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The magnetic properties of single crystals Si, SrTiO3, LaAlO3, MgO, and (La,Sr)(Al,Ta)O3 were investigated sys-
tematically. Three origins of the magnetizations of these crystals, namely, an intrinsic diamagnetic, a paramagnetic, and a
ferromagnetic contribution, have been found to influence the magnetic signals measured on the crystals, in some important
application scenarios such crystals being served as substrates with the magnetic thin film epitaxially grown on. Quantitative
analyses methodologies were developed and thorough investigations were performed on the crystals with the intrinsic mate-
rials parameters thus revealed, especially that the intrinsic diamagnetic susceptibility differential d x4;,/dT were identified
quantitatively for the first time in SrTiO3, LaAlO3z, MgO, and (La,Sr)(Al,Ta)O3. The paramagnetic contribution is found
to be the key in terms of the magnetic properties of the crystals, which in turn is in fact a consequence of the 3d impurities
doping inside the crystal. All the intrinsic materials parameters are given in this paper as datasets, the datasets are openly
available at https://www.doi.org/10.57760/sciencedb.j00113.00028.
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PACS: 75.20.—g, 75.30.Cr, 75.30.Hx

1. Introduction

The oxide single crystals with cubic lattices, such
as SrTiO; (STO, a-axis lattice constant, a = 3.905 A),
LaAlO3 (LAO, a = 3.792 A), MgO (a = 4.210 A), and
(La,Sr)(Al,Ta)O3 (LSAT, a = 3.868 A), as well as single crys-
tal of silicon (Si, @ = 5.431 A) have been found to exhibit
magnetic properties!!®! consisting mainly of three parts: (1)
intrinsic diamagnetism signal, (2) paramagnetism signal usu-
ally due to 3d impurities incorporated in the crystal structure,
and (3) ferromagnetism signal. The third one is believed to
be ubiquity of room temperature ferromagnetism (RTF)!!-¢]
in the oxide crystals, since it was observed for the first time in
HfO, thin films by Coey et al.,[”#! which was followed by
further experimental studies claiming the emergence of the
RTF in other oxides films, including thin films of TiO,,
ZnO,1%111 MgO,!"?! and graphene,!'*! and also in the sin-
gle crystals as well,[I=01416] such as STO,[124-61 LAQ, [3-3-6]
MgO,M‘(’] Zn0,[6:14.151 gj 41 apd SiC.[10] 1t is widely believed
that the origin of the RTF is irrelevant to the traditional mag-

g[7=9:1LI2ZIT18] apd/or hydro-

netic elements, while the defect
gen existed ubiquitously!'>?°! play an important role in estab-
lishing the long-range magnetic order in these materials.

The magnetic properties found in the single crystals are
interesting not only from the scientific perspectives as dis-
cussed above, but also from the application perspectives as
well, one of which is that such single crystals have been

widely used as the substrates to grow epitaxially the thin

fCorresponding author. E-mail: Ixcao@iphy.ac.cn
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films of, e.g., the copper oxide superconductors, *! the colos-

[2223] the iron-based

sal magnetoresistive (CMR) materials,
superconductors,?4-20] the Mn-doped zinc-arsenic-based di-
luted magnetic semiconductors (DMSs),?”! and the micro-
electronic semi-conductors.”®! The urgent demand to investi-
gate the magnetic properties of the single crystals much more
seriously than ever comes from the need to study the synthesis
and properties of the thin films of the DMSs.[?”! The reasons
are simple: the measured magnetic signal of the thin film sam-
ple as total is in fact the summation of those coming from the
thin film as well as from the substrate single crystal. Obviously
the thickness of the substrate single crystal, e.g., 0.5 mm, is
three or four orders of magnitude larger than that of the thin
film, e.g. 100 nm, while the surface areas of the two are the
same. This means that the magnetic signal originating from
the substrate single crystal may contribute significantly to the
magnetic measurement result of the DMS thin film sample,
which consists not only the thin film but also the crystal.*”]
The influences of the substrate single crystals must be studied
carefully in order to learn the real magnetic properties of the
thin films.

