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We present a series of temperature and field-dependent magnetization studies of large single-crystal spin glass samples, focusing on both field-cooled (FC) and zero-field-cooled (ZFC) magnetization studies, as well as ac susceptibility measurements. Using the above experimental techniques we aim to understand the nature of spin glass transition in presence of a field, a key factor in understanding the properties of these systems. Building on previous studies that have explored magnetic signatures indicative of spin glass transitions, our research employs a systematic approach to refine the identification of this transition temperature. Through static and dynamic measurements, we aim to shed light on the open issues regarding the key markers of spin glass transitions, enhancing our understanding of these complex systems.
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1 INTRODUCTION
Over the years experimentalists have used a series of techniques to “determine” the spin glass phase transition temperature [image: image]. This value is then often used (usually as an energy scale) in theoretical explanations of various effects within the spin glass phase, such as aging. If these techniques actually determined the phase transition temperature [image: image], then one might expect the measured [image: image] to be the same for all of these techniques and the values to have similar behavior, for example, as a function of magnetic field. This manuscript provides the first comparative analysis of these techniques.
AC and DC magnetic susceptibility measurements under varying conditions are important for understanding the properties of spin glasses. Early seminal work by Cannella and Mydosh [1] highlighted the critical importance of ac susceptibility studies in exploring the magnetic properties of gold-iron alloys, particularly noting the presence of a susceptibility cusp indicative of a possible phase transition in this system. With further exploration, it was found that this characteristic curve exhibited a time-dependent behavior, adding a dynamic complexity to the magnetic response of such materials [2]. Moreover, the “static” magnetization measurements, specifically field-cooled (FC) and zero-field-cooled (ZFC) magnetization studies, have been important in characterizing spin glass behavior. These methods, discussed extensively by Kenning et al. [3, 4], serve as fundamental techniques to determine the onset of spin glass ordering. The FC and ZFC magnetization measurements were first performed by T. Mizoguchi et al. [5] and later adopted by other researchers working on other spin glasses, such as Cu:Mn [6] and Au:Fe [7, 8]. Subtracting the ZFC magnetization from the FC magnetization shows the onset of irreversible behavior. This is an indication of non-equilibrium state of the spin glass phase. The bifurcation temperature of the FC and ZFC magnetization curves is magnetic field dependent, and pinpoints the temperature at which the magnetic irreversibility begins. In this manuscript, we’ll call this temperature [image: image].
Lévy [9] found, in a Ag:Mn spin glass, that at low frequencies ([image: image] 0.1 Hz) the peak is not time-dependent. They interpreted this as a finite size effect caused by the critical correlation length reaching the sample size. They measured the non-linear susceptibility, revealing critical behavior and extrapolated singularities at the spin glass phase transition temperature [image: image]. This work reveals how higher-order non-linear susceptibilities, like [image: image], [image: image], and [image: image], diverge at [image: image] when approached from the high temperature side. Further research by Levy and Ogielski [10] provides strong experimental evidence of phase transition in Ag:Mn, characterizing the power-law divergences of nonlinear susceptibilities, and their critical scaling in the vicinity of [image: image]. However, the relationship between this divergence at [image: image], the well-documented susceptibility cusp, and the various other transition temperatures identified through FC and ZFC measurements remains poorly explored and understood. More recently, measurements on the same single crystal sample discussed in this paper, report critical scaling, with a transition temperature [image: image] K [4]. In this paper, we consider [image: image] as the actual phase transition temperature.
Experimentally, both ac and “static” or dc measurement techniques (i.e., FC and ZFC magnetizations), have been used as a rough estimate of the transition temperature. Kenning et al. [11], working on a poly-crystalline [image: image] [image: image] sample, defined the onset of irreversibility as the difference between field-cooled and zero-field-cooled magnetization. For this sample, they determined [image: image] K. Coincidentally the single crystal [image: image] [image: image] sample used in this study was also found to have [image: image] K, so we can directly compare these samples with each other. Other researchers have taken the peak of the ZFC magnetization [12] or the peak in the FC magnetization [13] as the spin glass transition temperature [12]. We label this transition temperature as [image: image] and [image: image], respectively. The peak in the ac susceptibility has also been used as a transition temperature [1]. We’ll call this temperature [image: image].
