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The paper discusses the results of the recalculation of the effective X-ray characteristic temperature
O, obtained with corrections for thermal diffuse X-ray scattering, but without corrections for RMS static
displacements of atoms in the crystal lattice from their equilibrium position, into an actual value 6.4, tak-
ing into account corrections for RMS dynamic and static displacements of atoms. The objects of investiga-
tion were disordered continuous solid solutions (alloys) of Cu-Ni, Au-Ag, Fe-Ni, KCI-KBr systems in the
temperature range from room temperature to 300-600-700-800 °C. The methodology of finding the RMS
general, dynamic and static values of the displacements of atoms from the equilibrium position and the
method of recalculating @..; into @4 are described. The research results are partly presented graphically
and tabularly. Studies have shown that at room temperature the difference between .. and 0.4 for differ-
ent alloys ranges from 4 to 28 K. At high temperatures, this difference drops to almost zero. The rate of de-
crease of @.q is greater than @,.;, which is caused by taking into account the temperature concentration
change of static displacements of atoms. The magnitude of the generalized measure of anharmonicity cal-
culated from the temperature change ©.4(7T) is higher than @..(T). In addition, the rate of temperature
change of the degree of anharmonicity calculated by &..4(T) is higher than that calculated by ©..AT) both in

magnitude and in the nature of change.
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1. INTRODUCTION

By physical content, the characteristic Debye tem-
perature @ conditionally divides the temperature limit
of the quantum (at low temperatures) and classical (at
high temperatures) description of oscillations of atoms
of crystalline substances. There are other, even math-
ematical, definitions of the essence of ®. Despite the
blurring of the essence of ® and some suggestions to
avoid relying on this quantity, however, there are areas
in physics where it is convenient to use @, even regard-
less of the way it is defined. In particular, it is a de-
scription of the anharmonicity of thermal oscillations of
atoms in a crystal lattice. Especially this concerns the
determination of the magnitude of the generalized de-
gree of anharmonic oscillations of atoms dIn@dT,
where it is important to know not so much the @ value
as its change with a change in thermodynamic temper-
ature.

When studying the dynamics of thermal oscillations
of atoms in a crystal lattice, the behavior of the mean

squares of the general U, , dynamic U, and static

gen 2

Uift displacements of atoms from the equilibrium posi-

tion is studied. These shifts have an influence on the
methods for determining the values of @ in different
ways (heat-intensive, elastic, X-ray, and other meth-
ods). Therefore, the values of @ are slightly different.
In our opinion, the most experimentally simple,
though mathematically more complex, is the X-ray
method. X-rays react to any displacement of atoms.
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This method in the first approximation determines the
effective X-ray characteristic temperature G.f, taking
into account corrections for thermal diffuse scattering
(TDS) of X-rays [1, 2], which should be introduced into
the real value of @4, taking into account corrections for

the mean square of the static displacements U2 .

st

2. DESCRIPTION OF OBJECTS AND
METHODS OF RESEARCH

Based on the results of high-temperature X-ray in-
vestigations of disordered solid solutions (alloys) of Cu-
Ni, Au-Ag, Fe-Ni, KCI-KBr systems described in the
article [3], we calculated the values of &.¢ and
din@r.q/dT. We will remind, the essence of the high-
temperature X-ray method of research consists in the
analysis of temperature change in the integral intensi-
ty of the interference maximum of a certain index (hkl)
and change in its position. According to the generally
accepted Chipman-Paskin method [1, 2], the effective
X-ray characteristic temperature and its temperature
dependence @..(T), taking into account corrections for
TDS, were found. The value of &..(T) determines the

mean square of the general displacement U;m of atoms

from the equilibrium position in the lattice.

From an analysis of the temperature change in the
crystal lattice period a(7) of a solvent and a solid solu-
tion of a certain concentration, the mean square of the

static displacement Uift of a hypothetical atom in the

lattice was found. Since

© 2022 Sumy State University


http://jnep.sumdu.edu.ua/index.php?lang=en
http://jnep.sumdu.edu.ua/index.php?lang=uk
http://sumdu.edu.ua/
https://doi.org/10.21272/jnep.14(1).01010
mailto:o.v.harashchenko@nuwm.edu.ua

D.I. VADETS, V.I. GARASHCHENKO ET AL.

