Corundum: Statically-Enforced Persistent Memory Safety
Presenter(s):

Morteza Hoseinzadeh, PhD Candidate, CSE Dept.

Researcher(s):

Morteza Hoseinzadeh, PhD Candidate, CSE Dept.,
Steven Swanson, Professor, CSE Dept.

Collaborator(s): Morteza Hoseinzadeh, PhD Candidate, CSE Dept.,
Steven Swanson, Professor, CSE Dept.
Advisor(s):

Steven Swanson, Professor, CSE Dept.

Fast, byte-addressable, persistent main memories (PM) make it possible to build complex data
structures that can survive system failures. Programming for PM is challenging, not least because
it combines well-known programming challenges like locking, memory management, and
pointer safety with novel PM-specific bug types. It also requires logging updates to PM to
facilitate recovery after a crash. A misstep in any of these areas can corrupt data, leak resources,
prevent successful recovery after a crash. Existing PM libraries in a variety of languages – C,
C++, Python, Java – simplify some of these area, but they still require the programmer to
learn(and flawlessly apply) complex rules to ensure correctness. Opportunities for datadestroying bugs abound. This paper presents Corundum, a Rust-based library with an idiomatic
PM programming interface, and leverages Rust’s type system to statically avoid most common
PM programming bugs. Corundum lets programmers develop persistent data structures using
familiar Rust constructs and have confidence that they are free of many types of bugs. We have
implemented Corundum and found its performance to be as good or better than Intel’s widely
used PMDK library.
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The interfacial Dzyaloshinskii-Moriya interaction (iDMI) has recently attracted significant
attention, as it promotes the formation of chiral Neel-type domain walls that may have applications in
energy-efficient spintronic devices. While the impacts of a symmetry-breaking in-plane field on the
growth of large circular magnetic domains in systems with iDMI have been studied extensively, the
behavior of dendritic stripe domains have not. Here we present an experimental study of [Co (0.7 nm)/ Ni
(0.5 nm)/ Pt (0.7 nm)]N (1 ≤ N ≤ 5) multilayers designed to have a moderate iDMI and strong
perpendicular anisotropy. Kerr microscopy reveals that for N ≥ 3, magnetic reversal occurs via dendritic
stripe domains, and when a constant in-plane magnetic field is applied, the growth directionality of these
domains has a strong dependence on the in-plane field strength and orientation. At low fields, the domains
grow roughly perpendicular to the field – a behavior not expected from the chiral Neel-type domain walls
favored by the iDMI. The propagation direction subsequently becomes strongly collinear with the field in
intermediate in-plane fields, followed by a rapid, 180° change in growth direction at even higher fields.
These directionalities are not predicted from the elastic energy creep framework commonly applied to
circular domains in the presence of iDMI [1, 2]. However, it is known that the field-like torque from the
propagation field imposes a steady-state domain wall profile that can deviate significantly from the static
case [3]. Furthermore, recent studies have indicated that the dispersive stiffness can capture the creep
elastic energy scale and trends in the domain propagation direction better than the elastic energy scale
typically employed [4]. Integrating these two treatments into a creep model, we find that the calculated
creep velocities agree well with the experimentally observed field-dependent propagation trends.

[1] S.-G. Je et al., Phys. Rev. B 88 (2013).
[2] A. Hrabec et al., Phys. Rev. B 90, 020402(R) (2014).
[3] L. Sanchez-Terjerina et al., J. Magn. Magn. Mater. 423, 405 (2017).
[4] J.P. Pellegren et al., Phys. Rev. B 119, 027203 (2017).
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Abstract:
The operation frequency of the next generation in microelectronics devices especially in telecommunication
continues to increase. But conductor loss also grows as the frequency increases due to decreasing skin depth
that limits the conductor’s effective cross-sectional area. We are exploring new magnetic superlattice
structures to meet the needs of electronic devices with high performance and high-speed requirements. The
superlattice structure consists of high permeability ferromagnetic layers, and high conductivity nonmagnetic layers.
The effective permeability of the superlattice stack is given by 𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒 =
(𝜇𝜇𝑁𝑁 𝑡𝑡𝑁𝑁 + 𝜇𝜇𝐹𝐹 𝑡𝑡𝐹𝐹 )⁄(𝑡𝑡𝑁𝑁 + 𝑡𝑡𝐹𝐹 ) where 𝜇𝜇𝑁𝑁 = 𝜇𝜇0 and 𝜇𝜇𝐹𝐹 = 𝜇𝜇0 𝜇𝜇𝑟𝑟 are the permeability of the non-magnetic and
ferromagnetic layers, respectively [1]. The skin depth is given by 𝛿𝛿 = �2⁄𝜔𝜔𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒 𝜎𝜎 where 𝜔𝜔 is the angular
frequency and 𝜎𝜎 is the effective conductivity of the two layers. The complex relative permeability ( 𝜇𝜇𝑟𝑟 ) of
the ferromagnetic layers can be calculated using the dynamic frequency response solution of the LLG
equation,
𝜇𝜇𝑟𝑟 = (𝛾𝛾𝐻𝐻

(𝛾𝛾𝐻𝐻𝑢𝑢 +𝑗𝑗𝑗𝑗𝑗𝑗+𝜔𝜔𝑀𝑀 )2 −𝜔𝜔2

2
𝑢𝑢 +𝑗𝑗𝑗𝑗𝑗𝑗)(𝛾𝛾𝐻𝐻𝑢𝑢 +𝑗𝑗𝑗𝑗𝑗𝑗+𝜔𝜔𝑀𝑀 )−𝜔𝜔

(1)