In this paper, we conduct a systematic examination of these techniques. We’ll evaluate the relationship of these transition temperatures with each other, and their relationship to the critical transition temperature [image: image]. We assess whether these different indicators of transition temperature are consistent with each other or they differ. Previous studies used poly-crystalline samples for these experiments. Due to the long timescales associated with the spin glass phase, all measurement techniques below the spin glass phase transition temperature measure non-equilibrium phenomena. In this study, we use a single crystal [image: image] [image: image] sample, and a comparative study will allow us to explore the role of finite size effects in determining the transition temperature [14–16].
One issue with comparing metallic spin glasses is that the transition temperature is strongly sensitive to the concentration of the magnetic constituent. For example, Vier et al. found that in Cu:Mn the transition temperature (determined by the peak in the DC FC-magnetization) increases by 4–5 K for every % increase in Mn [13]. Therefore comparisons are difficult unless one is working on the same sample. In this study, we are comparing the results of different techniques used to measure the glass transition temperature. If all of these techniques actually define the glass transition temperature then we might expect that all of these measurements would imply the same transition temperatures and this transition temperature would have similar properties as a function of magnetic field. In this study, we chose a Cu:Mn (6%) single crystal sample for our measurements. Cu:Mn is the most studied spin glass and often termed the canonical spin glass. We expect the results found in this paper to not only extend to other concentrations of Cu:Mn but also to hold for other metallic spin glasses such as Ag:Mn and Au:Fe. While further experiments will test this hypothesis, this comparison is a starting point for analysis.
2 EXPERIMENTAL METHODS
All samples used in this study are cut from a single crystal [image: image] [image: image] boule, grown by the Bridgman method at the Materials Preparation Center (MPC) of Ames Laboratory [17]. Measurements performed at the University of Minnesota (UM) used a Quantum Design MPMS-5S DC SQUID magnetometer. In performing both the FC and ZFC measurements, the MPMS-5S took sequential temperature points every 110 s. This is similar to measurements of the polycrystalline [image: image] [image: image] spin glass taken on the SHE model 90 RF SQUID magnetometer in Ref. [11]. Howard University (HU) measurements were taken with a Quantum Design 9 T PPMS Dynacool vibrating sample magnetometer (VSM). The sample at Howard University had a weight of [image: image] 134.68 mg and approximate dimensions of 2 mm [image: image] 2 mm [image: image] 3 mm. The PPMS experimental procedure began by cooling the sample down to 2 K in the absence of any external magnetic field from a temperature well above the glass transition temperature. Subsequently, a magnetic field [image: image] is applied, and sample magnetization at different temperature is measured while temperature is incrementally increased by 0.2 K, reaching a maximum of 50 K. These measurements define the zero-field cooled magnetization [image: image]. Following this, the temperature is lowered down to 2 K while maintaining the same magnetic field, and measurements are taken at the same temperatures. These measurements are defined as the field-cooled magnetization [image: image]. For both the described processes, the temperature was gradually adjusted at a rate of 0.5 K/min using a no-overshoot approach. At each measurement point, the system was allowed to stabilize for 20 s before recording data for 10 s. The same procedure was repeated for different fields between 3 and 20,000 Oe. For the University of Minnesota experiments, the sample was initially cooled to 20 K in absence of any magnetic field. After temperature stabilization, a magnetic field was applied. The temperature was then increased in stages. First, it was raised to 28 K with 2 K increments. Following this, the temperature increment is reduced to 0.2 K per step, continuing until it reached 33 K. Finally, from 34 K onwards, the temperature was again increased in 2 K increments up to 50 K. Only low fields (1, 2, 5, 10, 20, and 30 Oe) measurements were made with the MPMS-5S SQUID magnetometer at the University of Minnesota.
