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Presenter
Presentation Notes
My name is Clark Snow and I will be presenting this collaborative work with Jim Browning, Mark Rodriguez, and Saskia King.  I have probably omitted some excellent people from LANL who provided invaluable assistance to Jim and Mark while making the neutron diffraction measurements at LANL.



This talk will discuss some of our recent work and future plans to unfold the site-occupancy of the Er(H,D,T)2 system.   



• Primary interest in ErT2-x Hex
– How does the site-occupancy effect helium bubble 

nucleation and growth?
– How does the site-occupancy effect the amount of 

helium released into the atmosphere?

Why is the Hydrogen Site-Occupancy of 
Interest to Us?

Without octahedral site occupancy With octahedral site occupancy

Presenter
Presentation Notes
Our primary interest in hydrogen-site occupancy is to understand its effect on helium bubbles and on the small fraction of helium released into the atmosphere.



As has already been shown, in the ErT2 system, the helium bubbles grow along the (111) plane.  The picture to the right shows an ErT2 lattice without any octahedral site occupancy.  The (111) plane is very open and it is easy to see why this is the preferred direction for bubble growth.  One can also understand the platelet structure of the bubble.  However, what happens if hydrogen begins to occupy the octahedral sites.  The picture on the right is indicative of 100% octahedral site loading and would correspond to ErT3 if there were no crystal structure change.  It is clear though that no longer is the (111) plane open.  How does this change effect bubble growth, bubble size, and helium diffusion to the surface.  Is it faster or slower, I don’t know but can come up with reasons for both. 



These are the issues that we want to study but first we need to know where the hydrogen resides in the lattice.



The Two Main Features of the ErH2 System

• Crystal Structure
– CaF2 Structure

• PCT Diagram

C. E. Lundin “The Erbium-Hydrogen System” (1965)

Erbium fcc lattice H on tetrahedral
(1/4,1/4,1/4) sites

Octahedral (1/2,1/2,1/2)
sites may also be occupied
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As I see it, as far as site-occupancy goes there are two main features to the ErH2 system, the crystal structure and the phase diagram.  ErH2.0 has the cubic CaF2 structure with the Erbium in an FCC lattice and the hydrogen filling the tetrahedral sites located at (1/4,1/4,1/4).  This is known as the beta phase and extends roughly from x=-0.10 to 0.10.  For x>0 the hydrogen must be accommodated in the empty octahedral sites.  These sites are at the (1/2,1/2,1/2) positions and are shown in the green color.  It’s been shown on similarity rare earth hydride systems that even for x<0 that there is an appreciable (a few percent) occupation of the octahedral sites.  Further, other studies have shown hydrogen ordering on the octahedral sites at low-temperatures.  Even more interesting, in mixed isotope systems there is an isotopic preference for the tetrahedral or octahedral sites.  We want to answer these questions for the Er(HDT)2+X system.



Several different methods to measure the 
site-occupancy

• Vibrational Spectroscopy's
– FTIR/Raman
– Inelastic Neutron Scattering Spectroscopy

• Direct measures
– Neutron Diffraction

• Indirect Measures
– Resistivity
– Optical Properties
– Many others…

Vajda and Daou, Phys. Rev. B, Vol. 49, 3275 (1994)
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Presentation Notes
How do you measure site-occupancy.  Several ways really can be used to either measure directly or to infer the site-occupancy.



Vibrational spectropy’s have the ability to determine site-occupancy and isotopic preference by changes in vibrational frequencies of the Er-H(tet), Er-H(oct) or Er-D or Er-T variations.  The mass ratio between H and D is 1.4, H and T is 1.73 and D and T is 1.22.  The high resolutions of optical spectrocopy’s can easily measure these differences.  There are problems with optical techniques that I’ll discuss later.  However, many studies have used this approach with Inelastic Neutron Scattering to do just this.

Neutron diffraction is a direct measure of atomic positions.  Neutrons interact fairly well with Hydrogen and Deuterium and a good diffraction pattern can be obtained from Er(HDT)2 powders and stacked films.  With a few a priori assumptions, the site occupancy and isotopic site preferences can be unraveled.