where 𝑀𝑀𝑆𝑆 is the saturation magnetization, γ is the gyromagnetic ratio, 𝐻𝐻𝑢𝑢 is the anisotropy field, α is the
Gilbert damping constant and 𝜔𝜔𝑀𝑀 = 𝛾𝛾𝑀𝑀𝑆𝑆 . For angular frequencies above the ferromagnetic resonance
frequency (𝜔𝜔𝐹𝐹𝐹𝐹𝐹𝐹 ) the real part of the relative permeability of the ferromagnetic layers, Eq. (1), becomes
negative. Thus by adjusting the relayer thicknesses of the ferromagnetic and nonmagnetic layers and the
operational frequency the effective permeability can be tuned nearly zero “0” thus suppressing any skin
depth effect. Initially published research has indicated that this approach is effective to increase the skin
depth and improve the conductor loss in the GHz range [2, 3]. We will report on recent theoretical and
experimental efforts to optimize superlattice structures for various high-frequency applications.
[1] B. Rejaeia, M. Vroubel, J. Appl. Phys. 96, 6863 (2004).
[2] A. Rahimi, Y.K. Yoon, IEEE MW, and Wireless Cmpnts. Lett. 26, NO. 4, APRIL 2016.
[3] S. Hwangbo, A. Rahimi, and Y.K. Yoon, IEEE MTT-S Inter. MW. Sym. (IMS), 2017.
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The development of hybrid superconducting-magnetic devices are being explored to address the
demand an energy-efficient computing and memory technologies. In conventional spintronic
memory devices, states of spins in ferromagnetic materials represent the stored data. However,
ferromagnetic materials are not compatible with the conventional spin-singlet superconductivity,
due to the suppression of Cooper pairs by internal spontaneous magnetic field. In 2001,
researchers1,2 proposed that even though spin-singlet state is not allowed in ferromagnetic layer,
by introducing an inhomogeneous moment between superconducting layer and ferromagnetic
layer, one can obtained spin-triplet superconductivity whose Cooper pairs can survive much
longer in ferromagnetic layers. One of the methods to generate this inhomogeneous moment is
by fabricating spin-triplet spin valve, which is usually a heterostructure consists of a fixed hard
magnetic layer (F), a free (F’) magnetic layers and another superconducting layer (S). By
rotating the free magnetic layers to break the linearity of magnetization, inhomogeneous
moments can be generated. Works have been done to verify the validation of this concept.3,4
Here, we describe recent research on a new spin-triplet spin valve heterostructure that consist of
epitaxial growth Co and Ni thin films as F, epitaxial NiFe soft magnetic layer as F’, and Nb
superconductor as S. To confirm the magnetic states of each magnetic layer at low temperature,
samples were characterized by polarized beam reflectometer (PBR) in NIST. By varying the
thickness of F’ and the angle of the external field, we can manipulate the magnetization state of
F’ layer and operate the on and off state of spin-triplet spin valve. By measuring the change of
superconducting critical temperature (Tc) at different angles of external field, we observed that
the behavior of spin valve is highly sensitive to the thickness (d) of F’ and we attribute the
observed behavior to the distinctive wave-function of spin-triplet Cooper pairs.
[1] F. S. Bergeret, etc., Phys. Rev. Lett., 86, 4096-4099 (2001)
[2] A. Kdigrobov, etc., Low Temp. Phys, 27, 760-766 (2001)
[3] P. V. Leksin, etc., Phys. Rev. Lett., 109, 057005 (2012)
[4] M. G. Flokstra, etc., Phys. Rev. B, 91, 060501 (2015)
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Mismatch between the true channel and the channel assumed in the design of a memory
controller can degrade decoding performances. We present approximations of the ExpectationMaximization (EM) algorithm to overcome this problem. In order to evaluate the approximations
in a practical channel mismatch scenario, we use a quantized Normal-Laplace mixture model.
The simulation results demonstrate that the approximations can estimate the true channel with
low-complexity decoding and reduced measurement precision.
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In the Spring research review, we presented polar coding that achieves the
rates in the capacity region of a multi-level 3-receiver broadcast channel,
in which the second receiver is degraded with respect to the first receiver,
with degraded message sets. In this talk, we look at a slight variation of this
problem, where the first receiver only requires to decode its own private message and the other
two receivers require to decode another private message common to them. We observe that the
capacity region does not enlarge and so the proposed polar coding strategy achieves the capacity
region for this problem as well.
[1] N. Goela, E. Abbe and M. Gastpar, “Polar codes for broadcast channels,” IEEE Trans. Inf.
Theory, vol. 61, no. 2, pp. 758--782, Feb. 2015.
[2] M. Mondelli, S. H. Hassani, R. Urbanke and I. Sason, “Achieving the Marton’s region for
broadcast channels using polar codes,” IEEE Trans. Inf. Theory, vol. 61, no. 2, pp. 783--800, Feb.
2015.
[3] A. El Gamal and Y. H. Kim, Network Information Theory, Cambridge, UK: Cambridge
University Press, 2011.
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Polar codes are a class of error-correcting codes that have attracted considerable attention since their
invention by Arıkan in 2009. They have recently been adopted in the next generation wireless
communication standard (5G). The current state of the art decoder for polar codes is successive
cancelation list decoding (SC-list), an extension of the original SC decoding proposed by Arıkan. An
alternative to SC-list decoding is belief propagation (BP) decoding, which was also first suggested by
Arıkan. Unlike SC-list decoding, which is inherently single-pass and serial in nature, BP decoding is an
iterative, graph-based decoding algorithm that allows for parallel and high-throughput implementation.
Moreover, whereas SC-list decoding produces only hard (bit) decisions, BP decoding provides soft
(likelihood) decisions useful in more complex detection architectures. However, BP decoder performance
is substantially inferior to SC-list decoding. Recently BP-list decoding, in which BP decoding is
simultaneously implemented on several permutations of the BP decoder factor graph, has been shown to
help close the performance gap. The set of permutations plays an important role in influencing the
decoder performance, and if carefully chosen could allow BP-list decoding to match or even outperform
SC-list decoding. Our goal is to discover a way to find optimal factor graph permutations for use in BPlist decoding.
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In the trace reconstruction problem a length-n string x, yields a collection of noisy copies, called traces,
y1,…, yt where each yi is independently obtained from x by passing through a deletion channel, which
deletes every symbol with some fixed probability pd. Suppose the input string x is arbitrary. In the trace
reconstruction problem, the main goal is to determine the required minimum number of i.i.d traces in
order to reconstruct x with high probability. The trace reconstruction problem can be extended to the
model where each trace is a result of x passing through a deletion-insertion-substitution channel. Here,
in addition to deletions, each symbol can be switched with some substitution probability ps, and for each j,
with probability pi, a symbol is inserted before the j-th symbol of x.
Motivated by the storage channel of DNA, this work is focused on another variation of the trace
reconstruction problem, which is referred by the DNA reconstruction problem. The setup is similar to the
trace reconstruction problem. A length-n string x is transmitted t times over the deletion-insertionsubstitution channel and generates t traces y1,…, yt. A DNA reconstruction algorithm is a mapping R:
(∑q*)t→∑q* which receives the t traces y1,…, yt as an input and produces x^, an estimation of x. The goal
in the DNA reconstruction problem is to minimize de(x, x^), i.e., the edit distance between the original
string and the algorithm's estimation. For the deletion channel case, the problem is referred by the
deletion DNA reconstruction problem, and the goal is to minimize the Levenshtein distance dL(x, x^).
In this work, we present several new algorithms for the DNA reconstruction problem and for the
deletion DNA reconstruction problem. While most of the previous algorithms look locally on each
symbol and use a symbol-wise majority technique, our algorithms look globally on the entire sequence of
the traces and use dynamic programming algorithms to estimate the original sequence. This global
approach builds upon the algorithms to find the shortest common supersequence and the longest
common subsequence of a set of given sequences. Our algorithms also differ from previous results by
introducing less limitations on the input, and more than that, they perform well even for error probabilities
as high as 0.27. The algorithms have been tested on simulated data as well as on data from previous DNA
experiments and are shown to outperform all previous algorithms.
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Abstract: DNA synthesis is a key process that requires improvements in efficiency for DNA to become a
feasible medium for data storage. Because of the array-based construction involved in DNA synthesis,
where strands are constructed in parallel one nucleotide at a time, a key measurement of cost is the
number of cycles, i.e. iterations, needed to synthesize these strands. Thus, we look for codes that have
maximum information rate, which can be expressed with respect to the number of synthesis cycles. Using
costly constrained coding, we can obtain a graphical model of DNA synthesis, and using some theorems,
we can relate the capacity of synthesis to the cost-constrained probabilistic capacity of the corresponding
graph. Here, we will give an analytical characterization of synthesis using costly constrained coding, and
provide some results to back this.
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Generative modeling provides a natural approach for simulating a communication channel. It
allows generation of new channel instances cheaply and efficiently by capturing the underlying
statistical properties of the channel. Some recent state-of-the-art works have applied generative
adversarial network (GAN) to wireless channels [1] and generative neural networks (NNs) tor
millimeter wave channels [2].
In this work, we propose data-driven generative modeling of communication channels using
conditional variational autoencoders (VAEs) [3, 4]. The latent variable in the conditional VAE
(CVAE) model [3, 4] can serve as an inferred model of the channel, which can be further
exploited with the CVAE decoder part for channel compression, estimation, and detection.
Potential application scenarios include wireless single-input and single-output (SISO) channels
and commercial TLC flash memory channels.