U2, =U2, +U2, 1)
then
v, =0, ~U2. @

The actual value of &.¢ was calculated from the

U:, values according to the formula
9hTY (x
Py LELICI ®
4rmkU;,,
where x Or.4 , h is the Planck constant, k is the Boltz-

mann constant, 7" is the thermodynamic temperature
on the Kelvin scale, m is the consolidated mass of a
hypothetical atom in the alloy, ¥(x) is the Debye func-
tion, which with a high degree of accuracy from the
tabular values of the Debye function and the set of val-
ues @Tis equal to

2

‘I’(x)=1+a%, (4)

where a = 0.0267.
Representing the temperature dependences Gr..AT)

and 0,4(T) graphically and analytically in the form of
typical dependences
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and determining the values of the coefficients b1, b,
after logarithmic differentiation of (5) and (6), we find a
generalized measure of anharmonic oscillations of hy-
pothetical alloy atoms by the ratios:

ding,, b

1
- , 7
dT gr.ditemp.i ( )
ding,, b, ®
dT ar.ef,temp.,

at a given temperature T, K or ¢, °C.

3. DESCRIPTION AND ANALYSIS OF
RESEARCH RESULTS

In the investigated temperature range, the values of
the mean squares of static displacements of atoms from
their equilibrium position in Au-Ag alloys lie within the
experimental error [3]. Therefore, G, G4 and their
universal measures of anharmonicity dln@r./dT,
dIn@r.4/dT practically coincide with each other (Fig. 1).

For other investigated alloys, the values of UTZL are

clearly visible and depend on both the concentration of
the alloy content and the temperature. Therefore, the
values of @..(T) and @4(T) for a certain selected alloy
are different at moderate temperatures, at high tem-
peratures the difference between them goes to zero
(Fig. 1, Table 1). Their temperature dependence, as a
rule, is linear.

For all alloys in the investigated temperature
range, @.4(T) is higher than @..(T). The generalized
measures of anharmonicity din@®../dT and dIn®.4/dT
calculated from the temperature change .4(7) are
higher in absolute value than those calculated from

Ore/(T) (Fig. 2).
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Fig. 1 - Comparative temperature dependences of @.q and .. of the investigated alloys
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Table 1 — Values of temperature dependences of G.es, O.4, dlnG./dT, dinB..4/dT of the selected investigated alloys

Alloy composition t,°C T, K Oref, K @4, K - dl;lﬁr'ef ,107 % —dl;lﬁ"d , 107 %
20 293 358.0 367.6 1.688 1.476
200 473 349.1 354.9 1.748 1.513
CueoNiso 400 673 337.6 341.6 1.816 1.565
600 873 327.4 330.3 1.878 1.614
800 1073 317.3 319.6 1.941 1.665
18 291 150 150.0 1.310 1.310
AumAgs 200 473 146.2 146.2 1.344 1.344
400 673 141.8 141.8 1.386 1.386
600 873 139 139.0 1.414 1.414
20 293 440 468.3 2.381 1.813
FosoNiss 200 473 426 442.3 2.520 1.872
400 673 408 417.9 2.668 1.955
600 873 394 400.8 2.781 2.025
15 288 205 217.7 3.922 2.861
100 373 202.3 212.0 4.029 2.900
KClsoKBrao 200 473 195.3 202.0 4.227 3.004
300 573 189.3 194.4 4.393 3.099

Note: the composition of metal alloys is given in atomic percent, and of ionic alloys — in mole percent
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Fig. 2 — Comparative temperature dependences of dIln@,../dT and dln®,.4/dT of the investigated alloys

A characteristic feature of the investigated alloys, Table 2 - Difference between @.q and 6. values for alloys at
in addition to Au-Ag, is that with increasing impurities room temperature
in solvents, the difference between &4 and @, also Alloy 1A0.K| Alloy |A6,K Alloy A6 K

increases. At room temperature it is 4-5 K and at an

impurity concentration of 50 % it reaches 10-12 K. The CugoNio| 4 |FeesNiss| 12 |KClooKBrio| 5