Finally, there are many other probes that are sensitive to the small changes of site-occupancy.  For example, I have a plot of resistivity vs. temperature for a wide range of 0<x<0.1.  For the samples near x~0 the system is metallic like with the classic linear decrease with temperature.  However, increases in x cause dramatic and large changes in the resistivity.  The magnitude of the resistivity changes 2-3 times and a metal-semiconductor transition is induced.  Although, not shown, at temperature less than 10K ErH2 becomes anti-ferromagnetic but the Neel temperatures changes dramatically with increases in x.  Any probe of the electronic structure will be sensitive to these small changes in site-occupancy and can be used to infer something about site-occupancy.
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How this talk will proceed.

• Neutron Diffraction

• Vibrational Spectroscopy's
– FTIR
– Raman
– Inelastic Neutron Scattering 

Spectroscopy

Neutrons

Presenter
Presentation Notes
I mentioned these techniques on the previous slide.  I will discuss the following techniques that we currently use and plan to use to unfold the site-occupancy mystery.



Neutron diffraction.  Everyone is familiar with x-ray diffraction, this is the neutron analog.  Neutrons are useful because of they interact strongly with Hydrogen and have very small wavelengths.  In this technique a beam of neutrons is scattered from a sample and the diffraction pattern is analyzed.

Vibrational Spectroscopy’s.  We have attempted FTIR/Raman spectroscopy’s and will present our preliminary results there.  We have not begun the inelastic neutron scattering measurements yet but are the process of securing a beam line and spectrometer.  I will present some important results, kind of a summary, on the related rare earth hydride system TbH2 that will demonstrate the effectiveness of the INS technique for site-occupancy and isotopic preference studies.



The Neutron Powder Diffraction measurements 
were performed on the HIPPO spectrometer at the 
Lujan Center at LANL

Presenter
Presentation Notes
The neutron powder diffraction measurements were performed at the Lujan Center at LANL on the HIPPO spectrometer.  You can see the HIPPO spectrometer in this picture.  I don’t have much that I want you to get out of this slide other than someone spent a long time making this drawing and I thought it looked neat.



We have studied two ErD2 powders 
processed at ~50 Torr 450 and 350C

• 50 Torr
– 450 C (blue)
– 350 C (red)

C. E. Lundin “The Erbium-Hydrogen System” (1965)
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We have looked at two powder samples hydrided at ~50 Torr and at temperatures of 450C and 350C.  The PCT diagram does not have a 450C isotherm but we can extrapolate but it probably is.  The blue line represents a best guess at the 450C run and shows that the system should be ~ErD2.0.  The red line represents the 350C run and shows that the system should be ~ErD2.05.  



At these temperatures we should definitely detect excess hydrogen which must go into the octahedral sites.  These two samples will be a good test of the technique and what we can do in the future.



Neutron Powder Diffraction results for ErD2 
powder loaded at 450 oC, ~50 Torr

• Atomx,y,z occ. B(Å2)
• Er 0,0,0 1.0 0.15(2)
• Dtet ¼,¼,¼ 1.00(1) 1.01(2)
• Doct ½,½,½ 0.02(1) 1.01(2)
• a = 5.1187(2) Å
• Formula:  ErDtet(2.00) Doct(0.02)

• Vol = 134.11 Å3

• Dx = 8.48 g/cm3

Doct ~2%

Rwp = 5.35 %
Rp = 3.49 %
Rexp = 4.50 %

Silicon 640c used 
as internal standard

Crystal structure data

Presenter
Presentation Notes
First, what do we get for the 450C run.  You can see a nice diffraction pattern with very strong peaks.  The crystal structure data that comes from this pattern is that the Er (0,0,0) sites are 100% occupied, the tetrahedral (1/4,1/4,1/4) sites are basically 100% occupied, and a slight octahedral site occupancy of ~2%.  However, the error is ~4% so this number is definitely fuzzy.  The lattice constant is very reasonable, 5.1185.



I should note that in these measurements that Silicon powder was mixed with the ErD2 powder and used as an internal standard for the temperature and for the fitting procedure.