[1] T. J. O’Shea, T. Roy, and N. West, “Approximating the void: Learning stochastic channel
models from observation with variational generative adversarial networks,” in 2019
International Conf. on Computing, Networking and Communications (ICNC), Honolulu, HI,
USA, Feb. 2019.
[2] W. Xia, S. Rangan, M. Mezzavilla, and A. Lozano, “Millimeter wave channel modeling via
generative neural networks,” arXiv:2008.11006, Aug. 2020.
[3] K. Sohn, X. Yan, and H. Lee, “Learning structured output representation using deep
conditional generative models,” in NeurIPS, 2015.
[4] D. P. Kingma and M. Welling, “Auto-encoding variational bayes,” in ICLR, 2013.
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The growth of high-quality aluminum nitride (AlN) thin films is desirable for application as a buffer layer
in growing crystalline gallium nitride (GaN) and indium gallium nitride (InGaN) on silicon and directly on
SiC for RF and microLED devices and for application as a seed layer for further AlN deposition by faster
methods to form heat dissipation layers. Conventional AlN deposition methods, such as metal organic
chemical vapor deposition (MOCVD) and sputtering, present process integration concerns: MOCVD uses
deposition temperatures above 700 °C, exceeding many practical thermal budgets; reactive sputtering of
AlN can damage existing device structures and produces strained films with randomly oriented grains. This
work details progress on bias-enhanced atomic layer annealing (ALA), in which a brief ion bombardment
treatment follows each conventional atomic layer deposition (ALD) cycle.4 Substrates are mounted on a
heated and negatively biased stage below the remote plasma source, such that ions are extracted from the
plasma to bombard the growth surface.4 This regular ion bombardment sputters surface ligands and
contaminants, therefore decreasing film contamination, and promotes crystalline growth through enhanced
adatom mobility.
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Rechargeable lithium-ion batteries with high energy density that can be safely charged and
discharged at high rates are desirable for electrified transportation and other applications.
However, the sub-optimal intercalation potentials of current anodes result in a trade-off between
energy density, power and safety. Here we report that disordered rock salt Li3+xV2O5 can be used
as a fast-charging anode that can reversibly cycle two lithium ions at an average voltage of about
0.6 volts versus a Li/Li+ reference electrode. The increased potential compared to
graphite reduces the likelihood of lithium metal plating if proper charging controls are used,
alleviating a major safety concern (short-circuiting related to Li dendrite growth). In addition, a
lithium-ion battery with a disordered rock salt Li3V2O5 anode yields a cell voltage much higher
than does a battery using a commercial fast-charging lithium titanate anode or other intercalation
anode candidates (Li3VO4 and LiV0.5Ti0.5S2). Further, disordered rock salt Li3V2O5 can perform
over 1,000 charge–discharge cycles with negligible capacity decay and exhibits exceptional rate
capability, delivering over 40 per cent of its capacity in 20 seconds. This low-potential, high-rate
intercalation reaction can be used to identify other metal oxide anodes for fast-charging, long-life
lithium-ion batteries.
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Abstract We present a spin-transfer torque oscillator (STO) based on composite (hard-soft) synthetic
antiferromagnets (CSAFs) with perpendicular uniaxial magnetic anisotropy. The STO operates without an
applied external field and generates strong oscillations, which can be tuned in a broad frequency range from
tens to hundreds GHz with precessions mostly generated by the soft layer. The modeled STO comprises a
cylindrical cross-section, including a reference layer and a free layer composed of SAF layers (FLhard and
FLsoft). FLhard is much harder than FLsoft and the sub-layers are exchanged coupled the interlayer
exchange energy density JAF. The results are obtained via micromagnetic simulations with the FastMag
micromagnetic simulator1. The precession frequency of FLsoft depends of the applied current density J for
weak and strong JAF and it can be tuned in a broad range of frequencies. When precessing, both zcomponents of FLhard and FLsoft are in the same direction whereas the in-plane components are opposite.
The precession direction sense is clockwise for both layers, but the precession is dominated by the soft
layer, i.e. the device generates a strong oscillating magnetic field. The operation mechanism is based on the
exchange field due to the AF coupling, which is similar to an AF STO2. However, CSAF STO offers greater
flexibility in tuning the parameters and practicality in the material choice. It can be used to generate electric
signal, e.g. by using an additional in-plane layer with an MTJ or to generate an oscillating magnetic field,
e.g. for microwave assisted magnetic recording.
[1] R. Chang, S. Li, M. V. Lubarda, B. Livshitz, and V. Lomakin, J Appl Phys 109 (3), 07D358 (2011).
[2] V. Puliafito, R. Khymyn, M. Carpentieri, B. Azzerboni,1 V. Tiberkevich, A. Slavin, and G. Finocchio,
PRB 99, 024405 (2019).
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An important task in micromagnetics is performing a large ensemble of
simulations of a structure with only one or a few changed parameters. An
example is computing write error rates in magnetic random-access
memories (MRAM), where simulations are needed for different stochastic
thermal fields. Such computations, which are done by multiple runs on a
single or multiple computing devices. have various numerical overheads
related to preprocessing, matrix operations, and excessive data storage. We demonstrate a
computational approach for performing a large batch of repetitive micromagnetic simulations on
a Graphics Processing Unit (GPU) simultaneously. This batched approach has the following
benefits: (i) it utilizes GPUs much more efficiently than the traditional approach of running
multiple simulations, including much increased speed and reduced memory consumption, (ii) it
hides various numerical overheads, such as preprocessing as well as matrix and time stepping
operations, (iii) it makes obtaining results and post-processing much more efficient by allowing
computing only required properties, e.g. ensemble averages or switching counts. We extended our
FEM based micromagnetic framework FastMag to implement the batched approach in all code
components, including pre-processing, matrix operations (Fig. 1a), time stepping with adaptivity
to step, order, and decisions of a stopping evens per instance (Fig. 1b). Figure 2 shows major
improvements of the computational time and memory consumption for switching simulations of
an MRAM cell using three 100-instance batch scenarios on an Nvidia GTX1080 GPU: sequential
launching of 100 instances, simulating a 100x 100 array of sufficiently separated cells (to prevent
the strong magnetostatic coupling), batched approach.

