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AB INITIO CALCULATIONS OF THE PHYSICAL PROPERTIESOF TRANSITION METAL CARBIDES AND NITRIDESAND POSSIBLE ROUTES TO HIGH-T
 SUPERCONDUCTIVITYE. G. Maksimov *, S. V. EbertLebedev Physi
al Institute119991, Mos
ow, RussiaM. V. Magnitskaya, A. E. KarakozovVeresh
hagin Institute for High Pressure Physi
s142190, Troitsk, Mos
ow Region, RussiaRe
eived Mar
h 6, 2007Ab initio linear-response 
al
ulations are reported of the phonon spe
tra and the ele
tron�phonon intera
tionfor several transition metal 
arbides and nitrides in a NaCl-type stru
ture. For NbC, the kineti
, opti
al, andsuper
ondu
ting properties are 
al
ulated in detail at various pressures and the normal-pressure results are foundto agree well with the experiment. Fa
tors a

ounting for the relatively low 
riti
al temperatures T
 in transitionmetal 
ompounds with light elements are 
onsidered and the possible ways of in
reasing T
 are dis
ussed.PACS: 74.70.Ad, 63.20.Dj, 63.20.Kr1. INTRODUCTIONIn the 1970s and 1980s, the super
ondu
ting prop-erties of transition metal 
arbides and nitrides were in-tensively studied both theoreti
ally and experimentally(see, e.g., Refs. [1; 2℄). In parti
ular, these 
ompoundswere 
onsidered 
andidates to high-T
 super
ondu
-tors. For example, the qualitative estimates [3�5℄ of theele
tron�phonon 
oupling 
onstant based on the rigidmu�n-tin approximation imply that T
 � 30 K mightbe expe
ted for the 
ompound MoN, be
ause its 
al
u-lated density of states at the Fermi level, N(0), is high-est among mono
arbides and mononitrides [3�5℄. How-ever, these 
al
ulations were performed for stoi
hiomet-ri
 MoN with a NaCl-type 
ubi
 stru
ture. Unfortu-nately, this 
rystal stru
ture has never been realizedfor a stoi
hiometri
 
omposition; it was found [6℄ to bestable only in the 
ase of MoN1�x with 0:61 � x � 0:75.As is well known, the super
ondu
ting transition tem-perature T
 de
reases dramati
ally in N-de�
ient ni-trides (C-de�
ient 
arbides). In line with this state-ment, super
ondu
tivity, apparently, was not observedin 
rystalline molybdenum nitrides. There were a few*E-mail: maksimov�lpi.ru

attempts to obtain epitaxial thin �lms of molybdenumnitride in the 
ubi
 stru
ture (see Ref. [7℄ and the refer-en
es therein). However, the �lms with the 
ubi
 stru
-ture reported in the literature do not exhibit expe
tedhigh T
 values. The reason for their 
riti
al tempera-ture being noti
eably below the theoreti
al predi
tionis un
lear.Another important fa
tor, besides high values ofN(0), that favors rea
hing relatively high T
 in theseas well as some other systems is the su�
ientlyhigh phonon frequen
ies. A

ording to the Bardeen�Cooper�S
hrie�er (BCS) theory, the maximum 
riti
altemperature T
 of super
ondu
ting transition might beobserved in metals having minimum atomi
 massesM ,be
ause this theory predi
ts that T
 � !ph � 1=pM .For this reason, mu
h attention was devoted for manyyears to the possible super
ondu
tivity of metalli
 hy-drogen (see, e.g., Ref. [8℄). The results of our re
ent abinitio 
al
ulations [9℄ showed that metalli
 hydrogen atultrahigh pressures (p � 20 Mbar) might a
tually bea super
ondu
tor with T
 � 600 K. Unfortunately, notonly any pra
ti
al use but even the produ
tion of super-
ondu
ting metalli
 hydrogen is impossible at su
h highpressures. The possibility of rea
hing high T
 values731
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onsidered for metal hydrides [10℄.Re
ently, Ash
roft [11℄ re
onsidered this problem in the
ontext of the revival of the general interest in sear
h-ing for new 
ompounds exhibiting super
ondu
tivityin the intermediate temperature range. In addition tometal hydrides, of 
onsiderable interest from the stand-point of rea
hing high T
 values are transition metalborides, 
arbides, nitrides, and oxides, be
ause they arealso 
hara
terized by rather high frequen
ies of opti
alphonons asso
iated predominantly with the vibrationsof light atoms B, C, N, and O. One su
h 
ompoundwith a relatively high 
riti
al temperature (T
 � 40 K)is magnesium diboride (MgB2) [12℄, in whi
h super
on-du
tivity is primarily due to the intera
tion betweenopti
al vibrations and the ele
trons lo
alized at boronsites.It is well known that at high pressure, non-tran-sition-metal super
ondu
tors exhibit a de
rease in T
,while many of transition metals and their 
ompoundsexhibit an in
rease in T
. In the 1970s and 1980s,this observation stimulated extensive studies of pres-sure in�uen
e on super
ondu
ting properties of tran-sition metal systems, in parti
ular, 
arbides and ni-trides. Both N(0) and the phonon frequen
ies may
hange when pressure is applied to a material, and inthis paper, in parti
ular, we 
onsider how high pressurea�e
ts these quantities.We note that detailed ab initio 
al
ulations ofthe ele
tron and phonon spe
tra and, espe
ially, theele
tron�phonon intera
tion (EPI) for 
arbides and ni-trides are not numerous, be
ause su
h 
al
ulations aretedious and time-
onsuming. An earlier example iso�ered by the phonon spe
trum 
al
ulation [13℄ forniobium mono
arbide NbC, performed using the full-potential linear mu�n-tin orbital method (FP-LMTO)as implemented in Ref. [14℄. Re
ently, we also brie�yreported [15℄ the results of ab initio 
al
ulation of NbCmade using the same FP-LMTO program pa
kage [14℄.In Ref. [15℄, we 
al
ulated the ele
tron and phononspe
tra and the EPI spe
tral densities at normal pres-sure and upon isotropi
 
