
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X-ray 
scattering 
factors

Neutron 
coherent 
scattering 
lengths

Atomic number

H     D      C      O      Si      Mn        Ni          Ni58           Zn          

1      1       6       8     14      25         28         28         30            

negativepositive
Image courtesy: Yaohua Liu

• Photoelectron scattering amplitude 𝑓(𝑘) and phase shift 𝛿 𝑘  dictated by Z number, especially at high k
• XAFS can’t distinguish scatterers that are next or few Z numbers apart
• Same goes for non-resonant x-ray diffraction: scattering length 𝑓* 𝑄 𝑟*~	𝑍𝑟* at low Q (𝑟*	classical e radius)
• Neutron scattering length varies randomly with Z and isotope
• Light elements such as H are pretty much invisible to XAFS

𝐼+,- = I
%

𝑓*𝑒%𝑸/𝒓!
#

𝐼1- = I
%

𝑏%𝑒%𝑸/𝒓!
#

b = b '− ib"= bc +
2bi
I(I +1)

s ⋅ I

bc bi
Mn -3.73 1.8
56Fe 9.94 0

Co 2.49 -6.2
58Ni 14.4 0



Directional information
Beyond “radial” in RDF



Polarized XAFS (related to natural dichroism)
§ When symmetry lower than cubic, can exploit polarization dependence (natural 

dichroism) to selectively probe subsets of local structure
§ Requires single crystal or highly textured samples. Rotate crystal or rotate polarization 

(with insertion devices or phase plates).
§ A way to solve complex local structures (e.g., distances within resolution limit), and 

getting directional information (distances and atom types) relative to crystalline axes.

2||||)( 〉⋅〈≈ irefE εµ
!!

Δl = ±1,Δm = 0

Electric dipole selection rules
for linear polarization

e

rj

qj
K-edge: sàp

χ (k)∝3cos2Θ j f (π ) Linear-H
Linear-V

xx
x

x

Absorbing atom
(resonant atom)

Neighbor
atom



Example: Polarized XAFS at high pressure
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similar to what was reported in Ref. [43], which reduces the total diamond thickness
to! 0.8mm.

When compared to other XAFS methods, polarized XAFS adds the experimental con-
straint of aligning the x-ray linear polarization to the relevant bond directions, which
generally requires the use of single crystals. Note that the development of fourth-gener-
ation synchrotron sources with nanoscale x-ray beams will allow one to perform such
experiments on a single powder grain. Furthermore, aligned powders have been used
in previous ambient pressure work,[41,44] but it is difficult to conceive using the same
approach in a DAC. A few potential issues emerge from using single crystals in XAFS
measurements. First, the sample itself may produce Bragg peaks that will distort the
spectrum just like those arising from diamond anvils. Although such peaks did not sig-
nificantly distort our data, it would likely be relevant if lower energy edges are probed.
Perhaps the best approach to tackle this problem is to clean the data a posteriori by
measuring the XAFS spectrum at different angles as described in Ref. [20]. Note that
even for polarized XAFS, one can select a rotation angle that preserves the alignment
of the polarization and crystallographic directions. For instance, in our geometry the
alignment of !e along !a and !c is controlled only by χ, thus allowing for the use of θ in
this de-glitching procedure (Figure 1(b)). Finally, the conventional XAFS measurement
is performed in transmission mode, that is, by measuring the x-ray intensity before
and after the sample as shown in Figure 1(a). However, this setup imposes important
constraints on the sample thickness.[5,7] Again, this problem was conveniently
addressed here through the use of La K-edge XAFS for which the optimal crystal thick-
ness lies around ! 60 μm. However, optimal transmission thicknesses for most transition-
metal oxides are much smaller (! 5−15mm), leading to the associated challenges of pro-
ducing and manipulating such thin single crystals. This issue can be addressed by
measuring XAFS in fluorescence mode,[7] for example, with the detector placed in a
nearly backscattering geometry.

Figure 1. [Colour online] (a and b) Experimental setup. The sample is oriented with the ac plane normal
to the x-ray direction. Therefore, !a and !c polarized XAFS is measured by moving χ. (c) x(k) measured at
0.3 GPa. The absence of diamond Bragg peaks is critical for accurate XAFS analysis.