largest difference between the values of .4 and Gr.f is CugoNizo| 7 |FesNisa| 28 |KClgoKBrao| 8
in Fe-Ni alloys, it increases from 6-12 K to 28 K at an CunNiso| 9 FesoNiso| 28 |KCl7oKBrso| 10
impurity concentration of 50 at. % caused by a signifi- CucoNisw| 10 |FesoNizo| 19 |KCleoKBrao| 10
cant RMS static displacement of hypothetical atoms of - - -
the crystal lattice (Table 2). Cu50N¥50 10 Fez7N%73 17 |KCl50KBrso| 12
For all Au-Ag alloys, due to the paucity of values CusoNigo| 7 |FezNiso| 16 |KClioKBreo| 11
U? the difference between ©.q and . is almost 0 K. C“‘”’ONVO 5 |FewNiso| 6 [KCl:oKBrmol 8
Cu2oNiso| 5 KCl10KBroo| 3
Cu1oNigo| 3
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With increasing temperature, the rate of decline of
6-4(T) is greater than the rate of decline of @r.A(T)
(Fig. 1), and this leads to different values of the gener-
alized measures of anharmonic oscillations of atoms
((dInBr.efdT)(T) and (dln Gr.a/dT)(T)).

A measure of impetuosity of temperature change of
Ore(T) and 6rqa(T) (respectively, (dInGre/dT)(T) and
(dIn@:.q/dT)(T)), can be the coefficient of proportionality
of their analytical dependences. For example, for se-
lected alloys, they are shown in Table 3.

Table 3 — Analytical dependences of temperature change of
the above values for alloy samples

Analytical dependence Alloy
r.a(t) = 383.2 — 6.0066 10-2¢ CusoNieo
Ore(t) = 376.3 — 5.3200-10-2¢ CuasoNieo
Or.d(t) = Oref(t) = 148.0 — 5.4687 10-2¢ AusoAgeo
O.a(t) = 441.7—1.4883 101t FesoNino
Orof(t) = 424.8 — 1.24883 10-1¢ FesoNiro
6-.4(t) = 204.3 — 8.8604 102 KClioKBreo
Or.et) = 194.4 — 6.6227 102 KClioKBreo
(dIn@.4dT)({#) = =0.1665-10"2 + 3.1867 10 % | CusoNiso
(AN O,.ddT)(t) = 0.1446 103 + 2.3626 10 ¢ | CusoNiso
dIn @/ dT)(t) = (dInB.q/dT)(t) =
=0.1307-10 3 + 1.8558-10 "8 AucAgio
In®.4/dT)(t) =0.2377-10 "3+ 6.7347 10 8¢ FesoNiso
(dInBr.o/dT)(t) =0.1799-10 3+ 3.7019-10 8¢ FesoNiso
(dInBr.o/dT)(t) =0.4170-10 "2 + 2.0037 107t KCl50KBrs0
(dIn®.4/dT)(t) = 0.3052-10 3+ 1.0331-10" "¢ KCls0KBrso

Quantities dln@dT are given in absolute values.

With increasing temperature, the difference be-
tween Gr.q(T) and OrAT) for most alloys decreases al-
most to zero. The generalized measure of anharmonici-
ty calculated from the temperature change 6.4(7) is
higher than that calculated from ©..(7T). In addition,
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the rate of temperature change in the measure of an-
harmonicity calculated for 6.4(7) is higher than that
calculated for &..A(T). As expected, KCI-KBr alloys are
the most anharmonic, Fe-Ni — less, Au-Ag — the least.

4. CONCLUSIONS

The recalculation of @.. into the actual value Grq
with corrections for the change in RMS static dis-
placements of atoms showed that in the investigated
temperature range at room temperature, the values of
6Or.q are greater than 6. for solid solutions (alloys) of
Cu-Ni, KCI-KBr systems by 4-5 K, and at an impurity
concentration of 50 at. % in the solvent the difference
between Grq and O reaches 10-12 K. Only at high
temperatures this difference goes to zero. The largest
difference between ©&.q and @.o in solid solutions of
Fe-Ni at room temperature reaches 6-12 K, and at an
impurity concentration of 50 at. % it increases to 28 K.

This is due to a significant change in Uift . Only for Au-

Ag alloys due to ultra-small UTZ[ this difference is al-

most zero. The temperature rate of decrease of both
characteristic temperatures with increasing 7' is great-
er in Grq. This leads to different values of generalized
measures of anharmonicity (dIn@.4«/dT)(T) and
(dInBr.eff/dT)(T) of oscillations of atoms in the crystal
lattice of the investigated solid solutions, except for Au-
Ag alloys. Therefore, in the case of using anharmonic
measures, when calculating the values of measures of
anharmonicity, corrections for temperature and con-

centration changes in the values of Uift should be taken

into account.