ompression by 15% and 30%in volume. We also note two re
ent papers where thelatti
e dynami
s and the ele
tron�phonon intera
tionfor NbC were studied using �rst-prin
iple pseudopo-tential methods [16; 17℄. In Ref. [16℄, several othertransition metal 
arbides and nitrides have been also
al
ulated.This work pursues two goals. First, to 
arry out abinitio 
al
ulations of the phonon spe
tra of some transi-tion metal mono
arbides and mononitrides in the NaClstru
ture, with a spe
ial emphasis on NbC, whi
h is theone most extensively studied among these 
ompounds

with regard to phonon-related properties. In parti
-ular, we 
al
ulate the ele
tron�phonon intera
tion ofNbC and the properties su
h as ele
tri
al 
ondu
tivi-ty, opti
al spe
tra, and super
ondu
tivity, and 
om-pare the obtained results with available experimentaldata. Se
ond, given that a good agreement of theo-reti
al and experimental data is obtained, our aim isto investigate, without using any models, the possibleroutes for rea
hing higher T
 values in transition metal
ompounds with light elements.2. CALCULATION OF THE ELECTRON ANDPHONON SPECTRA AND THE EPISPECTRAL DENSITYA. Method of 
al
ulationMethods of ab initio 
al
ulations used in this workare des
ribed in detail in Refs. [13; 14℄, as well as inour review arti
les [18; 19℄. We do not therefore de-s
ribe te
hni
al details and only brie�y mention someprin
ipal points. Here, the main attention is paid tothe dis
ussion of obtained results and the physi
s ofphenomena that o

ur in transition metal 
arbides andnitrides.In 
al
ulating the kineti
 and opti
al properties, weused an approa
h that we name the hybrid method.Within this approa
h, the ele
tron spe
trum of a metalis 
al
ulated using the density fun
tional theory de-veloped in Refs. [20; 21℄; in other words, the Kohn�Sham equation is solved. The phonon spe
trum andthe 
hange in the e�e
tive potential due to the dis-pla
ements of atoms are 
al
ulated using the linear re-sponse theory for the Kohn�Sham equation. With theele
tron and phonon spe
tra obtained, the EPI matrixelements and spe
tral densities (Eliashberg fun
tions)
an be 
al
ulated. The next step 
onsists in applying amany-parti
le perturbation theory based on the Fröh-li
h Hamiltonian to determine the ele
troni
 propertiesof the metal. The whole pro
edure is des
ribed in de-tail in Refs. [14; 18; 19; 22℄, where the adequa
y of thishybrid approa
h in 
al
ulating the EPI and its e�e
ton the physi
al properties of metals are also dis
ussed.Our basi
 self-
onsistent 
al
ulations of the 
om-pounds NbC, YC, HfC, MoC, MoN, and NbN in the
ubi
 stru
ture were performed at a (32 � 32 � 32)re
ipro
al-latti
e grid, whi
h 
orresponds to 897k-points per the irredu
ible Brillouin zone (IBZ).The von Barth�Hedin-like ex
hange-
orrelation for-mulas [23℄ and a multiple-� basis set were used. The
al
ulations involved the following parameters: 3��spdLMTO basis per transition metal atom (27 orbitals)732
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ulations of the physi
al properties : : :and 3��sp LMTO basis per light atom (12 orbitals).The one-
enter expansions inside the MT-spheres wereperformed up to lmax = 6. The 
harge densities, thepotentials, and their 
hanges under perturbation wererepresented by spheri
al harmoni
s up to lmax = 6inside the MT-spheres and by plane waves with theenergy 
uto� about 140 Ry in the interstitial region.The k-spa
e integration was made by means of theimproved tetrahedron method [24℄. The dynami
almatrix was 
al
ulated at the 29 irredu
ible q-pointsof the (8 � 8 � 8) grid. The k-spa
e integration forthe matrix elements was performed over a (8 � 8 � 8)grid, the same grid as for the phonon wave ve
tors q.In addition, the integration weights for the k-pointsof this grid have been found in order to take thee�e
ts arising from the Fermi surfa
e and the energybands into a

