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Over the past decade, spin-glass simulations have improved to the point that they now access time- and length-scales comparable to experiments at the mesoscale. A recent series of thin-film field-cooled/zero-field-cooled magnetization (FC/ZFC) experiments demonstrated activated spin dynamics, with a temperature-independent activation energy proportional to the logarithm of the film thickness and with coefficients in remarkable agreement with the simulation. These measurements require the application of small magnetic fields, which has been shown to affect the spin-glass energy landscape. Measurements of the [image: image] noise in metallic spin-glasses have been previously shown to be a sensitive probe of the spin dynamics, and the measurements can be made without applying a magnetic field. In this mini-review, we review these techniques and discuss how transport measurements can fit into the current landscape of spin-glass measurements. We compare previous measurements to more recent measurements on similar films, made with ostensibly different cooling protocols, and compare both the previous and recent measurements to the magnetometry. The transport measurements—taken over a wider range of temperature than magnetometry—suggest that the maximum spin-glass energy barrier height is temperature-dependent, not fixed, possibly due to two-dimensional dynamics. We discuss this possibility, along with future measurements, which may be able to resolve this mystery.
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INTRODUCTION
Spin-glasses are an archetypal complex system. The same rugged energy landscape characteristic to these frustrated magnets can describe polymers, structural glasses, the stock market, and even neural networks. Yet, despite the passage of more than 5 decades since their discovery, accompanied by intensive experimental and theoretical efforts, the underlying physics of the spin-glass state remains a mystery, with even the existence of a single ground state (in three dimensions) being an open question [1].
Experimentally, spin-glass systems are notoriously difficult to study. Spin-glasses are a magnetic system; however, absent the application of a magnetic field (either before or during a measurement), the magnetization will be 0. In order to directly probe the dynamics, an experimenter must apply a small magnetic field, which has been shown to alter the dynamics of the system, reducing the free-energy barriers due to the Zeeman interaction. Indeed, even small fields may fundamentally alter the nature of the system, with the “droplet” model [2, 3] predicting that the spin-glass state is destroyed by any field, no matter how small, although this has proven difficult to distinguish experimentally from the mean-field prediction of a (de Almeida–Thouless) phase transition in a field [4].
Moreover, spin-glass systems rapidly fall out of equilibrium. Their dynamics are slow and exhibit memory: in general, the result of a measurement on a spin-glass will depend on the parameters (e.g., applied field and temperature) at the time of the measurement and on the values of those parameters at all previous time points since cooling into the spin-glass state, although this description is complicated by effects such as temperature chaos. For this reason, for an unambiguous comparison between simulation and experiment, a well-defined cooling protocol should be used.
In this mini-review, we discuss recent spin-glass magnetometry measurements, which have been interpreted through the spin-glass coherence length. The coherence length is defined using a four-spin correlation function, and it is physically the characteristic length-scale of the thermally equilibrated domains within a spin-glass sample. Well below the spin-glass transition temperature, the domains grow very slowly and the system is out-of-equilibrium. In experiments, one way to probe the coherence length is to fabricate devices where the coherence length can increase to the sample thickness. Then, the dynamics should change from three- to two-dimensional, and the apparent freezing temperature is reduced. In simulations, the ground state is never known and may not be unique, so to measure the coherence length, researchers look at the overlap between many replicas of the system [5]. Because the computing power has increased (and costs have decreased) dramatically over the past decades, the JANUS collaboration has been able to design and build an FPGA-based, ultra-parallelized processor optimized specifically for Monte Carlo simulations of spin-glasses [6]. These simulations provide access to the spin-glass coherence length, and for the first time, experiments and simulations on mesoscale systems are able to probe comparable time- and length-scales, allowing direct comparison between the two.
After the discussion of the state-of-the-art conventional measurements and simulation, we will move to the main topic of this review: electronic noise measurements. These measurements are an ideal complement to the more conventional measurements for measurements on mesoscale systems, where dimensional effects play a role. The techniques discussed here are not new, but they are of renewed importance due to the advances in simulation and recent measurements of the spin-glass coherence length.
MAGNETOMETRY AND SPIN-GLASS COHERENCE LENGTH
When a spin-glass is quenched from above its glass temperature [image: image] to a measurement temperature [image: image] well below [image: image], spin-glass correlations grow slowly in time and the system falls out of equilibrium. In order to describe this effect, Kisker et al. simulated Ising spin-glasses and measured a four-spin autocorrelation function [5]. In this way, the authors were able to define an effective coherence length, the fundamental length-scale describing the spatial extent of the spin-glass correlations after waiting time [image: image],
[image: image]
where [image: image] is the average spacing between the magnetic dopants, [image: image] is a prefactor of order unity, [image: image] is a characteristic timescale of microscopic magnetic fluctuations, and [image: image] is a constant which can be determined experimentally [5]. On the experimental front, Joh et al. provided the first procedure for determining [image: image] experimentally [7]. One key insight is that after time [image: image], the maximum free energy barrier, [image: image], surmounted will be given by
[image: image]
according to the Arrhenius law.
