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Lattice thermal conductivity in mixed crystals in the absence of mass mismatch:
Investigation of N,-CO solid solution
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Mutual solid solution of nitrogen and carbon monoxide is a unique object in terms of phonon spectroscopy
investigations. The main reason for phonon interaction with foreign admixture molecule—the difference of
masses of the host and the impurity molecule—is absent from that system. In the present paper the results of
measurements of thermal conductivity of pure and carbon monoxide-doped nitrogen crystals, for samples
containing up to 50% of CO, in the temperature range 1.2—26 K, are presented. For analysis of the experi-
mental data the Callaway approach was applied. It has been found that the dependence of relaxation time of
phonon in its interaction with varying force constants and deformation of lattice around the admixture molecule
on the phonon frequency agrees with earlier theoretical considerations, however the effect is weak. It has also
been found that, for concentration of the admixture molecules exceeding 1%, the mutual interaction of the
impurity molecules becomes significant and lowers the thermal resistivity per unit concentration of the admix-
ture molecule.
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[. INTRODUCTION ture, in two crystallographic phases. In its high-temperature
phaseB (35.61<T<63.15 K) one observes translational or-
Investigation of thermal conductivity of dielectric crystals dering of N, molecule centers while long-range orientational
is a good tool to study interactions of thermal excitationsorder is lacking. In this phase, the structure of the crystal
(phonons, libronsin solids with their crystal lattice imper- belongs to the point group6s/mmc In the low-temperature
fections, i.e., grain boundaries, dislocations, and impuritiesphasex (T<35.61 K), the orientational ordering of the mol-
both isotopic and foreign. The imperfections can be of natu€cules appears in the nitrogen crystal. The crystal has sym-
ral origin and some of them can be introduced to the crystalnetry Pa3. It is an fcc structure, in which molecules are
intentionally. The effect of elastic scattering of phonons inoriented along space diagonals of the cubic elementary cell.
samples containing controlled amounts of isotopic or foreigri1igh symmetry of N molecule and weak Van der Waals
impurities on the thermal conductivity of rare gas, Simp|e|nteractlons responsible for the crystal formation make the

molecular and ionic crystals has been experimentally invedditrogen crystal unusually convenient fab initio theoretical

tigated in the past, see e.g., Ref. 1-3. However, all thosgwestigationé as well as for testing new models and verifi-

observed effects were regarded as a case of “isotopic effect,c‘.ations of hypothesis in the field. of SOI.id'Stat? phy;ics: The
i.e., the effect resulting exclusively from difference between ! of the presented here experiment is the investigation of

masses of the impurity and the host atomslecules. In the influence of the difference in force constants of interactions
purtty ] between molecules forming the crystal and related to those,

- ) ) the lattice deformation around foreign molecules embedded
scattering, such as scattering on disturbances of force CORL the crystal on phonon elastic scattering

stants and related to them local deformations of the lattice
around the admixture molecule, were neglected. In order to
be able to observe these kind of interactions of phonons with
impurities, not covered by the isotopic effect, the host and
the admixture molecules should possess the same masses.In order to achieve the above-mentioned goal, a series of
Besides, the crystal appropriate for the investigation shouldneasurements of the thermal conductivity coefficient depen-
have a relatively simple crystallographic structure, shoulddence on temperatufe(T)] for solidified nitrogen contain-
feature simple intermolecular interactions and good solubiling carbon monoxide molecules in a number of concentra-
ity of the admixture in the host matrix. Because of the aboveions have been performed. The dependence has been
conditions, the objects that meet requirements for such invesneasured with the steady state flow method in the tempera-
tigations are scarce. One of the few is nitrogen crystadl-  ture range 1.2-26 K. The experiment was conducted in a
ecule mass=28 a.u.) doped with carbon monoxideol-  home-designed'He setug® The samples were made, ther-
ecule mass=28 a.u.). Carbon monoxide dissolves in themally treated and measured in a glass ampule of an inner
structure of nitrogen crystal at any concentration and a CQliameter of 6.7 mm and the length of 67 mm, placed in the
molecule replaces Nmolecule in the lattice sité. measurement chamber of the setup. The crystals were grown
The nitrogen crystal itself, with regards to its crystallo- from the N,-CO gaseous mixture by the desublimation
graphic structure and intermolecular interactions belongs tonethod at a temperature slightly below the triple point of the
the simplest molecular crystals. The crystal at the equilib-mixture. When the crystal filled the ampoule completely, the
rium vapor pressure may exist, depending on the temperaample was cooled down to the temperature of 4.2 K, at

