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Pressure-induced phonon frequency shifts in transition-metal nitrides
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We report the experiments on the high-pressure phonon spectra of transition-metal nitrides HfN, ZrN, and
NbN, obtained by Raman-scattering measurements. Two pronounced bands, which are related to the acoustic
part at low-frequency around 200 chrand the optical part at high-frequency around 550caf the phonon
spectrum, respectively, shift to high-frequency values with increasing pressure. An analysis of the results
allows us to reproduce the experimental pressure dependence of the superconducting transition tefperature
of ZrN and NbN. We also predict the pressure effectTgrin HfN.
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[. INTRODUCTION The present investigation was undertaken for purposes of
obtaining data on the changes in lattice vibrations under
When pressure is applied to a superconducting materigiressure in selected transition-metal nitrides, and to ascertain
the superconducting transition temperatufg generally the contribution of the electron-phonon interaction to differ-
changes. In contrast to the decreasd& ofilenerally observed ent characteristics of the pressure effectsTpmn these ma-
when a nontransition-metal superconductor is subjected tterials. We performed the high-pressure Raman-scattering
high-pressure, many of the transition metals and their alloysneasurements on single crystals of HfN, ZrN, and NbN.
and compounds exhibit an increaseTi* The recent devel- High-pressure phonon spectra up to 30 GPa were obtained.
opment of new high-pressure techniques for electric and’he phonon densities obtained from neutron-scattering are
magnetic measurements in a diamond-anvil d&IAC) compared with Raman spectra. We show that the pressure-
makes possible the investigation of the pressure dependenitiluced phonon frequency shifts are essential for under-
of T, at megabar range® A significant increase i, with ~ standing the pressure effects opin these compounds.
pressure up to 120 GPa has been observed in some transition
metalst® pointing to the possibility of obtaining high.'s at
high-pressures in their alloys and compounds. Compared to
the elements, transition metal carbide, and nitride com- Single crystals of HfN, ZrN, and NbN were grown by the
pounds have relatively high values ©f at ambient condi- zone-annealing technique which has been detailed
tion, reaching nearly 18 K in NoGN, -6 Earlier studie5*®  previously!>17 Rods of hafnium, zirconium, and niobium
have revealed that application of pressure incredge®  with higher than 99.9% purity were zone annealed in a ni-
NbN,” VN,® and TaN? while in NbC1°ZrN,'° and TaCthe  trogen atmosphere of nominal 99.99% purity under a pres-
value of T, decreases. Therefore, it is of considerable physisure of 2 MPa at a temperature regime from 2100 to
cal interest to investigate superconductivity at very high-3000°C. Specimens for Raman-scattering measurements and
pressures in these compounds. structural study were cut from the crystal. Synchrotron x-ray
It is well establishett that the relatively higif's in tran-  diffraction data collected at Argonne National Laboratory
sition metal carbides and nitrides are attributed to a softnessill be described elsewhefé.
of the lattice against hydrostatic deformations, which gives Our high-pressure Raman system has been described
rise to strong electron longitudinal-acoustic coupling. Neu-previously:®?° For nontransparent and highly reflective
tron scattering measuremetit$® have shown that some su- samples, a “quasibackscatteringdr angulay geometry is
perconducting carbides always have anomalies in their pheemployed. This arrangement has the advantage that the
non dispersion curves, whereas nonsuperconducting carbidspecular reflectiorior direct laser beam in the case of for-
do not exhibit anomalies. Anomalies in the dispersion of theward scattering is directed away from the spectrometer.
acoustic branches similar to those reported for the supercoiGompared with the backscattering geometry, this expedient
ducting carbides have also been detected in superconductimgduces the overall background, and allows the observation
transition-metal nitridé$-1" by inelastic neutron-scattering of lower-frequency excitations. In the case of metals, use of
as well. These data also provide important insight into thethe angular excitation geometry was found to be cruéiab
relationship between superconductivity and lattice instabilibe compatible with this geometry the diamond seat is modi-
ties. However, currently the information concerning thefied to allow off-axis entry of the incident light. Specially
change in the characteristic phonon spectra under pressuredesigned tungsten carbide seats having angular conical holes
these compounds is nonexistent, due to the difficulties ofvere used for this purpose. We have used synthetic ultrapure
neutron-scattering experiments, particularly under pressureanvils to reduce diamond fluorescence. Samples were loaded

