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Abstract  

A crystal growth technique was developed for the family of intermetallic, magnetoresponsive 
RE5(Si1-xGex)4 alloys in order to access the intrinsic and anisotropic properties.  Initial bulk properties 
measured on polycrystalline samples alluded to the properties being obscured or averaged and high-
quality, well-characterized, single crystals would clarify this.  Successful crystal growth led to 
development of oriented sample preparation techniques specific for the crystal structures (monoclinic 
and orthorhombic) and mechanical properties (hard and brittle) of these alloys, and customized for the 
various measurement techniques undertaken.  Here we describe our journey, sometimes circuitous, 
from crystal growth to sample preparation and cite the scientific discoveries that came about as a result. 
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1. Introduction 

Our long-term collaboration with Dr. Pecharsky and Dr. Gschneidner, Jr. was anchored by their belief 
that excellent science required excellent samples, and that the quality of the sample had a direct impact 
on the reliability, repeatability, and integrity of the data collected from it.  Unless a project specifically 
called for industrial-grade starting materials, they typically began with the purest grade of starting 
materials they could find to minimize the chance that the measured properties had been influenced by 
the presence of impurities and thus were not the intrinsic properties.  As their unified groups were 
versed in arc melting and induction melting, polycrystalline samples were commonly used for bulk 
property measurements.  If their data seemed anomalous or the behavior could not be easily explained, 
they would scrutinize their data considering such things as overlapping responses, anisotropy, or a 
masked response.  In the latter case, it could mean the properties were being averaged over 
crystallographic directions or there was interference from grain boundaries.  Single crystal samples 
were, and still are, the best way to eliminate any property masking and to assess if properties are 
crystallographically anisotropic.  However, they can be hard to obtain as crystal growth can be expensive 
and as much, if not more, art than science.   

As indicated above, the research groups of Dr. Pecharsky and Dr. Gschneidner, Jr. were highly integrated 
but as we want to pay tribute to Vitalij, we give special attention to his contributions hereafter.  In this 
paper, we would like to take the opportunity to describe in detail the challenges we encountered and 
successes we had in preparing oriented, single crystal samples appropriate for studying the origin and 
attributes of the giant magnetocaloric effect (GMCE) seen in the RE5(Si1-xGex)4family of compounds.  The 
work that goes into creating and preparing samples, especially single crystals of novel materials, is often 
behind the scenes but nonetheless is essential before property measurements can take place to 
establish the fundamental physics and chemistry of a material.  Along our collaborative journey, many 
scientific discoveries were made, that at the time were deemed unusual or anomalous, but today are 
considered common knowledge.  Because much of the work was being done in parallel by different 
members of Vitalij Pecharsky’s research group, domestic collaborators, and international collaborators, 
the description of the work below is grouped by topic.  The narrative reflects combined efforts from 
many areas of expertise brought together by Vitalij in an effort to bring magnetic refrigeration to 
fruition as a viable alternative to compression-based refrigeration.   

We want to emphasize that the work described in the introduction was specifically done utilizing single 
crystals as part of a larger body of work covering the RE5(Si1-xGex)4 family of magnetoresponsive alloys.  
The purpose of the literature cited in this section is not to provide a detailed literature survey, but 
rather to emphasize the shear depth and breadth of Dr. Pecharsky’s work using single crystals that 
originally emanated from the discovery of the giant magnetocaloric effect (GMCE) in Gd5Si2Ge2 in 1997 
[1].   