3 RESULTS
Figure 1 shows FC and ZFC magnetization curves of [image: image] [image: image] single crystal sample for various fields between 3 and 96 Oe. We note that the temperatures associated with the peak in the ZFC curves, do not change with the magnetic field. In Figure 1, it is clear that all the ZFC curve peaks align with the vertical straight line, which is positioned at 28.8 K. This observation suggests that the ZFC peak is independent of the external magnetic field. However, the onset of irreversibility, which is defined as the bifurcation point between [image: image] and [image: image] curves, changes with the applied field. Figures 2A–F displays low-field FC and ZFC magnetization curves measured at the University of Minnesota using a MPMS-5S SQUID magnetometer. The two important features that we observed in Figure 1 can also be seen in the University of Minnesota data, i.e., (a) the peak of the ZFC remains constant and (b) as the magnetic field increases, the irreversibility onset temperature decreases. For the sample measured at Howard University, the peak of the ZFC curve occurs at a slightly lower temperature, 28.8 K than the peak of the ZFC curve of the sample measured at the University of Minnesota which occurs at approximately 30.7 K. We believe this difference may be due to differences in the temperature control systems of the two different magnetometers used to measure the data. Because of this, the data obtained at Howard University is re-scaled so that it’s consistent with the University of Minnesota studies and the studies of Kenning et al. [4]. Figure 3 shows the temperature dependent FC and ZFC plots in higher magnetic fields. We observe that the cusp in the [image: image] becomes less pronounced and levels off as the magnetic field increases. With increasing magnetic field we observe that the onset of irreversibilty moves towards the lower temperature side consistent with observations reported earlier [11].
[image: Figure 1]FIGURE 1 | Temperature dependent FC and ZFC magnetization curves of a single crystal [image: image] [image: image] sample for different constant DC magnetic fields between 3 and 96 Oe. This data show the peak temperature (vertical line) of ZFC magnetization does not change with applied field, but the onset of irreversibility temperature changes. These measurements are performed at Howard University.
[image: Figure 2]FIGURE 2 | Field-cooled and zero-field-cooled magnetization plots vs. temperature for different fields: (A) 1, (B) 2, (C) 5, (D) 10, (E) 20, and (F) 30 Oe. This data indicate that the ZFC magnetization peak temperature does not shift with applied magnetic field, but the irreversibility onset temperature lowers with increasing field. The data was taken using a MPMS-5S SQUID Magnetometer at the University of Minnesota.
[image: Figure 3]FIGURE 3 | The field-cooled (FC) and zero-field-cooled (ZFC) curves as a function of temperature for higher fields (5, 10, 15, and 20 kOe). These measurements were performed at Howard University.
The difference between field-cooled magnetization and zero-field-cooled magnetization defines the irreversible magnetization [image: image]. The irreversibility onset temperature has been used as the spin glass transition temperature [11]. In contrast to the behavior of the peak in the ZFC curve, this irreversibility onset temperature shows a downward shift with increasing magnetic field strength. This phenomenon has been interpreted as the de Almeida-Thouless (AT) line. The Mean Field Theory predicts a magnetic field dependent phase transition that scales with the magnetic field as [image: image], the de Almeida-Thouless (AT) line [11, 18]. Figures 4A–F and Figures 5A, B shows the [image: image] vs. temperature plots for different fields. A closer inspection of Figure 4 shows that for low magnetic fields there are two distinct regions: 1) a high temperatures paramagnetic region without any irreversibility, and 2) a low temperature region with irreversibility. This suggests that at low fields [image: image] the system behaves like an Ising-like spin glass just below the transition temperature where it exhibits only one single transition [19], which is an indication of longitudinal freezing [20].
[image: Figure 4]FIGURE 4 | Plot of [image: image] – [image: image] vs. temperature for a dc field of (A) 1 Oe, (B) 2 Oe, (C) 5 Oe, (D) 10 Oe, (E) 20 Oe, and (F) 30 Oe.
[image: Figure 5]FIGURE 5 | (A) A plot of [image: image] – [image: image] vs. temperature for an external field of (A) 2 kOe measured at a temperature increment of 0.2 K, and (B) 20 kOe measured at a temperature increment of 0.2 K. These data show presence of two transitions below the paramagnetic phase. These measurements are performed at Howard University.