II. EXPERIMENTAL TECHNIQUES
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Raman shift (cm™) function of pressure for HfN, ZrN, and NbN are shown in

Figs. 2—4. The spectrum exhibits two pronounced bands,
FIG. 1. (Color onling Ambient pressure Raman spectra of ZrN which are related to the acoustic part and the optical part of
(top panel and neutron inelastic scattering results taken from Refthe phonon spectrum, respectively. The pressure dependence
15 (lower panel$ for the phonon dispersion in ZrN. of the Raman peaks in the low-frequency and high-frequency
range is summarized in Table I.

into the DAC without any pressure medium and pressure was AS can be seen from Fig. 2, transverse and longitudinal
determined using ruby fluorescence technique. Argon ion labranches for Hf vibrations at the BZ boundary
ser operating at 514 or 488 nm was used for excitation of ~200 cn’) are well resolved, as well as the higher fre-
Raman signals, the laser power on the sample in DAC waguency nitrogen ban@~500—-600 crit!). The low-frequency
about 100 mWt. A typical Raman spectrum from ZrN is scattering is caused by acoustic phonons, and the high-
compared to the neutron-inelastic-scattering reXuitsFig.  frequency scattering is due to optical phonons. With increas-
1. The detailed discussion of the comparison between thing pressure, the two scattering bands shift to higher frequen-
Raman and neutron-scatterings for ZrN as well as other nicies. The two peaks in the acoustic range as well as the

trides will be given in the next section. high-frequency optical branch are in close agreement with
the phonon density of states obtained from neutron-scattering
H 16
ll. PRESSURE EFFECT ON PHONON SPECTRA data in HfN:

Similar to HfN, transverse and longitudinal acoustic
Extensive studi€$-2*have proven Raman scattering to be bands for Zr shown in Fig. 3 are well resolved, however,
a powerful tool in revealing phonon anomalies in transition-they are located at higher frequencies since Zr atoms are
metal nitrides, because of the good agreement between thighter than Hf atoms. An additional weak band around
phonon densities obtained from neutron scattering and thgo0 cni! may belong to second-order scattering. At ambient
Raman spectra similar to the one-phonon density of stategondition, the spectrum of ZrN is dominated by strong peaks
The stokes sides of the Raman spectrum up to 800 esia  at 178, 230, and 497 cth These characteristics are very

NbN
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FIG. 2. Raman scattering intensity of a HfN single crystal mea- FIG. 4. Raman scattering intensity of a NbN single crystal mea-
sured under various pressures. sured under various pressures.
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TABLE |. Pressure dependence of the low-freque(idy) and high-frequencyHF) Raman peaks of the
superconducting transition-metal nitrides HfN, ZrN, and NbN.

HfN ZrN NbN

P WLFL wLF2 wHE P LRy LR WHE P WHE WHE
(GPa  (cm) (emd (ecm? (GPa  (ecml (ecm)  (em™d)  (GPa  (cmY)  (cm™)

0 125 169 521 0.2 179 232 506 0 182 523
10 136 171 528 9.4 189 243 521 15 190 558
21 146 179 564 27 196 250 547 22 189 571
32 149 187 576 32 201 255 552 25 189 575