At the beginning of our endeavor, to aide in finding single-phase regions of the phase diagram and 
determine possible single crystal growth conditions for Gd5Si2Ge2, pseudo-binary phase diagrams were 
verified or created.  Significant deviations and updates were published when our survey was complete 
[2, 3].  After a few iterative crystal growth attempts were made and we had produced grains that were 
several millimeters or larger on a side, oriented samples were made to study the magnetic ion RE-RE 
interactions during the monoclinic-orthorhombic, magnetostructural transition.  The Gd-containing 
compound was studied first because it exhibited the largest magnetocaloric effect (MCE).  Using 
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magnetic force microscopy (MFM) and vibrating sample magnetometry (VSM) [4-6], and photoemission 
and x-ray absorption spectroscopy [7], it was determined that the gadolinium atoms were in layers. 
However, rather than interacting with nearest neighbors, they were interacting through the covalent 
silicon/germanium bonds in slabs between the layers.  Also, while elemental Gd’s electron 4f orbital is 
isotropic, the interactions in these alloys were found to be anisotropic.  Pseudo-binary Tb5(Si1-xGex)4was 
also known at this time to exhibit MCE and with Tb being next to Gd in the periodic table, and having an 
anisotropic electron 4f orbital, it was a logical comparison.  Thus, the symmetry of the Gd [7-9] and Tb 
[10] 4f orbitals in these compounds were examined and compared.  In conjunction with these studies, 
Tb’s RE-RE interactions through the nonmagnetic Si/Ge layer were investigated by magnetization [11]; 
and because Tb has low absorption cross-section, by neutron diffraction [12, 13].   As the story unfolded, 
it was found that the RE-RE interaction, for both Gd and Tb, depended on the Si/Ge to Si/Ge distances 
which led to more in-depth studies of these interactions.  During this period of expanding investigations, 
one of the pseudo-binary end members, Gd5Ge4, garnered much attention because its magnetic 
behavior was notably more complicated when Si was absent.  The magnetic coupling of this end 
member was studied by AC and DC magnetization [8, 14], and x-ray magnetic scattering (XRMS) [15, 16].  
Rare earth and p-block substitutions were also made and the influence on the Si/Ge bonds studied [17, 
18]. 

There were also positive indications that the near-room temperature, reversible transition associated 
with the MCE was first order because of possible hysteresis, and a sharper and narrower magnetic 
entropy change compared to pure Gd [1].  Proof of a first-order transition was validated through 
measuring oriented single crystals by thermal expansion and magnetostriction [5, 12, 19-21], and other 
magnetic measurements [14, 22].  Later, compositions with elemental substitutions were also confirmed 
to have first-order transitions [17, 18]. Modified Arrott (or Belov-Goryaga-Arrott) plots were used to find 
the “hidden” martensite and orthorhombic second-order transitions that were expected if the first-
order magnetic and structural transitions in Gd-Si-Ge had not been coincident [23, 24]. Because of their 
demonstrated chemical and phase purity, single crystals were used as targets for pulsed-laser deposition 
to create thin films to study the effect of dimension on the first order transition [25, 26]. 

In studying the transition associated with the MCE with respect to temperature and field for the 
RE5(Si1-xGex)4 families, it was soon discovered that the magnetic and structural changes were coupled for 
compounds containing Gd [5, 17-20, 27] and decoupled for others such as those containing Tb [10, 11] 
and Er [21, 28] and typically anisotropic regardless of the rare earth present.  This sparked detailed 
studies, also utilizing crystallographically oriented samples, of the field and temperature dependance 
not only to optimize the MCE and reveal the extent of tunability, but also to understand its origins.  The 
studies included magnetic measurements at different temperatures [6, 8, 9, 17, 18, 22, 28-31], linear 
thermal expansion as a function of field [19], and magnetostriction as a function of temperature [20, 32, 
33].  Structural changes during the field- and temperature-induced transition were monitored through 
lattice parameter changes using x-ray diffraction (XRD) [17, 21] and neutron diffraction [12].  The 
influence of hydrostatic pressure [17, 27, 28] and the dimension effect of thin films [25, 26] on the field 
and temperature dependence of the transition were also looked at. Additionally, in 2012 Velez et.al. 
[34] measured the temperature and field dependence of magnetic deflagration (propagation like in an 
explosion) in Gd5Ge4.  The most significant finding, with respect to magnetic refrigeration, was that the 
field- and temperature-induced GMCE was largest just above TC [10, 20, 22, 27].  Magnetic phase 
diagrams [9, 11, 21, 22, 33] constructed as a part of this work were used to predict compositions 
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expected to exhibit the GMCE by looking for coincident, or near coincident magnetic and structural 
transitions.  The extraordinary properties found for this family of alloys also poised them for 
consideration in other applications utilizing resistance and resistivity [18, 22, 35, 36], magnetostriction 
[16, 19, 20, 30, 32, 37] and electron transport [18]. In several of these studies, it was also seen that 
extraordinary responses occurred in proximity to coincident transitions, thus extending this idea of 
coupled phenomena beyond magnetic and structural connections. 