HIGH PRESSURE RESEARCH 351
La/Ba

• La K-edge XAFS on single crystal sample (layered structure, tetragonal space group)
• Use XRD to align a or c axis with linear-H polarization (rotate pressure cell/crystal)
• XRD to measure charge order and tilt correlations
• XAFS to measure local tilts Fabbris et al, High Pressure Research 36, 348 (2016)
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Example: Polarized XAFS at high pressure

Fabbris et al, High Pressure Research 36, 348 (2016)

Even though correlation length of LTT tilts is strongly reduced beyond detection limit 
of XRD, local tilts persist as seen by XAFS. Local tilt evolution correlates with Tc(P)

short

long

average, XRD



Single crystal PDF (3D-PDF) for orientation-dependent SRO
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Scattering probes:
Q plays role of E

• Real-space Fourier transform of single crystal diffuse x-ray 
scattering to measure atomic correlations (SRO) along different 
crystallographic directions 

• High energy x-rays ~ 100 keV, −15Å!" < 𝑄 < 15Å!", thousands 
of Brillouin zones, tens of thousands of Bragg peaks

Video Courtesy Matt Krogstad, Ray Osborn



Single crystal PDF (3D-PDF) for orientation-dependent SRO
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100 K
50 K 200 K 250 K

Na ions intercalate into two-legged ladders
Configuration of ions within partially occupied ladders cannot be determined by powder diffraction/PDF
3D-PDF: Na ions arrange in zig-zag structure within 2-leg ladders, in-phase with neighboring ladders

Krogstad et al., Nat. Mat. 2020



Extensions of XAFS: DAFS
§ Leverage structure factor at selected Bragg peaks for crystalline site selectivity
§ Real and Imaginary parts of complex anomalous scattering factors related by K-K transformation
§ Example: Cu(1) and Cu(2) sites in YBCO separated by combining multiple (00L) reflections

38

𝑓23"4

𝑓23#4

𝑓23"44

𝑓23#44

Julie Cross, Ph.D. Thesis, 1996

YBa2Cu3O6.8

Cu(1)

Cu(2)

𝑓4(𝐸) → 𝑓44(𝐸) → 𝜇(𝐸)

KK Optical 
theorem

I
%

[𝑓* 𝑄 + 𝑓4 𝐸 + 𝑓44 𝐸 ]𝑒%𝑸"#$/𝒓!
Site-separated DAFS and XAFS



Extensions of XAFS: DAFS
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• Example: artificial Mn-ferrite films
• Mn and Fe both occupy Td and Oh sites
• Can control site occupancies with non-equilibrium growth

Kravtsov et al, PRB 2006 

𝑓5,7 = 𝑓5,74 + 𝑖𝑓5,744

Site-separated Mn XAFS



Extensions of XAFS: Magnetic XAFS
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§ With circularly polarized x-rays, dipole selection rules (preservation of angular 
momentum) require that excited photoelectrons carry projection of angular 
momentum originally carried by the photon helicity

µ(E) ≈| 〈 f | e!r ⋅ (Ex̂ ± iEŷ) | i〉 |2

CP

Yl
m (θ,ϕ ) ≈ Pl

m (cosθ )eimϕ
Y1

±1

Δl = ±1,Δm = ±1
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Haskel et al, unpublishedHeiko Wende;  Ankudinov et al, Physica Scripta 2005



Extensions of XAFS: magnetic DANES
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Nd f
Nd g

B
Fe 

Site (110) (220) (440)

Nd (f) 3% 96.4% 48.5%

Nd (g) 97% 3.6% 51.5% H || [001]

[110]

€ 

ˆ k i

€ 

ˆ k f

€ 

ˆ m 

Haskel et al, PRL (2005) 

Nd L2 
𝐹𝑙𝑖𝑝𝑝𝑖𝑛𝑔	𝑅𝑎𝑡𝑖𝑜 =

𝐼829 − 𝐼,29

𝐼829 + 𝐼,29

• Nd2Fe14B is best permanent magnet material
• 2 Nd sites, 6 Fe sites
• Magnetic ”hardness” (coercivity) from Nd sites
• [001] magnetic easy axis



APS-U: extreme pressures, sub-micron imaging
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APS APS-U
(324 bunch mode)

Electron source size

POLAR (10 kev) 𝝈𝒙,𝑻(𝛍𝒎) 𝝈𝒚,𝑻(𝝁𝒎) 𝝈𝒙,𝑻% (𝝁𝒓𝒂𝒅) 𝝈𝒚,𝑻% (𝝁𝒓𝒂𝒅)

APS (Lu=2.4 m) 275 10.7 12.1 6.2

APS-U (Lu=4.6 m) 15.5 6.1 4.7 4
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APS-U: XAFS at extreme pressures (multiple Mbar)
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O’Bannon et al., RSI 89, 111501 (2018)

using fourth-order Birch–Murnaghan EOS with parameters for
Re defined in ref.8. In order to simplify comparison of our results
with those of the double-stage DAC of Dubrovinsky et al.8, we
have chosen to use the same pressure scale. This pressure scale
has been calibrated to 640 GPa and under similar stress–strain
environment as the experiments described here. More detailed
description of our reasoning for choice of EOS can be found in
the Supplementary Discussion. Additional compressions of Pt
and Cu together with Re are presented in Supplementary Fig. 1
and Supplementary Fig. 2. Comparison of the maximum attained
pressures as determined by using several different EOSs are
presented in Supplementary Table 1 and measured lattice
parameters, during compression, in Supplementary Tables 2
and Supplementary Table 3, respectively.