30 186 572

similar to the previous Raman measuremént¥he fre- comes from the acoustic vibrations that correspond to pre-
quency range of high-phonon density of states determinedominantly metal atom vibrations. Furthermore, Spengter
from the coherent-inelastic-neutron scatteffnig from 150  al.23 reported a close relationship between the first peak of
to 260 cm® for the low-frequency acoustic branch and the acoustic branch and the value Bf in stoichiometric
around 500 cm' for the optical branch, respectively. The superconducting TiN. Whether or not the frequency of the
application of pressure shifts the peak frequency to highegcoustic part plays an important role in the pressure effect on
values. This behavior is similar to the case in HfN shown inT, through the change of, it is interesting to see the
Fig. 2. Since the good agreeme(see Fig. ] between the pressure-induced change of the first peak in the acoustic
Raman spectra and the phonon densftféhis shift indicates  range. The results from high-pressure Raman scattering are
pressure-induced phonon hardening. shown in Fig. 5. With the application of pressure, the peak
Measured high-pressure Raman spectra of NbN ar@requency initially shifts to higher frequency in all of the
shown in Fig. 4. The high-frequency optical branch showsnitrides studied. With further pressure increase, the fre-
the same overall behavior as HfN and ZrN. Here, transversquency begins to decrease after reaching a maximum at
and longitudinal Nb bands around 190 ¢nare not well  around 15 GPa in NbN. However, pressure always increases
resolved. The relative intensity of the high-frequencythe frequency peak in HfN and ZrN in the pressure range up
(600 cn?) nitrogen band is much lower than in the homolo-to 32 GPa. Considering thatoc (w2t is valid approxi-
gous HfN and ZrN samples. In comparison with the twomately, these observations indicate tAatwould decrease
peaks of the acoustic part observed in HfN and ZrN, theith increasing pressure. Obviously, this behavior is not al-
low-frequency acoustic part of NbN has two interesting feaways true for transition metal nitrides. Thus, we expect that
tures. First, there is only a broad-frequency peak arounehe interplay of the counteracting changes(if,) and the
190 cm ™ in NbN. The relatively broad line shape indicates «g|ectronic” part of\ due to pressure is responsible for the
anomalies in the phonon spectra of NbN. Another prommenbressure dependence .
feature is the insensitivity of the broad peak to pressure.
Information regarding the Raman frequency shift with IV. PRESSURE EFFECTS ONT,
pressure in these materials should help elucidate the pressure
effect on T,. Suppose the two atoms in the unit cell are For the analysis of the results on the superconducting
labeledT and N for transition metal and nitrogen and their transition temperature we start with McMillarTs formule?”’
masses are represented By and My, respectively(M+
> M,). The product of the mean-square frequencied and 220
the masdM was obtained from the Raman spectra in terms of

the relatior® M(w?=Mgwi)+M(wsy), where M=M; 200 |
+My and M '=M;*+My'. Because of the large mass ratio =
between the transition-metal and the nitrogen atoms, the 180 |

massMg is nearly equal to that of the metal atom and the

® HfN
reduced masb/, is almost equal to those in nitrogen atoms. 16D T o 7N
In transition-metal nitrides one hasVir(w;)=My(w?y), as v NbN

one would expect from nearest-neighbor forces. Therefore,
we have(w?)Y2= (2M7/M)YX w5 ) 2= (2My/ M)YX w5 )12
for these materials. This implies thatl In(w??/dP . . . .
=d In(w2)¥2/dP=d In(w2)?/dP. It is clear that the T 10 20 "
pressure-induced phonon frequency shift can be well repre-
sented by either the pressure-induced frequency shift of the
acoustic branch or the shift of the optical frequency branch. FIG. 5. (Color onling The pressure dependence of the fre-
A tunneling experiment by Zellét showed that the main quency of the first peak of the acoustic branch in HfZ, ZrN, and
contribution to the electron-phonon coupling constant NbN. The lines are guides to the eye.
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0p 1.041 +)\) gave a value of3, of 344 K for HfN.!® Such values are
Te= 1_456X - m , (1) consistent with early neutron scattering d&ta’ As seen in
' K ' Fig. 5, the lowest frequency of the acoustic phonons initially
which relatesT, to the electron-phonon coupling parameterincreases with pressure. If we take the simplifying assump-
\, the Coulomb repulsion strengjhi, and a temperatur®,  tion that the measured lowest frequency peak; can be
characteristic of the phonons. Considering the variations ofised to replacéw?2 over the whole frequency range, then
Op, \, and x” with pressure or volume and introducing pa- we would have the initial value off In{w?2/dP of 8.80
rametersp=4In A\/dIn V andé=dln x'/dIn V, we can get  x 1073, 6.07x 1073, and 2.93< 103 GPal for HfN, ZrN,
the pressure coefficient df; and NbN, respectively. Thus we have the corresponding lat-
* tice Gruneisen parameter;=3.03,1.64, and 1.02 for the
m: Yo LOA1+03§) ¢ compounds studied. Band structure calculatiéf% show