Il. EXPERIMENT
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1 . . that obtained for pure CO crystal, which in its turn is by
o= 055] o approximately one order lower than the thermal conductivity
. ® " i found for pure nitrogen crystal. As it was speculated in Ref.
. x 0.50 ° 4 . . .
T e * . 9, the latest might be the manifestation of a supplementary
. & Com oas® on <o o phonon scattering in CO crystals connected with a lower
107 . O iy . - symmetry of CO molecules.
o ab A oao] o Sge ° .
- ot vvvwvvvv‘ig axe For analysis of the data, the method proposed by
e '<>°°“ T rer A g 0351 . Callaway”® has been employed. In this approach each type of
e .o:‘v V+++++ ++V+ 3 elastic scattering of phonons is represented by an appropriate
= oay ...v"“‘..gg”' I relaxation time. Since the relaxation times depend, in gen-
> oq‘v Tt I ] 18719 20 21 22 23 24 25 28 eral, on phonon frequency, they appear as functions of the
-% p‘OYV: .~ 'X' 2wy phonon frequencyo in the expression called the Callaway
2 Bor s & v v I equation:
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FIG. 1. Thermal conductivity of pure and carbon monoxide- f (7e! Tor) [ X (68— 1)?] dx
doped solid nitrogen. 0

_ 14 2 3 — . _ -3

which the measurements began. During the process of coo\f\-lher,e3 (:JJSk.B/ZTr oA, X=hw/keT; v=[(v,
ing the sample, particular care was taken when passing thé 2vy )/31 1S the phonon propagation ve_Ioc[ty a\ieraged
temperature region of the— 3 phase transition. The crystal °V¢' longitudinalv, and transversab, polarizations,” &
growth and the thermal treatment procedure was identical 85> K™ is the Debye temperature of nitrogen crystgts
with those applied for the pure nitrogen experimént. stand for relaxation times of phonon scattering dnig the

The present series of experiments has been carried out JaMPerature. , _ ,
pure N, crystal and seven samples containing CO admixture, With the a_lssumptlon that scattering processes of different
in which the concentration of carbon monoxide varied fromYP€ do not influence one another, one can write
0.7 to 50.0%. The gases used in the experiment had a natural 1

-1, -1
isotope composition with concentration of impurities not ex- o =Tt
ceeding 0.003%. where
-1_ -1 -1 -1 -1
I1l. RESULTS AND DISCUSSION T, —Tp +7'p Tyt

The results of the experiment, th&€T) dependence ob- and where relaxation-time subscrigisp, d, u, andn stand
tained for a pure nitrogen sample and samples containintpr relaxation times of phonons scattered on grain bound-
carbon monoxide admixtures, concentration of 0.7%, 1.5%aries, point defects, dislocation strain fields, and on phonons,
3.0%, 6.0%, 12.0%, 25.0%, and 50.0% have been shown im Umklapp and normal processes, respectively.

Fig. 1. The curves display the shape typical for a simple The method itself consists in adjusting the relaxation time
molecular crystaf at low temperatures the thermal conduc- parameters to achieve the best agreement between the Calla-
tivity increases with temperature, then, after reaching thevay equation and the data obtained in an experiment.
maximum values, thermal conductivity decreases. In terms In the fitting procedure employed here normal processes
of quality, the impurity effect agrees with expectations, i.e.,will not be taken into accoun{There are two reasons that
crystals containing admixture exhibit of lower thermal con-justify a neglecting of normal processes in the analysis pre-
ductivity than the pure one, and the greater the concentratiosented below:—this analysis regards phonon scattering in ni-
of the admixture, the bigger the decrease of the thermal cortrogen crystals by CO admixture molecules within a narrow
ductivity is observed. Also, the maximum on thgT) range of concentration of carbon monoxide, in which contri-
curves shifts towards higher temperatures for higher concerbution of N processes to the sum thermal conductivity would
trations of CO, again following expectations. For the highesinot vary significantly, but also—from estimation done in Ref.
investigated concentrations of carbon monoxide, the low43 results that in the thermal conductivity of crystals such as
temperature thermal conductivity obNCO alloy approaches solid nitrogen, i.e., featuring relatively high molecular mass
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TABLE I. Phonon relaxation rate parameters obtained by Calla- . — ]
way method for sample of pure,Nand samples containing 0.7%
and 1.5% of CO.