ount pre
isely. This was done with thehelp of a denser mesh of 897 k-points per IBZ, whi
h
orresponds to the same (32 � 32 � 32) grid as forthe energy-band 
al
ulation. Our 
al
ulated phononspe
tra for HfC, MoC, MoN, and NbN are generally ingood agreement with those obtained in Ref. [16℄. Theresults for these 
ompounds are dis
ussed in Se
tion 4.In the 
al
ulation of the dispersion 
urves ofNbC along the high-symmetry dire
tions, additionalq-points lying on a (16� 16� 16) grid were 
al
ulatedto better resolve the phonon anomalies. We now turnto the des
ription of the results obtained for NbC.B. The results for NbCThe 
al
ulated equilibrium latti
e parametera = 8:396 a.u. is less than the experimental valueat room temperature by only 1%. We 
al
ulatedthe ele
tron and phonon spe
tra at the theoreti
alequilibrium volume. The total ele
tron density ofstates (DOS) N(E) for NbC is shown in Fig. 1a andthe partial DOSs at the Nb and C sites are shown inFigs. 1b and 1
. Also shown in Fig. 1a is the total DOSfor 
ompressions V=V0 = 0:85, 0.7, whi
h 
orrespondto pressures about 60 and 150 GPa, respe
tively.At normal pressure, the DOS peak at the energyabout 0:2 Ry above the Fermi level EF is due to theuno

upied 4d states at the Nb site. The peak atabout 0:3 Ry below EF is almost equally 
ontributedby the 
arbon 2p-states and the �lled Nb 4d-states.The shape of partial s, p, and d DOSs at the Nb andC sites implies that the 
hemi
al bonding in NbC issubstantially ioni
: the Nb ele
trons are transferredto the 
arbon 2p-states lying 0.3�0.35 Ry below theFermi level. Near EF , the 
arbon p-states are only
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DOS; states/Ry
Nb site
C site

Energy, RyFig. 1. a) The total ele
tron density of states for NbCat the equilibrium volume V0 (solid line), V = 0:85V0(dashed line), and V = 0:7V0 (dash-dotted line).b,
) Partial s, p, and d DOS at Nb (b) and C (
) siteat normal pressure. Energy is referen
ed to the Fermilevelslightly hybridized with the Nb d-states, and only tailsof the C p-states emerge at the Fermi level.Here, we do not present a plot of the 
al
ulatedphonon spe
trum for NbC, be
ause both the phonondispersions and the phonon density of states 
oin
idevery well with those obtained earlier by Savrasov (seeFig. 2 in Ref. [13℄). A good agreement between 
al-
ulated and measured [25℄ frequen
ies is found forthe most part of the phonon spe
trum. In line withSavrasov's results [13℄, we also obtained a negligibleoverlap of the a
ousti
 and opti
al vibration modes.Cal
ulation of the phonon polarization ve
tors demon-strates that the a
ousti
 part of the spe
trum is formedmostly by vibrations of heavier Nb atoms, while theopti
al part by vibrations of light 
arbon atoms. The
al
ulated phonon density of states 
onsists of virtu-ally isolated parts related to the spe
tra of a
ousti
(0 � ! � 8 THz) and opti
al (15 THz � ! � 20 THz)vibrations.Generally, the phonon dispersions 
al
ulated us-733
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iple pseudopotential method [16; 17℄agree rather well with our results obtained by theall-ele
tron LMTO method. However, the authors ofRef. [16℄ note that their 
al
ulated phonon spe
trum ofNbC reveals anomalies along both the [�00℄ and [��0℄high-symmetry dire
tions, while in Savrasov's 
al
u-lation [13℄, the anomaly along the [��0℄ dire
tion isnot so pronoun
ed. The same is true for our 
al
u-lated phonon dispersions at the mesh of 29 q-points,whi
h 
oin
ides with Savrasov's results. We 
an addthat in line with the results in Ref. [16℄, the phononspe
trum of NbC obtained in Ref. [17℄ also demon-strates a similar more pronoun
ed dip along the [��0℄dire
tion. We note, however, that all three a
ousti
modes at q � [0:65 0 0℄ and two upper a
ousti
 modesat [0:5 0:5 0℄ are 
loser to the experimental frequen
iesin our 
al
ulation than in the pseudopotential 
al
u-lations [16; 17℄, as is 
lear from 
omparison of Fig. 2in Ref. [13℄ with Fig. 2 in Ref. [16℄ and Fig. 2 inRef. [17℄ (the experimental points are also displayed inthe �gures). To investigate the dis
repan
y in the low-frequen
y transverse a
ousti
 mode at q � [0:5 0:5 0℄,we 
arried out additional 
al
ulations using �ner gridsof k-points and q-ve
tors, and found a dip in thismode at q � [0:5 0:5 0℄ missed in the 29-point 
al
u-lation, although the dip is still not so pronoun
ed as inRefs. [16; 17℄. We believe that this dis
repan
y betweenour results and the results of pseudopotential 
al
ula-tions in [16; 17℄ 
an be due to di�erent approa
hes used.In our 
ase, the phonon frequen
ies are 
al
ulated di-re
tly at all the relevant q-points, while the authors ofRefs. [16; 17℄ applied the for
e 
onstant method, whi
hmight arti�
ially enhan
e the pe
uliarity in question.We 
annot state this with 
ertainty, be
ause there isno experimental information on this parti
ular modeof NbC in the literature.We 
al
ulated the Eliashberg fun
tion, or the EPIspe
tral density �2(
)F (
), whi
h des
ribes the EPIe�e
t on the single-parti
le properties of the ele
tronsystem, in
luding super
ondu
ting properties, as wellas the transport spe
tral density �2tr(
)F (
), whi
hdes
ribes the kineti
 properties of the system of ele
-trons intera
ting with phonons. The 
al
ulated fun
-tions �2(
)F (
) at normal pressure and at 15% and30% 
ompressions are shown in Fig. 2 by solid, dashed,and dash-dotted lines, respe
tively. We do not displaythe fun
tion �2tr(
)F (
) be
ause it looks very simi-lar to the Eliashberg fun
tion �2(
)F (
). This is alsothe 
ase with most of the metals we have studied be-fore [18; 19℄. These two fun
tions should be substan-tially di�erent only for systems with strong anisotropyof EPI. As is seen in Fig. 2, the EPI spe
tral density

