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We have performed photoemissidRE) spectroscopy of3-ZrNCl and NaZrNCl to study intercalation-
induced change in the electronic structure. The valence band PE spectg+ZrNC| shows a small intensity
region within~2.5 eV of Ex with a very small hump aEg that can be ascribed to hydrogen impurity states.
These provide spectroscopic evidence {BarNCl is ann-type semiconductor. Upon Na intercalation, new
states possibly involving hybridized Zi4and N2y systematically evolve &, with a negligible shift in the
valence band structures. Similar resultsgtHfNCI and NgHfNCI indicate that these results represent com-
mon electronic features of the layered nitride chloride superconductors.
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INTRODUCTION new superconductors have not been extensively studied pos-
. . i i o o sibly because of unstableness of intercalated samples. There-
Alkali metal intercalated zirconium nitride chloride is a fore, jt is essential to investigate the electronic structures for

new layered superconductor with a transition temperatur@ach sample to understand the physical properties and/or su-
(To) of 15 K12 The crystal structure of the mother compound perconductivity.

B-ZrNCl consists of double Zr-N layers sandwiched between |n this paper, we report PE spectroscopy of, KaICI

Cl layers, and CI-Zr-N-N-Zr-Cl slabs are stacked alongdhe with special care taken to ensure negligible degradation of
axis, bonded by the van der Waals force, as shown in Fig. 1samples during preparation. The results include spectro-
Intercalated alkali-metal ions enter between ClI layers with &copic evidence thaB-ZrNCl is an n-type semiconductor
S||ght mOdlﬁCaUOn in the Crystal structufeFor ﬂ'ZfNCl, and the appearance of intercalation-induced Stat& aor-
while optical studies have reported a band gap of 3.4 eV.responding to the semiconductor-to-metal transition. We
resistivity measurements together with the sign of the thercompare the present results with the PE resultg-6ffNCI
moelectric power have indicated thatZrNCl is ann-type  and NgHfNCI to investigate common electronic states of the
semiconductor with an activation energy of 50-60 MeV. |ayered nitride chloride superconductors. Possible origins of

Upon intercalation, the system becomes metallic and supethe intercalation induced states are also discussed.
conducting below 15 K most likely due to carriers introduced

into the Zr-N layers-?

After the discovery of Li-intercalated HfNCI witfi.'s as
high as 25.5 K the layered nitride chlorides have attracted  B-ZrNCl was prepared by the reaction of @9.9%, 325
more attentiorf. Band structure calculations have reportedmesh with NH,CI (99.5% at 650 °C for 30 min under the
that these new compounds can be classified into a new fanflow of NH; gas(99.9%, 20-50 ¢/ min). Obtained samples
ily of superconductors, due to distinctive features both in thavere purified by a chemical vapor transport method as de-
crystal(the low dimensionalityand electronic structurghe  scribed in the literaturé® Na intercalation in3-ZrNCl was
wide band gap in the mother compound and the carrierperformed by dispersing the samples in Na naphthalene so-
doping induced semiconductor-to-metal transitidhWhile  |ution of tetrahydrofuraf THF) in an Ar-filled glove box for
several theoretical models including unconventional mecha4 days. Pressed pellets were found to have strong preferred
nisms to explain the relatively high, have been proposél, orientation, i.e., the pellet plane being normal to ¢rexis®
experimental studies have reported interesting observationSince the samples are very sensitive to air, the PE measure-
Nuclear magnetic resonance studies have shown that the sments were carried out on samples which were transferred in
perconductivity of intercalated HfNCI cannot be well de- an Ar gas atmosphere to a glove bag connected to the quick
scribed within the simple BCS theo/uSR and tunneling entry chamber of the spectrometer. Samples were mounted
studies have reported strong-coupling superconducti##y. onto substrates inside the glove bag using double-sided con-
In addition, recent photoemissigRE) and x-ray absorption ductive adhesive tapes and transferred into the spectrometer
studies have shown the novel electronic evolution near thehamber without ever exposing the samples to air.

Fermi level(Eg) that cannot be described with a simple rigid  PE measurements were performed at BL19B in Photon
band behavior alon¥.However, electronic structures of the Factory, KEK, with a CLAM4 spectrometer. The base pres-
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FIG. 2. Valence band PE spectra @FZrNCl(x=0.0) and
Nay 42ZrNCI obtained at 20 K using 174 eldpen circleg and 90
eV (a broken ling photon energies. Note that 90 eV spectrum is
scaled down by three times. Thick lines above 5 eV binding energy
are the same spectra SfZrNCl and Ng_4»ZrNCI shown in Fig. 3.

