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Abstract

The static magnetic properties of the silica-based aerogels of Cryogel® and Pyro-
gel®, manufactured by Aspen Aerogels®, were measured over a range of tempera-
tures (2K < T < 400K) and in magnetic fields up to 70 kG. These data and a model
of the responses are reported, so these properties are familiar to others who may ben-
efit from knowing them before the materials are employed in potential applications.
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1 Motivation

Using the phrase “low-temperature aerogels” during a search for thermal isolation
materials, a paper by a CERN-based research team appeared [1], which reported
studies of the thermal conductivity of Cryogel®, but the magnetic properties were
not found in any database. While learning more about the low-temperature insula-
tion trademarked as Cryogel® by Aspen Aerogels [2], the high-temperature coun-
terpart Pyrogel® was identified as potential insulation for a materials processing
in high magnetic fields station that was being constructed [3, 4]. Consequently, a
sample pack was purchased, and undergraduate research students were trained to
acquire, analyze, and report the magnetic data [5-7].

In an attempt to be useful to others who may be interested in the low tempera-
ture and high magnetic field results, this brief report summarizes the findings and
discusses the outcomes with a focus on Cryogel®, while the magnetic properties of
Pyrogel® are also presented. After overviewing the samples and methods employed,
the low-field temperature dependences and isothermal responses of the magnetism
are presented, analyzed, and summarized.
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Table 1 Compositions of Cryogel® and Pyrogel® reported in this work

Constituent Formula Composition (%)
Cryogel® Cryogel® Z [9] Pryogel®
X201 [8] XTE [10]
Synthetic Amorphous Silica SiO, 40-50 25-40 30-40
Methylsilylated Silica CgH,oNSi, 10-20 10-20 10-20
Polyethylene Terephthalate C,yHgO4 10-20 10-20
Fibrous Glass (textile grade)® SiO, 10-20 10-20 40-50
Magnesium Hydroxide Mg(OH), 0-5 0-5
Aluminum Foil® Al 0-5
Iron Oxide (Fe(III) oxide) Fe,0; 1-10
Aluminum Trihydrate AlH;04 1-5

The exact percentages (concentrations) of the compositions were withheld as trade secrets
“The Chemical Abstracts Service Registry Number was not given, so our assumption is listed here

®Samples were taken in regions away from this foil and its immediate region

2 Samples and Methods

The sample pack received contained nominally (40cm)? sheets of five materi-
als; specifically, the samples (and their thicknesses) were: Cryogel®X201 (5 and
10 mm) [8], Cryogel®Z (5 and 10 mm) [9], and Pyrogel®XTE (10 mm) [10],
whose compositions are provided in Table 1. During the course of the study, two
different sections of each sheet were used to harvest samples, and at least two
samples from each section were studied over the course of the study.

Samples, with a typical mass, m, in the range 20-40 mg, were extracted from
the sheets and gently pressed directly into a ~ 7-mm-long section of the straw
sample holders, which provided a uniform background for the detection scheme
used by the commercial magnetometer, Quantum Design MPMS XL, capa-
ble of providing a range of temperature (2K < 7 <400K) and magnetic field
(=70kG < B <70kG) conditions. When studying Cryogel®Z, the aerogel-like
samples were taken from a region away from the aluminum foil and its immedi-
ate surrounding location. The studies of the temperature dependence of the low-
field magnetization were performed in zero field cooling (ZFC) and field cooling
(FC) modes and were then followed by isothermal (usually at 7 =5 K) mag-
netization measurements while increasing (B = 0 — 70 kG) and then decreasing
(B =70kG — —10 kG) the field to check for hysteresis. For this report, the data
are expressed in cgs units where a magnetic moment, y, is 1 emu = 1 erg G™!
[11], so the following notation is employed for the mass magnetization M = u/m
(emu/g) and the mass susceptibility y = M/B (emu g~' G7').

At an early stage in the project, the ability to establish the mass of a sample
being studied was recognized as an issue because sample handling caused shards
to be shed from the bundles that were prepared. In some instances, fibers were
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detected in the lower end of the straw holders, as described in the following sec-
tion, where the results of specific samples are presented and framed in the context
of the overall reproducibility of the magnetic response reported herein.

For inductively coupled plasma optical-emission spectroscopy (ICP-OES), a
Pyrogel®XTE or Cryogel®X201 sample with a mass of 10 mg was dissolved in
20 mL of 1 M KOH solution and left overnight to allow the silica to be digested
so the metal ions could dissociate from the fiber. The solution was then adjusted
to an acidic pH using 1 M HNO; to dissolve any metal oxide and subsequently
diluted with deionized water to make the final sample solution. The ICP-OES study
employed a VARIAN VISTA RL simultaneous spectrometer (Agilent Technologies,
Santa Clara, California, USA) using standard addition methods. These spectroscopic
analyses were performed as simple verifications of our hypotheses about the possi-
ble sources of the magnetic responses observed, and a complete characterization of
each sample sheet is beyond the scope of work for this project.