The first versions of the diamonds that exceeded 400 GPa had
~10 µm culets, rT parameter values around 8 µm, and a d2
parameter value of 0.75*d, and are labeled as V1 in Fig. 2. In
subsequent versions we adjusted d2 to 0.66*d value which are
labeled V2 and we increased the rT parameter to 12 µm in V3. In
all these cases the d parameter has been kept at 3 µm. The highest
pressure achieved by the three variants are 425 (15) GPa, 460 (8)
GPa, and 615 (22) GPa, respectively. We have had several
successful compressions with V2 design of the diamonds, all
following the same general pressure vs load trend shown in red
open triangles in Fig. 2, and all of them achieved at least 450 GPa
before failure. The solid blue diamonds in Fig. 2. represent the
first compression experiment of V3 diamonds. In this experiment
we reached 521 (12) GPa, this being the first of three pairs of V3
diamonds we experimented with so far. The third pair of V3
diamonds in similar compression experiment reached 542 (15)
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thinnest area of the sample is—as expected—at the culet of the
anvil, and there is a more absorbing thicker section in the torus.
Also interesting is that in the X-ray transmission profile of our
diamond anvils, even at near 350 GPa, we do not observe cupping
of the anvils—as is usually the case with beveled anvils above
pressures of 100–200 GPa. It is also worth noting that the
pressure in the milled area of the diamond, except for the culet
and the adjacent 3–5 µm, is nearly constant at 138–141 GPa. The
area within 3–5 µm from the edge of the culet seems to be at a
slightly lower pressure (see Fig. 4) compared to the outer area of
the torus. The largest pressure gradient, however, is observed
between the culet and the rest of the milled area, and in this case,
it is slightly above 200 GPa, a pressure difference that increases as
the sample pressure reaches higher values, and it is typical for all
our experiments with toroidal anvils.

In this study we demonstrate the feasibility of using FIB
milled toroidal diamond anvils to drastically extend the
pressure range of single-crystal diamond anvils. Based on these
initial experiments, diamond designs V2 and V3 appear to be
the best candidates for pressure generation of ~450 and 550
GPa, respectively. The V3 version of the diamonds so far show
a remarkable success rate of three out of five reaching pressures
above 5 megabars. With this toroidal anvil design, we can use a
traditional gasket and sample arrangement, and we show that
there is only small pressure gradient in the center 4–6 µm
diameter section of the flat culet. A small 3–4 µm sample
chamber can be milled out with FIB techniques from the pre-
indented gasket and this can be filled completely with a sample
and pressure marker. Moreover, as this design uses the same
mechanism for sample loading and initial sample containment
as a traditional DAC, it could even be loaded with soft pressure
media such as He or Ne. This new toroidal diamond anvil
design has proven to reach pressures well beyond the limits of a
traditional single-crystal DAC experiment. This technique
offers the potential to study molecular solids, such as H2, N2,
and H2O, and other planetary ices to pressures more than 500
GPa with X-ray and optical techniques. Moreover, additional
tuning of the torus parameters, bevel diameter/angle, and
different anvil orientations can still be explored. We are

confident that pressures more than 650 GPa are within reach of
this toroidal diamond anvil technique.

Methods
Fabrication of diamond anvils. Diamond anvils with toroidal surfaces were fab-
ricated using standard anvil design beveled diamond anvils by milling away from
the beveled surface to form the designed shape. The starting anvils were standard
Type Ia 16 faceted diamonds, selected for low fluorescence and low birefringence.
Beveled culets of 30–40 µm on 300 µm with an 8.5o degree bevel were used
depending on the design parameters. The toroidal surfaces of the diamonds are
generated by our own codes (Fig. 1b) and then translated into a bitmap (Supple-
mentary Fig. 3) that can be used in the FIB instrument to mill the toroidal surface
onto the flat surface of the beveled diamond anvil. The milling is done using 9 nA
or 13 nA of 30 keV Ga ions. During the process of milling implantation of the Ga
ions into the top 25–30 nm of the diamond surface creates some damage in the
crystalline diamonds. We have experimented with removing this layer by oxygen
plasma etching. Transmission electron microscopy results show that the damaged
layer has been removed, but we have not noticed any significant performance (i.e.,
highest pressures reached) difference between the plasma etched and non-etched
diamonds. Thus, the results that we are presenting in this paper all used FIB milled
diamonds that were not plasma etched after milling.