155 10 20 25 3000:51:01:52:0
Eliashbergfun

tion

Frequen
y, THzFig. 2. The Eliashberg fun
tion �2(
)F (
) for NbCat the equilibrium volume V0 (solid line), V = 0:85V0(dashed line), and V = 0:7V0 (dash-dotted line)
onsists of two parts signi�
antly separated on the fre-quen
y s
ale, in a

ordan
e with the shape of our 
al-
ulated phonon density of states (not presented). Thelow-frequen
y part des
ribes the intera
tion of ele
-trons with a
ousti
 phonons, and the high-frequen
ypart refers to the intera
tion with opti
al phonons, justas in the 
ase of the phonon DOS.3. CALCULATION OF THE KINETIC,OPTICAL, AND SUPERCONDUCTINGPROPERTIES OF NbCThe knowledge of the EPI spe
tral 
hara
teristi
stogether with the Kohn�Sham spe
tra of ele
tron ex
i-tations "k� allows 
al
ulating all the kineti
 and super-
ondu
ting properties; for NbC, in our opinion, theseproperties are mainly due to the EPI. The intrabandfrequen
y-dependent 
ondu
tivity �b(!) 
an be writ-ten as�b(!) = !2pl4� ��i!mtr(!; �)mb + 1�tr(!; �)��1 ; (1)where !pl is the plasma frequen
y of the ele
trons:!2pl = 8�e23V Xk� �����"k��k ����2 Æ("k� � "F ): (2)The expression for the transport mass renormalizationmtr(!; �)=mb and the transport relaxation rate, or the734



ÆÝÒÔ, òîì 132, âûï. 3 (9), 2007 Ab initio 
al
ulations of the physi
al properties : : :inverse lifetime 1=�tr(!; �), has the form [22℄!mtr(!; �)mb + i�tr(!; �) == !+2 1Z0 d
�2tr(
)F (
)K � !2�� ; 
2�� �+ i�imp ; (3)whereK(x; y) = iy ���y � xx [	(1� ix+ iy)�	(1 + iy)℄� y� ; (4)with 	(1+ iy) being the digamma fun
tion. De�nition(3) of the relaxation rate in
ludes the ele
tron s
atter-ing by impurities des
ribed by the last term � 1=�imp,whi
h is a single adjustable parameter here, while allthe rest in formula (3) is found from �rst prin
iples.The value of 
imp = 1=�imp was estimated from 
om-parison of the residual resistivity at T = T
 with theexperimental data. Our 
al
ulated ele
tron plasma fre-quen
y !pl of NbC is equal to 7.57 eV. Figure 3 dis-plays the temperature dependen
e of the ele
tri
al re-sistivity R(T ) = 1=�(! = 0) obtained in our 
al
ula-tions and in the experiment [26℄. For 1=�imp, 
ompari-son of the theoreti
al and experimental absolute valuesof R(T = T
) gives the value 0.18 eV. At high tem-peratures T � 0:3h!i (where h!i is the 
hara
teristi
phonon frequen
y), the ele
tri
al resistivity due to theele
tron s
attering by phonons 
an be written asR = 4�!2pl 2��trT; (5)where �tr is the ele
tron�phonon 
oupling 
onstant�tr = 2 1Z0 �2tr(
)F (
)d

 : (6)Our estimate gives the value 0.92 for �tr. As is seenin Fig. 3, the slopes of theoreti
al and experimentaldependen
es are rather 
lose to ea
h other, with a de-viation not ex
eeding a few per
ent. It should be takeninto a

ount that the experimental resistivity was mea-sured for the nonstoi
hiometri
 
ompound NbC0:98,whi
h is 
lose to but still di�erent from the stoi
hio-metri
 
ompound. Nevertheless, even in this 
ase, theresidual resistivity is rather high, �0 = 24 �
 � 
m. Forsu
h a high value of �0, Matthiessen's rule (used in for-mula (3)) of the simple additivity of the impurity andphonon relaxation times may be violated, whi
h 
ould

0 50 100 150 200 250 300Temperature, K242832
3640Resistivity,�


�
m
Fig. 3. The 
al
ulated (solid line) and measured [26℄(dashed line with 
ir
les) temperature dependen
e ofthe ele
tri
al resistivity of NbCresult in some dis
repan
y between the experimentaland theoreti
al data.Indeed, su
h a dis
repan
y is seen in the tempera-ture range 100 K < T < 200K, where the experimentaldependen
e is noti
eably more 
onvex in 
omparisonwith the theoreti
al 
urve. The authors of Ref. [26℄ at-tributed this deviation of the temperature dependen
eof R(T ) from linear behavior (5) 
aused by the EPI tothe o