dP By [A-u'(1+0.62))B that the electronic density of statb§E;) initially decreases
1.040" (L +N)(1+0.62) & with pressure at a rate af In N(Eg)/dP=-3.60x 102 and
= (1+062)] B_o' (2 -4.49x 1072 GPal for ZrN and NbN, respectively. Combin-

ing this calculated value anB,, we gety\=0.97 for ZrN
whereBy=1/xy=-dP/dIn Vis the bulk modulus an®p is  and 1.57 for NbN. At present, there is not a theoretical value
assumed to be proportional to(w?»¥? and ys  of dIn N(Eg)/dP available for HfN. Considering that the
=-dIn{w?¥?/9In V being the effective Griineisen param- effect of band shifting under pressure is to change signifi-

eter. cantly the density of states of thieelectrons, we can esti-
The formula foru” due to Morel and Anderséhused mate yy from the relatiod* yNzy(,\f)quI/& Here, | is
here is nearest-neighbor interatomic distance amylis obtained
from the tables of Hartree-Fock atomic wave functions of the
w K (3)  delectrons with¥ 4o e™%!. For HfN, Hanfeet al 3 gave agy|

1+ u In(Edwpy)’ of 3.7. We then havey=1.23. Using Eqs(6) and (7), we
with ©=0.5 IM(1+a®/a?] and aZ:ﬂ-eZN(EF)/kz where obtain the value ofp of 4.15, 1.64, and —-0.24 for HfN, ZrN,

N(Eg) is the electronic density of states at the Fermi energy;md NDN, respectively. The volume dependence o€an be

Eg, from which we evaluate the volume dependencg oés derived ffom E2q.(4) once h_avmg the values ofs, y, u',
and u. Sincea? has a typical value of 0. we haveu

_«2_ 1 -2 . 2 4 =0.63. Studies of the isotopic mass dependenck. ahd the
£=n 3 76 22 W3 4 inversion of superconducting tunneling curves have revealed
that »” values all lay in the range between 0.1 and 0.2. The

Here yy=4dIn N(Er)/dIn V and the variation okg with vol-  Coulomb pseudopotentigl’ was determined to be 0.11,
ume has been calculated from the fundamental definitiom.11, 0.13 for HfN, ZrN, and NbN, respectivéfyBased on
ke=(3m 2Z/V)*3 with Z the valency. these parameters, we obtain the correspondiraf —0.45,
The electron-phonon coupling parametercan be ex- -0.27, and -0.30 for these compounds. We summarized
pressed as these parameters used in Table II.
N(E£)(12) 7 The heat capacity measurements yield the Debye tem-

= N (5)  perature®p of 412, 515, and 363 K for HfN, ZrN, and NbN,
M{@%) M(w%) respectively?® Substituting the experimentally determined
where (12) is the mean-square electron-ion matrix elementlcs of 8.83, 10.00, and 14.94 K gives the corresponding

andM the ionic mass. The McMillan-Hopfield parametgr ~ €l€ctron-phonon coupling constantof 0.643, 0.627, and
is the electronic part ok, which has a local “chemical” 0.906. With the parameters determined listed in Table II, we

property of an atom in a crystal. Taking the logarithmic vol- have calculated the pressure derivativeTefby using Eg.

ume of Eq.(5), we find (2). The calculatediT./dPis -0.24, —-0.13, and 0.05 K/GPa
for HfN, ZrN, and NbN, respectively. The sign of our calcu-

— oyt dln 7y 6) lated dT./dP for ZrN and NbN clearly agrees with the ex-

PV v perimental datd.1° Therefore, Raman scattering under high

pressure indeed provides essential information for under-

30 - i .
It has been fourf* that the coefficientsIn 7/dInV is standing of the pressure effect @p The calculatediT,/dP

close to of 0.05 K/GPa for NbN is in excellent agreement with the
aln 7 2 measured value of 0.04 K/GPd&or ZrN, Smiti° reported
Iy T3 (7)  a dT./dP of -0.17 K/GPa from high-pressure measure-

ments. Our theoretical result of —0.13 K/GPa obviously
Knowing By, vg, andyy, one can calculate the pressure de-agrees well with the experimental result. There is not a report
rivative of T, using Eqs(2), (4), (6), and(7). of the pressure effect ol for HfN yet. The predicted
We now show how the Raman results provide valuabledT./dP of —0.24 K/GPa for HfN is expected for further ex-
information on the pressure effect dp. The structural pa- perimental examination.
rameterB is taken to be 270 and 350 GPa for ZrN and NbN  We would like to emphasize that the opposite sign of
from the theoretical studied.Recent theoretical calculations dT./dP observed in these nitrides results from the competi-
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TABLE Il. Calculated results foix and dT./dP and relevant
parameters used. Experimental value§ odnd®p are taken from
Ref. 36.u" is taken from Ref. 35. Other parameters are described in
the text.