While it was determined that all RE5(Si1-xGex)4compounds have the same atomic arrangement, the 
different RE elements influenced the final structure type and behavior.  Through measurements on 
oriented single crystals, the anisotropic behavior was found to vary in unexpected ways [5, 8, 10, 11, 18-
20, 22, 27, 29, 30, 32, 33, 35, 36, 38] making systemic descriptions and predictions for these 
magnetoresponsive families more challenging than the above paragraph may suggest.  Less typical 
measurement techniques utilizing optical and reflectance properties [39, 40], elastic properties [38], 
electrical or electronic properties [7, 18, 36], sound propagation (acoustic sound waves) [34] and 
spontaneous voltage [41, 42] were also used to further our understanding of these compounds and the 
results validated the other findings solidifying their complicated nature.  Of specific interest was the 
particularly complex behavior of end members Gd5Ge4  [9, 14-16, 31, 34, 43] and Er5Ge4 [21, 28] whose 
properties were significantly altered with even minute additions of the third element.   

Over time, as the investigations proceeded, the complexity of the behavior of the RE5(Si1-xGex)4members 
was undeniable.  To try and understand the nuances and interdependence of the magnetic, electronic 
and atomic structures Vitalij engaged the condensed matter physics community to delve deeper into the 
underlying physics at the atomic scale.  To this end, the Tb compounds were studied by neutron 
diffraction [12, 13], Gd compounds by XRMS [15, 16] and thin films by synchrotron x-ray diffraction [25].  
Exchange interactions, magnetic coupling (short and long range), magnetic clustering, spin reorientation 
and spin-flops, and electronic vs magnetic contributions were studied both experimentally and 
theoretically [7-9, 11-14, 16, 18, 35, 38, 43].  In addition to the transition associated with the MCE, 
nearby low temperature spin-flop transitions in Gd5Ge4 and Tb compounds [8, 9, 14, 16] were also 
studied. 

As a result of observations made during MFM, optical and SEM studies, a crystallographically-oriented 
second-phase precipitate was discovered to be present in all RE5T4 family members that was of the form 
RE5T3, where T=transition metal(s) [37, 44-47].  Since both of these compositions are line compounds 
and they have different crystal structures (monoclinic/orthorhombic and hexagonal respectively), their 
ubiquitous coexistence was intriguing.  This second phase at less than 1% by volume, while not 
participating in the magnetostructural transition itself, was found to seed the transition.  These 
nanostructures were also discovered to form and persist in all but specific, extreme conditions.  Even 
when we attempted to make single phase RE5T3, the roles were reversed and RE5T4 was present as the 
crystallographically-oriented second-phase precipitate [48].   

Without the availability of oriented single crystals, many of the above discoveries would not have been 
made or the details would have been less complete.  The uninterrupted short- and long-range exchange 
interactions afforded by the continuous single crystal lattice allowed the elucidation of the intrinsic 
anisotropic properties.  As a major component of the MCE is the material’s response to a magnetic field, 
being able to determine the easy and hard directions, and to characterize the magnetic response along 
different crystal directions, was vital.  As alluded to in the above examples, once the favored orientation 
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was found, other parameters such as temperature and pressure were used to tune and look for a 
maximum response.  With the pronounced anisotropy found in these materials, the pursuit of 
optimization would not have been possible with polycrystalline samples alone. 