Figure 5 shows the same study for high magnetic fields ([image: image] 500 Oe). There are three distinct regions in temperature-dependent irreversible magnetization plots: 1) a high temperatures paramagnetic region with no irreversibility, 2) the onset of a low-temperature weak irreversibility just below the transition, and 3) the onset of a stronger irreversibility at even lower temperature. The existence of these three regions have been reported before in Ref. [11]. The onset temperature of weak irreversibility, [image: image], is determined by fitting a straight line to the weak irreversible magnetization right below the transition temperature. Subsequently, the temperature at which the irreversible magnetization first departed from weak irreversibility as temperature decreased further from [image: image] was recognized as the onset of strong irreversibility, denoted as [image: image]. These two transitions are shown in Figures 4, 5, although Figures 4A–F show only weak irreversibility transition. The onset temperature of the weak irreversibility transition in high field has been associated with the Gabay-Toulouse transition for Heisenberg spin glass [20, 21], where the transverse components of the spin freeze out [22]. Moreover, the onset temperature of the strong irreversibility has been associated with the de Almeida-Thouless transition [18] where the longitudinal components of the spin also freeze out. However, for the low fields, we only observe a single transition, consistent with the previous report [11].
The temperature and field-dependent ac magnetic susceptibility [image: image] studies conducted on the [image: image] [image: image] crystal provide further insights into the material’s spin glass properties. Figures 6A, B illustrate the real part of ac magnetic susceptibility plotted against temperature across a range of frequencies from 80 to 10,000 Hz. The shape of [image: image] mirrors the ZFC (DC) magnetization presented in Figure 1 (which is considered a low frequency measurement). This equivalence arises because the frequency of the ac measurement corresponds to the inverse of the duration spent at each temperature step during the ZFC heating process [23]. One prominent observation from these figures is the shifting of the cusp of the real part of susceptibility towards lower temperatures as the frequency decreases. Also, there is a corresponding reduction in the intensity of the peaks. This drop in [image: image] amplitude with increasing frequency is likely due to the skin depth effects [24] which will be explored further.
[image: Figure 6]FIGURE 6 | Real part of susceptibility [image: image] vs. temperature for different frequencies at constant (A) 0 Oe DC field, and (B) 64 Oe DC field.
To further explore the spin glass behavior of the Cu0.94Mn0.06 sample, ac magnetic susceptibility measurements were made in a constant magnetic field, with magnetic fields ranging from 0 to 64 Oe. Figure 7 shows the corresponding plots obtained from these experiments. Remarkably, despite the variation in static magnetic field strength, the peak of the susceptibility curve remains unchanged. Extrapolating the time dependence of the ac susceptibility, we find that the peak temperature of the ac susceptibility crosses the peak temperature of both the FC and ZFC peaks between 0.16 and 1 Hz (shaded region in Figure 7). This is very near the frequency region where Lévy [9] observe that the ac susceptibility peak no longer shifts (or shifts much more slowly) as a function of decreasing frequency. This observation aligns with the behavior observed in the ZFC and FC magnetization, where the peak position remains constant irrespective of the applied magnetic field (for low fields).
[image: Figure 7]FIGURE 7 | Peak temperature of ac susceptibility [image: image] curves for different frequencies and fields. The shaded region indicates the range where the peak temperature of [image: image] intersects the peak temperatures of both the FC and ZFC curves.
Figure 8 is a plot of the magnetic field [image: image] vs. various transition temperatures for several different types of experimental studies. For a better comparison of all these studies, we have plotted these transition temperatures: [image: image], [image: image], [image: image], and [image: image], as a function of the reduced temperature (defined as [image: image]), where [image: image] is the peak temperature of respective ZFC magnetization. All the data has been plotted with respect to the reduced temperature. This temperature normalization is important because now we can compare all the results obtained from different experiments. The results are quite interesting. Except the irreversibility onset temperature, all other transition temperatures in Figure 8 are magnetic field independent.