comparing with calculationdthe structures around 3.5 and
FIG. 1. Crystal structure o8-ZrNClI. 5.5 eV are nonbonding states with dominant plghd Cl 3o
characters, respectively. The 7.5 eV structure is bonding
sure of the measurement chamber was better thastates of both NRgand Cl 3 characters. Ag is increased to
5x107%% Torr. In order to obtain high signal to noise ratio 0.42, the overall spectrum becomes broader. More impor-
for the measurements of the states néarwe mostly used tantly, we see a very small feature négras indicated by an
174 eV photon energy, since the grating we used has aarrow.
intensity maximum around this photon energy. We also used In order to study the change of DOS within the band
90 eV photon energy to study the photon energy dependen@ap, which is directly related to the semiconductor-to-metal
of states neaEg. The total energy resolution was set to 0.4 transition, in more detail, we measured samples of
eV. The samples were scraped to get fresh surfaces at 20 £ZrNCI(x=0.0) and NaZrNCl (x=0.24 and 0.4gwith a
and kept at the same temperature during measurements $maller step size as shown in Fig. 3. Here, we normalized
order to prevent surface degradation. Normally, a scrapingvith the intensity abov&g, which is considered to be nearly
procedure removes all angle- or momentum-resolved inforproportional to the photon flux. Actually, the spectra for
mation, and thus obtained PE spectra reflect the integrate8-ZrNCl and Ng 4»ZrNCl scaled by the same factors can be
density of stategDOS). All PE results reported here have superimposed on the valence band spegtriek lines up to
been obtained withi 2 h ofscraping and no spectral changes5 eV binding energy in Fig. )2 guaranteeing that intensity
were observed during the measurements, indicating that theariation nearEr is not an artifact caused by the way of the
spectra shown here represent intrinsic electronic structures abrmalization. In the spectrum @-ZrNCl, we see a small
the compounds. hump nearEg. In B-ZrNCl, it has been reported that hydro-
gen atoms are taken up during the preparation process and
RESULTS AND DISCUSSION bonded to N atoms covalentfy*” to form shallow impurity
states around 50—-60 meV below the bottom of the conduc-
Figure 2 shows the valence band PE spectrg-@NCI,  tion band*® Thus we can assign the small hump nE&arto
which corresponds t®=0.0, and Ng,ZrNCl obtained using hydrogen impurity states. The impurity states pin the posi-
174 eV photon(open circley and 90 eV photor{a broken tion of Eg just below the bottom of the conduction band
line). The 174 eV spectra were normalized to area undewhich is predicted to be located around the middle of the
the curve from -3 to 13 eV binding energy after subtractingl’(Z)-F(L) line of the Brillouin zoné Since the momentum
an integral background. The valence band spectrum foposition of the top of the valence band is located athe
B-ZrNCl has three prominent structures around 3.5, 5.5, ang@oint, different than that of the bottom of the conduction
7.5 eV, respectively. Within~2.5 eV of Eg, the intensity is  band, the observed band gap-e2.5 eV (see Fig. 2gives a
very small compared to the prominent structures, indicatingough estimate for an indirect band gap value, which is larger
the size of the band gap in the occupied part-@&5 eV. By  than the direct band gap value of 3.4 éRef. 4. Thus, the
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INRY SRR R R For explaining the 1.5 times increase of the statds-ata Zr
=i0ey L %! 4d contribution is necessary. On the other hand,
v/ iYL NaZiNCl intercalation-induced modification of Np2partial DOS at
Y =t b "-,; T=20K the bottom of a conduction band has been observed in
: i hv=174eV NaHfNCI.1# Therefore we know that observed change near
= &:&3}; Er is due to appearance of new states possibly involving Zr
Z ‘e & ol 4d and N 2 hybridization. This implies that the doped car-
5 W 2’. riers are introduced into the Zr-N layers. The evolution of
£ T - new states with a clear Femi edge structure is consistent with
‘g, o i3 - the semiconductor-to-metal transition and reflects change in
% i’:f’%o 0%?,;5-__ 0.42 the bulk DOS upon intercalation. »
2 | 9% oo 0% ° o1 W WOy In the recent work of NgHfNCI,** we reported that the
- ’5;%:%%% '% valence band of the mother compougeHfNCI have three
;o % o 0.24 structures with a small intensity region within3 eV of Eg.
kN X The difference in the band gap size 2.5 eV for 8-ZrNCl
%gggwo; and ~3.0 eV for B-HfNCI) in the occupied part from
B-ZNCI w“’ 0.0 PE measurements seems related to the difference in the
T T A4 optical band gap siz€3.4 eV for B-ZrNCl and >4.3 eV for
2 1 Bp B-HINCI) (Ref. 7. We also reported an appearance of
Binding energy (eV) intercalation-induced new stateskt with a negligible shift

in the position of the valence band structures. The observa-
FIG. 3. NearEr PE spectra of of 3-ZrNCI(x=0.00 and tions in NgHfNCI are similar to the present observations of
NaZrNCI (x=0.24 and 0.4pobtained at 20 K using 174 elépen  Na,ZrNCI. Therefore it is reasonable to think that the rela-
circles and 90 eV(a broken ling. We see an intensity evolution of tive|y wide gaps in the pristine Compounds and the appear-
states aE¢ as a function o concentration. ance of the intercalation-induced new statesEatwith a