In this work, the magnetic measurement and analysis
on the above mentioned oxide single crystals, namely, STO,
LAO, MgO, LSAT, and Si are carried out. These crystals are
frequently chosen and widely used as substrates to grow epi-
taxially the thin films. A novel analysis method is developed
and therefore the diamagnetic, paramagnetic, and ferromag-
netic contributions of the crystals are quantitatively character-
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ized and discussed. Furthermore, the influence of the proper-
ties of the substrate single crystals on the thin films is quanti-
tatively discussed, which is decisive for studying weakly mag-
netic thin films such as the DMS films.[*!

2. Experimental methods

Five single crystals Si, STO, LAO, MgO, and LSAT stud-
ied in this paper are all 4 mmx2 mmx0.5 mm in size, single-
side polished, and purchased from Hefei Kejing Materials
Technology Co., Ltd. No further treatments were given to
these crystals before the magnetic measurements, except the
ultrasonic bathing in acetone and alcohol subsequently. Mag-
netization measurements were carried out using a SQUID-
VSM magnetometer by Quantum Design, with the magnetic
field oriented perpendicular to the (001) crystal plane and
along the 0.5 mm thick side direction of the crystals.

3. Results and discussion
3.1. Intrinsic diamagnetism

The originally measured curves of the magnetization with
the magnetic field at room temperature (300 K) of five sub-
strate single crystals are reproduced in Fig. 1(a), with its black
dotted central small area enlarged as shown in Fig. 1(b). Fig-
ure 1(c) reproduces the originally measured results on the
magnetic susceptibility of each single crystal as a function of
the temperature under the magnetic field 0.1 T, the field which

is also labelled correspondingly as a red dashed line drawn
perpendicularly in Fig. 1(b) as reference. In addition to the
intrinsic diamagnetism possessing a negative magnetic sus-
ceptibility in nature, the curves of the magnetization of single
crystals STO, LAO, and MgO all show the positive magnetic
susceptibilities and obviously non-linear features at low field,
which are consistent with the positive (or close to positive) val-
ues of the magnetic susceptibilities at 300 K and 0.1 T given
in Fig. 1(c). While as for the substrate crystal Si or LSAT,
from the first glance of view it seems that there is no obvi-
ous non-linear behavior as shown in Fig. 1(b), however, the
non-linearity does still exists if one observes the original data
more carefully, which in fact can be seen clearly as shown in
Fig. 2(d) and will be discussed more in details later.

The
change monotonously and linearly with temperature, ! i.e.,

intrinsic  diamagnetic susceptibility tends to
dxqia/dT keeps constant. The diamagnetic susceptibility can
be deduced from the linear fitting of the measurement under
high magnetic field. The diamagnetic susceptibilities getting
from the linear fitting of the curves in Fig. 1(a) and the mag-
netic susceptibilities reading at 300 K in Fig. 1(c) are marked
by symbols circles and pentagons in Fig. 1(d), respectively,
while the symbols triangles represent the room temperature
susceptibility of Sit?°! and all the 4 oxides!®! taken from the
references. The diamagnetic susceptibilities ygi, getting from
the linear fitting of the curves in Fig. 1(a) are also summarized

in Table 1.
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Fig. 1. Intrinsic diamagnetism analyses on 5 different substrate single crystals: (a) originally measured M—H curves taken at 300 K, (b)
enlargement of the central small part shown in (a) as marked by the dot line, with a vertical reference line indicating the magnetic field of
1000 Oe, (c) originally measured y—7 curves under the magnetic field of 1000 Oe, (d) magnetisability of our crystals measured at room

temperature comparing with those taken from the references. (2]
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Table 1. Diamagnetic susceptibility at room temperature (¥4;,), variation of diamagnetic susceptibility with temperature (dxqia/dT), saturation
magnetization at room temperature (Ms ferro ), paramagnetic magnetization at temperature 2 K and field 4.85 T (Mpara (4.85 T,2 K)) and impurity

concentration (Imp. Con.) of the single crystals.