Neutron Powder Diffraction results for ErD2 
powder loaded at 350 oC, ~50 Torr

Doct ~10%

Rwp = 2.73 %
Rp = 1.79 %
Rexp = 1.28 %

• atomx,y,z occ. B(Å2)
• Er 0,0,0 1.0 0.28(2)
• Dtet ¼,¼,¼ 1.01(1) 1.25(3)
• Doct ½,½,½ 0.10(1) 1.25(3)
• a = 5.1166(2) Å
• Formula:  ErDtet(2.00) Doct(0.10)

• Vol = 133.95 Å3

• Dx = 8.51 g/cm3

Silicon 640c used 
as internal standard

Crystal structure data

XRD shows a = 5.116(1)

Presenter
Presentation Notes
The 350C sample shows a similarly nice diffraction pattern again with 100% occupancy of the Er site, 100% occupancy of the tetrahedral sites, and ~10% occupancy of the octahedral site.  The lattice parameter has decreased to 5.1166.  Interestingly, XRD measurements show a lattice constant of 5.116 also giving excellent agreement between the two techniques.  The fitting error was much less for this sample so we have confidence that the 11% octahedral site occupancy is real.



The site-occupancy and lattice parameter 
correlate with the PCT curve

NPD measures ErD2.10
for 350 C powder (red)

NPD measures ErD2.02
for 450 C powder (blue)

Measured lattice 
constant is less for 
ErD2.10 (5.1166 Å) than 
for ErD2.02 (5.1187 Å) 
as expected from other 
RE Metal-Hydrides

C. E. Lundin “The Erbium-Hydrogen System” (1965)
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How well do our measurements correlate with the PCT curve.



NPD measures ErD2.11 for the 350C powder (red line) while the PCT curve says it should be closer to 2.05.



NPD measures ErD2.03 for the 450C powder (blue line) while the PCT curve says it should be closer to 2.0.

Also, the lattice constant is less for ErD2.10 than for the ErD2.02 which follows the right trend from other RE metal-hydrides which exhibit a shrinking lattice constant with increasing hydrogen.



The measurements show the right trend for occupancy but the do not match the published PCT curve.  This could be due to several things.

The PCT curve is not right.

Our measurement uncertainty could push the number lower in closer agreement with the PCT curve.

Small pressure drifts during hydriding could have occurred.

Many others.



Demonstrates need to use multiple techniques to unfold the problem.



Neutron Diffraction can also be performed 
on ErD2 films 

neutron beam

Film loaded at 450C, 20 Torr

Measured ~ErD2.15
PCT diagram  less than ErD2.10

Wt fraction ErD2 = 4.5 %
Wt fraction exp.  = 3 %

Rwp = 0.87 %
Rp = 0.73 %

Dtet ~100%

Doct ~15%

Crystal structure data

atom x,y,z occ. B(Å2)
Er 0,0,0 1.0 0.15
Dtet ¼,¼,¼ 1.04(2) 1.01
Doct ½,½,½ 0.15 1.01

a = 5.119(1) Å
Formula:  ErDtet(2.0) Doct(0.15)

Vol = 134.2 Å3

Dx = 8.5 g/cm3
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The previous measurements were on powders but neutron diffraction can also be done on films.  The difficulty here is in getting enough signal.  To get enough material to diffract from a stack of 40 films was made.  These films were loaded at 450C and ~20 Torr so the loading should be close to ErD2.0.  As you can see these results are quite different from the powder samples measuring a tetrahedral occupancy of 100% and octahedral occupancy of 15%, giving a measured M/H ratio of ErD2.15.  The measured lattice constant is also much higher. 



These results are  preliminary and more work needs to be done before these results are given with confidence but it shows that neutron diffraction can be done on ErD2 films.



FTIR Spectroscopy results on Er(DH)2 and 
Er(DH)3 powders

• ErD2 and ErD3
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Now I want to transition from neutron diffraction studies to the vibrational spectropy’s.  Because of each of use we initially decided to try FTIR spectroscopy. The spectrometer is a Thermo-Nicolet Nexus 870 model.  We used the Thermo-Spectra Tech Collector II Diffuse Reflectance Attachment to acquire the diffuse reflectance spectra of the powder materials. 



I have included results from powders of ErD3 and Er(HD)3, trihydrides.  They are not of the CaF2 structure and have undergone a metal-semiconductor transition in going from ErD2 to ErD3.  Two prominent peaks appear in both spectra and they are shifted from each other by the expected 1.4 for a perfectly harmonic vibration.



However, the Er(HD)2 sample is flat, with very few features even on a much more blown up scale.  In hind sight this was to be expected because the free electrons in the metal will screen the light, effectively limiting its penetration depth and causing there to be very little signal.