3 Magnetic Data and Discussion

In low applied magnetic fields, the initial conjecture was the high-temperature mag-
netic signal that would be dominated by the diamagnetism of the SiO, matrix [12],
and the low-temperature response might show evidence of some trace amounts of
free-spin S = 1/2 impurities [13, 14] for Cryogel®, whereas signatures reminiscent
of the well-studied magnetism of Fe(Ill),O5 [15] were anticipated for Pyrogel®.
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Fig.1 The temperature-dependent magnetic susceptibilities of Pyrogel®XTE and the 5- and 10-mm-
thick sheets of Cryogel®X210 and Cryogel®Z are shown. a The mass susceptibility of Pyrogel®XTE
measured in B = 0.1kG exhibits a strong Curie-like tail at low temperatures, differences between FC
and ZFC data below a blocking temperature near 130 K, and a sharp shoulder at the Morin transition
of 260 K, which are assignable to the known presence of Fe,O;, see Table 1. b The low magnetic field
(B = 1kG) mass susceptibility data for all four samples of Cryogel® are almost degenerate on a linear
temperature scale, so the inset shows the results on a logarithmic scale for 7 < 100 K. In most instances,
the ZFC and FC data are the same within measuring uncertainty, and the strength of the Curie-like
response at low temperature is striking
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Although some of these signatures appeared in the data, Fig. 1, other features were
not anticipated.

More specifically for Pyrogel®XTE, Fig. 1a, the differences between ZFC and
FC traces below a blocking temperature of ~ 130 K and a strong Curie-like tail were
not surprising [16], while the appearance of the magnetic “fingerprints” of a Morin
transition at 260 K [17-19] was not anticipated. Since Fe(IIl) oxide is listed as an
ingredient of Pyrogel®, see Table 1, the observed magnetic behavior is consistent
with the presence of a broad distribution of Fe,O; nanoparticles with diameters in
the range of 10-100 nm [18, 19].

In contrast to Pyrogel®, the high-temperature magnetic responses of Cryogel®
are dominated by the diamagnetic signal, which is eventually overcome by a para-
magnetic contribution as the temperature is lowered, Fig. 1b. Consequently, some
gaps in the data sets appear as the signal changes sign passing through zero when
nearly equal amounts of diamagnetic and paramagnetic signals are present.

A striking aspect of the magnetism of the Cryogel® samples is the strong
strength of the Curie-like tail below nominally 50 K, Fig. 1b. Since all of the
data appear to be almost degenerate on a linear temperature scale, the inset shows
an expanded view of the data on a logarithmic scale where essentially any dif-
ferences between the ZFC and FC data are within the experimental resolution.
Subtle differences between the four samples are noticeable and were also detected
in the low-temperature isothermal magnetization studies, as shown in the inset
of Fig. 2a. In fact, these results capture a major issue of establishing the mass
of the sample being studied. Extracting samples from the sheets involved cut-
ting the materials in various ways, and all methods led to the samples shedding
small shards of their contents when being handled, with some material detected
in the tape-end-cap at the bottom of the straw used for the magnetometry stud-
ies. Consequently, these data were normalized to their M(70 kG, 5 K) values,
see Table 2, and with the exception of the results for Cryogel®X201—5 mm, a
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Fig.2 a The magnetic field dependences of the isothermal magnetic moments, M(B, 5 K) of Cryogel®,
are shown per gram of sample in the inset and in dimensionless form when normalized to their M(70 kG,
5 K) values. b The data from Fig. 1b inset are replotted in dimensionless form. The green lines for the
inset of (a) and for (b) represent the results of the model, see text and parameters in Table 2. For clarity,
the X201—10 mm result is shown in (b)
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Table 2 Details of samples measured and parameters providing phenomenological approximations of the
magnetic responses

Sample File ID Mass (mg) M(10kG,5K)*  x,
(emu g~ (10 %emug~!' G™1)

Cryogel®X201—10 mm 230206 28.96 0.1210 -1.0
Cryogel®X201—5 mm 230126 27.18 0.0811 -25
Cryogel®Z—10 mm 230201 29.77 0.1491 -0.5
Cryogel®Z—5 mm 230214 35.72 0.1029 -0.5

Pryogel ®XTE—S1° 220623 22.02 NA -

Pryogel ®XTE—S2° 220701 24.23 04112 +1.0

“The overall uncertainty of these values is less than + 3%

>Two different samples, S1 for Fig. 1a and S2 for Fig. 3

universal trend is established within the experimental uncertainty of the magnetic
signals, Fig. 2a. To further clarify this issue, the data in the inset of Fig. 1b were
normalized to their M(70 kG, 5 K) values, Fig. 2b, which also provides a sense of
the magnetic response independent of the mass of the sample.