urren
e of ele
tron states on the va
ant C sitesin the NbC1�x system. A

ording to their suggestion,the energy of these states is very 
lose to the Fermilevel, and therefore the states 
an a�e
t the ele
tri
alresistivity, resulting in a deviation of R(T ) from linear-ity. We note that this deviation is very small, however.We also 
al
ulated the opti
al spe
tra of NbC over awide frequen
y range, up to ! � 34 eV. To evaluate the
ontribution from interband ele
tron transitions to theopti
al 
ondu
tivity, we used the simple approximationof nonintera
ting band ele
trons:�inter1 (!) = e23�m2! X�6=�0 ZBZ dk jhk�0jrjk�ij2 ���("F � "k�)�("k�0 � "F )Æ("k�0 � "k� � !); (7)where �inter1 (!) is the real part of the interband 
on-du
tivity, and e and m are the ele
tron 
harge andmass. To numeri
ally evaluate �inter1 (!), we usedthe full-potential linear augmented plane wave method(FP-LAPW) implemented in the program pa
kageWIEN2k [27℄. The imaginary part of the interband
ondu
tivity was restored using the Kramers�Kronigrelations. Then we 
al
ulated the re�e
tan
e spe
trumR(!) using the obtained opti
al 
ondu
tivity. Figure 4shows the 
al
ulated and measured [26℄ re�e
tan
e.735
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Energy, eV65432100:20:40:60:81:0
Refle
tan
e

Fig. 4. Cal
ulated (solid line) and measured [26℄(dashed line) re�e
tan
e of NbCConsidering that we did not use any adjustable param-eters in this work, ex
ept for the impurity relaxationrate 
imp, the agreement of the theoreti
al and exper-imental data is rather good. There is a dis
repan
ybetween the 
al
ulated and measured spe
tra in theenergy range 1:5 eV < E < 3 eV. It is rather di�
ultto reveal the true reason for this dis
repan
y, be
ausethere is no well-developed te
hnique for 
al
ulating theproperties of nonstoi
hiometri
 
rystals. We note thatthis dis
repan
y o

urs at relatively high energies, anddoes not therefore a�e
t the evaluation of the super-
ondu
ting properties of NbC.Figure 5 displays the real and imaginary parts ofthe opti
al 
ondu
tivity, �(!) = �1(!) + i�2(!). Alsoshown is the experimental opti
al 
ondu
tivity [26℄. Itis seen that our 
al
ulations des
ribe the experimen-tal spe
trum rather well, i.e., the theoreti
al positionsof �(!) features agree with the experiment. There is,however, some disagreement between the amplitudesof 
al
ulated and measured spe
tra �1(!) and �2(!),espe
ially for the imaginary part �2(!). It must beborne in mind that in the experiments, the re�e
tan
eR(!) was measured, rather than �(!) proper. Experi-mentally, the opti
al 
ondu
tivity was determined bymeans of the Kramers�Kronig pro
edure for the re-�e
tan
e that was measured only up to the energiesE = 11 eV. Our results show that there exist intenseinterband transitions at energies higher than 11 eV,whi
h were not taken into a

ount in Ref. [26℄. Thesetransitions are 
learly seen in Fig. 5, where the theo-reti
al �(!) is displayed up to 16 eV. This fa
t is ofgreat importan
e for the amplitude of the imaginarypart of �(!) and 
an lead to a dis
repan
y betweenexperimental and theoreti
al results.

Energy, eV

à

1612840

0
642

�21284
Im�;eV
Re�;eV b

Fig. 5. Imaginary (a) and real (b) parts of the opti
al
ondu
tivity of NbC. Theoreti
al results are shown bythe solid line and experimental data [26℄ by the dashedlineWe used the Eliashberg fun
tion �2(
)F (
) 
al-
ulated from �rst prin
iples to solve the Eliashbergequation [28℄ and evaluate the order parameter �(!)and the renormalization fun
tion Z(!). We also 
al-
ulated the ele
tron DOS N(!) in the super
ondu
tingstate and the tunneling 
hara
teristi
s. The Eliashbergequation in
ludes the Coulomb pseudopotential �� inaddition to the EPI. Our estimate of the super
ondu
t-ing transition temperature T
 made with negle
t of theCoulomb repulsion �� (i.e., with only the EPI in
luded)gives the value 15.7 K. As is well known, the presentlyavailable methods of ab initio 
al
ulations do not al-low the Coulomb repulsion �� to be estimated. Forthis reason, we have determined �� from the 
onditionof 
oin
iden
e of the 
al
ulated and experimental val-ues of the 
riti
al temperature (T exp
 = 11:1 K), whi
hyields �� = 0:15. This value is likely to be somewhatoverestimated, be
ause �� lies in the range 0.12 to 0.13for the majority of standard metals. We note, however,that the value of T
 was determined in the experimentnot for stoi
hiometri
 NbC but for 
arbide NbC1�x,whi
h is nonstoi
hiometri
 to some degree. As men-tioned above, T
 of the transition-metal 
arbides de-736
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reases quite rapidly with in
reasing x. This 
an alsobe the reason for �� to be overestimated. For the ra-tio 2�=T
, our estimate gives the value 4.1, very 
loseto the experimental value (about 4), whi
h implies theexisten
e of strong-
oupling e�e
ts in NbC. Here, wedo not des
ribe the 
al
ulation of the super
ondu
ting
hara
teristi
s of NbC in detail, in parti
ular, the tun-neling I�V 
urve, be
ause we do not know any relatedexperimental data.We now brie�y dis
uss pressure-indu
ed 
hanges inthe super
ondu
ting properties of NbC. As is seen fromFig. 1, the ele
tron DOS at the Fermi level slightly de-
reases upon 
ompression. The a
ousti
 and opti
alphonon frequen
ies in
rease with in
reasing the pres-sure, an in
rease being 
onsiderably larger for the op-ti
al phonon modes (see Fig. 2). The ele
tron�phonon
oupling 
onstant � de
reases with 
ompression, whi
hleads to a de
rease in T
. Qualitatively, this result isin agreement with some preliminary experimental datafor NbC at high pressure (see Ref. [29℄). Unfortunately,there is no detailed experimental information on howthe phonon spe
tra and the 
riti
al temperature of NbC
hange under pressure.4. DISCUSSION OF POSSIBLE ROUTES TOHIGH T
The obtained results demonstrate that our hybridapproa
h, whi
h has been su