DAC experiments. LLNL-designed membrane diamond anvil cells (mDACs)28
were used for all high-pressure experiments. Diamond anvils for different
experimental runs were described above. We used 0.25 mm thick Re disks as gasket
starting material. To obtain an indented thickness of less than 10 μm we employed
a two-step indentation: first the Re gaskets were pre-indented to a thickness of
20–25 μm using a pair of 50/300 μm single beveled diamonds. Then, these gaskets
were mounted into the mDAC equipped with the toroidal diamond anvils and
indented to a thickness of ~4–5 μm. The sample chamber is formed by drilling a
3–4 µm hole with FIB in the center of the 9 µm indented section. Re served as both
the pressure marker and sample in all experiments, and we used the fourth-order
EOS of Re reported by Dubrovinsky et al.8.

X-ray diffraction measurements. Angle-dispersive X-ray diffraction experiments
were carried out at the High-Pressure Collaboration Access Team (HPCAT)
beamline 16ID-B at the Advanced Photon Source at Argonne National Laboratory,
at Sector 16. Diffraction patterns were collected at room temperature over the
course of several different experimental runs using monochromatic X-ray beams
typically 30 keV. The diffraction patterns were collected with a Pilatus 1M-F with
typical exposure times between 4 and 8 s. The beam was focused using the 200 ×
100 mm KB mirror assembly which results in a beam size FWHM of ~1 × 2 μm2—
as measured using a knife edge assembly—with a much lower intensity tail
extending beyond this region. The two-dimensional (2D) images collected were
integrated using DIOPTAS29 to obtain an intensity curve of the diffraction peaks as
a function of the 2θ angle, which were analyzed to obtain the cell parameters using
OriginPro software package. Refinement was done with JADE (copyrighted com-
mercial software) version 9, and for profile shape function we used Pseudo-Voigt
function for both Re, for preferred orientation vector (100) was optimized for both
Re at high pressure and low pressure.

Data availability
All relevant data will be made available upon reasonable request from the corresponding
author.
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Nano-polycrystalline diamond (NPD), glitch-free XAFS

can be solved by improvements of the diamond anvils. It is well known that diamond is
characterized by a high transmittivity in the hard X-ray range. However, the transmittivity
of diamond is drastically suppressed for photon energies below 6 keV. To overcome this
low transmittivity, perforations in the diamond anvils have been implemented in order
to reduce X-ray absorption of the diamonds.[5] After the development of perforated
diamond anvils, the coverage of X-ray absorption experiments under high pressure was
extended to lower energies such as the potassium (K) K-edge.[6]

Recently, nano-polycrystalline diamond (NPD) has been widely used to eliminate the
Bragg diffraction from anvils mounted in the pressure cells. Figure 1(a) shows a photo-
graph of NPD anvils together with a conventional single-crystal diamond (SCD). Although
the NPD anvils have a dark yellow color, optical transparency to observe the sample
chamber is ensured. Because a conventional diamond anvil is made of an SCD, the trans-
mitted intensity is dramatically reduced when the Bragg law is satisfied in the SCD anvil at
a photon energy E. Consequently, a spike-like peak called a ‘glitch’ appears in the spectrum
of the sample at E as shown in Figure 1(b). The spectrum is seriously distorted by such
glitches, so that considerable efforts have been expended to avoid Bragg diffraction
before the utilization of NPD anvils.[7–10] In the case of NPD anvils, the Bragg law is
always satisfied independently of the photon energy E. This is because the NPD consists
of randomly oriented diamond grains that are several tens of nanometers in size. NPD
is synthesized by the direct conversion of polycrystalline graphite under static high
pressure and temperature.[11,12] Using NPD anvils, we have successfully obtained a
smooth background without glitches for the absorption spectrum as shown in Figure 1
(b).[13] Furthermore, the hardness of NPD is known to be comparable to or even higher
than that of SCD,[14] and the maximum pressure of NPD anvils with a culet size of
greater than 300 μm is 1.5–2 times higher than that of SCD anvils.[15] The mechanical
hardness and toughness of NPD are suitable to prevent abrupt diamond breaks during
experiments, which also improves the hardness of a perforated anvil.

Figure 1. (Color online) (a) A photograph of diamond anvils used for XAS measurements; A: SCD anvil,
B: NPD anvil, C: NPD anvil with a perforation at the bottom. (b) X-ray absorption spectra of an iron foil in
a DAC using the SCD and NPD anvils. Crosses indicate the glitches due to Bragg diffraction from the
SCD anvils. For clarity, the spectrum using the NPD anvils is shifted downward. (b) is reproduced
from [13] with permission of the International Union of Crystallography.
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heating was not homogeneous5–8. Sintering
diamond powders to produce a single large
diamond also failed, because of hetero-
geneous stress distribution within the 
sample as a result of the extreme hardness
of the raw diamond9.