The bulk of the above cited research happened between 1999 and 2015, but even today we still receive 
periodic requests for high-purity polycrystalline and single crystal samples of these compounds.  The 
work that goes into creating and preparing samples, especially single crystals of novel materials (as 
these were at the beginning of the study), is often behind the scenes.  Their creation is foundational to 
establishing the fundamental physics and chemistry of materials and single crystals are essential for 
anisotropic property measurements.  Without the close collaboration with Vitalij Pecharsky and Karl 
Gschneidner, Jr., many of the challenges we faced may have been insurmountable.  We are grateful for 
Vitalij’s insight, experience, skill, and vision that helped guide our path to success. 
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2. Crystal Growth Challenges and Successes  

In 1997 when Gd5Si2Ge2 was first being characterized, all measurements were done on bulk, 
polycrystalline material since the protocol for single crystal synthesis had not yet been established.  This 
was due in part to its high melting temperature (1853°C), and the propensity for the liquid compound to 
react with typical crucible materials.  To better understand the phase equilibrium of this compound in 
preparing for a single crystal growth, a survey was done of ternary and binary phase diagrams for alloy 
solidification behavior, phase widths, and the nature of the possible alloy-crucible interactions.  Since it 
was around this time the importance of the purity of the RE on physical properties was becoming 
recognized, we verified the accuracy of the alloy phase diagrams by making a few samples using high 
purity Ames National Laboratory rare earths.  Discrepancies were found between our data and the 
known Gd-Si phase diagram and a closer look was warranted.  We leveraged the capabilities and 
knowledge of the Materials Preparation Center (MPC) to physically verify and confirm by 
thermodynamic modeling and thermal analyses, the solid-liquid and solid-solid transitions [3], including 
those at high temperature (>1500 °C), that would be involved in the synthesis of single crystal growth 
from the melt.    

In parallel with the phase diagram verification, we tried our first modified Bridgman crystal growth.  
Vitalij and Karl suggested tantalum for the crucible material because its melting point was higher than 
that of the alloy, was machinable, weldable, and could be made in-house.  Also, from their own 
experience, tantalum would have some resistance to chemical attack from both gadolinium [49, 50] and 
silicon.  Cross sections were taken from the resulting ingot by spark cutting so phase purity and crystal 
grain size could be determined.  Figure 1a shows the second phase that formed during the growth that 
we described as “windows” because of their square shape.  From powder x-ray diffraction (XRD) and 
scanning electron microscopy with energy-dispersive x-ray spectroscopy capability (SEM/EDS) they were 
determined to be tantalum silicide which caused the composition of the bulk to be Si-poor.  In other 
bulk, polycrystalline samples being made in conjunction with this study, tantalum germanides were also 
seen.  Further characterization showed that the tantalum silicides had their own magnetic signal that 
interfered with the characterization of the target matrix phase. 

 

 
 

Figure 1a  Metallographic image.  Gd5Ge2Si2 
Bridgman growth in a tantalum crucible 
showing -Ta5Si3, TaSi2 “windows” in the 
Gd5Ge2Si2 matrix.  Black features are cracks 
or where material chipped out. 

Figure 1b  Macro image.  Gd5Ge2Si2 Bridgman growth in a 
tungsten crucible.  Cracking is due to thermal mismatch of 
alloy and crucible on cooling.  Note shiny band and thinner 
crucible wall above top of alloy (inside red rectangle) – 
primary source of dissolved tungsten. 
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While more expensive, Vitalij and Karl then suggested tungsten for the crucible material [49] as rare 
earth metals (REMs) are less reactive towards it, and hopefully the Si would be too.  We were able to 
purchase a chemical vapor deposited, tapered, Bridgman style W crucible with a stepped lid that could 
be welded on to seal the crucible in order to prevent alloy contamination from the furnace atmosphere.  
As the hot zone was held at 2000 °C to ensure complete melting of the alloy and thermally-induced 
mixing, the tungsten became embrittled and attempts to machine it off led to breakage and crumbling 
of both the crucible and alloy.  Next, we tried to cut through the intact crucible and alloy with a 
horizontal spark cutter [or electro-discharge machine (EDM)], see Figure 1b, and 3-inch diamond saw.  
Both methods were exceedingly slow, and the oil-based lubricant of the diamond saw was difficult to 
remove from the cracks that had developed in the alloy from both thermal mismatch between alloy and 
crucible, and from a solid-state phase change (accompanied by volume expansion) during cooling.  In-
house machining capabilities also included a newer computer-controlled vertical EDM using water as a 
cutting fluid. This technique was able to cut through the W much faster, but the water flushing was too 
strong for the brittle alloy.  Ultimately, we modified the approach by aligning the vertical EDM wire to 
the tapered crucible wall and were able to thin the walls sufficiently to allow for final removal by silicon 
carbide paper grinding.  Over the next several years, numerous samples of the parent composition were 
made from this ingot.  Additional information can be found in the references [51, 52]. 