Pure N N,+0.7%CO N+1.5%CO

ay, 3.30x1P st 2.03x1¢P s ! 3.74x1P st
a, 524s'K™® 15810Ps 'K™* 3.65x10°s tK*
ag 1.14x10° s tK™! 332x10°s 1K™t 147x10°stK?
ap, 1.11x10°s1K™S 1.11x100s T K™® 1.11x10¢s 1 K™°
ayy 13.4 K 13.4 K 13.4 K

and Debye temperature, normal processes are of low signifi-
cance). For the remaining relaxation times the followings
expressions were used:

Thermal conductivity (W m™ K™)

—1_
Ty, =ap,

E o - Pure nitrogen
Ty 1_ apx4T4, o - N,+0.7%CO
1 4 - N,+15%CO

_ The Callaway equations
Td 1 - adXT,

0.1 r ——r
7, t=a x2T exyd —ay, /T, (1) 1 10
Temperature (K)

In these formulag;-s are the parameters of the relaxation o
rates, which were adjusted during the fitting procedure. FIG. 2. The Callaway equation fitted to the data from the ther-
At the first stage of analysis of the data obtained in thema! conductivity experiment on pure and CO doped nitrogen.
reported here experiment, the Callaway equation has been
fitted to the data for crystal of pure nitrogen. The best matctother hand, the force constant of interaction betweegmahd
for pure solid N has been achieved for the set of parameter€€O molecules differs from this between, Nnolecules,
shown in the second column of Table I. From the relaxatiorwhich is also the reason for distortion of the lattice around
times parameters obtained as a result of the fitting one catihe CO molecule. Additionally, a carbon monoxide molecule
infer numerous important information regarding the samplds nonsymmetrical with regard to its 180° reorientation,
and phonon interactions in the crystal under investigationwhich results in a mutual displacement of its mass and inter-
For example, froma,=3.30x 10° s~ for the pure nitrogen action centers. The latter is the reason for even stronger de-
crystal, using the dependeneg=uv/b one can find mean formation of the lattice around CO molecule embeddedin N
grain or subgrain siZeb of the investigated crystal equal 0.3 crystal than that resulting merely from the difference of the
mm. force constants themselves. Similar dipolar reorientations in
Also, a plot of the Callaway equation for these relaxationnumerous systems containing spherical-symmetrical admix-
rate parameters has been shown in Fig. 2. As one can see, thige atoms or ions have given glass-specific component in
agreement between the experimental points and the fittesbme of their physical properties, see, e.g., Ref. 14. How-
curve is very good in the temperature range 1.2-12 K. Foever, no evidence being in favor of glasslike behavior has
higher temperatures one should rather not expect a godaseen found in heat capacity of ,M\r-CO and N-CO
match, since in the real situation, at higher temperatures, thalloys!® Therefore, in our analysis we will not take into ac-
dependence, }(w) becomes weaker than that used duringcount contribution from any two-level system—in crystals
the fitting procedure and given by E@l). More detailed such as those considered here, we will expect the thermal
discussion of this issue can be found in Ref. 7. conductivity impurity effect to result merely from phonon
In case of a pure nitrogen sample, the point defects are thecattering on disturbance of continuity of force constants and
molecules containing atoms of a natural, heavier isotope ofn distortion of the lattice around the admixture molecule. In
nitrogen (°N) and some residual impuritiggoncentration this unique system the main reason for the phonon scattering
of which did not exceed 0.003%, mostly oxygeaf the gas on the majority of impurities—the isotopic effect—is lack-
used in the experiment. For the thermal conductivity, a reling. As it is known from theoretical consideratichhe re-
evant feature of such point defects is the difference betweelaxation time dependence on phonon frequency for scattering
masses of the host and the impurity molecule—a reason fag@n a small region with different force constants and on de-
phonon scattering. In CO-doped nitrogen crystals the situaformations of the lattice around the admixture molecule is
