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Abstract: In this article, we have tried to extend the Neumann-Kopp law concerning the heat
capacity of solid compounds to other physical observables for materials represented as mixtures of
chemical compounds, alloys, and ceramics. The main goal of this study is to find the intervals of
external or internal parameters for a solid compound, within which its physical observable - the
magnetic transition temperature for this work, can be expressed in terms of the atomic or molar
weighted sum of the magnetic transition temperatures of the constituent elements of a compound.
Outside these intervals, we tried to figure out the structure of the variable by which the weighted
sum should be multiplied. Thus, for USb-x(ThSb) mixtures with a mole fraction x € [0.36, 0.55], the
magnetic transition temperature of this mixture is expressed in term of the molar weighted sum of
the temperature of uranium structural transition associated with a change in the magnetic
properties of uranium and of the temperature at which the nature of the magnetic susceptibility of
antimony changes. For the magnetic Laves phase compounds Er(Feos-«Mno2-Cox+)2, the Curie
temperature of the compound is equal to the weighted sum of the Curie temperatures of all elements
of the compound, except for Mn, at x=0.1, y =0 and y =0.1. For the paramagnetic Curie temperature
6 of intercalated dichalcogenides CrxMoSe2, & of the compound can be expressed in terms of the
weighted Neel temperature of chromium multiplied by a variable depending on x, on the atomic
numbers of all elements of the compound, and on a parameter proportional to the derivatives with
respect to x of the dichalcogenide’s crystal lattice parameters.

Keywords: Neumann-Kopp law; magnetic properties; magnetism of actinides; Curie temperature;
paramagnetic Curie temperature

According to the Neumann—Kopp law, the heat capacity of a solid compound A«Bi-»is expressed
as the sum of the weighted heat capacities of the compound elements: C = Ca-w + Cs:(1 — w), where w
is the mass fraction of element A. This law is valid only in limited ranges of temperatures and values
of w for each solid compound, for example [1]. It would be interesting to find out if it is possible to
express any other physical observable for an arbitrary solid compound in the same way? It does not
matter what kind of solid compound we take - a chemical compound, a mechanical mixture, an alloy
or ceramics, first of all we want to consider the possibility of writing an arbitrary physical quantity
in terms of an atomic or molar weighted sum of the physical quantities of the elements of the
compound. In presiding work we considered mechanical properties of metal alloys under irradiation
[2], and found that such description is possible in different intervals of radiation doses for different
alloys. We also found that the thermophysical properties of various nuclear materials can also be
expressed in terms of weighted sums of the thermophysical properties of the elements of materials
[3-5]. In all of these results, weighted sums were multiplied by constants constructed from the atomic
numbers of all the elements of a particular compound, chemical indices, or mass fraction values, and
all of these constants did not equal one. Having a large set of such data for various materials, we can
predict a new material with desired properties, which is currently done, in most cases, only thanks
to the intuition of the experimenter. In this work, we continued to collect data, now on the magnetic
characteristics of various materials.

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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Let us first consider the USb—x(ThSb) mixture, whose magnetic transition temperatures as a
function of x are shown in Figure 1. All elements of this mixture are paramagnetic in all temperature
ranges. Thorium is a temperature independent paramagnetic [6]. The mixture is either a
ferromagnetic or an antiferromagnetic, depending on x. At first glance, it is impossible to apply the
idea of representing the magnetic transition temperature of a mixture as a weighted sum of mole
fractions of the magnetic transition temperatures of its elements. But we know that uranium exhibits
a rapid increase in the crystallographic cell at Tu = 43 K [7], which coincides with a slight change in
the magnetic susceptibility of U at approximately the same temperature [6]. Antimony has a magnetic
susceptibility that does not depend on temperature down to Tss = 4 K, and below this temperature
the magnetic susceptibility depends on temperature [8]. Thus, we can write the next formula for the
temperature of magnetic transition of Ui~Th.Sb:

TU1 Tth(x):[(l_x)'TU+x'TTh+TSb]'Q= (1.1)

—x*x

where g is some constant and Tm = 0 K. Table 1 shows the experimental values of 7, U, Th.Sb (x) and

those calculated by (1.1) with adjusted gq. Table 1 shows that at 4 = 5.34 and x € [0.36, 0.55], formula
(1.1) works very well with relative errors between the experimental and calculated temperatures of
less than 1%.
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Figure 1. Magnetic T-x phase diagram of the mixture USb—x(ThSb). The points were copied from [6].

Is the result obtained is accidental with a constant g in some range of x values? If we have such
accidental coincidences for a large set of different materials and physical observables, then we can
assume that this is a manifestation of some general physical law.