The fractures (or cracks) mentioned and shown above, in the crystal growth limited the size of crack-free 
samples that could be extracted, and their presence introduced potential pinning of physical properties.  
Also, second-phase W dendrites were found throughout the crystal growths, and while that did not alter 
the matrix composition, nor have its own magnetic transition, the presence of W diluted the properties 
by taking up volume.   A close look at Figure 1b reveals the W walls of the crucible have been attacked 
by vapor reflux above the melt meniscus.  In the couple of millimeters above the meniscus where the 
crucible wall was undercut by the reflux action, the 0.76mm (0.030 inch) thick wall tapers down to about 
1/3 of its original thickness, or 0.27mm (0.011 inch).  This erosion resulted in W being dissolved into the 
melt from which it precipitated out during solidification.  To reduce vapor reflux, and therefore, the total 
amount of dissolved W, the pressure under which the crucible was sealed was increased prior to 
welding on the lid.  The result was that both the crucible area attacked and the amount of W dendrites 
optically seen in the samples were noticeably less.  Independent of the dissolved tungsten, the strong 
mechanical bond between crucible and alloy was attributed to W fingers protruding from the walls (not 
shown here), which was a secondary, minor source of W in the alloy.  The fingers were not affected by 
the change in welding conditions and thus the multistep process of crucible removal remained.   

As it became clear that the search for an inert crucible was becoming futile, Vitalij and Karl were 
ultimately led to purchase a tri-arc crystal pulling furnace in which an unmelted alloy layer is maintained 
between arc-melted pool and water-cooled copper hearth. This method is known as a crucible-less or 
self-crucible method.  The trade-off was between the expense of the W crucible and its difficult removal, 
and the possibility for successful crack-free, high-purity, single-phase crystal growth of limited size. The 
size of the grown crystal was limited by the radiant heat coming off the three electrodes surrounding 
the growing crystal at the power needed to melt the compound. We were able to reduce radiant heat by 
reducing the diameter of the electrodes.  Also, through a combination of angling and bending the 
electrodes, we were able to keep the tips sufficiently close together, just above the arc melted button 
charge, to create the molten pool from which the crystal was being pulled while simultaneously 
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increasing the distance from the crystal body above the growth interface.  Ultimately, the synthesized 
crystals were up to 6 mm diameter x 5 cm long: sufficient in size for a wide array of measurement types. 
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 3. Oriented Sample Preparation Challenges and Successes 

As mentioned in the Introduction and Section 2, these material systems were initially studied with 
polycrystalline, bulk samples.  As many RE5(Si1-xGex)4family members and compositions exhibited 
unusually strong magneto responses, or other anomalous physical properties that hinted at being 
anisotropic, oriented single crystals were vital to more accurately determine the intrinsic properties.  
Also, due to the slower and controlled solidification typical of crystal growths, the material was expected 
to be naturally free of the large stresses and chemical disorder that can occur during the rapid cooling of 
arc melting and induction melting.   