tion is different. As it was emphasized in the Introduction,the same as for isotopic impurities. Therefore, in the Calla-
the nitrogen crystal with carbon monoxide admixture is anway analysis one can use the same Rayleigh scattering pho-
example of a simple system, in which the guest moleculaon relaxation rater,;lzapx“T4 dependence for the system
mass is identical with the mass of the host molecule. On thender investigation.
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In the further steps of the analysis, the Callaway equatiothe equationN, stands for the ratio of number of the point
was fitted to the data for samples containing 0.7 and 1.5%lefects to the number of the lattice sites in a unit volumg,
CO. It was assumed that such amounts of admixture do natands for volume per molecule in the lattidé,is mass of
influence phonon-phonon interaction ip brystal and there- the host molecule andM is the difference between masses
fore thea,; and a,, parameters were not fitted but set at of the host and the admixture,=[(v|_3+ 21){3)/3]‘1’3 is
values from Table |, found for pure nitrogen. Besides, thephonon propagation velocity averaged over longitudinal
frequencies of libration of CO molecules embedded i N and transversal v, polarizations. For a,=1.575
crystal differ from these of nitrogen molecule. However, thex 10? s 2 K~ 4 found for the sample containing 0.7% CO
energy of the libration is highand in the analyzed tempera- one obtains\M/M=0.15. Therefore, the strength of the im-
ture region there are few phonons which might interact withpurity effect observed in our experiment corresponds to the
vibrations of the CO molecule around its mass center. Thereaffect, which would be caused by admixtufat the same
fore, in our analysis, the scattering of phonons on libration otconcentration of 0.7%of a hypothetic isotope of nitrogen of
CO molecules has not been considered. Only parameters @fass differing from mass of the nitrogen molecule by ap-
the relaxation times for scattering on grain boundaries, poinproximately 4 atomic units, that is, the effect is rather weak.
defects and dislocation strain fields were fitted, i.e., for dif-This conclusion confirms results of theoretical investigations
ferent samples the difference in average grain sizes and digrhich have shown that the scattering of phonons on point
location densities, besides concentrations of intentionally ingefects with different force constants and deformations of the
troduced point defects, were allowed. The parameters dhttice around foreign impurities is less effective than the
phonon relaxation rates for nitrogen samples containing 0.&cattering resulting from differences between masses of host
and 1.5% of carbon monoxide found by the Callawayand admixturé! This also justifies the earlier approach, in
method have been shown in Table I, in its third and fourthwhich during the analysis of thermal conductivity experi-
column, respectively. In Fig. 2 the experimental data for themental data, foreign impurities in dielectric crystals were re-
samples of 0.7 and 1.5% CO have been depicted along wit§arded as pure isotopic admixtures, see e.g., Ref. 3.
results of the fitting. The latter have been shown with solid As it has already been noticed, the good agreement be-
lines. tween normalized values of relaxation time parameters for

From comparison of the parameters in the sets shown ihonon scattering on point defects indicates that the interac-
Table I one can see that samples of pure nitrogen and th@bn of CO molecules embedded in, Nrystal at concentra-
containing CO admixture of 1.5% had very similar graintion of about 1% is rather weak. To estimate the effect of
sizes and densities of dislocation, while that with 0.7% COmutual interaction of the impurity molecules in the whole
featured relatively greater mean grain size and density Ghvestigated range of the admixture concentration, the nor-

dislocations. malized excess thermal resistivity dependence on concentra-
For the purpose of the current analysis, consideration ofion, at fixed temperature