3. D.I. Vadets, 0.V. Garashchenko, V.I. Garashchenko,
0.Y. Romaniv, Y.I. Fedyshyn, S.L. Forsyk, J. Nano- Elec-
tron. Phys. 12, 06019 (2020).

PesynbpraTé nepepaxyHKy €(peKTHBHOI PEHTIeHIBChKOI XapaKTEe PUCTUYHOI TeMIIepaTy pu
B 11 gilficHe 3HAYEHHA

J1.1. Bagens!, |B.I. FapameHRo|1, 0.B. I'apamenxo!, O.f. Pomauis?, d.I. ®egummuu?, C.JI. @opcrok!

1 Hauyloranvruil yHigepcumem 800H020 eocnodapecmaa ma npupodoxopucmysarnus, eyn. Coboprua, 11,
33000 Pisne, Yrkpaina
2 Jlveiscokuli HAUlOHAILHULL YHI8EpCUMem demepunapHoi meduluru ma 6iomexrnonoeiti imeri C. Torcuuprozo,
eya. Ilexapcora, 50, 790010 Jlveis, Yipaina

¥V crarTi 06roBOPIITECS PEe3yJIBTATH IepepaxyHKy edeKTUBHOI PEHTTeHIBChKOI XapaKTePUCTUIHOI TeM-
mepaTypu O, OJEPKAHOI 3 IOMPABKAMHU HA TEIJIOBe Iudy3He PO3CIIOBAHHS PEHTTeHIBCHKUX IIPOMEHIEB, aJie
0e3 IOIPAaBOK HAa CepeqHbOKBAAPATHYHI CTATHYHI 3MIIEHHA aTOMIB Y KPUCTAJIYHINA I'PATI Bif IX IIOJIOMKEH-
Hs PIBHOBATH, y JiMCHE 3HAYEHHS 3 YPaxXyBAaHHAM IIONPABOK HA CepPeIHbOKBAAPATAYHI IUHAMIYHI Ta CTATH-
uHi 3MimenHsa aromis. O’ ekTaMu OCTKeHb OyIU HEYIIOPSIKOBAHI Oe3repepBHi TBep/Ii pO3UnHY (CILIIABM)
cucrem Cu-Ni, Au-Ag, Fe-Ni, KCI-KBr B imTeprasi temneparyp Bix kimuaraux mo 300, 600, 700 i 800 °C.
OnncaHa MeToUKA 3HAXOKEeHHS CePeHbOKBAIPATUYHUX 3arajIbHUX, CTATUYHUX 1 JUHAMIYHUX 3HAYEHDb
3MIIIEeHb ATOMIB BiJ ITOJIOMKEHHS PIBHOBATH TA METOAUKA IIepepaxyHKy O.. B O,q ciiasiB. Pesyibsrat moc-
JIIKEeHD YacTKOBO IIpeacTaBieH] rpadgiudo 1 rabaumyuno. JlocmoxeHHEa TOKa3aIun, Mo Ipy KIMHATHIN TeMIIe-
partypi pisHUIS MK Oref1 O Ny pidHux caeis csarae Big 4 go 28 K. [Ipu Bucokux temmeparypax 151 pis-
HULA cragae mMaiske 10 Hyssa. CrpiMiricTh 3MeHIIeHHSI G.g OlIbIna 3a O)..f, M0 CIPUYNHEHO BPAXYBAHHIM
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TeMITepaTyPHOI KOHIIEHTPAIINHOI 3MIHHA CTATUYHOTO 3MIIEHHS aTOMIB. 3a BEJIMUMHOKL, Y3araJbHIO0Ya Mipa
aHrapMOHI3MY, II0 PO3paxoBaHa 3a TeMieparypHo 3MiHoo 6.q(T), Bumma 3a O..(T). Kpim Toro, crpimMkicTs
TeMIIepaTypHOI 3MIHM MipU aHIapMOHI3My, po3paxoBaHa 3a 6.q(T), Bumia pospaxoanoi 3a Or..(T) sk 3a Be-
JIMYMHOIO, TAK 1 3@ XapaKTepoM 3MIHH.

Kmiouosi cnosa: Penrreniecbki mpomeni, AHrapMmMoHiaM, XapaKTepHCTUYHA TeMmIieparypa, KoiauBaHws,
CrutaBu.
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