Once the first Bridgman crystal growth in tungsten was determined to be viable for sample harvesting, 
our real work began.  In parallel with refinement of the powder diffraction pattern to assign a space 
group, atomic positions and (hkl) values to the complicated XRD pattern, with Vitalij’s guidance we 
began trying to orient the single crystal grains using Laue x-ray diffraction.  This started by looking for 
spots arranged in lines (zone lines) within the Laue patterns, with the best case being intersecting lines 
radiating from a central spot.  As the room temperature phase of Gd5Si2Ge2 is monoclinic, its Laue 
patterns lacked the symmetry of the cubic, orthorhombic and tetragonal patterns we typically worked 
with.  Identifying potential low-index planes coinciding with the a, b, or c crystallographic directions 
involved taking a Laue photo from a random location on the crystal growth’s surface, identifying zone 
lines, and rotating the crystal to take additional Laue photos along the zone line until a symmetric 
pattern with at least one mirror plane was found.  However, once this task was completed, we could not 
positively identify the direction we had found with the Laue modeling software we had, as it likely was 
not optimized for such a low symmetry space group as monoclinic.  After some discussion, Vitalij wrote a 

  
Figure 2a  Macro image.  Gd5Si2Ge2 single crystal 
plate oriented to a symmetric star pattern by Laue 
back reflection.  The in-house made, adjustable jig 
allows fine orientation of the plate using Laue 
diffraction. It also allows the sample surface to be 
kept level with the jig surface for accurate d 
spacing of the XRD data.  The - scan permits the  
crystallographic direction to be uniquely 
determined. 

Figure 2b  X-ray diffraction pattern.  For an oriented 
single crystal, since only one crystallographic plane is in 
the correct alignment to meet the Bragg condition 
( = 2 d sin), only the peaks from that family of planes 
are present.  In this example, the H0L peaks identify the 
orientation as (101).   
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program that provided the (hkl) values for the XRD pattern and explained that if we cut a face to 
coincide with the Laue pattern we found, an XRD scan would only have the peaks corresponding to that 
plane.  After our first few attempts, we determined the sample faces needed to have a better polish 
(less surface damage) than required for a good Laue diffraction pattern and the orientation needed to 
be within +/- 0.5 degrees or the intensities of the peaks were quickly extinguished.  As many of the first 
samples (for magnetization) were no bigger than 1-2mm on a side, it was difficult to ensure they were 
sitting completely flat. As mentioned above, any misorientation introduced by a slight tilt would 
adversely affect the XRD peak intensity.  To solve this problem, we designed an adjustable sample 
holder that could be used on both the Laue and XRD instruments.  Figure 2a shows the roughly 1-inch 
square holder that can be adjusted to hold the sample in an oriented position, held in place by double-
sided tape, while keeping the face of the sample in the plane of the holder’s face to ensure correct d 
spacing of the peaks.  Figure 2b shows the XRD corresponding to an early Laue pattern we identified 
with a mirror plane as being [101].  Special treatment of the data, such as background subtraction or 
refinement, was found unnecessary as a manual comparison of the peak positions to the (hkl) list gave 
consistent and repeatable assignments.  As samples were made of different orientations and containing 
different REs, a collection of corresponding Laue photos and XRD patterns was made to facilitate future 
sample preparation.  Since the a and c lattice parameters were close to each other and indistinguishable 
by Laue, this method was used on every sample where the a and c directions needed to be labeled. 

Once magnetization vs temperature diagrams 
were established, we began using differential 
scanning calorimetry (DSC) as a screening tool to 
roughly determine the composition of the sample 
(or small adjacent piece) by correlating the TC to 
these diagrams. In Figure 3 for example, since the 
nominal composition of this crystal growth was 
Gd5Si2Ge2, we expected TC = -17 °C.  The onset of 
the orthorhombic-monoclinic () 
magnetostructural transition (where the heat 
flow first deviates from the background) puts the 
TC for this section of crystal growth at -1 °C 
indicating to us that the composition had shifted 
slightly Ge-rich.  The DSC scan also gave a 
qualitative assessment of the MCE magnitude, 
useful for screening samples too.  Note: we used 
DSC because it was more accessible than 
magnetization measurements for our group and 
more accurate than EDS.  The data we collected 
were commonly shared during small group 
discussions between runs, and it was during these 
sessions that Vitalij helped us identify the small 
peak, or baseline change, near 27 °C as evidence 
of the presence of residual high temperature -
orthorhombic phase [O(I)].  During synthesis or 

post annealing treatments, as the material cools through the temperature range ~460 to 200 °C it may 