Pure polycrystalline diamond has been
produced previously by chemical-vapour
deposition, but in a thin film and over 
several months to obtain millimetre-sized
samples (see, for example, ref. 10). These
diamonds were not sintered and had poor
intergrain adhesion; the crystals were much
larger than ours and their orientation was
higher. They were accordingly less tough,
with a hardness of 80–100 GPa (ref. 10).

Hard, sintered polycrystalline diamond
is produced commercially by using a binder
of metal or inorganic material11,12, but this
method reduces the hardness of the product
to about 50–70 GPa. These sintered 
diamonds can be used only at temperatures
of up to 600–700 !C — particularly in 
the presence of metal binders, which help 
diamond to transform back to graphite at
ambient pressure. As our polycrystalline
diamond is stable up to about 1,200 !C in
an inert atmosphere, its hardness should
exceed that of binder-containing polycrys-
talline diamond at high temperatures.

Improving the synthesis of the ultra-
hard polycrystalline diamond described
here could give rise to better-quality 
products and to new industrial applica-
tions, for example in scientific instruments
that operate at high pressure. A better
understanding of the process by which our
diamond is formed should also provide
insight into the enigmatic origin of natural
polycrystalline diamonds13.
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correction
Memory enhancement in early childhood
C. Liston, J. Kagan
Nature419, 896 (2002)
In emphasizing references pertaining to brain maturation
rather than to behavioural development, our brief list
implied that this study was the first to demonstrate the
emergence of long-term memory for events in infants. 
On the contrary, a large body of work published by 
P. Bauer, among many others, addresses this issue
exactly and also forms the basis of the methodology
developed for our study. Our contribution was to assess
retention in children at three different ages after a 
four-month delay in order to test the a priori prediction,
based on earlier studies of brain maturation, that 
nine-month-olds would be compromised relative to 
children in their second year. More extensive citation of
work in this area was not possible because of the limited
number of references permitted.
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12–25 gigapascals (GPa). X-ray diffraction
and Raman spectroscopic measurements
showed that this phase was pure cubic dia-
mond. At lower temperatures (1,600–2,200
!C), a mixture of cubic and hexagonal dia-
monds, with a small amount of compressed
graphite2, was formed, which was opaque
and dark grey in colour.

We studied a thin section taken from a
transparent diamond sample (Fig. 1a) using
a transmission electron microscope. The
sample was seen to consist of very fine 
granular crystals, which were typically
10–20 nm across; electron diffraction indi-
cated that these were randomly orientated
(Fig. 1b). In other parts of the same sample,
we observed elongated crystals of up to
100–200 nm in length that had a lamellar
texture (Fig. 1c).

We measured the hardness of one
opaque and two transparent samples, using
a pure synthetic single-crystal diamond as 
a reference3. The transparent samples were
found to have Knoop hardnesses of 110–130
GPa and 120–140 GPa, respectively, at sev-
eral arbitrarily selected points, whereas the
opaque sample was less hard (70–95 GPa).

Although diamond is the hardest known
material, the Knoop hardness of single-crys-
tal diamond varies from about 60–120 GPa,
depending on the crystallographic plane and
direction of measurement4. Our polycrys-
talline diamond is therefore as hard as (or
even harder than) single-crystal diamond;
moreover, this hardness is constant through-
out the sample, unlike single-crystal diamond.

Previous attempts have been made to
synthesize sintered polycrystalline diamond
from graphite either by shock compression
or by using static high pressure, but these
were unsuccessful, mainly because the 
reaction time was too short and/or sample

brief communications

Figure 1 Sintered polycrystalline diamond synthesized by direct conversion of graphite. a, Optical microscopic image of a sample of the synthesized diamond (about 0.1 mm in diameter and 0.3 mm thick). 
b, c, Transmission electron microscopy reveals that this diamond material consists of minute crystals that are 10–20 nm across (b) and of larger, elongated (100–200 nm) crystals, which are evident in 
another region of the same sample (c). Scale bars, 50 nm. Insets, electron-diffraction patterns of each crystal type, obtained using a beam size of 400 nm.
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2001). Hence, the energy range for a glitch-free spectrum of
the SCD anvils is practically limited within the narrow range
6.95 keV ! E ! 9.38 keV. Furthermore, the scattered reci-
procal lattice points effectively increase the number of glitches
in the case of !off = 4". As !off increases, glitches appear more
frequently at different values of E, and consequently the
glitch-free region becomes narrower.

It should be noted that the frequency of the glitches is also
related to (i) the distortion of the anvil and (ii) the relative
orientation of the upper and lower anvils. At higher pressure
the strain gradient is significantly introduced in the diamond
anvil, which can increase the mosaic spread and broaden the
glitches (Hong et al., 2009). The difference between !off of the
upper and lower anvils multiplies the number of glitches;
therefore, it is more feasible to mount two anvils such that
their a-axes align in the same direction. Thus it seems that the
complete removal of a glitch is hardly realized when the SCD
anvils are utilized.