Crystal Kaia (1079) (1do{d113/121) (10’242$;7cm3) A(/I;)O’§4e§:ujcfr1§()) fmp. Con. (ppm)
Si 2380 2.93 0.17 0.86 29
STO ~7.96 895 275 3.94 5.1
LAO ~10.85 ~5.19 1.80 1131 13
MgO 1457 —71.51 1.43 176.82 285
LSAT —18.22 7.86 0.24 19.54 24

The diamagnetic susceptibilities of our crystals are
roughly consistent at large with the results given in the

6.291 However the overall susceptibility identified at

literatures. |
room temperature under low magnetic field is influenced not
only by the diamagnetism but also by the paramagnetism and
ferromagnetism, too, leading to the overall measured magneti-
zation signals, i.e., the summation of the diamagnetic, param-
agnetic, and ferromagnetic signals increasing along with the
magnetic field but not only decreasing, even becoming an
overall positive value in total. Therefore, using the y—T curves
under a fixed magnetic field is not a proper way to obtain the
right diamagnetic susceptibilities, as can be seen very clearly
in Fig. 1(d). If one insisted to do so, the analysis thereafter will
be obviously unreliable, including, e.g., to obtain an improper
concentration of magnetic impurities in a single crystal.!!

3.2. Room temperature ferromagnetism

The experimental data as given in Fig. 1(a) are further
analyzed. As shown in Fig. 2(a) for the STO crystal, af-
ter the high-field linear term is subtracted from the originally
measured M—H curve at 300 K (green filled circle), a small

ferromagnetic signal (red open circle) can be identified with
the saturation magnetic susceptibility 2.8 x 10~> emu/cm?.
The low-field (0-0.5 T) region of Fig. 2(a) is enlarged and
given in Fig. 2(b), which is further enlarged once again and
given in Fig. 2(c) for the field of 0-0.05 T. The coercive force
and remnant magnetization can be recognized as 29 Oe and
0.15x 1073 emu/cm?, respectively. The RTF curves of all
five substrate crystals are given in Fig. 2(d), from which the
saturation magnetization Ms of the crystals we examined can
be deduced. The magnetization signal of Si crystal is rela-
tively small, which is magnified by a factor of 5 as shown in
Fig. 2(d). All the saturation magnetization Ms of the ferro-
magnetic term of 5 crystals are also summarized in Table 1 in
which abbreviated as Ms_ferro instead.

The saturation magnetization Ms thus deduced is shown
(symbols round) in Fig. 3, in which some earlier results
from the literatures are also shown (symbols star,* sym-
bols square,! and symbols triangle!®!) for comparisons. The
Si crystal also shows a ferromagnetism with a saturation mag-

3

netization about 1.7 x 107* emu/cm®. The saturation mag-

netization of our STO or LSAT crystal is roughly consistent
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Fig. 2. Ferromagnetic properties of different substrates single crystals: (a) originally measured (green filled circle) and deduced (red open
circle) M—H curves at 300 K for substrate crystal STO, (b) enlargement of a central small region in (a) marked by the black dot line, (c) further
enlargement of a central small region in (b) marked by the blue dot line, (d) deduced M—H curves at 300 K for different substrates crystals with

that of Si magnified by a factor of 5 for its M.
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with those of their each own corresponding counterpart given
in the literatures,*°! however that of our MgO or LAO is a
bit higher than those reported earlier.[*°! The reasons behind
these divergences are not very clear at the moment, however
argument may stem from the different treatments the different
crystals undergone previously.[%16:19-201 The logic to support
the above argument is that the surface area has been experi-
mentally found and phenomenally correlated to, and therefore
further believed to be responsible for the RTF.[%-16:19:201 [t was
believed by several different groups of researchers!6:16-19:201
that these single crystals which do not possess the ferromag-
netic dopant(s) show the ferromagnetism behavior because of
the hydrogen influences, and/or lattice defects, etc, existing
inside their surface area.