Fig.1: (a) data re-use by replacing several sparse matrices – vector product by a sparse – dense matrix product; (b) stopping of
simulations independently per each batch realization.

Fig.2: (a) Computational time and (b) memory consumption.
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Abstract Solving and implementing resonant modes serve as a powerful tool applicable to various
micromagnetic systems, such as designing spin transfer torque oscillators to maximize the power output
and studying noise in a magnetic read sensor. Linearized time domain Landau-Lifshitz-Gilbert (LLG)
equation can be used to study situations with weak excitations but has limitations when the solution at a
particular frequency is of interest. In this paper, we present a finite element method (FEM) based eigenvalue solver for computing normal oscillation frequencies and modes in micromagnetic systems, and then
extend the resonant states to simulate time domain evolution. The solver first builds a framework to find
resonant modes for the zero-damping case of a micromagnetic system [1], and the magnetic moment
evolution in time domain is expanded using resonant modes as basis. The time-variant coefficients are
calculated using perturbation theory with damping and spin transfer torque. Such a solver is fundamentally
more efficient than time domain simulations, and useful for a set of applications, especially for studying
switching behavior of magnetoresistive random-access memory (MRAM) driven by spin polarized current.
Compared to time domain simulation with LLG equation, our method can directly predict the critical
switching current density instead of interpolating of multiple current value simulations in time domain, and
the switching time of arbitrary current larger than critical. Additionally, our method can help understand
the switching dynamics driven by higher resonant modes, which is crucial for large current pulse used in
real application. We carried out numerical experiments to show the validity of simulation results and study
various cases. The solver is integrated with our FastMag simulator framework [2] and are accelerated by
Graphics Processing Unit (GPU) and multi-core CPU computing.

[1] d’Aquino, Massimiliano, et al. Journal of Computational Physics, 228(17), pp.6130-6149 (2009).
[2] Chang, R., et al. Journal of Applied Physics, 109(7), p.07D358 (2011).
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Abstract: Coherent X-ray Diffraction Imaging (CXDI) is a computational approach to reconstruct images
at nanoscale resolution using X-ray diffraction. CXDI allows reconstructing the material structure using a
series of images obtained in synchrotron experiments. CXDI uses an iterative procedure based on forward
and backward FFTs, which allows extracting the phase information from solely intensity measurements.
The ability to obtain both the intensity and phase leads to a high-resolution reconstruction. However, CXDI
for reconstructing 3D objects can be highly computationally expensive and computations can take
significant time, which prevents using it in real time while performing measurements. The long
computational time is related to the need to do many 3D FFTs and have many iterations for the phase
extraction, which, for large systems, may become slow and occupy large memory.
We present an algorithm for 3D CXDI reconstruction. The algorithm is based on the Fourier slice theorem
and difference-map iterative algorithm. The idea is instead of performing phase reconstructions iterations
using 3D FFTs to reconstruct a set of 2D images. Each such 2D image is reconstructed for a 2D slice at a
specific measured angle. Based on this set of 2D reconstructed images, we complete a 3D reconstruction
step. This 3D reconstruction is rapidly converging since the 2D images already contain both intensity and
reconstructed phase information. The reconstruction of the set of the 2D images still has challenges related
to uncertainties in the phase reconstruction. To address these challenges, we developed an approach,
allowing using a reconstruction for some of the 2D images as a guess of the close in angle images. The
benefits of the introduced algorithm include the reduction of the iterations needed for convergence, the ease
in processing a large number of images in parallel, a major reduction of the memory consumption, increased
accuracy, and improved robustness. The reductions of the memory consumption and ease of parallelization,
the proposed algorithm is well-suited for implementations on massively parallel graphics processing units
(GPUs) with major speed improvements. The GPU accelerations involves creating suitable data structure,
properly addressing CPU and GPU memory, and executing operations in parallel. The GPU can accelerate
the required Fourier transforms and products with significant speed-up rates. We compare various
approaches for the Fourier transforms, including out-of-place and in-place transforms for acceleration and
memory consumption reduction as well as using alternative approaches. Finally, we also present work
towards a virtual synchrotron framework, in which computational methods are used to simulate
experimental image reconstruction and provide required constraints, using magnetic nanostructure as a
testbed.