3. X-ray absorption spectra using the SCD and NPD
anvils

Fig. 3 shows the X-ray absorption spectra of an Fe foil using
the SCD or NPD anvils over a wide energy range from 6 keV
to 10 keV. The spectra were measured on BL39XU of the
SPring-8 synchrotron radiation facility (Kawamura et al.,
2009). We measured these spectra by sandwiching the Fe foil,
5 mm in thickness, with two anvils without pressure. The
thickness of each anvil is about 1 mm. The incident and
transmitted beams were measured using ionization chambers.
Higher harmonics of the incident beam were reduced by a Rh-
coated mirror, and the incident beam was focused at the

sample position by Kirkpatrick–Baez mirrors (Yumoto et al.,
2009). The spectra were obtained by a conventional scanning
method.

The spectrum of the SCD anvils shows many glitches at
energy values around E = 6.4, 6.9 and 9.4 keV. The sharp and
strong Bragg diffraction from the SCD anvils deforms mainly
the baseline of the absorption profile. According to the glitch
map, the glitches around 6.4 keV, 6.9 keV and 9.4 keV are
assigned to 311, 220 + 400 and 511 reflections, respectively.
The low density of glitches in the range from 7.2 to 9.2 keV is
fairly consistent with the glitch-free region. The distribution of
the glitches indicates that !off of the anvils is less than 1.5".
However, as mentioned above, the glitch-free region becomes
narrow when !off increases. The inset in Fig. 3 shows an X-ray
absorption spectrum of an Fe-based compound, and the
spectrum was obtained using a different pair of commercially
available SCD anvils. Glitches are observed not only in the
baselines but also in the EXAFS spectrum. Two glitches in the
EXAFS region are assigned to the 220 reflections, indicating
that one of the SCD anvils possesses a large offset angle to be
!off ’ 6.0". Compared with other reflections, the equivalent
reciprocal lattice points of the 220 reflection rapidly move
away from the Ewald sphere of E = 6.95 keV with increasing
!off. Consequently, the glitches from the 220 reflection are
dispersed in the wide range of the absorption spectrum
including the EXAFS region.

In contrast, a glitch-free spectrum is obtained by the use of
the NPD anvils; Fig. 3 shows that the spike-like peaks attrib-
uted to the glitches vanish in the spectrum of NPD in the wide
energy range. The absorption coefficient changes smoothly
below and above the Fe K-absorption edge, and high-quality
XANES and EXAFS spectra of the Fe foil are realized. Fig. 4
shows the absorption profile of the NPD anvils without the Fe
foil over a wide energy range from 5.6 keV to 10 keV. The
absorption of NPD anvils gradually increases with decreasing
E because of the large absorption coefficient of diamond in
the lower energy range (Sapelkin & Bayliss, 2001). Additional
absorption edges attributed to impurities are not observed,
indicating that the NPD anvil is made of high-purity single-
phase diamond without any binder material. Therefore, the
obtained absorption profile demonstrates that the NPD anvil
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Figure 3
X-ray absorption spectra of an Fe foil in a DAC using the SCD and NPD
anvils. Crosses indicate the glitches due to Bragg diffraction from the
SCD anvils. For clarity the spectrum using the NPD anvils is shifted
downward. The inset shows an X-ray absorption spectrum of an Fe-based
compound around the Fe K-edge using a different pair of SCD anvils.
Glitches observed at both baseline and EXAFS region are caused by a
large !off . This figure will appear in color in the online version of
the paper.

Figure 4
X-ray absorption spectrum of the NPD anvils. This spectrum was
measured without a sample foil.
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TABLE I. Bulk moduli B0,V and B0,r with r=a,b,c of α-Li2IrO3

in the low-pressure (low-p) and high-pressure (high-p) phase, as ob-
tained from fitting the volume V and individual lattice parameters with
a Murnaghan-type equation of state, with B ′

0 set to 4. Corresponding
values for Na2IrO3 were obtained from corresponding fits of the data
given in Ref. [24].

B0,V V0 (Å
3
) B0,a (GPa) B0,b (GPa) B0,c (GPa)

Low-p phase 106(5) 220.1(2) 114(2) 113(2) 92(11)
High-p phase 125(3) 214.3(9) 167(2) 166(2) 86(5)
Na2IrO3 100.6(1) 269.55(3) 152(2) 146 (2) 58(1)

with B ′
0 fixed to 4. The results are summarized in Table I. For

the low-pressure phase we find B0,V ≈ 106(5) GPa. The bulk
moduli B0,a and B0,b are almost the same, while B0,c is lower,
confirming that α-Li2IrO3 is more compressible along the c
direction. Above Pc the bulk modulus is increased to B0,V ≈
125(3) GPa, while B0,a and B0,b sharply increase to ≈170 GPa,
and B0,c is slightly decreased compared to the low-pressure
phase to about 86(5) GPa. Thus, α-Li2IrO3 hardens at Pc, and
the hardening takes place within the Ir planes.