Recently, variations on this approach have been employed on Ge:Mn [8, 9], single-crystal Cu:Mn [10–13], polycrystalline Cu:Mn [14], and Cu:Mn thin-films [15, 16]. Moreover, in the decades since the work by Kisker et al., it has become possible to simulate spin-glasses on the same time- and length-scales probed experimentally [10, 11, 17–19]; the agreement between the dynamics of the coherence length extracted experimentally and from simulation has been remarkable [20].
In the Cu:Mn thin-film experiments (e.g., Refs. [15, 16]), the coherence length [image: image] increases in time according to Equation 1 until it reaches the film thickness [image: image], after which it can increase no further in the direction perpendicular to the plane of the film. Neglecting the effects of any in-plane increase in the coherence length on the energy barriers, according to Equation 1 and Equation 2, this will pin the maximum barrier height at
[image: image]
In the vicinity of [image: image], the maximum barrier height will be fixed by the film thickness alone and independent of temperature. This implies that, at long times, the thermoremanent magnetization (TRM) and, equivalently, the irreversible magnetizaton (defined as the difference between the FC and ZFC magnetization) should be time-dependent, exhibiting an exponential decay, consistent with activated dynamics over a free energy barrier of height [image: image]. By the same argument, the apparent freezing temperature of a thin spin-glass film will depend on the measurement time [image: image] according to
[image: image]
Using this approach, Zhai et al. was able to fit data for multiple film thicknesses (ranging from 4 nm to 20 nm), taken at multiple temperatures, to Equation 3 with [image: image] and [image: image] [15]. Using the Janus II supercomputer, Baity-Jesi et al. later measured an exponent in quantitative agreement with the [image: image] from experiment [17], demonstrating the new synergy between experiment and simulation.
Applying a magnetic field will reduce the maximum barrier height, due to the Zeeman interaction. Here,
[image: image]
where the Zeeman energy is given by [image: image], with [image: image] the number of correlated spins, [image: image] the per-spin susceptibility, and [image: image] the applied field. Repeating the measurements from Ref. [15] on the 20-nm film, over a range of applied fields, Zhai et al. was able to extract the number of spins in a correlated volume and determine that the correlated regions could not be spherical, but must instead be “pancake-like” (though possibly non-compact and fractal) [16]. Partially for this reason, most recent works have focused on single-crystal systems [10–13, 21], where—due to symmetry—the correlated regions will surely be spherical, to facilitate an understanding of the spin-glass state in the bulk.
Thin-film spin-glasses are of intrinsic interest, however from both an academic and practical perspective. For instance, the performance of SQUID-based superconducting circuits—including frequency-tunable qubits enabling fast quantum gates—is limited by anomalous [image: image] magnetic flux noise at low temperatures, with the magnitude of order [image: image] at 1 Hz, essentially independent of the geometry [22]. The weak dependence of the noise on the area of the SQUID loop points to a surface effect, and the most up-to-date work pinpoints adsorbed molecular oxygen as the origin [23]. This adsorbed oxygen—which freezes to the SQUID as it is cooled—appears to undergo a spin-glass transition at a temperature between 50 mK and 2 K, although the details are still not well-understood [22, 24, 25]. Certainly in such a system, dimensional effects play a role in the dynamics.
TRANSPORT MEASUREMENTS IN SPIN-GLASSES
While measurements of the field-cooled, zero-field-cooled, and thermoremanent magnetization, as well as measurements of the AC susceptibility, of mesoscale spin-glass devices have been tremendously successful, they are intrinsically limited due to magnetization being an extrinsic quantity: measurement signal-to-noise (SNR) always decreases with decreasing volume. These measurements require carefully designed systems and multi-layer samples, with many thin spin-glass layers separated by non-magnetic spacing layers [15, 16, 26–28]. Moreover, interesting spin-glass dynamics are the result of a rich energy landscape, consisting of many metastable states, and the application of even weak magnetic fields can alter this landscape [9, 16]. Finally, while this scheme works well for devices “small” in one dimension (thickness), it is difficult to imagine efficiently scaling the process to devices small in two or even three dimensions.