Stochastic model of magnetization at elevated temperatures
Presenter: Marco Menarini, PhD student
Advisor: Vitaliy Lomakin, Professor, ECE

Understanding the magnetization dynamics at high temperature is important for our fundamental
understanding of nanomagnetism and for a set of applications, such as heat assisted magnetic recording
technologies (HAMR) [1-3] and ultrafast optical processes [4,5]. Numerically modeling such systems is
complicated because the material properties change significantly at elevated temperatures, especially at
temperatures near or above the Curie temperature.
Atomistic spin models have been used to provide parameterization of thermal properties, such as the
equilibrium magnetization, anisotropy, and susceptibility [6]. The atomistic models, however, are not fit
to simulate large-scale systems, such as those of common interest in magnetic recording and opto
magnetic simulations. To solve these kinds of problems, a micromagnetic models are used. In which the
average magnetization of these system at each temperature is represented by the equilibrium
magnetization obtained using the atomistic model.
Several stochastic formulations of the Landau-Lifshitz-Bloch (LLB) equation have been proposed to
introduce the thermal fluctuations in the model [7-9]. However, these models have limitations, e.g. they
may ignore the fluctuations on the longitudinal component of the magnetization [7], underestimating the
longitudinal fluctuations contribution, or lead to a mean magnetization higher than the expected
equilibrium magnetization [8,9]. These limitations may make such models hard to use for multiscale
modelling.
In this review, we present a new formulation for the thermal fluctuation that does not neglect the
fluctuations on the longitudinal component of the magnetization and result in an average magnetization
consistent with the result obtained using the atomistic models for small and large particles. The results are
obtained by obtaining the stationary solution of the Fokker-Planck equation and the model is validated by
considering the distribution of the magnetization at equilibrium form macroscopic particles.
[1] W. Hsu and R. H. Victora, IEEE Trans. Magn. 55, 1 (2019).
[2] J. Miao and D. Wei, IEEE Trans. Magn. 55, 1 (2019).
[3] S. Hernández, P. Krivosik, P. Huang, W. R. Eppler, T. Rausch, and E. Gage, IEEE Trans. Magn. 52, 1
(2016).
[4] C. H. Lambert et al., Science 345, 1337 (2014).
[5] R. Medapalli et al., Physical Review B 96, 224421 (2017).
[6] N. Kazantseva, D. Hinzke, U. Nowak, R. W. Chantrell, U. Atxitia, and O. Chubykalo-Fesenko, Physical
Review B 77, 184428 (2008).
[7] L. Xu and S. Zhang, Journal of Applied Physics 113, 163911 (2013).
[8] D. A. Garanin and O. Chubykalo-Fesenko, Physical Review B 70, 212409 (2004).
[9] R. F. L. Evans, D. Hinzke, U. Atxitia, U. Nowak, R. W. Chantrell, and O. Chubykalo-Fesenko, Physical
Review B 85, 014433 (2012).
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Our research team has been presented with a significant medical problem where thermal esophageal
damage occurs during common cardiac ablation procedures. Using rapid prototyping techniques and 3D
printing, we have designed and developed a device that protects the esophagus during ablation procedures
by moving it away from the heart during surgery. The device is comprised of a straight rod and a curved
overtube (Fig. 1). If the rod is inserted into the overtube, the overtube is straightened out by the rod. If the
assembled device is inserted into the esophagus, and the rod is retracted, the memory effect of the initially
curved tube will cause the esophagus to deflect and move safely away (Fig. 2).
The Esophageal Deflection Device (EDD) material and manufacturing methods have been updated
to account for biocompatibility and cost. The deflection of the EDD as a function of material, curvature,
and cross section has been investigated. Experimental, numerical, and analytical results will be described
and compared. The future direction of the device will also be discussed.

Fig. 1: CAD model of the Esophageal Deflection Device (EDD)

Fig. 2: 3D Print of EDD illustrating Deflection

Development of Internet-Enabled Ophthalmic Instruments
for Remote Self-Examination of the Eye
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Currently, large and complex ophthalmic instruments require patients to physically visit the clinic
for eye examinations, sometimes resulting in unnecessary trips for routine eye checkups. As of
2020, the COVID-19 pandemic has limited access to eye care due to the associated risks with inperson visits. There is a pressing need for technology that connects physicians and patients to
perform routine eye check-ups remotely. We present on the development of internet-enabled
instruments for remote self-examination of the eye. Four miniaturized and portable ophthalmic
instruments are under development: a slit lamp, a funduscope, a non-contact tonometer, and a
visual acuity device. Each instrument is designed for patients to perform an examination without
the assistance of a secondary person or trained medical professional. The results can be captured
and sent to the physician remotely for evaluation. We report on the design of each of the devices
and discuss future direction of the project.

Design of an Internet Enabled Slit Lamp Tester
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Over half of the visits to an ophthalmologist are routine eye check-ups or postoperative follow-ups. Such
in-person visits are necessary to monitor the condition of the patient’s eyes, so the physician can provide
appropriate on-time treatment to mitigate damage to a patient’s vision. At each visit, the patient receives a set of
routine eye examinations using standard ophthalmic instruments. These large machines are expensive, need to be
stored in a controlled environment, and require a trained technician to operate them to conduct the exam. Because
of these factors, a visit to an eye clinic can be expensive and time-consuming for a patient. The problems associated
with patients being unable to receive appropriate eye examination is made worse by the present COVID-19
pandemic, where everyone must stay at home and comply with the so-called social distancing policy to minimize
the spread of the virus. Patients are unable to visit the eye clinic to receive their eye checkups, forcing
ophthalmologists to rely on the patient’s verbal description for medical treatment.
To address the growing need for at-home eye monitoring, portable internet-enabled patient point-of-care
ophthalmic instruments need to be designed to enable patients to self-examine their eyes in the comfort of their
homes. In this project, we develop an internet-enabled slit lamp tester (Figure 1) to replace the complicated to
operate and costly to maintain conventional the slit lamp. The instrument can automate the screening process of the
eye anterior segment by generating a high-intensity narrow slit of light with a fixed width, and sweep the beam
across the eye for a full bio-microscopy exam (Figure 2). Slit images are captured and stored via an attached
smartphone. Ophthalmologists are given access to the examination results through secure cloud storage and they
communicate with patients via a smartphone attached to the slit lamp device. Preliminary prototyping of the tester
has demonstrated very promising results.