For a comparison with isostructural Na2IrO3 we refitted the
data of Ref. [24] with B ′

0 fixed to 4 and list the so-obtained
results in Table I. Compared to α-Li2IrO3 in the low-pressure
phase, the bulk modulus B0,V of Na2IrO3 is only slightly lower.
Interestingly, for Na2IrO3 the values B0,a and B0,b are much
higher, whereas B0,c is much lower. Hence, in its low-pressure
phase α-Li2IrO3 is more compressible in the ab plane and less
compressible along the c direction as compared to Na2IrO3.
The former effect could be attributed to the smaller Li atoms
occupying the center of the hexagons (instead of Na), and
the latter to the stronger Li-O bonds with strong out-of-ab-
plane character [24]. The higher in-plane compressibility is
instrumental in triggering Ir dimerization. Above Pc the bulk
moduli B0,a and B0,a of α-Li2IrO3 are sharply enhanced and
become similar to those for Na2IrO3, i.e., the compressibility
of the ab plane becomes similar for both compounds.

For a more detailed investigation, we refined the Ir-Ir
bond lengths [see Fig. 2(a)], since they are relevant for the
magnetic and electronic properties of the material [7,25,26].
In a perfectly hexagonal lattice one can distinguish three
Ir-Ir bonds related by a 120◦ rotation [Fig. 2(b)]. Following
the nomenclature of Ref. [26], we shall call them Z1, X1,
and Y1. In the monoclinic phase below Pc, the X1 and Y1
bonds are equivalent by symmetry, while Z1 is distinct. The
high-pressure phase lacks the C2 symmetry, and therefore
the two bonds X1 and Y1 become inequivalent. The Ir-Ir
bond lengths as a function of pressure, as obtained from the
refinement of the XRD data, are plotted in Fig. 2(a). At Pc

one of the X1/Y1 bonds is slightly increased from ≈2.95 Å
to ≈3.00 Å, while the other one is strongly decreased to
2.69 Å. Note that this distance is smaller than the Ir-Ir distance
of 2.714 Å in Ir metal. As opposed to Li2RuO3, where (i)
the dimerized bonds alternate between X1 and Y1, (ii) a C2
axis is preserved and (iii) the P 21/m monoclinic symmetry
is realized, in α-Li2IrO3 either X1 or Y1 bonds dimerize, thus
breaking the C2 symmetry [Figs. 2(c) and 2(d)]. The Z1 bond’s
length increases at Pc and becomes nearly degenerate with that

FIG. 2. (a) Pressure dependence of the Ir-Ir distances for the Ir
hexagons in the ab plane, with the nomenclature (Ir bonds X1, Y1,
Z1) given in (b) for the ambient-pressure monoclinic crystal structure.
Ir-Ir bond lengths as predicted from our relaxations are shown as open
symbols connected by a line. The two equivalent ordering patterns of
the Ir-Ir dimers above Pc are illustrated in (c) and (d).

of the longer X1/Y1 bond. The energy difference between
these various types of dimerization is related to different mutual
arrangements of the dimers: armchair (herringbone) or ladder
(parallel). As discussed in Refs. [16,27] the choice is being
made by long-range, likely elastic, interactions. It is worth
noting that very recently Veiga et al. [28] reported a similar
structural phase transition at Pc ≈ 4 GPa in β-Li2IrO3.

In order to gain more insight into the physics of dimerization
and interactions that control it, we have performed first-
principles DFT calculations, as described in the Supplemental
Material [22]. First, we find, in agreement with experiment
and qualitative considerations, that α-Li2IrO3 is more prone
to dimerization than Na2IrO3, and, in fact, dimerizes in DFT
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was (Fig. 1b)25. Powder X-ray diffraction indicates the presence of 
 stacking faults between the honeycomb planes (Methods, Extended 
Data Fig. 1). The presence of magnetic defects with a density of 1%, 
which probably originate from impurities or vacancies, is indicated 
by the  temperature- and magnetic-field-dependent magnetization  
M(T, B) and the low-temperature specific heat C(T, B) (Extended  
Data Fig. 2).