4 T T T T T
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Fig. 3. Ferromagnetic saturation magnetizations at room temperature
for our crystals (circles) as well as from Ref. [4] (pentacles), Ref. [5]
(squares), and Ref. [6] (triangles) for comparison.

3.3. Paramagnetism due to 3d impurities

The total magnetization of a single crystal can be ex-
pressed as
M = Mg, +Mpara + Mferro, (1)

where the ferromagnetic magnetization Mgy, 1S proportional
to 73/2,3% however, in the present study it may be considered
relatively small and especially changed a little in the temper-
ature range below room temperature, i.e., far below its Curie
temperature, in comparison with the other 2 terms, so that it
could be regarded as somewhat a constant approximately, and
its value is relatively small under a high magnetic field.

Therefore, the difference between the magnetization at a
certain temperature 7 and that at room temperature could be
expressed as

AM = Mt —Msp x = Mpara *Mpara,300 K

+ (Xdia — Xdia,300 K)H. 2
The paramagnetic magnetization My, usually related to the
magnetic impurity can be expressed as!3!-3%]
SugH
Mpara = NgSUBBs (g He ) s
kgT

3)

:25+1 oth(2S+1 )_ 1

X
Bs(x) = =5 25 Tscom<ﬁ)’

where N is the number of magnetic impurities per unit volume
in average, and the others S, g, Up, and kg are the spin quantum
number, the Lande factor, the Bohr magnetic moment, and the
Boltzmann constant, respectively. By is the Brillouin function
in mathematics whose expression is given in Eq. (3), too.

The Brillouin function is particularly sensitive to the tem-
perature, e.g., under a magnetic field of 1 T, the Brillouin func-
tional value at 2 K is approximately 120 times larger than
that at 300 K, so that Mpar 300 Kk can be approximately ig-
nored compared t0 Mp,r, at low temperatures. Meanwhile
the intrinsic diamagnetic susceptibility changes linearly along
with the temperature, > i.e., (Ydia — Xdia 300 K) 18 proportional
to the temperature difference AT = (T — 300), and therefore
(Xdia — Xdia300 k) = C X AT. So equation (2) can be rewritten
as

CkgTAT
—_— X

AM = NgSugBg(x) +
gSugBs(x) oSHin

=nBs(x)+Ckx, (4)

where n = NgSug, C = Axaia/AT = 8x4ia/ST, k = %
and x = gS[,LBH/kBT.

The experimental M—H curves of our substrate single
crystal STO measured at different temperatures are plotted in
Fig. 4(a). There are 2 dramatic features: (1) the magnetic
susceptibility under a high magnetic field keeps negative even
when the temperature is down to 2 K, which means obviously
the diamagnetic term being dominant under this condition, (2)
the magnetic susceptibility is positive under a low magnetic
field, because of the contributions from the RTF and the para-
magnetism.

The magnetization curves at different temperatures shown
in Fig. 4(a) were all subtracted to the curve at 300 K, i.e., de-
duced to AM = M7 — M3g0 x, and then replotted in Fig. 4(b)
with the independent variable x = gSugH /kgT. Firstly the
data were tried to be fitted by only the Brillouin function term
of Eq. (4) with S =5/2, 2, or 3/2, as shown in Fig. 4(b). The
fitting parameter n denotes the term NgSug in Eq. (4). As seen
in Fig. 4(b), it is clear that the linear term of Eq. (4) could not
be omitted.