FTIR results on ErD2 films
• ErD2 films of different thickness
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Results suggest
Attenuated Total Reflection (ATR)
technique
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To get over the problem of the penetration depth a series of samples of different thicknesses were prepared on a NaCl substrate and measurements were performed in the transmission mode.  The very thinnest of samples were probably too thin to hydride as evidenced by thre lack of color change throughout the sample.  However, beginning with the 234A thick sample several small peaks begin to appear.  Measurements or calculations have not been performed to know if any of these peaks correspond to Er-D vibrations.  Because of the difficulties already mentioned I could not find any literature results to compare to.  Another 500-600A thick film is being loaded with an HD mixture to determine the nature of this mode.  Further, DFT calculations are being performed to also understand the vibrational spectra.



If these peaks are Er-H or Er-D vibrations then these results suggest that a very promising solution to the optical vibration problem is to use the Attenuated Total Reflection technique where a properly wedged plate, typically made of Si, Ge, or any other transparent (in the right wavelength region) material is coated on both sides by your sample.  The light bounces many hundreds of times off the sample and so your signal is amplified.



The physics of an inelastic scattering event.
• The neutron changes both energy and 

momentum when inelastically scattered

From Roger Pynn, LANL

Presenter
Presentation Notes
Inelastic neutron scattering is analogous to Raman scattering except for one important difference.  The neutrons can change the momentum and energy while for Raman scattering, no momentum transfer is possible because of the small momentum of light.



For elastic scattering there is no momentum change and the energy remains the same.



For inelastic scattering however, the neutron can lose or gain energy and change momentum.  This allows one to probe the complete vibrational spectra over the whole Brillouin zone.  Again, in contrast, Raman scattering will only probe over the Gamma=0 point at the zone center.



Since the World Series just ended a baseball example of the process seemed appropriate.  Inelastic scattering changes both the direction and the magnitude of the neutrons wave vector, as illustrated by hitting either a home run or bunt.





Raman results on Er(D1-y Hy )2 powders
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Another method that can be used to measure the Er-H and Er-D vibrations is Raman spectroscopy.  Raman spectroscopy is a two photon, inelastic process similar to Inelastic Neutron Scattering that I’ll discuss next  Incident light either loses or gains energy from the crystal.  The scattered light consists of two components, the elastically scattered laser light and the inelastical part that contains the vibration information.  



These spectra are on powders of ErH2 and Er(HD)2.  A prominent peak in the green in both spectra appear around 1150cm-1.  Another peak in the Er(HD)2 sample appears about 770cm-1.  While the spacing of these peaks is 1.5, it is possible that these peaks represent tetrahedral Er-H and Er-D vibrations.  We will not know for sure until ErD2 powders are studied.  



Either way, the low scattering intensity to me indicates that this technique will not be sensitive enough to study octahedral site loading of only a few percent.  We will need an Inelastic scattering technique that is more sensitive, and this technique is probably Inelastic Neutron Scattering.



How a basic Inelastic Neutron Scattering 
(INS) experiment looks.

From Chris Wiebe, Brock University

Presenter
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Another vibrational spectroscopy that has been used successfully to study site-occupation issues is inelastic neutron scattering.  In INS a neutron source is passed through a monochromator that defines the incoming wavelength.  The beam is then scattering by a sample and analyzed by a spectrometer that defines the outgoing wavelength.  Since we want to study the inelastic scattering the outgoing wavelength will be either higher or lower than the incident beam depending on if you are looking at energy gained or lost by the sample.  If doing low-temperature studies one looks at the higher wavelength side because this means that the sample has taken energy from the beam.  



The case study of Tb(HD)2+x : Isotope shifts 
and octahedral site loading

• Octahedral site loading is clearly observed.

Udovic et al., Phys. Rev. B, 61, 6611 (2000)
Udovic et al., J. Alloys and Compounds,
231, 138 (1995) 

Presenter
Presentation Notes
I just wanted to take the next two slides to present some work done by Udovic et al. on a related rare earth hydride, TbHD2+x.  The data on the right shows INS results as a function of x, hydrogen loading.  For x=0 only one large peak appears which he identifies as coming from Er-H vibrations in the tetrahedral site.  However, as he loads the system above x=0 a side bind, well separated from the larger peak appears.  This peak he identifies as coming from the Er-H vibrations in the octahedral site.  This peak is shown in more detail in the data on the left with a finer hydrogen level amount.  This peak is observed to not only grow in intensity but develops side bands.  The author suggests these side bands come from “a small fraction of the octahedral hydrogen atoms that are not isolated, but rather are situated together in small clusters of short range order.  As the octahedral hydrogen concentration increases, these short-range-ordered clusters evolve into the long-range order indicated by the diffraction studies.”