The resistivity ρ(T) of H3LiIr2O6 (Extended Data Fig. 3)  exhibits 
insulating behaviour with an activation energy of approximately 
0.12 eV. In addition, Curie–Weiss behaviour is observed in the mag-
netic susceptibility χ(T) with an effective moment of approximately 
1.60µB per Ir atom (where µB is the Bohr magneton) at temperatures 
above 200 K (Fig. 1e). These findings indicate that H3LiIr2O6 is a  
spin–orbital Jeff =  1/2 Mott insulator. We find a negative value for θCW 
of −105 K, which implies overall antiferromagnetic interactions, as in 
other honeycomb Ir oxides5,6. The energy scale of magnetic interactions 
is of the order of 100 K, but no trace of magnetic ordering is observed 
in χ(T) down to 2 K, in sharp contrast to other Kitaev candidates5–7. 
Accordingly, C(T) down to 0.05 K (Fig. 1f) does not show any signature 
of a phase transition. These results suggest that the ground state of 
H3LiIr2O6 is a liquid state of Jeff =  1/2 moments.

χ(T) and C(T) are not very sensitive to a weak or glassy magnetic 
ordering. We therefore conducted 7Li and 1H NMR measurements 
on aligned powders (Fig. 2a, b) to exclude the possibility of any 
 magnetic ordering. The absence of apparent peak splitting or broad-
ening on  cooling (see also Extended Data Fig. 4a) clearly indicates 
that the system remains paramagnetic down to 1 K, roughly 1% of the 

energy scale of magnetic interaction. We therefore conclude that a 
 quantum-spin-liquid state is realized in honeycomb H3LiIr2O6.

The Knight shift K(T) represents an intrinsic magnetic suscepti bility, 
free from magnetic defects. In Fig. 3a, K(T) is shown for 7Li with mag-
netic fields parallel and perpendicular to the honeycomb plane and no 
indication of magnetic ordering is observed. The sizable anisotropy 
in the susceptibility of up to around 2 between the two field orienta-
tions should originate from spin–orbit coupling, but is not expected 
for the Kitaev model with equal Ising couplings on the three bonds. Its 
existence probably implies an anisotropy in the magnitude of the three 
Ising couplings and/or the presence of off-diagonal interactions12,26. 
On cooling below about 200 K, K(T) deviates from the Curie–Weiss 
behaviour that is seen at higher temperatures, exhibiting a broad peak 
at around 130 K followed by a gradual decrease to a non-zero value. The 
non-zero susceptibility in the low-temperature limit is analogous to the 
susceptibilities observed in organic spin liquids15,16, which have been 
interpreted as evidence for gapless spin excitations. However, spin–orbit 
coupling can lead to a non-zero susceptibility even in a spin liquid with 
a finite excitation gap; because the spin–orbit coupling is strong for Ir 
(λSO ≈  0.5 eV), the non-zero susceptibility does not necessarily imply 
gapless excitations.

The presence of low-lying spin excitations is captured by the NMR 
spin relaxation rate −T1

1. In Fig. 3b we plot (T1T)−1, which measures the 
density of spin excitations. At a low magnetic field of B =  1 T, (T1T)−1 
for 1H and 7Li remains non-zero and shows only weak temperature 
dependence below about 40 K. With increasing B, however, (T1T)−1 at 
low temperatures is suppressed and decreases rapidly below a 
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Figure 1 | Crystal structure and basic physical properties of H3LiIr2O6. 
a, Kitaev model on a honeycomb lattice. S =  1/2 spin moments (indicated 
by arrows) are present on the honeycomb lattice, coupled by bond-
dependent ferromagnetic Ising interactions. The three 120° bonds with 
orthogonal Ising axes compete with each other, giving rise to strong 
magnetic frustration and hence a quantum-spin-liquid state. b, LiIr2O6 
layer unit with an edge-shared network of IrO6 octahedra for α -Li2IrO3 
and H3LiIr2O6. Ir4+ ions with Jeff =  1/2 moments form a honeycomb 
sublattice, as indicated by the dotted lines. The edge-shared Ir–O2–Ir bond 
gives rise to ferromagnetic Ising interaction between the neighbouring 
Jeff =  1/2 moments. c, Layer stacking of α -Li2IrO3 (ref. 30). d, Layer 
stacking of H3LiIr2O6 (ref. 30), in which the interlayer Li+ ions are 
replaced with H+ ions. e, Magnetic susceptibility χ(T) for H3LiIr2O6 

measured at 1 T. The raw data (solid line and circles) is shown along with 
the presumed intrinsic χ (dotted line) after numerically subtracting a 
low-temperature Curie-like contribution, which probably originates from 
magnetic defects (see also Extended Data Fig. 2a). The inset shows 1/χ as 
a function of temperature to emphasize the high-temperature Curie–Weiss 
behaviour of localized Jeff =  1/2 moments. The extrapolation to T =  0 
provides an estimate of the antiferromagnetic Curie–Weiss temperature of 
θCW =  − 105 K. f, Specific heat C as a function of T (main panel) and C/T as 
a function T2 (inset) down to 0.05 K, indicating no signature of magnetic 
ordering. The large non-lattice contribution suggests the presence of low-
lying spin excitations. The nuclear Schottky contribution is subtracted  
(see Methods).
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