essfully employed for 
al-
ulating the properties of elemental metals [19℄, is alsoquite appropriate in the 
ase of transition-metal 
ar-bides. We note that we use the Fröhli
h Hamiltonianto take the EPI into a

ount only in the ele
tron spe
-trum and do not renormalize the phonon frequen
ies,be
ause our 
al
ulated adiabati
 phonons 
orre
tly de-s
ribe the experimentally measured vibration spe
trumin the main part of the Brillouin zone.Returning to the question of the possible existen
eof relatively high T
 in transition-metal 
arbides, we
an say the following. The standard BCS theory givesthe expressionT
 = 1:14�! exp�� 1�� �� � ; (8)where �! is an average phonon frequen
y. The EPI 
on-stant � 
an be expressed as� = N(0)hV 2i; (9)where hV 2i is the average EPI matrix element.A

ording to formula (9), the 
oupling 
onstant �is determined by the DOS N(0) at the Fermi level. As

mentioned in the Introdu
tion, this is the reason whythe authors of early papers [3�5℄ 
onsidered the en-han
ement of N(0) as a possible way for in
reasing T
in 
arbides. In 
arbides and nitrides with a 
ubi
 stru
-ture, the ele
tron DOS is well des
ribed in the rigid-band approximation [30℄, that is, by simply shifting theFermi level position. In the ZrC 
ompound, the num-ber of ele
trons per unit 
ell is smaller by one than thatin NbC and, a

ordingly, the Fermi level is situatedapproximately 0.15 Ry lower and falls within a DOSminimum (see Fig. 1). In agreement with this pi
ture,ZrC is not a super
ondu
tor. For NbN, whose num-ber of valen
e ele
trons is greater by one than that ofNbC, the Fermi level shifts to the right, to higher DOSvalues. A

ordingly, this 
ompound, if it existed in astoi
hiometri
 
omposition, would be 
hara
terized bya higher transition temperature (T
 = 17 K). In MoCand MoN, EF shifts to the right to an even greater ex-tent, be
ause the number of valen
e ele
trons per unit
ell is respe
tively greater by one and two than that inNbC. The DOS at the Fermi level in MoN is almosttwi
e as high as in NbC. In a

ordan
e with the rigid-band estimate [3℄, the transition temperature in MoNmust be of the order of 30 K, although, as mentionedabove, su
h �high-T
� super
ondu
tivity in MoN hasnot been observed experimentally. The point is thatthis 
ompound in 
rystalline form was never obtainedwith the stoi
hiometri
 
omposition and real samplesalways exhibited a rather large de�
ien
y of nitrogen.It was demonstrated [31℄ that the shear elasti
 
onstantC44 in 
ubi
 MoN is negative, whi
h is an eviden
e ofthe 
rystal instability. This fa
t was later 
on�rmedin Ref. [30℄, where it was also pointed out that onlythe presen
e of nitrogen va
an
ies 
an stabilize the 
u-bi
 B1-type stru
ture of MoN. In the same paper [30℄,positive elasti
 
onstants were obtained for MoC, butan instability of the a
ousti
 mode in the X point atthe Brillouin zone boundary was found. The instabil-ity in MoC was re
ently proved [16℄ by the phononspe
trum 
al
ulation in the whole Brillouin zone. Aneven stronger instability around the X point was re-ported [16℄ to exist in MoN and NbN. We 
arried outdire
t linear-response 
al
ulations of the phonon spe
-trum for MoC, MoN, and NbN. Our results 
on�rm the
on
lusion in Ref. [16℄ that a transverse mode in the[��0℄ dire
tion is unstable in these 
ompounds over arange of wave ve
tors q near the X point. This impliesthat higher T
 
an hardly be rea
hed in 
ubi
 
arbidesand nitrides by means of in
reasing N(0), be
ause su
han in
rease is most likely to result in the latti
e insta-bility of a stoi
hiometri
 
ompound.As was already mentioned, another possibility for14 ÆÝÒÔ, âûï. 3 (9) 737



E. G. Maksimov, S. V. Ebert, M. V. Magnitskaya, A. E. Karakozov ÆÝÒÔ, òîì 132, âûï. 3 (9), 2007in
reasing T
 is to involve the opti
al phonons relatedto vibrations of light atoms (C, N, et
.) in the for-mation of a super
ondu
ting state. Our 
al
ulationsdes
ribed in Se
. 2B demonstrate that the fun
tion�2(
)F (
) for NbC 
onsists of two separate parts: thelow-frequen
y peak related to the a
ousti
 phonons andthe high-frequen
y peak related to the opti
al phonons.A