Compound HfN ZrN NbN i’u
To(K) 8.83 10.00 14.94 —
Op(K) 421 515 363
w 0.11 0.11 0.13
A 0.643 0.627 0.906
d In(w?Y?/dP(GPal) 8.80x10°° 6.07x10° 2.93x10°3 0.0 o 5 1'0 1'5 2'0 2'5 20
d In N(Ep)/dP(GPa?) -3.60x107% -4.49x10°3
Bo(GPa 344 270 350 Pressure (GPa)
Yo 3.03 1.64 1.02 FIG. 6. (Color onling Pressure dependence of the normalized
" 1.23 0.97 157 supe.rclzonducting .tr.ansition temperature up to 30 GPa in the
o 415 164 —0.24 transition-metal nitrides HfN, ZrN, and NbN.
jthhe"/dP(K/GPa) :8:3151 :gi; _0%350 normalizedT, as a function of pressure up to 30 GPa for

S these transition-metal nitrides are shown in Fig. 6. We found
dT ;" dP(K/GPa -0.17 0.04 that T, decreases with pressure and remains 3.3 K in HfN
and 6.7 K in ZrN at even 30 GPa, while an increasd@ obn

. ) compression is observed for NbN. Direct high pressure mea-
tion between the electronic and phonon parhofVe found  gyrements off, are required to examine our prediction.
that the contribution taT./dP is mainly determined by the

sum of the first two terms on the right of E¢R). If the
contribution from the electronic part of outweighs the V. CONCLUSIONS
change in{w?), we would have a negative and a positive High-pressure Raman-scattering spectra of transition-
dT./dP, accordingly. Therefore, the pressure derivativdof metal nitrides HfN, ZrN, and NbN exhibit two pronounced
for NbN mainly originates from pressure-induced changes ithands, which are related to the acoustic part around
the electronic part of the electron-phonon coupling param200 cni! and the optical part around 550 chof the pho-
eter. In contrast, the pressure-induced phonon frequengyon spectrum. Transverse and longitudinal acoustic bands for
shifts dominate the pressure effect Gnin HfN and ZrN. Hf and Zr are well resolved, while the two bands in Nb are
The expressions foyg, ¢, and¢ can be integrated to give proad and overlapped. These characteristics are supported by
0p(V)=0p(0)[V/Vo] ™76, NMV)=NO)[V/Vo]?, and w' (V)  the phonon density of states determined from the inelastic
=" (0)[V/ Vo], respectively. Her& andV, are the unit cell neutron scattering. Application of pressure shifts the peak
volumes under the applied pressure and at ambient pressufesquency to higher values. Due to the good agreement be-
respectively. These two volumes can be related according taveen the Raman spectra and the phonon densities, this shift
the first-order Murnaghan equation of statéP)=V(0)(1 indicates pressure-induced phonon hardening.

+B{P/By) "B, where B} is the pressure derivative of the ~ Based on the phonon frequency shifts with pressure as

bulk modulus. Thus, one has the pressure dependerfeg,of Well as the related parameters determined theoretically, we
\, andu* calculated the pressure derivative f and the variation of

) T, with pressure for these nitrides using the McMillan for-
ByP | ¢/%0 mula. The calculated values dif,/dP for ZrN and NbN are
0p(P)=0p(0)| 1 +B_ ' in excellent agreement with experiments. We have demon-
0 strated that pressure-induced phonon frequency shifts and
‘o~ changes in the electronic part of the electron-phonon cou-
AP) = )\(0)[1 + L] , pling parameter are mainly responsible for the opposite pres-
Bo sure derivatives off, observed. Extended measurements of
the pressure dependencel@fin transition-metal nitrides are
X . 1P |98 in progress.
w (P)=u (0) 1+B—O (8
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