Figure 1: Model of the slit lamp tester

Figure. 2: Self-imaging with the slit lamp tester

Designing a Detachable Bronchoscope
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In the process of intubation, a bronchoscope is used to insert an endotracheal tube (flexible plastic
tubing) into the trachea to maintain an open airway. In order to properly place an endotracheal tube, a physician
must estimate the width of the patient's trachea before intubation. This estimation process is not ideal and never
entirely accurate. In situations where a physician estimates the width of the endotracheal tube inaccurately, the
entire bronchoscope must be removed, a new endotracheal tube must be added, and the bronchoscope must
be repositioned for intubating. This process takes time and puts the life of the patient at risk. Repositioning of
the bronchoscope tends to be the most time-consuming aspect of intubation. To speed up the process of
intubation, it would be desirable to have a bronchoscope with an easily detachable handle, so that the
endotracheal tube can be replaced without losing the position of the tip of the bronchoscope from the trachea.
A redesign of the bronchoscope where the control body is detachable will give physicians the opportunity to alter
the size of the endotracheal tube easily without needing to remove the bronchoscope. This will in effect reduce
the time of intubation.
We have investigated different detachment mechanisms including electromagnets, flexible hooks, clevis
pins, and spring-loaded mechanisms. 3-D models were designed, tested, and animated to determine the best
overall design (Figure 1). Prototypes were machined and 3-D models scaled 1:1 were printed. From these studies,
we have concluded that a spring-loaded detachment mechanism is the most promising design.

Figure 1: Detachable Bronchoscope Prototype SolidWorks Model
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Catheter associated urinary tract infection (CAUTI) is one of the most prevalent healthcare related
infections, with an estimated economic cost of up to $1.7 billion in the United States as of 2018. Currently, the
Centers for Medicare and Medicaid Services (CMS) require hospitals to be responsible for covering the full cost
of treatment if CAUTI is acquired during a hospital stay. Prolonged catheterization allows for the migration and
proliferation of free-flowing (planktonic) bacteria through a urinary catheter and the accumulation of bacterial
cells (biofilm) forming an extracellular matrix that will adhere to its surface. While there have been multiple
efforts to develop a urinary catheter that is able to prevent biofilm formation, currently available products have
yet to consistently prevent planktonic and biofilm proliferation.
Our team has developed a urinary catheter coating (figure 1) consisting of PDMS and heavy metals (Ag,
Ag2O, Zn) capable of inhibiting biofilm formation through multimodal mechanisms of action including
formation of electric fields, heavy metal toxicity, and formation of hydrogen peroxide. We have been
investigating and validating the properties of our novel coating through several experimental tests. Additionally,
the coating has been applied to urinary catheters (figure 2) and tested against commercially available catheters
in order to assess its efficacy relative to current technology.

Figure 2: Urinary catheter coated with Zn/Ag2O + PDMS
Figure 1: (a) 10mm segment of coated catheter and
(b) cross sectional image of ~500um coating
adhered to a silicone catheter
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This paper presents the development of instrumentation for the measurement of high-temperature
thermal conductivity of bulk, coatings, particles and fluids using a modulated photothermal radiometry
(MPR) method, where a sample is heated by an intensity-modulated laser to probe into different layers of
the sample. While MPR has been previously established, it has not been well studied for measurements of
bulk and coating materials at high temperatures, which are increasingly important for a multitude of
applications, such as materials used in the concentrating solar power (CSP) plants, the nuclear reactors and
heat-assisted magnetic recording (HAMR). MPR is a non-contact technique that utilizes the intrinsic
thermal emission from the specimens for thermometry, which is favorable for measurements at high
temperatures in harsh environment. The authors designed and utilized a sample holder suitable for high
temperature measurement up to 1000 K with good temperature uniformity within the sample. The hightemperature MPR setup was validated by measuring bulk materials with known thermal conductivity. The
setup and technique are then extended to the measurement of black solar-absorbing coatings of 10 to 50 μm
thick on various substrates by modulating the frequency of the laser heating beam and the thermal
penetration depth. We also demonstrate the measurements of ceramic and metallic particles contained in a
cell up to 1000 K and liquids in a tube using MPR in the low frequency range.

Visualization of topological states of matter using
microwave impedance microscopy
Presenter: Monica Allen, Assistant Professor, Physics

Abstract: A main thrust of condensed matter physics concerns the discovery of new electronic states in
emerging quantum materials. One example is the rapidly expanding class of topological materials, which
are posited to enable realization of non-abelian particles and topological quantum computing. In this talk,
I will discuss how exotic electronic phenomena can arise from the interplay of topology and magnetism in
topological insulators. Our experiments employ low-temperature microwave impedance microscopy
(MIM), which characterizes the local complex conductivity of a material, to directly image chiral edge
modes and phase transitions in a magnetic topological insulator. Finally, I will outline how MIM could be
used in the future to visualize and manipulate Majorana modes, an emerging platform for topological
quantum information processing.

Quantum-Materials for Energy Efficient NeuromorphicComputing
Presenter: Ivan K. Schuller, Professor, Physics Department
Collaborators: Q-MEEN-C Collaboration

Q-MEEN-C is a multidisciplinary, multi-institutional, collaborative effort that has contribution from 19
principal investigators, postdoctoral fellows, graduate and undergraduate students, across the US and
France. The mission of Q-MEEN-C is to generate the quantum-materials-based foundation for the
development of energy-efficient, fault-tolerant computers inspired by the human brain ("neuromorphic").
Energy-efficient neuromorphic computing offers a potentially disruptive technological capability to
process complex inputs and produce elegantly simple, useful outputs. The breakaway from the
conventional Turing-von Neumann paradigm requires the development of new types of bio-inspired
devices with functionalities resembling synapses, neurons, axons, and dendrites that can be used to
construct machines with artificial intelligence capabilities. Q-MEENC's approach focuses on research in
the domains of both Charge- and Spin-related phenomena in quantum materials. Our research approach
fully integrates quantum materials theory, synthesis and characterization, physical properties
measurements, along with device engineering and modeling.
This collaborative work is supported as part of the “Quantum Materials for Energy Efficient
Neuromorphic Computing” (Q-MEEN-C), an Energy Frontier Research Center funded by the U.S.
Department of Energy, Office of Science, Basic Energy Sciences under Award # DE-SC0019273