The isothermal magnetization of Pyrogel®XTE is shown in Fig. 3, where upl/
dnl refers to the field sweeping up/down. At 300 K, the first measurement was
taken immediately after inserting the sample into the magnetometer, and the sec-
ond run was made after the sample was “degassed” while measuring in 0.1 kG
from 300 to 390 K over a period of 4 h before cooling the sample back to 300 K.
During the heating cycle, the magnetic signal subtly decreased for the first 90 min
and was then independent of the conditions. Although the initial parts of each
M(B, 300 K) run are slightly history dependent, the return to zero field condi-
tions indicates no substantial impact of the magnetic response due to the heating
cycle, see Fig. 3b. Two different studies were also conducted at 5 K to check
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Fig.3 The magnetic field dependences of the isothermal magnetic moments, M(B, 5 and 300 K) of
Pyrogel®XTE are shown in a for up and down (dn) sweeps as described in the text and with the mod-
eling results shown by solids lines and in b as an expanded view in the region near the origin and where
the lines connect the data points
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reproducibility and history dependences of the sample, and the overall magnetic
response was determined to be robust, Fig. 3.

Lastly, since the low-field plots of Figs. 1b and 2b do not elucidate subtle trends
that may exist in the region of the strong Curie-like tail, the mass-independent nor-
malized data of Fig. 2b were used to generate the effective y X T versus T plot of
Fig. 4, where additional fidelity is revealed. For the instrument being used, the cool-
ing mechanism employed switches below 4.5 K, resulting in additional time to cool
samples to the minimum temperature. Consequently, as is the case in these data
sets, the T = 2 K data point possesses evidence of not being in thermal equilibrium
before the measurement was performed. From this viewpoint, the T < 10 K data,
acquired over a period of 1 h after stabilizing at 7 = 2 K, may have been acquired
when the sample was not in thermal equilibrium with the thermometer of the instru-
ment. However, the isothermal magnetization studies performed at 5 K (chosen to
avoid concerns about thermal equilibrium) take nominally 5 h to complete but do
not show any hysteresis that would arise from non-equilibrium conditions.

Taken ensemble, the results motivated a check of the level of magnetic species
that might be present in the samples, an ICP-OES study was performed. With no
other metal being detected, Fe was detected at 0.26%w/w for Pyrogel ®XTE and at
0.09%w/w for Cryogel®X201. These values are considered as lower bounds due to
the incomplete dissociation of the silica in the samples. The Fe content levels were
not explored in greater detail since this thrust was beyond the scope of this work.
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Fig.4 The normalized, B = 1 kG data for Cryogel® shown in Fig. 2b are multiplied by temperature and

are replotted on a linear scale below 15 K. The solid lines connect neighboring data points, and the infer-
ences are discussed in the text
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4 Phenomenological Model

At the start of this work, the goal was to characterize the magnetism of Cryogel®
arising from conjectured trace amounts of non-interacting species, with total angular
momentum J and g-factor values, which might be described the Brillouin function,
B,(J,g,B,T) [11]. Specifically for a sample of mass m and with N entities, the pre-
dicted mass magnetization can be written as

N
M@B,T) = ZJguB B;(g,J,B,T), (1)

where puy is the Bohr magneton. Given the difficulty in establishing the mass of the
samples, each side Eq. (1) can be normalized by the measured M(70 kG, 5 K) values
for each sample to yield

M@®B,T) By J,BT) X0 B 5
M(70KG, 5K) _ By(3,J,70kG, 5K) | B,(2,7,70kG, 5K)’ @

where a temperature-independent term is added to accommodate the diamagnet-
ism from the silica. Equation (2) provides motivation for generating Fig. 2 and also
yields the green lines when using the values listed in Table 2 with J =5/2 and
g =2.03[20, 21].

With respect to the results for Pyrogel® XTE, there is no basis for a non-inter-
acting spin model to be valid. Nonetheless, Eq. (2) provides the green lines shown
in Fig. 3a when using the values listed in Table 2 with J = 5/2 and g = 2 [20, 21],
albeit with the accommodation of a constant 0.014 emu g~! remanent magnetiza-
tion, Fig. 3b.

5 Summary

By providing a survey of the static magnetic properties of Cryogel® and
Pyrogel®XTE at low temperatures and in high magnetic fields, this brief report fills
a void in the literature about these properties which need to be known before deploy-
ment in some potential applications. A phenomenological model provides reason-
able estimates for the magnetism observed, but of course, the specific outcomes are
likely to be fabrication batch dependent on an industrial scale, and this reason may
explain the X201—5 mm results being different than the responses detected from
the other Cryogel® materials.
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