Then the data were tried to be fitted by taking both the
Brillouin function term and the linear term of Eq. (4) into ac-
count with § =3/2, 2, or 5/2, respectively, for data taken at 2 K
as an example explicitly as shown in Figs. 4(c), 4(d), and 4(e),
respectively. The fitting parameter C appeared in Eq. (4) de-
notes (AXdia) /AT . The solid lines and the dotted lines given in
Figs. 4(c)—4(e) represent the Brillouin functional fittings and
the linear fittings, respectively, while the dash-dotted lines are
summations of both. It is clear that the fitting is the best when
S =5/2 in comparison with its counterparts S = 2 or 3/2, lead-
ing to a conclusion that the magnetic impurity inside the STO
crystal is 3d metal ion(s) and further a speculation that they
are something more likely the ions Fe** and/or Mn”*, etc.
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Fig. 4. Fitting of the paramagnetism of the STO crystal: (a) experimental M—H data taken at different temperatures, with the symbols as the
original data and the solid lines as the guides to the eyes, (b) AM = My — M3q k plots versus x = gSugH /kg T and fittings with the Brillouin
functions only and with § = 5/2, 2, or 3/2, respectively, (c) AM plot versus x taken at 2 K and the fittings with S = 3/2, (d) AM plot versus x
taken at 2 K and the fittings with S = 2, (e) AM plot versus x taken at 2 K and the fittings with § = 5/2, (f) AM—C x k x x plot versus x for all
data taken at 2 K, 6 K, 9 K, 12 K, and 20 K, as well as a 2-terms fitting with § = 5/2.

Furthermore, all other experimental data taken at 6 K,
9 K, 12 K, and 20 K were also fitted via the same way as
performed above for those at 2 K, as given in Fig. 4(f), which
is AM — C x k x x versus x. The best fits were all found with
S=5/2,n =399 x 1073 emu/cm?, and with C close to a
value of —9.0 x 10710 K~!. In particular, the fitting param-
eters C of the data taken at different temperatures are plotted
in the inset of Fig. 4(f), from which an average value of C =
—8.95 x 10719 K~ can be seen and adopted for further analy-
sis. It should be noted that only one fitting line possessing the
above obtained fitting parameters was plotted together with all
the experimental data taken at 2 K, 6 K, 9 K, 12 K, and 20 K,
which visualized directly once again that the fitting parameters
are universal for all these cases. From the fitting parameters
illustrated above, one can obtain the followings: (1) the av-
erage 3d ion(s) impurity concentration N = 8.6 x 10'® cm—3,
corresponding to an average 5.1 ppm (point per million) impu-
rity ion per lattice unit cell, (2) dxgi,/dT equals to —8.95 x
10710 g1, (3) at field of 4.85 T and at temperature of 2 K,
i.e., at xmax = 8.14 in Fig. 4(f), the paramagnetic magnetiza-
tion Mpara(4.85 T,2 K) = 3.94 x 1073 emu/cm?.

3.4. Further analysis on magnetisms

The methodology developed and examined above for the
STO crystal was further applied to other crystals, Si, MgO,
LAO, and LSAT. The Brillouin function fitting results of
(AM — Ckx) versus x = gSugH /kg T for the experimental data
taken at 2 K of all 5 crystals are given in Fig. 5(a). It should
be noted that for all 5 crystals studied here the best fits were
all found only in case of S = 5/2, rather than 2 or 3/2, which
reveals that the paramagnetism is all introduced by 3d ions im-
purities .

From the fittings shown in Fig. 5(a), the fitting parameters
n and C can be obtained. Furthermore impurity concentra-
tion N, d ¥gia/dT, and Mpara(4.85 T,2 K) for all 5 crystals can
be deduced, which are summarized in Table 1. The average
3d impurity concentrations N for all 5 crystals deduced from
thus Brillouin function fitting are shown in Fig. 5(b), while
dxdia/dT, i.e., Axgia/AT of all 5 crystals studied are shown in
Fig. 5(c), with the previously published data!®>°! also shown

for references.
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Fig. 5. Paramagnetism analyses of substrate single crystals: (a) paramagnetic phase and Brillouin fitting at temperature 2 K after deduction of
the influence of diamagnetism, (b) impurity densities of different crystals in comparison with those from the reference, 1 (¢) Aydgia /AT of 5

our crystals and of one Si crystal from the reference.>’]