Resistive switching in VOx for neuromorphic computing
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For simple computer based on Von Neumann architecture, it is time and energy consuming to perform tasks
as pattern recognition or classification. The brain, however, because of its massively parallel network of
neurons and synapses is so much more efficient. A particular effort is hence required to develop and
implement artificial neural networks. Such networks can be implemented at the software level, but they are
both energy and cost consuming. At the hardware level, neuron and synapse functionalities can be
mimicked by CMOS components but several thousand of transistors are still necessary to mimic one
neuron. To palliate to this multicomponent problem, we therefore need to find new materials whose intrinsic
properties can implement neuron and synapse functionalities. In this talk, we will first introduce the
properties that are sought to mimic neuronal and synaptic behaviors. We will then focus on vanadium oxides
and explain how these quantum materials which exhibit unique properties, whose an insulator to metal
transition (IMT) in temperature, are of great interest for neuromorphic computing. We will show how,
thanks the IMT, it is possible to induce a resistive switching triggered by electric field. After discussing the
origin of the resistive switching, we will present how it can be used to implement neuristors.

Acknowledgements:
This work was supported as part of the Quantum Materials for Energy Efficient Neuromorphic Computing
(Q-MEEN-C) Energy Frontier Research Center (EFRC), funded by the U.S. Department of Energy, Office
of Science, Basic Energy Sciences under Award # DE-SC0019273.
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Resistive switching in materials, that undergo a metal-insulator transition (MIT), is the subject of
intense fundamental research and is the basis for a variety of novel applications such as artificial
neurons and synapses for hardware-level neuromorphic computing. Typically, the resistive
switching occurs by the formation of conducting filaments in an insulating matrix parallel to the
driving electric current. In this talk, we present the discovery of an opposite, metal-to-insulator
switching in ferromagnetic (FM) oxide (La,Sr)MnO3 (LSMO), which proceeds via nucleation and
growth of an insulating paramagnetic (PM) barrier perpendicular to the driving current. Because
of the strong coupling between the MIT and the FM transition in LSMO, the resistive switching
allows tuning magnetic properties by electrical means. The voltage-induced barrier formation
results in an unusual FM/PM/FM configuration, which leads to a dramatic change of the magnetic
anisotropy. Before the PM barrier nucleation, the LSMO devices have a close to an easy-plane
anisotropy showing nearly square hysteresis loops in any in-plane direction. After the barrier
nucleation, the direction perpendicular to the barrier becomes the hard anisotropy axis, which is
evidenced by the complete suppression of the remanence and coercivity and the strong
enhancement of the saturation fields in the hysteresis loops. Our work highlights the metal-toinsulator resistive switching as a novel functionality to augment the device engineering and shows
that employing resistive switching is a viable strategy to achieve voltage-controlled magnetism.
This research was supported by the Office of Basic Energy Science, U.S. Department of Energy,
BES-DMS funded by the Department of Energy’s Office of Basic Energy Science, DMR under
grant DE FG02 87ER-45332.
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While the energy-efficiency is of the uttermost importance to today’s AI hardware systems,
designing more energy-efficient AI accelerators is hampered by the “memory-wall” challenge:
massive data movement between compute and memory consumes majority of system energy and
latency. Compute-In-Memory (CIM) architecture using the emerging resistive memories can
overcome the challenge by doing compute locally at where AI model is stored, eliminating data
movement. In this talk, we will present the first fully-integrated RRAM-CMOS chip that
simultaneously delivers the record energy-efficiency of 74 TMACS/W among the RRAM-based
CIM hardware, and offers dataflow reconfigurability to support diverse AI model architectures.
We demonstrated multiple AI tasks on the chip including image recovery using RBM model and
image classifications using MLP model. The chip was presented at 2020 ISSCC and VLSI
conferences.
To realize energy-efficiency and reconfigurability at the same time, we innovate across the full
stack of the design from RRAM device and sensing circuits to dataflow architecture and layout
topology. The improvement in energy-efficiency comes mainly from a novel voltage-mode
sensing scheme that achieves a 3.6× improvement in MAC energy consumption compared to the
conventional current-mode sensing. The reconfigurability is accomplished by the Transposable
Neurosynaptic Core (TNC) architecture that is able to perform matrix-vector-multiplication
(Matmul) in all of the forward, backward and recurrent directions while not incurring energy and
area overhead compared to the conventional single-directional CIM array design. Multi-core
extensions of this work open the door to advances in artificial intelligence at a large scale with
extreme energy-efficiency and integration density.

Query-driven Dynamic Vision Sensor with Energyefficient Coding and Streaming of Visual Information
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Traditional CMOS imagers have high pixel density but use frame scanning, at a fixed clock rate,
to continuously stream out the pixel intensity data, incurring constant data rate and power
independent of information content. In contrast, event-driven Dynamic Vision Sensors (eDVS) or
“silicon retina” chips adopt an asynchronous detection and coding strategy to stream out visual
events only when they occur, supporting variable output data rate that is intrinsic to the visual
information rate. However, typical eDVS implementations incur extra area and power overhead to
continuously monitor for events and handle request and acknowledge handshaking within each
pixel, thus resulting in low pixel density and incurring substantial static power despite the savings
resulting from the efficiency of visual event coding.
Query-driven DVS (qDVS) approach to computational imaging, overcomes such limitations, using
clocked time-division multiplexing to periodically scan the array, querying each pixel for threshold
change events in pixel intensity. This approach substantially improves the achievable pixel density
and energy efficiency of visual event coding. The chip architecture combines complementary
advantages of frame scanning active pixel sensors (APS) and eDVS CMOS imagers. The 256x256pixel qDVS with 33% fill factor achieves 10% temporal contrast sensitivity and consumes 0.5mW
from 1.2V at a peak event rate of 80Meps, yielding 6.3pJ/pixel-event energy efficiency. qDVS
offers significant advantages over APS and eDVS in reducing the computational load and
improving speed without losing performance in many applications, like real-time gesture
recognition, multiple object detection and tracking.
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Nitrogen vacancy (NV) centers, optically-active atomic defects in diamond, have attracted tremendous
interest for quantum sensing, network, and computing applications due to their excellent quantum
coherence and remarkable versatility in a real, ambient environment. Taking advantage of these strengths,
we performed NV-based local sensing of the electrically driven insulator-to-metal transition (IMT) in a
proximal Mott insulator. We studied the resistive switching properties of both pristine and ion-irradiated
VO2 thin film devices by performing optically detected NV electron spin resonance measurements. This
resistive switching behavior is of interest in the field of neuromorphic computing, in its potential
application as an artificial neuron. Our measurements probe the local temperature and magnetic field in
electrically biased VO2 devices, which agree with the global transport measurement results. In pristine
devices, the electrically-driven IMT proceeds through Joule heating up to the transition temperature while
in ion-irradiated devices, the transition occurs non-thermally, well below the transition temperature. Our
results provide the first direct evidence for non-thermal electrically induced IMT in a Mott insulator,
highlighting the significant opportunities offered by NV quantum sensors in exploring nanoscale thermal
and electrical behaviors in Mott materials.