values of the parametex, is of the greatest interest. Being
the parameter of relaxation time of phonons scattered on AW(C):[KJolpe({C)—K,;ulre]/c
point defects, they, carries the information about concentra-
tion ¢; of point defects and about strenghof interaction of  has been created. In the formukgyyre and K goped €) Stand
phonons with the defect. Following Ref. 3, one can write  for thermal conductivity coefficients at some fixed tempera-
ture, for the pure Bl crystal and the M CO crystal at con-
ap=CiAj. centrationc, respectively. The dependence can be interpreted
in the framework of the “most significant phonons” approxi-
From comparison of the,-s of the sets in Table | it is mation. In this exclusively qualitive approach one assumes
seen that CO influence on thermal conductivity is by twothat, for steady-state flow, at any temperature there exists a
orders of magnitude greater than the point defect scatterinffequencyw« T for which a group of phonons of frequencies
in pure nitrogen crystal. Therefore, the isotopic effect in thefrom the range ¢ —Aw,w+ Aw) (WhereAw/w<1) carries
samples containing carbon monoxide admixtures can be nghe greatest part of the heat flux. In the most significant
glected. The strengtA; (per unit concentration of CO ad- phonons approximation, the contributions of phonons scat-
mixture) found for sample containing 0.7% CO s tered in separate mechanisms to the total thermal resistivity
2.25x10°s 1 K™* while for the one with 1.5% CO is W are additive. Since in higher, i.e., above maximum, tem-
2.44x10*s 1K™%. The numbers are close, which could perature region the thermal conductivity coefficient is less
mean that interaction of CO molecules embeddedJmiys-  sensitive to phonon scattering on grain boundaries and dis-
tal, at concentration of about 1%, is rather weak. To comparéocations, the excess thermal resistivityV* (c) can be re-
same-mass-impurity effect on the thermal conductivitygarded as the component related to the scattering of phonons
against the isotopic thermal conductivity effect, the mass of @an CO molecules. A sample plot of the dependence
hypothetic N molecule, which could cause the effect equal AW*(c), obtained for the temperature 5.2 K, has been
to that observed in the reported experiment, has been calcghown in Fig. 3. From the figure one can see that the excess
lated. Parameter of relaxation time for phonon scattering byesistance per one molecule of the admixture for CO concen-
point defect, which results from difference between massegation higher than~1.5% strongly decreases with increas-
of the host and the impurity molecules has been expressed &gy admixture concentration and follows the law* «
a,=KgN,Va(AM/M)?/47hi*? (adapted from Ref. 26In  —In(c), while for smaller concentrations of CO the depen-
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temperatures above 10 K: pure CO crystal shows the thermal
conductivity significantly higher than pure,Nrystal at tem-
peratures above maximum of the dependend@erefore,
the high-temperature increase of the thermal conductivity of
N,:CO crystal(see insert in the Fig.)lcan be explained by
appearing of phonon modes typical to pure CO, resulting
from mutual interaction of the admixture molecules. The ef-
fect is noticeable already at relatively low concentration—
the nitrogen sample containing 6% CO shows, at the high
temperature limit of=25 K, clearly higher thermal conduc-
tivity than the crystal of nitrogen which does not contain
intentionally introduced impurities.

IV. CONCLUSION

Concluding, the thermal conductivity of solid nitrogen
containing carbon monoxide admixtures of concentration up
to 50% CO molecules, has been measured in the temperature
range 1.2—-26 K. The Callaway method has been applied to
analyze the obtained data. The results confirm theoretically
predicted phonon-frequency dependence of phonon relax-
ation time in scattering on different force constants and de-
formation of the lattice around the impurity. However, the
effect is weaker than that caused by the mass difference it-
self. This fact clarifies earlier success of the approach, in
which foreign impurities in dielectric crystals were regarded
as pure isotopic admixtures. The successful description of
the experimental data by means of the implied here model

dence is noticeably weaker. It might mean that strong intershows indirectly, that 180-degree reorientations of CO dipols
action of the CO molecules appears at relatively low conceneo not give tunneling defect effect in thermal conductivity of

trations, which weakens this type of scattering of phonons oiN,-CO system in the investigated temperature range. It was
point defects. On the other hand, one shall be aware that thfeund, that for higher carbon monoxide concentrations the
interaction modifies the phonon spectrum of the nitrogenreduced excess thermal resistivity crearly decreases with in-
crystal, enriching it with modes typical for solidified carbon creasing admixture concentration. That means a significant
monoxide. The conclusion regarding relatively strong mutuamutual interaction of carbon monoxide molecules embedded
interactions of CO molecules embedded in the nitrogen main the nitrogen crystal for the admixture concentration ex-

trix can also be drawn by analysis of tR€T) dependence at

ceeding 1%.
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