 
Figure 3  Differential Scanning Calorimetry (DSC) data.  
Shown is the heating portion of the scan collected at 
10 °C/min after different heat treatments.  HT 0 = as 
grown (solid black); HT 1 = 275 °C for 1 hr, cool 
10 °C/min (dot-dash blue); HT 2 = 800 °C for 24 hrs, 
step to 275 °C and anneal 1 hr, cool 10 °C/min (solid 
green); HT 3 = 900 °C for 3 hrs, cool to 275 °C at 
10 °C/min and anneal 1 hr, cool 10 °C/min (dotted 
red).  This study showed that increasing temperature 
was more important than dwell time for improving 
MCE and decreasing the amount of orthorhombic 
[O(I) present.  From additional runs, not shown here, 
slowly cooling after high temperature annealing also 
helped to minimize the O(I) phase. 
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incompletely [53] transition from the -orthorhombic to the -monoclinic phase.  As he was interested 
in both increasing the MCE and reducing the volume fraction of second phases in the material, he  

encouraged us to explore annealing treatments utilizing DSC to monitor the outcomes.  Vitalij also liked 
to use current results to guide future experiments, and he integrated our efforts with previous work [54] 
done on polycrystalline Gd5Si2Ge2 as well as simultaneous work [55] of the same composition using 
induction heating and XRD analysis.  So while the successive runs in Figure 3 seem nonsystematic in 
nature (see figure caption), each parameter change was chosen with care and Vitalij’s practice 
ultimately accelerated the determination of annealing conditions.   

During annealing optimization trials, one of the challenges we faced was residual oxygen and nitrogen, 
even under 10-7 torr vacuum or high purity argon, being absorbed by the intermetallic as interstitials 
which were detrimental to the MCE performance.  We developed a method where we placed the 
sample to be annealed in an etched and outgassed tantalum crucible, then covered it with a Ta disk.  

top

 
 

bottom 

  

Figure 4a  Metallographic and macro image of linear 
features.  Top is a photo taken at 40X of a polished 
cross-section showing Widmanstatten lines and dark 
W dendrites in a Bridgman growth.  Bottom is a tri-arc 
grown crystal (~2mm diameter) with Widmanstatten 
lines on the as-grown surface.  In both cases, cross 
hatching of the lines indicates the plane of the photo 
is near normal to the [010] direction. 

Fig 4b  Photo of oriented sample next to its back 
reflection Laue.  The Laue photo is flipped about a 
vertical axis to give the correct perspective since 
normally the sample and Laue camera face each 
other.  SEM and TEM were then performed to 
characterize the linear precipitates. 



12 
 

The remainder of the crucible was then packed with acid-etched zirconium shavings to act as a getter 
and then closed with a press-fit Ta cap.  After additional trials increasing the annealing temperature, and 
once we were confident that we could anneal samples up to the preferred 1350 °C without 
contamination, we began iterative trials and determined more clearly that slow cooling (verses rapid 
cooling or quenching) through 460 – 200 °C, the temperature range over which the O(I) phase forms and 
dissociates, gave the best results.  While methods and details varied, our conclusion matched that of 
Mozharivskyj’s parallel work [55]. 