Different from the Brillouin function approach utilized
above, one can also analyze in an alternatively simple way
the experimental result of the magnetic susceptibility versus
temperature, as shown in Fig. 1(c), in which at low tempera-
ture the variation of the paramagnetism is the dominant term
of all because of the followings: (1) c.f. Table 1, the variance
of Xgia» Say AXdia, Which can be estimated in a simple way
as (dygia/dT)AT, is relatively small in comparison with Xgi,
let alone ¥, (2) the ferromagnetic magnetization Xfeo iS pro-
portional to 73/2,13%1 however, in the present study it may be
considered relatively small and especially changed a little in
the temperature range below room temperature, i.e., far below
its Curie temperature, in comparison with the other 2 terms,
so that it could be regarded as somewhat a constant approxi-
mately and therefore A)fer, is considered to be almost zero,
(3) it can be seen clearly from Fig. 1(c) that all the 5 exper-
imental data curves keep almost constant in the temperature
range roughly higher than 50 K for Si, STO, LAO, and LSAT,
or higher than 100 K for MgO, testifying once again it is rea-
sonable to assume the paramagnetism being the decisive figure
in the magnetic susceptibility dependency on temperature.

The magnetic susceptibility versus temperature curves
shown in Fig. 1(c) can be fitted by the Curie’s law 3!
N'pop®ug

3kgT

_ N'pop*ud

X= 54T ®)

+ Xdia + Xferro = + const.,
where N', Ho, and p are the 3d impurity concentration, vac-
uum susceptibility, and the number of effective Bohr mag-
netons, respectively. With § = 5/2 and g = 2, one can get

2,2
p=2gV/S(S+1) =592 and 275 —9.13 % 1072 K. The

densities of 3d magnetic impurities, N’, in each substrate crys-
tals can thus be obtained by Curie’s law fitting, as marked by
the pentacles in Fig. 5(b). It can be seen that the values of the
magnetic impurity concentration obtained either through the
Brillouin function fitting (N) or through the Curie’s law fitting
(N') are almost equal to each other, testifying the dual valida-
tions of the methodologies we utilized above, i.e., the Brillouin
function fitting and the Curie’s law.

Of all 5 crystals as shown in Fig. 5(b), Si single crystal
possesses the least magnetic impurity concentration, 2.9 ppm,
while the impurity concentrations of the other 3 different
perovskite oxide crystals including STO, LAO, and LSAT,
~ 10 ppm, are from several times to about one order of mag-
nitude larger than that of Si single crystal, except the impurity
concentration of the oxide MgO, ~ 300 ppm, is even one more
other magnitude larger than those of the perovskites.

It is interesting to point out that in comparison with the
crystals studied earlier,® it seems that the perovskite crystals
STO, LAO, and LSAT, and oxide crystal MgO we studied in
this paper are much more cleaner than the previous ones,®! in
particular, for LAO and LSAT roughly one order less in impu-
rity concentrations in our cases.

Now let us move on to analyze and discuss the intrinsic
diamagnetic susceptibility differential dygi,/dT, which were
obtained for the first time for the perovsike crystals STO, LAO,
and LSAT, and oxide crystal MgO, c.f. Fig. 5(c). The value we
obtained 2.93x 10710 K~! for Si single crystal is a little bit but
not much different from the previous result 1.25x 10710 K~!
(symbol blue square).!?”! The intrinsic diamagnetic suscepti-
bility differential d yqi,/dT are on the order of 102 for the 3
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perovskite oxides and on the order of 10~% for oxide MgO, c.f.
Fig. 5(c).

Intrinsic diamagnetism can be written as the summation
of the orbital contribution of core electrons, y. < 0, the orbital
contribution of valence electron, )y < 0, and the Van Fleck
paramagnetic contribution, y, > 0. The temperature depen-

dence of intrinsic diamagnetism can be written as!*’]

dydia/dT = a(xc + xv) — dInEg /dT xp, (6)

where « is the thermal expansion coefficient, and E, the Penn—
Phillips gap. Since generally o > 0, the first term is usually
always negative. While E, of general semiconductor or insula-
tor always increases with the decrease of temperature, so that
the second term is always positive.