Digital MemComputing: from logic to dynamics to
topology
Presenter: Massimiliano Di Ventra, Professor, Physics

MemComputing [1, 2] is a novel physics-based approach to computation that employs time non-locality
(memory) to both process and store information on the same physical location. Its digital version [3, 4] is
designed to solve combinatorial optimization problems. A practical realization of digital memcomputing
machines (DMMs) can be accomplished via circuits of non-linear, point-dissipative dynamical systems
engineered so that periodic orbits and chaos can be avoided. A given logic problem is first mapped into this
type of dynamical system whose point attractors represent the solutions of the original problem. A DMM
then finds the solution via a succession of elementary instantons whose role is to eliminate solitonic
configurations of logical inconsistency (‘‘logical defects’’) from the circuit [5, 6]. I will discuss the Physics
behind memcomputing and show many examples of its applicability to various combinatorial optimization
and Machine Learning problems demonstrating its advantages over traditional approaches [7, 8]. Work
supported by DARPA, DOE, NSF, CMRR, and MemComputing, Inc. (http://memcpu.com/).
[1] M. Di Ventra and Y.V. Pershin, Computing: the Parallel Approach, Nature Physics 9, 200 (2013).
[2] F. L. Traversa and M. Di Ventra, Universal Memcomputing Machines, IEEE Transactions on Neural
Networks and Learning Systems 26, 2702 (2015).
[3] M. Di Ventra and F.L. Traversa, Memcomputing: leveraging memory and physics to compute
efficiently, J. Appl. Phys. 123, 180901 (2018).
[4] F. L. Traversa and M. Di Ventra, Polynomial-time solution of prime factorization and NP-complete
problems with digital memcomputing machines, Chaos: An Interdisciplinary Journal of Nonlinear
Science 27, 023107 (2017).
[5] M. Di Ventra, F. L. Traversa and I.V. Ovchinnikov, Topological field theory and computing with
instantons, Annalen der Physik 529,1700123 (2017).
[6] M. Di Ventra and I.V. Ovchinnikov, Digital memcomputing: from logic to dynamics to topology,
Annals of Physics 409, 167935 (2019).
[7] F. L. Traversa, P. Cicotti, F. Sheldon, and M. Di Ventra, Evidence of an exponential speed-up in the
solution of hard optimization problems, Complexity 2018, 7982851 (2018).
[8] F. Sheldon, F.L. Traversa, and M. Di Ventra, Taming a non-convex landscape with dynamical longrange order: memcomputing the Ising spin-glass, Phys. Rev. E 100, 053311 (2019).
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Nitrogen vacancy (NV) centers, optically active atomic defects in diamond, have attracted tremendous
interest for quantum sensing, network, and computing applications due to their excellent quantum
coherence and remarkable versatility in a real, ambient environment. One of the critical challenges to
develop NV-based quantum operation platforms results from the difficulty in locally addressing the
quantum spin states of individual NV spins in a scalable, energy-efficient manner. Here, we report electrical
control of the coherent spin rotation rate of a single-spin qubit in NV-magnet based hybrid quantum
systems. By utilizing electrically generated spin currents, we are able to achieve efficient tuning of magnetic
damping and the amplitude of the dipole fields generated by a micrometer-sized resonant magnet, enabling
electrical control of the Rabi oscillation frequency of NV spins. Our results highlight the potential of NV
centers in designing functional hybrid solid-state systems for next-generation quantum-information
technologies. The demonstrated coupling between the NV centers and the propagating spin waves harbored
by a magnetic insulator further points to the possibility to establish macroscale entanglement between
distant spin qubits.

2D-oxide memtransistor for neuromorphic computing
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Presenter(s): Chi-Hsin Huang, Ph.D. student, Department of Electrical and
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Computer Engineering

The primary challenge in neuromorphic computing still lies in the development of synaptic
devices imitates the essential functions of synapses and neurons. The memristive devices with
analog resistive switching have been explored for synaptic devices, but the device performances
such as the linearity and symmetry of conductance change during the learning (potentiation) and
forgetting (depression) phase are not satisfied yet. The gate-tunable memristor, so-called
memtransistor, is expected greatly as promising to address the issues and offer a new function for
memory and computing applications owing to the gate modulation function of the linear
conductance response. The gate tunability that conventional two-terminal memristors cannot
achieve provides the capability to implement heterosynaptic analog switching by gate control to
realize complex neuromorphic learning. Additionally, the natural integration of memristor with
transistor allows a higher density footprint and complex neuromorphic learning.
Here we present a new 2D-oxide memtransistor using oxide semiconductor 2D-SnO2 nanosheet
for energy-efficiency neuromorphic computing. The atomically ultrathin 2D-SnO2 active layer
was grown by the cost-effective and vacuum-free liquid metal process. Dynamic modulation of
the analog switching with near-linear linearity and high conductance ratio was achieved in the 2DSnO2 memtransistor. We also performed the neural network system simulation for pattern
recognition tasks and successfully improved the accuracy rate of pattern recognition in 2D-SnO2
memtransistor. We will also discuss the detailed digital/analog resistive switching characteristics
in detail in the presentation.