In learning to polish samples of this hard, brittle material for XRD scans, and as our technique improved, 
we began noticing that what we initially thought were scratches, were linear features.  On a highly 
polished surface, even by eye, they jumped out when the light hit them just right, see Figure 4a top.  
These lines could also be seen on the as-grown surface of tri-arc grown single crystals, see Figure 4a 
bottom.  Often these surface lines resembled wood grain and the pattern was useful for prealigning the 
ingot for Laue diffraction, as the c-axis could be found by tilting along the center line of the pattern.  The 
cross hatched pattern seen in Figure 4a bottom was less common, but also very helpful.  Of course, 
these linear features were more than just useful in orienting samples crystallographically. After detailed 
SEM/EDS, transmission electron microscopy (TEM) and MFM studies using samples we made (see 
Introduction), they were determined to be Widmanstätten-like in origin, an integral part of these 
compounds, and the nucleation site of the magnetic transition responsible for the MCE.  Figure 4b is an 
example of the information we provided to collaborators with each sample to help in determining the 
crystallographic orientation of the features with respect to the matrix and the crystallographic interface 
between the linear second phase (RE5T3) and the matrix (RE5T4).  In general, we also kept track of where 
samples were harvested from the crystal growth, believing that the closer two samples had been to 
each other in an ingot, the higher the correlation in data results between and among measurement 
techniques. 

As described above, several techniques were used to characterize the samples before handing them to 
colleagues and collaborators for property measurements.  Laue diffraction was not only a means to 
orient the ingot or sample for cutting or polishing, it was also a report about the quality.  The pattern 
clarity (distinction from the background), spot shape (round vs oblong or streaked), and whether the 
spots were singular or each a cluster of spots, provided us information.  We would consider Figure 4b a 
good Laue pattern for these materials based on our experience.  This assessment should agree with that 
coming from magnetization data.  The DSC, in addition to what was described above, was qualitatively 
compared to XRD and magnetization data (collected by Vitalij and Karl’s group members) to verify phase 
purity and transition temperatures.  Additionally, viewing the samples optically or by SEM was useful in 
finding 2nd phases less than 3% by volume (XRD’s generally accepted lower detection limit) or of 
nonmagnetic phases.  Knowledge of small amounts of second phase only found visually, was helpful to 
explain any anomalies seen by other methods such as magnetic or resistivity measurements.  Thus, the 
suite of complimentary characterization gave us confidence in the quality of our samples and in the 
reliability of data collected on them.   
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4. Conclusions 

Reflection by D.L. Schlagel:  As I searched for and read through journal articles that were the fruit of our 
single crystal growth labor, work that was inspired by Vitalij Pecharsky and Karl Gschneidner, Jr., I am 
struck by the thoroughness, the depth and breadth, and the level of detail with which Vitalij pursued his 
scientific investigation.  He did not just stop with a basic understanding of the first magnetocaloric 
intermetallic he studied.  That might have been sufficient, but rather, he strove for a true optimization 
of the behavior, which required a full understanding of the electronic, magnetic, and structural 
properties.  I am sure he had a timeline in mind for his research goals and objectives, but with every 
anomaly found, and there were many, there was a side investigation that often bloomed into a full 
investigation.  Many of the anomalies proved to be fundamental, or at least correlated, to the extra 
responsiveness of these materials.  Seeing this evolution of scientific discovery going from unique 
findings, (such as a coupled magnetic and structural transition) to well-accepted knowledge, (such as 
said coupling nearly always leads to highly enhanced response) in retrospect, drove home for me the 
profound influence and impact Vitalij had on the scientific community.   

I also noticed that names on papers in the reference lists sooner or later became names in the coauthor 
list of his many publications.  In the publication list I constructed for this manuscript, this became more 
obvious as I saw the parallel publications in which, of course, they reference each other, followed by 
joint papers.  I remember Vitalij loving conferences for the chance to meet and talk to others interested 
in extra responsive materials, which helped this transition from colleague to coauthor.  These 
conferences were also a place to find the expertise to help answer the next new question that came up 
as the work expanded.  I also remember the openness with which he engaged the scientific community 
through the many present and potential collaborators he invited to Ames.  Finding the truth and 
unequivocal answers to outstanding questions was at the heart of every interaction.  

His spirit of investigation was influenced by his humbleness and his open mindedness in finding the 
absolute truth even when initial theories, hypothesis and previous findings were challenged.  He not 
only modeled how to conduct a thorough research investigation, but how to do it with integrity, 
professionalism and a little humor. 
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