Let us consider magnetic the Laves phase compound Er(FeosxMno2yCoxty)2, which has
ferromagnetic properties at certain x and y (Table 2) [9]. Manganese changes the Curie temperature
of the compound, even though Mn is not a ferromagnetic. We will make calculation with and without
Néel temperature Tn of Mn:

7 st o — (TP 10 (0.8 =x)- T +2-(02—=y)- T2 +2-(x+y)-T)-q,  (1.2)
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Table 1. Temperatures of magnetic transitions of UixThxSb at various x taken from experiment [6]
TUHThXSb (x)cxp and calculated by (1.1) (TUI,XThXSb (x) heory ) with adjusted q. Relative errors & were
calculated by the following formula: O =|1— Lo, 51 O | -100%.
T, U, Th,Sb ‘x)exp ‘
X T, U Th.Sb (x)exp K T Uy Th,Sb (x)theary K q 8,%

0.055 198.90 200.86 450 0.1

0.100 184.11 185.74 435 09

0.142 182.47 181.98 445 03

0.217 181.64 180.81 480 05

0.298 177.53 177.77 520 0.1

0.365 166.85 167.17 534 0.2

0.422 155.34 154.08 534 0.8

0.479 142.19 141.00 534 0.8

0.549 124.93 124.92 5.34 0.008

0.602 110.14 110.85 525 0.6

0.690 83.83 83.18 480 0.8

0.764 56.71 56.59 4.00 0.2

0.810 38.63 38.94 320 08

0.866 11.50 11.71 120 1.8

Where the Curie temperatures: TCE’ =18.74 K [10], TCF ¢ =1044K 11, T, CC" =1390K [12], Ty™ =100 K [13]

or 0 K.

Table 2. The Curie temperatures Tcexp of Er(Feos-Mno2-yCoxty)2 were taken from the experiment [9]

and calculated according to (1.2)(Tc theory) with adjusted q. Calculated Tc by (1.2) with T, ]3/[ "=100 K

are shown separately ”“with Mn in (1.2)” and the same for relative errors:

_ ‘1 BRGSO
Te (X, ) exp

-100%.

Compound Tcexp, K Tc theory, K Tc theory, K with Mnin (1.2) q  8,% 8,% with Mn in (1.2)

Er(FeosMno.)2 355 354.7 354.5 0.21 0.08 2.6
Er(FeosMno1Coo1)2 550 550.8 556.4 028 0.1 1.2
Er(FeorMno2Coo1)2 475 474.5 485.5 0.27 0.1 2.2
Er(FeosMnoi1Coo2)2 555 549.8 555.2 0.27 0.9 0.04

Table 2 shows that at g = 0.27 formula (1.2) describes the Curie temperatures of the compound
Er(Feos-«Mno2+Cox+y)2 at x =0.1, y = 0 and y = 0.1 with a relative error less than 1% without taking into
account the magnetic temperature of Mn. The inclusion of the Néel temperature of Mn in the
calculation worsens the relative error to 2.2%. It seems that we need to take Tc of all elements, while
the characteristics of Mn are inside g. Is this result also a mere coincidence?

The fundamental question is, what is the nature of the variable g, which in some ranges of values
of x becomes a constant? The electronic structure of a solid is determined by the atomic numbers
(nuclear charges) of the elements of the solid, so you can write: g4 = g(atomic numbers). For different
x, the lattice parameters of a crystalline solid change, which leads to a change in the physical
observables that characterize the properties of the solid. So we can write: g4 = g(atomic numbers, x,
lattice parameters). Considering the ceramics (Nii~«Znx)Fe204 as an example, we now consider the
structure of q.

This ceramics (Nii-xZnx)Fe20s is a substitutional solid solution [14]. With a change in the content
of Zn, which replaces Ni atoms, the Curie temperature of this ceramics changes (Table 3). The
structure of the parameter g in (1.3) is shown as follows:
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4
TéNi],xan)Fezo4 — ((1 _ X) . TCNi +2. TCFe) -q, (1.3)
1 | 1 h Y
(I-x)-Ni x-Zn 2-Fe 4-0

o
where T =630 K [15], To© =1044 K [11], atomic numbers: Ni = 28, Zn = 30, Fe = 26, O = 8. The

form qis chosen in such a way as to fulfill the requirements of clarity and simplicity [2-5]. The variable
h, which depends on the lattice parameters, is associated with the most electronegative element,
although it can be placed anywhere within parentheses. Electronegativities: X(Ni) = 1.91 [16], X(Zn)
=1.65 [16], X(Fe) =1.96 [16], X(O) = 3.44 [16]. Thus, we see that if there are elements in the compound
that do not have a specific physical observable, in our case, the Curie temperature, then the presence
of these elements is taken into account by their atomic numbers and by their mass or molar amounts
in the compound. In Table 3, the Curie temperatures of ceramics, calculated by (1.3) with adjusted g,
are presented in comparison with the experimental temperatures from [14]. For the resulting g, we
calculated h (Table 3). It can be seen that for a fixed & for x = 0 and 0.2, the parameter g changes,
although it is possible that both g and & are fixed in some ranges of external or internal parameters
[2-5]. In this case, we multiply the weighted sum of the Curie temperatures by a variable depending
on x and atomic numbers. Do we have a coincidence again?