[image: Figure 8]FIGURE 8 | A comparison of different datasets plotted against the reduced temperature. [image: image] (HU), [image: image] (HU) corresponds to the peak of the ZFC curves and FC curves and [image: image] (HU) corresponds to the onset of irreversibility in Figure 1. [image: image] (UM), [image: image] (UM) [from Figure 2] and [image: image] (UM) [from Figure 4] correspond to the peak temperature of ZFC, FC, and the onset temperature of irreversibility, respectively. [image: image] (HU 80 Hz) and [image: image] (HU 10 KHz) [from Figures 6A, B] is the peak of the [image: image] curve. [image: image] refers to the onset temperature of irreversibility in Ref. [11]. Here, the reduced temperature = [image: image], where T is the measurement temperature and [image: image] is the peak of the respective ZFC magnetization curve [12].
4 DISCUSSION
The comparison of different techniques for determining [image: image] depicts some interesting results in Figure 8. First, the peaks in the FC magnetization and peaks in the ZFC magnetization (within error limits) occur at the same temperature. Second, they (and the ac susceptibility) are magnetic field independent in the measurement range between 1 and 100 Oe. Third, the time dependence of the peak in the ac susceptibility extrapolates to the “static” [image: image] determined by the FC and ZFC peaks. All three of these methods suggest a single magnetic field independent temperature which we will call [image: image].
The question remains, “Is the [image: image] as defined above, the critical phase transition temperature [image: image]”? Probably the strongest evidence for [image: image] is the previously described study of the non-linear susceptibility by Lévy [9]. While the spin glass phase transition temperature may occur at the above defined [image: image], there are some issues which argue for a slightly higher value of [image: image].
First, in low magnetic fields, the onset of irreversibility (the difference between the FC and ZFC magnetizations) begins at a temperature above [image: image] and then as the magnetic field is increased, the onset of irreversibility shifts through [image: image] to lower temperatures (Figure 8). This effect is highly reproducible with three examples in this paper (including single crystal and polycrystalline samples), and has been observed in other types of spin glasses such as the chromium thiospinel compound [image: image] [image: image] [image: image] [25]. In higher magnetic fields (i.e., [image: image] Oe) the peaks in the FC and ZFC magnetizations overlap looking effectively reversible. Reversibility in spin glasses is generally observed above the phase transition temperature in the paramagnetic state. While it is possible that the irreversibility above [image: image] (low magnetic fields) is due to the growth of spin glass correlations in the paramagnetic phase, as a function of magnetic field, the onset of irreversibility seamlessly transitions through [image: image]. If [image: image] is the phase transition temperature, a discontinuity or change in the irreversible magnetization might be expected at that temperature.
A second issue with the above definition of [image: image] is following. The Mean Field theory predicts an AT line which shows that the transition temperature is dependent on the magnetic field. The peaks in the FC and ZFC are independent of the magnetic field whereas the onset of irreversibility decreases as the magnetic field increases in a manner consistent with an AT line [11]. It is however unclear in the theory how large this shift should be, over the magnetic field range that we are exploring. It is possible that this is a very small shift and unobservable in the range we are exploring leading to no observation of a field dependence.
Finally, on the same samples, Ref. [4] observes a continuous decrease in the timescale [image: image] associated with aging in the spin glass phase, right up to and at, the above defined temperature [image: image]. Aging is observed in the spin glass remnant magnetization and is associated with the spin glass phase. Above [image: image], both the magnetization signal and [image: image] move outside the window of their experimental resolution and time scale. The continuous decease in both the magnetization and [image: image] implies that aging will continue above [image: image]. In Ref. [11] an argument is made for a phase transition temperature of [image: image].
5 SUMMARY
In summary, we conducted a thorough investigation involving static measurements, (FC and ZFC) magnetization measurements, and dynamic measurements, (ac susceptibility) on a single crystal [image: image] [image: image] sample. We observe that the peak of the FC and ZFC magnetizations remains constant as a function of magnetic field at least for the low fields, while the onset of irreversibility moves down to lower temperatures with increasing magnetic field and intersects the position of the ZFC peak. We also note that the peak of the [image: image] (80 Hz) remains constant as a function of fields at [image: image], which corroborates the stability of the ZFC curve’s peak.
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