The case study of Tb(HD)2+x : Isotopic 
ordering at low-temperatures

• Low-temperature, <10K, little thermal motion.
• Isotopic ordering observed.

La(H0.2 D0.8 )2.50

10K

300K

Presenter
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Of other interest are mixed isotope systems and whether these systems exhibit any type of ordering or site preference.  Clearly from the data on the left the spectra of H and D systems are similar and merely shifted.  However, notice from the middle plot that the octahedral side band from the H system overlaps with the main peak of the D system.  This complicates the analysis some.  Interestingly, studying H-T or D-T systems would largely eliminate this problem.



What is shown on the right is the atomic fraction of H in the octahedral site to total octahedral site occupation.  Because of the difficulty with the overlapping peaks, neutron powder diffraction results were used to fix the total octahedral site occupancy.  Then the ratio of the intensities of the respective peaks were obtained by fitting the convoluted peak to a multi-component gaussian.  We see that isotopic ordering occurs at low-temperature.  The solid lines are fits to a theory the author came up with to explain the ordering.  Obviously, at low-T it is somewhat lacking probably because it does not account for H-H interaction which would mean that there are non truly o-site or t-site modes but they are mixed by the H-H interaction.



What do we want to do to Er(HDT)2 ?
• Measure Er-H, Er-D, Er-T vibrations.
• Measurements as a function of sample 

temperature.
• Determine site-occupancy, isotopic ordering, etc. 

as a function of hydrogen loading parameters.

Presenter
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The work by Udovic shows that by combining a vibrational spectroscopy with neutron diffraction that the site occupancy and isotopic site preferences can be measured.  We want to basically copy his work for the Er(HDT)2+x system.  We want to:

Find a suitable vibrational spectrscopy.

Perform measurements as a function of temperature.

Determine site-occupancy

Determine isotopic ordering

And do all of this as a function of different hydriding conditions.



What we’ve learned and what measurements  
we’re going to do next.

• We’ve learned how to control the hydriding process. (S. 
King)

• We’ve measured differences in Octahedral to Tetrahedral 
site occupancy.

• We’ve measured different H and D vibrational frequencies.

• Will continue the NPD measurements on a full suite of 
samples and at different temperatures.

• Will continue pursuing optical vibrational measurements.
• Will perform Inelastic Neutron Scattering measurements.

• This suite of measurements will give a full picture of 
hydrogen site occupancy and isotopic site preferences in 
the Er(H,D,T)2+x system.

Presenter
Presentation Notes
In conclusion let me review what we’ve done and then give a hint at what we want to do and that hopefully you’ll hear more about next year.



We’ve learned how to control the hydriding process thanks to Saskia.

With the neutron powder diffraction we have preliminary results on octahedral and tetrahedral site occupancies.  Other samples have been measured as a function of temperature and are in the process of being analyzed.

We have also measured optically, the Er-H and Er-D vibrations, probably.  Still a lot more work needs to be done on this.  Even though INS is most promising another technique to compare against would be invaluable.



We will continue the following work and report on it next year:

Will continue the NPD measurements on more samples and as a functionof temperature.

Will continue Raman and potentially ATR measurements to develop a sensitive optical vibrational spectroscopy.

Will begin INS measurements either at LANL or NIST.



Finally, these suite of measurements and work will give a complete picture of hydrogen site occupancy and isotopic site preferences in the Er(HDT)2+x system.  This knowledge will let us then determine how, if at all, the site occupancy and isotopic ordering effects

Helium bubble nucleation

Helium bubble growth

Helium diffusion

Helium released from the film.



Where: Io = observed intensity at a given data point
Ic = calculated intensity for a given data point

Rp = Σ|Io-Ic|

ΣIo

w = a weighting scheme computed from variances of Io and Ic

Rwp =
Σ[w(Io-Ic)2]

Σ[w(Io)2]

Rexp =   Rwp

χ2

χ2 = Σ[w(Io-Ic)2]

(Nobs – Nvar)

Nobs = the number of observations (data points)
Nvar = the number of refinement variables
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