In the 1980s and 1990s, M.B. Weissman et al., demonstrated that transport measurements—specifically, measurements of either the fluctuations of the resistance of a mesoscale spin-glass device or measurements of the fluctuations in the fluctuations of the resistance—can provide similar and complementary information to the more conventional magnetometric probes [29–33]. Despite their non-ergodic nature, the fluctuation-dissipation theorem has been shown to apply to spin-glass dynamics, meaning that these noise measurements provide the same information as direct measurements of the AC susceptibility [34]. However, because resistance fluctuations are not an extrinsic property, going to smaller volumes does not degrade and can even improve the SNR. Additionally, noise measurements allow the spin-glass energy landscape to be probed without any perturbing magnetic field, eliminating any concern over whether the system is in the linear-response regime.
Transport measurements are a proven method of probing spin-glass dynamics. While the resistivity of a spin-glass shows no sharp signature near [image: image], the magnitude of the resistance fluctuations does exhibit such a signature, increasing by more than an order of magnitude over a temperature range of approximately [image: image] [30, 31, 33]. For mesoscale dynamics, this can be an ideal probe because the SNR does not directly depend on the volume, which is by definition always small for a mesoscale device.
The observed noise is due to universal conductance fluctuations (UCFs). Here, elastic scattering off of the magnetic dopants dominates over inelastic scattering, and the noise is due to changes in the interference in the Feynman paths of the electrons due to the reorienting of the magnetic moments of the dopants (spins). The UCF theory does result in a temperature-dependent [image: image] coupling between the magnetization and resistance fluctuations, that—along with an additional thermodynamic factor of [image: image]—must be divided out in our analysis [30, 31, 33].
Measurements of the [image: image] [image: image] noise are a relatively direct probe of the zero-field spin-glass energy landscape. Van der Ziel explains [image: image] noise in terms of a collection of non-interacting two-level fluctuators (TLFs) with a distribution of energy barriers [35]. A single TLF produces a Lorentzian spectrum with a “knee” frequency given by the average switching rate (related to the energy barrier as [image: image] where [image: image] is the barrier height and [image: image] is the temperature-independent attempt frequency); the sum of many such spectra with a uniform distribution of energy barriers produces [image: image] noise.
If the barrier distribution is not uniform, but weighted more heavily at higher (lower) energies, the spectral exponent will not be exactly [image: image], but will be [image: image] [image: image]. Working within this model, Dutta and Horn noted that additionally, at a given temperature [image: image] and for a given bandwidth ([image: image] to [image: image]), an experiment probes the barrier distribution only within a small domain: [image: image] [36]. In other words, for a fixed bandwidth, reducing the temperature means probing the dynamics set by smaller barriers. Combining these two concepts, one can relate the measured spectral exponent [image: image] at a given frequency to the logarithmic derivative of the spectral density SM with respect to temperature, at that same frequency,
[image: image]
This is illustrated in Figure 1. The key assumption here is that the barrier heights are independent of temperature, i.e., that the dynamics are activated. If they are not, one can repeat this analysis, but allow [image: image] to be a temperature-dependent free parameter rather than a physical attempt frequency. If the barriers are growing with decreasing temperature, but one performs the Dutta–Horn analysis assuming constant barriers, it will appear that the attempt frequency is very large, although this is not physical. To illustrate this, consider a toy model with barriers having a linear temperature dependence, [image: image]. Inserting this into the Arrhenius law gives [image: image], which is equivalent to [image: image] and removing the temperature dependence from the barriers. Fenimore and Weissman suggested defining cooperativity from noise measurements, given by
[image: image]
where we have converted from [image: image] to the resistance spectral density [image: image], taking into account the temperature-dependent factors. In the case of temperature-independent barriers, [image: image] at all temperatures; the dynamics are activated. If, on the other hand, barriers are growing with decreasing temperature, then [image: image] indicating cooperative dynamics. This definition of cooperativity is analogous to the more traditional definition from magnetometry
[image: image]
but it is defined at all temperatures, including well away from [image: image].
[image: Figure 1]FIGURE 1 | Dutta–Horn picture for a simple barrier distribution. (A) At high temperatures, a measurement will probe larger barriers. If the barrier distribution is weighted to lower energy, as shown, the spectral exponent will be smaller than unity. (B) At a lower temperature, the measurement will probe smaller barriers. Here, the experimental bandwidth is near the peak of the barrier distribution, which is approximately flat. The result is a spectral density with a spectral exponent near unity. The magnitude of the spectral density has also increased due to the larger density of barriers. (C) At a lower temperature still, the measurement will probe barriers below the peak. As the barrier distribution is now weighted to higher energy, the spectral exponent will be larger than unity, and because the barrier distribution is now smaller than at the peak, the magnitude of the noise has also decreased. Temperature-dependent barriers result in deviations from this picture.