. . . . negligible shift in the valence band are common and charac-
PE observations provide evidence #aZrNCl is ann-type teristic electronic structural features in the layered nitride

semiconductor, supporting the assignment of the transpor .
measurements In the x=0.24 spectrum, intensity & in- lorides. . . o
creases and a'clear Fermi-edge structl;re appears, indicatin Lastly, we would like to speculate on _p053|_ble ongins
iy ! 7 o ' B¢ the new states. Recent neutron diffraction studies

the origin of metallic conductivity. A is increased to —
=0.42, the intensity & further increases accompanied with have revealed structural change fr@mSitype (R3-m) for
the broadening of the new states. Here it should be noted th#ZrNCl and B-HfNCI to B-YOF-type (R3-m) for
the positions of the valence band structures do not shift muchig ;ZrNCI and Ng ,HfNCI (Refs. 3,19, with a disappear-
compared to the width of the statesEt ance of a stretching in Zr-N layers only ingiZrNCI.2 The

To understand the evolution of the statesEgt it is  disappearance of the Zr-N stretching in intercalated ZrNCI
essential to characterize their nature. Thus we measureglves rise to a shortening of Zr-Zr distance. This leads to a
the photon-energy dependence of the states xf0.42  larger hybridization of Zr 4 bands and consequently makes
samples using a 90 eV photon, where the ionizatiorthe dispersion of the band forming the bottom of conduction
cross section of Zrd is close to its local minimungCooper  band larger, inducing a drastic reduction of the band gap
minimum) while those for N  and Cl 3 are enhanced size® Such a modification seems to explain the observation
[Zr 4d:N 2p:Cl 3p=0.1:0.11:0.35 for 174 eV and of the appearance of new states without an obvious shift of
Zr 4d:N 2p:Cl 3p=0.05:0.7:0.84 for 90 e\(Ref. 18], as  the valence band. However, a comparison with H¥&CI
shown in Figs. 2 and 3 by broken lines. The normalization ofmight deserve further considerations because, for Na-
the 90 eV spectrum to the 174 eV one was performed usinintercalated HfNCI, such a modification of the crystal struc-
the intensity of a Cl 8 shallow core level at 17.5 eV binding ture has not been observed, and consequently the size of the
energy taking an ionization cross secti@30 for 90 eV and calculated band gap remains nearly the same. So, the PE
0.12 for 174 eV into account? as the intensity variation of results for Ng,HfNCI cannot be simply explained by the
the valence band reflects change in ionization cross sectionsand structure calculations. It might be more natural to con-
We observed that, by reducing the photon energy to 90 e\sider that the common experimental observation stems from
while the intensity of the total valence band increases nearlg common origin other than the expected modification of the
three times, the intensity @ only increases 1.5 times. band dispersion. One possibility is that we just observe sur-
Here, we can rule out the possibility that the observed inface electronic structures, where localized states might exist,
crease in intensity is due to an increase of hydrogen atomss in the case for perovskite vanadium oxiéeslowever,
since the ionization cross section of hydrogeniricreases our recent soft x-ray emission studies have shown new states
10 times for lower photon energy. Assuming that the valencavith N 2p character in N&HfNCI within the band gap of
band dominantly consists of nearly the same volume ofpN 2 B-HfNCI, clarifying that the new states in the PE spectrum
states and Cl |3 states, the three-times increase of the vacorrespond to a bulk DO%. Another possibility might be
lence band intensity seems consistent with the difference anithat the alkali-metal intercalation would modify the bottom
change of the cross sectiof(®.7+0.84/(0.11+0.35=3.3]. of the conduction band, similar to the formation of an “in-
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tercalant layers band” as reported in LiJ/5 or would evidence forB-ZrNCl being ann-type semiconductor. Upon
cause a formation of “in-gap states” within the gap, as in thantercalation, new states, possibly with hybridized @m2p
cuprateg324 This is an open question and requires furthercharacter, evolve . The relatively wide gap in the pris-
experimental work. We hope that the present study motivatesne compound and the appearance of the intercalation-
further experimental and theoretical studies to understand theduced new states & with a negligible shift in the va-
physical properties and superconductivity of the layered nilence band in N&rNCIl are similar to those observed in

tride chloride superconductors. hafnium nitride chlorides, indicating that these observations
reflect common and characteristic electronic structures of the
CONCLUSION layered nitride chloride superconductors.

We report on the PE spectroscopy of ,KeNCI. The
valence-band spectrum ¢-ZrNCI shows three prominent
structures with a very small intensity region withir2.5 eV We thank Drs. |. Hase and A. Chainani for their valuable
of the Fermi level(Er), and the detailed study ne&k re-  discussion. This study was partially supported by by Grants-
veals a very small hump just belo&r that can be ascribed in-Aid for Young Scientists(A) (No. 14702019 from the
to hydrogen impurity states. These provide spectroscopidapan Society for the Promotion of Science.
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