Table 3. The Curie temperatures Tcexp of (NitxZnx)Fe204 were taken from the experiment [14] and
calculated by (1.3) (Tc teory) with adjusted q and h by (1.3’). Relative errors & were calculated by the

next formula: S=l- e (x)theory .100%. -
TC (x)exp

X Tc exp, K Tc theory, K h q 8,0/0

0 790 792.4 108 0.291 0.3
0.1 740 741.7 102 0279 0.2
0.2 720 718.9 108 0.277 0.2

In [3], we found that / is proportional to the first derivative with respect to x of the lattice
a

parameters of the compound: /1 = ga—, where g is the gauge parameter, a is the lattice parameter
X

of ceramics (cubic [14]). In table 3, we have only 3 points of x, so it is difficult to understand the
properties of /, for this we consider the following complex compound.

The chromiume-intercalated compound Cr«MoSe: [17] has paramagnetic properties at room
temperature, and at lower temperatures ( < 150 K) it has a magnetic ordering close to the
ferromagnetic type, with always positive paramagnetic Curie temperatures & (Table 4). Of the three
elements in Cr:MoSe2, only chromium has magnetic properties\transitions, but I did not find its

C
paramagnetic Curie temperature, so I took its Néel temperature: 1, NV =311 K [18]. Probably, 6 of

. . . TCV . . s
chromium is absent, since even at temperatures above 1, the inverse magnetic susceptibility % of

Cr decreases, x! decreases from —195°C to temperatures above 1440°C [19]. Electonegativities: X(Cr)
=1.66 [16], X(Mo) = 2.16 [16], X(Se) = 2.55 [16] so we relate the parameter & to Se in (1.4"):

HPCrXMaSe2 =x- T]\?r . q’ (14)

11 kY
- f— , 14
7 (x'Cr Mo 2~Sej (44)
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where atomic numbers: Cr = 24, Mo = 42, Se = 34. The parameters g and & change for all x (Table 4).
The change in the lattice parameters a and ¢ depending on x for the hexagonal crystal structure of
Cr«MoSez[17]is also shown in Table 4. The difference between the lattice parameters at the nearest x
in Table 4 shows that i and ai — ai1 and ci— cii: change synchronously according to the periodic law,
so we approximated the lattice parameters by periodic functions (Figure 2).

Table 4. The paramagnetic Curie temperatures Op exp of Cr«MoSe2 were taken from experiment [17]
and calculated by (1.4) (Op theary) with adjusted q and h by (1.4"). The lattice parameters were taken

1 _ ep (x)theury

from [17]. Relative errors  were calculated by the next formula: §— .100%.
(V) ey
X  Gpep, KOtieoy, K g h aA ai-ai, pm ¢ A ci-ci, pm 8,%
0 3.289 12.927
0.1 10 10.07 0.322 180 3.287 -0.2 12.926 -0.1 0.7
0.2 8 8.06 0.129 495 3.287 0 12.922 -04 0.75
0.25 15 15.06 0.194 321 3.286 -0.1 12.920 -0.2 0.4
0.33 50 50.22 0.488 109 0.4
0.5 43 4299 0277 216 3.284 -0.2 12.909 -1.1 0.02

Figure 2 shows that such a “good value” of y?/ndf (should be around 1) is due to two reasons.
First, we need to have more data points. Secondly, we need a good theory, from which the law of
changing the lattice parameters with x follows organically, otherwise we fit the data to the function

da_ ~9dc
ox &2 ox’

to which we want to fit the data. In any case, with such an approximation: A= g, -

where g1 and g2 we still need to hack.

Thus, we have obtained that the magnetic properties of various materials can be represented by
a molar-weighted sum of the magnetic properties of the elements of the materials. One has to
conclude that either these are random coincidences that create the illusion of some kind of law, or
these are manifestations of a real law, to clarify which a large database of physical properties of all
elements of the periodic table, obtained with various values of internal and external parameters, is
needed. With the help of this database, the prediction of a new complex compound with expected
unique properties can be made not due to the intuition of the experimenter, as is currently done, but
due to a clear knowledge of the relationships between the physical properties of the elements of a
complex compound.

— T T o T T T T
i ] u > ]
3800 7 ndl 021000974 ] . X2/ ndf 9.133¢-008/1 |
po 3289+ o0 O 1292 p0 1293+ 0 [
Z pl 0008635+ 04 pl -0.05032 0.002103 | ]
3.288 - p2 07584+ 0| —] - ]
B p3 -0.001088+ 0 ] o - p2 1.44 1 0.04583 1
i p4 24515 0 N p3  0.0007158+ 0.0002632 |}
3287 3.249 + 9.802¢-006 —] |2.920:_ p4 1428+ 0.0001417 _:
& T 1 < n2osf- -
3.286 [— — o ]
: : 12.916_— ]
3285 4 "™ E
i 1 el ] .
: . - ¢ = [pO[+[p1}xT "+ [p3]sin([p4]x) ]
= 2 . [ ]
3284~ a = [pO+[p1 x4 [p3]sin([pdlxyexp(-[pStx) X o rzouf- E
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Figure 2. The lattice parameters a and ¢ of CrxMoSe2 depending on x. The experimental points were
taken from [17]. The curves are an approximation with respect to the functions depicted at the bases
of the figures.
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