Compared to Si single crystal, oxide compounds possess
relatively larger thermal expansion coefficients, so that the
contribution of the first term may be greater, which leads to
the overall dyg;,/dT negative for the crystals STO, LAO, and
MgO. However, different from all its other peroskite partners,
the dxgia/dT of the LSAT crystal is positive, which suggests
the second term being much more decisive in this particular
case. This may be true for a solid solution compound like
LSAT in which the Van Fleck paramagnetic contribution is
boosted strongly.

3.5. Impact of substrate single crystal on magnetic thin
film

All the 5 single crystals studied above are frequently used
as the substrates to grow epitaxially the thin films.[>=28) Tt is
a must to subtract the magnetic signal from the substrate crys-
tals especially for studying the weak magnetic including the
DMS film. Our experimental studies and theoretical analyses
are crucial to future studies on the weak magnetic thin films.

(1) The substrate crystal usually is 0.5 mm thick, while
the films are down to one monolayer thick being ~ 0.5 nm,
or up to several hundreds nanometer thick being ~ 250 nm.
This means that even if the magnetization per unit volume of
the substrate crystal is one millionth up to two thousandth of
that of the film, the measured magnetization signals of the sub-
strate crystal and of the film are equal to each other, which is
quite serious a problem for studying the weak magnetic thin
films.

(2) In order to get rid of the signal from the substrate
as much as possible and to obtain relatively pure signal from
the film alone, one has to either searching for and trying best
to utilize a much cleaner crystal regarding the magnetic per-
formances, or examining carefully the magnetic contributions
of the substrate crystal in order to subtract them later on. In
the former aspect, Si single crystal is indeed a relatively clean
crystal and an easier and best choice serving as the substrate,
however thin film epitaxy in most cases do need and ask for

some particular crystals rather than only the Si, which means
the burden being drifted onto the shoulders of the crystal sup-
pliers.

(3) Of all the 3 terms of the magnetic signals in the crys-
tals, the decisive one distinguishing the different crystals from
each other in respect of the quantity of the magnetic signals
is the paramagnetic term, which is determined by the concen-
trations of the impurities inside the crystals. Again, the para-
magnetic quantity is a reflection of the quantity of the impu-
rity inside the crystal, i.e., the cleanness of the crystal being
the crucial and decisive factor as the criteria to evaluate which
crystal is more suitable than others in terms of magnetic char-
acteristics.

4. Conclusion

The magnetic performances of the STO, LAO, and LSAT
perovskite single crystals, MgO oxide crystal, and Si single
crystal were measured and analyzed thoroughly. The magnetic
properties of these single crystals are the summation of the
intrinsic diamagnetism, ferromagnetism, and paramagnetism.
By assuming a Brillouin function scenario to simulate the in-
trinsic diamagnetic term, a linear function of the diamagnetic
term, and a small constant of the ferromagnetic term, we can fit
the experimental results well and obtain the material parame-
ters including the intrinsic diamagnetic susceptibility differen-
tial dyq;a/dT, the diamagnetic susceptibility at room temper-
ature Xgi,, the ferromagnetic saturation magnetization at room
temperature Ms ferro, the paramagnetic magnetization at low
temperature Mpara, and the impurity concentrations N in these
5 different crystals, among which the d yg;,/dT were the first
time to be dug out for the STO, LAO, MgO, and LSAT crys-
tals. It was found that the paramagnetic term is decisive in all
the 3 terms, which is found to be caused by the 3d impuri-
ties doped in the crystals. Our research will be beneficial not
only for understanding the magnetic properties as well as their
correlations to the intrinsic parameters of these single crystal
materials, but also for the epitaxy study on the thin films of the

magnetic materials.

Data availability
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study are openly available in Science Data Bank at
https://www.doi.org/10.57760/sciencedb.j00113.00028.
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