ordingly, two EPI 
onstants 
an be de�ned as�a
 = 2 !1Z0 d

 �2(
)F (
);�op = 2 1Z!1 d

 �2(
)F (
); (10)where !1 = 14 THz (see Fig. 2). The 
riti
al tem-perature of a super
ondu
tor with two isolated phononpeaks 
an be written asT
 = !log1:4 exp�� 1 + ��� �� � ; (11)where � = �a
 + �op and!log = !�a
!1��op ; (12)with � = �a
=(�a
 + �op).Our estimate of these 
onstants gives �a
 = 0:71and �op = 0:21. Thus, for NbC, the 
onstant of 
ou-pling to opti
al phonons, �op, is more than three timeslower than �a
; in a

ordan
e with expressions (11) and(12), its 
ontribution to T
 is then also small. Thesmallness of �op 
an be easily explained within the rigidmu�n-tin approximation used in Refs. [3�5℄. Withinthis approximation, the 
oupling 
onstant � for binary
ompounds of AB-type with substantially di�erent ionmasses 
an be expressed as� = �a
 + �op = NA(0)hI2AiMAh!2Ai + NB(0)hI2BiMBh!2Bi ; (13)where hI2i is the matrix element of the squared gra-dient of the mu�n-tin potential integrated over theFermi surfa
e and the produ
t � = N(0)hI2i isthe Hop�eld parameter [32℄. A

ording to estimatesin Ref. [4℄, 
arbides and nitrides obey the relationMAh!2Ai � MBh!2Bi. Qualitatively, smaller values of�op are explained by both a low NC(0) and a smallhI2i. Thus, a more promising way to rea
h higher T
is to sear
h for a 
arbide whose 
hemi
al potential po-sition is su
h that NC(0) is su�
iently high.An example 
ould be o�ered by yttrium mono
ar-bide YC, whose number of ele
trons per unit 
ell is

dsp
Total DOSYC à

sp
�0:6 �0:2�0:4020

4008
16040
80

0


bY site

C site

DOS; states/Ry

Energy, RyFig. 6. a) The total ele
tron density of states for YC.b,
) Partial s, p, and d DOS at Y (b) and C (
) site.Energy is referen
ed to the Fermi levellower by two than that in NbC. In the rigid-band ap-proximation, the Fermi level in YC falls within a peakin the DOS at E = �0:3 Ry, a feature formed pre-dominantly by the 
arbon p-states (see Fig. 1). Un-fortunately, the 
ompound YC with the stoi
hiometri

omposition is still not synthesized. Nevertheless, weperformed detailed ab initio 
al
ulations of hypotheti-
al YC with the NaCl-type stru
ture and obtained itsele
tron and phonon spe
tra, as well as the Eliashbergfun
tion. We found no instabilities in the phonon spe
-trum of 
ubi
 YC, and the 
ause that hinders the syn-thesis of the stoi
hiometri
 yttrium 
arbide is still un-
lear to us. It is 
on
eivable that some other phase ofthe yttrium�
arbon system is energeti
ally preferableat equilibrium 
onditions.We solved the Eliashberg equation and estimatedthe possible T
 values for YC. Contrary to the expe
-tations, our 
al
ulated T
 value turned out to be rathersmall, 9.2 K, whi
h is even smaller than for NbC. We
onsider possible reasons for this fa
t. Our results onthe ele
tron DOS for YC (Fig. 6) 
on�rm the above738
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Fig. 7. Phonon dispersions (a) and the Eliashberg fun
-tion (b) for YC at normal pressureobservation that the rigid-band approximation is quitesuitable for des
ribing the ele
tron states in mono
ar-bides: both the total and partial DOSs of YC be
omevery similar to those of NbC, as the 
hemi
al potentialis shifted by �0:25 Ry on the energy s
ale. Our 
al
u-lated phonon spe
tra and Eliashberg fun
tion for YCare shown in Figs. 7a and 7b. The a
ousti
 phononshave no pe
uliarities and their frequen
ies are 
losein value to the a
ousti
 frequen
ies in NbC. But theopti
al phonons are mu
h softer and their average fre-quen
y is smaller than that for NbC by fa
tor of 1.5 (seeFig. 2). The a
ousti
 and opti
al 
oupling 
onstants forYC are also signi�
antly di�erent from those for NbC.For YC, the a
ousti
 
onstant �a
 = 0:19 is mu
h lessthan for NbC, while the opti
al 
onstant �op = 0:52is 2.5 times as large as �op for NbC. Therefore, the T
value in YC is mainly determined by opti
al phonons,whi
h implies that it makes sense to sear
h for super-
ondu
tors whose opti
al phonon modes mainly 
on-tribute to T
. Nevertheless, the absolute value of �opfor YC is insu�
ient to result in a high T
.We 
onsider this question in more detail. In yt-

trium 
arbide, the DOS N(0) at the Fermi level is suf-�
iently high. Moreover, NC(0) in YC is even largerthan NNb(0) in NbC, but the opti
al 
oupling 
onstant�op is smaller than the a
ousti
 
onstant �a
 in NbC.A

ording to formula (13), the value of the EPI 
ou-pling 
onstant is determined by the Hop�eld parame-ter. The �rst moment of the Eliashberg fun
tion 
anbe expressed as [33℄2 !1Z0 !�2(!)F (!) d! =Xi �iMi ; (14)where �i = Ni(0)hI2i i is the Hop�eld parameter of ani-th ion andMi is the ion mass. We 
al
ulated �rst mo-ments for the a
ousti
 and opti
al modes separately, aswe did for the 
oupling 
onstants �. This allowed us to�nd the Hop�eld parameters of transition element and
arbon for NbC and YC in a