We again note that [image: image] (derived from [image: image]) provides the same information as the imaginary part of the AC susceptibility, [image: image], according to the FDT [34]:
[image: image]
DISCUSSION
First, we compare recent transport measurements in spin-glasses. The effect of the cooling protocol on spin-glass thin-film measurements is still an open question; it is possible that temperature chaos renders the details of the experimental temperature quench moot, while Ref. [37] suggests that it is critical to rapidly quench from well above the bulk [image: image] to a measurement temperature [image: image] between each measurement. To allow for unambiguous interpretation of the measurements, Harrison et al. employed this well-defined cooling protocol and reported noise measurements on Cu:Mn (13.5 at%) on films ranging in thickness from 10 nm to 80 nm [38]. For these measurements, the devices were patterned using electron-beam lithography to form a balanced bridge, as shown schematically in Figure 2A. Each arm measures [image: image]. The measurements are made with a lock-in amplifier. With this configuration, current fluctuations should affect each arm equally and cancel out, and the lock-in moves the signal away from the [image: image] noise intrinsic to the electronics. The measured voltage fluctuations are then converted to resistance fluctuations, which can in turn be converted to magnetization fluctuations. In Figure 2B, we reproduce Figure 1 from Ref. [38], showing the change in both the shape and magnitude of the resistance spectral density as a function of temperature, while in Figure 2C, we reproduce Figure 2 from Ref. [38], showing the [image: image] computed from noise measurements. We first note the power of the transport technique here: as noted in Ref. [38], even a witness film 100 [image: image] in the area sputtered simultaneously with the thinnest transport film did not yield enough magnetic material for magnetization measurements in a commercial SQUID magnetometer.
[image: Figure 2]FIGURE 2 | (A) Experimental setup for noise measurements; the dashed box denotes the inside of the cryostat. The spin-glass samples are patterned in a bridge configuration and measured with a lock-in technique. (B) [image: image] at three temperatures showing the strong dependence of both the spectral magnitude and exponent as a function of temperature. (C) Imaginary part of the AC susceptibility, [image: image] as computed from the noise measurement. The data are reproduced from Ref. [38].
The analysis by Zhai et al. in Refs. [15, 16] takes the maximum barrier height, which governs the dynamics of a spin-glass, to be fixed once the spin-glass coherence length reaches the film thickness. In other words, the continued increase (if any) in the coherence length in the plane of the sample is taken to have no effect on the maximum barrier height. At this point, the dynamics are activated over fixed (temperature-independent) barriers. As discussed earlier, this implies [image: image]. While there is a marked reduction in the cooperativity with decreasing film thickness, the dynamics are always cooperative, never exhibiting simple thermal activation. This is in apparent contrast to the analysis in Refs. [15–17] (on the other hand, the recent measurements are roughly consistent with the earlier thin-film results—both transport and magnetometry from Refs. [27, 28, 31, 33]—suggesting that the cooling protocol does not play a key role, as it was not well-specified in the earlier work and was likely different). More measurements are needed to understand why this is the case. The most obvious explanation for temperature-dependent barrier heights is the growth of in-plane correlations; though it is not yet understood why these manifest more clearly here than in Ref. [15], we note that the transport measurements were all taken over a much broader temperature range than the magnetization measurements, which would have made this effect difficult to see in the latter case.
Fortunately, transport measurements offer a clear path in testing this physics. One possibility would be to fabricate samples small in two dimensions (e.g., 20-nm-wide wires) or in all three dimensions (e.g., 40-nm cubes). In order to get an acceptable SNR for the one-dimensional cubic devices, it would certainly be necessary to fabricate long chains with non-magnetic spacers, and it would be difficult to align and make good contact. However, while daunting, this is well within the limits of modern electron-beam lithography tools. With such devices, there would be only one length scale set by the film geometry, making it possible to rule out in-plane coherence length growth as the cause of temperature-dependent barriers. These measurements would leverage both advantages of transport techniques, which would enable the measurement of devices with such small volume while, and—because they do not rely on a Zeeman energy—would provide an independent confirmation of the previous measurements of in-plane correlation growth.
In addition, measurements of the second spectral density, i.e., the noise in the [image: image] noise, in mesoscale devices has been shown to provide different information than that accessible from susceptibility measurements [30]. Again, these effects were studied extensively by the Weissman group, but may be worth revisiting, employing the cooling protocol suggested by Ref. [37] and analyzing within the now-fully developed coherence length framework.
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