ordan
e with formulas(13) and (14). We have�Nb = 8:3 eV �Å�2 and �C = 3:5 eV � Å�2for NbC and�Y = 1:7 eV �Å�2 and �C = 2:9 eV � Å�2for YC.In YC, the Hop�eld parameter of the C atom, �C,therefore ex
eeds �Y and NC(0) also ex
eeds NY(0).This results in �op being higher than �a
, that is, theele
trons intera
ting with the opti
al vibrations of Catoms play the leading role in the formation of the su-per
ondu
ting state. Here, it is important that theabsolute value of �C for YC is even less than for NbC,whi
h is be
ause the ele
tron states near EF in YC arealmost pure 
arbon p-states with a small admixture of
arbon s-states. The opti
al phonons in metal 
arbides
an be regarded, to a good a

ura
y, as lo
al vibra-tions of C atoms. The Hop�eld parameter � 
an thenbe written to a good approximation as� = N(0)hI2i � jh ijrVeff j jij2 (Ni(0)Nj(0)) ; (15)where the indi
es i and j denote the values of the or-bital angular momentum l and the matrix elements ofthe potential gradient are nonzero only when the or-bital moments of the wave fun
tions  i and  j di�erby 1. The Hop�eld parameter of YC is small be
auseNs(0) and Nd(0) are very small.Sin
e �C for YC is even less than for NbC, a ratherhigh value of �op in YC is due to a strong soften-ing of the transverse opti
al mode in YC 
ompared toNbC. The e�e
t of latti
e softening on super
ondu
-tivity has long been a subje
t of wide dis
ussion (see,739 14*
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al phonon mode in YC isa prominent example of how the phonon softening 
anassist in in
reasing T
. We emphasize that the highervalue of �op in YC 
ompared to NbC is due to the soft-ening of the entire opti
al part of the phonon spe
trum.A somewhat similar situation, a strong softening of theentire bond-stret
hing mode, is believed [34; 35℄ to existin MgB2 and boron-doped diamond. We note that pe-
uliarities of the phonon spe
trum by no means alwayslead to an in
rease in T
. It has been frequently stated,in the past [1℄ as well as presently [16; 17℄, that the exis-ten
e of super
ondu
tivity in group-V transition metalmono
arbides, in 
ontrast to group-IV metal mono
ar-bides, is related to pe
uliarities in the a
ousti
 part oftheir phonon spe
trum. It is easy to verify by dire
tlinear-response 
al
ulation of the phonon spe
tra thatMM h!2a
i � 
onst for both group-V and group-IV tran-sition metal mono
arbides. In a

ordan
e with expres-sion (13), this means that �a
, as well as T
, is deter-mined mainly by the Hop�eld parameter, rather thanby pe
uliarities of the phonon spe
trum. We also 
al
u-lated the super
ondu
ting properties of 
ompressed YCand found that as in the 
ase of NbC, its EPI 
onstant� and T
 de
rease under pressure.To 
on
lude, our all-ele
tron linear-response 
al
u-lations of the phonon-related properties of some tran-sition metal 
arbides and nitrides in the 
ubi
 stru
-ture 
on�rm the theoreti
al results obtained by othermethods. For the best-investigated 
ompound NbC,a rather good agreement with available experimentaldata is found. Based on our �rst-prin
iple results, wedemonstrate that the main reason for relatively low T
values, whi
h is, 
ontrary to the expe
tations, observedin these 
ompounds, is a small 
ontribution of the op-ti
al phonons (whi
h are mostly related to the light-element atoms) to the ele
tron�phonon 
oupling. Thisis in turn related to a low density of ele
tron states ofthe light element at the Fermi level. Thus, a promis-ing way to rea
h higher T
 is the sear
h for 
ompoundsin whi
h the 
hemi
al potential falls within an energyrange where the ele
tron states of the light elementare su�
iently high. In this 
ase, these ele
tron stateswould e�
iently intera
t with high-frequen
y opti
alphonons.In a sense, yttrium 
arbide provides an example,be
ause its 
hemi
al potential falls within a peak ofNC(0). Unfortunately, the 
arbon states at EF are vir-tually pure p-states and, a

ording to the sele
tion rule(l ! l�1), the EPI matrix element of YC is small. Forthe Hop�eld parameter (15) to be large, it is ne
essarythat the p-states of light element be hybridized, e.g.,with d-states of the transition element or with their

own s-states as in MgB2. Su
h hybridization is mostlikely to o

ur in 
omplex 
ompounds rather than inmono
arbides and mononitrides. In any 
ase, furthertheoreti
al and experimental studies of 
omplex metal
ompounds with light elements are of great interest.Re
ent progress in developing new high-pressurete
hniques for ele
tri
 and magneti
 measurements indiamond-anvil 
ells allows investigating super
ondu
-tivity in the megabar pressure range. For example,pressure-indu
ed 
hanges in phonon frequen
ies, ele
t-ron�phonon 
oupling 
onstant, and super
ondu
tingtemperature of HfN, ZrN, and NbN were re
entlystudied [29℄ at the pressure up to 30 GPa by meansof Raman-s
attering measurements. As mentionedabove, stoi
hiometri
 NbN is dynami
ally unstable inthe 
ubi
 NaCl-type stru
ture. Our 
al
ulations of thephonon spe
tra and Eliashberg fun
tion for 
ubi
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