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Heat-capacity and magnetic-susceptibility studies have been carried out en,SkSsingle crystals for
0.38<x=0.58 and G=x=0.71, respectively. These and earlier physical measurements document the gradual
evolution, with risingx, of the alloys from good insulators to poor metals at low temperatures. The transitions
between various magnetically ordered or disordered phases are marked by anomalies in these physical mea-
surements. The trend of magnetic susceptibility with temperature indicates that alloys near the crossover to the
highly correlated metallic state exhibit increasing charge-carrier localization with rising temperature; this is
ascribed to the dominance of entropic contributions to the free energy. It is stressed that these variations in
properties are achieved by isoelectronic substitutions in the anion sublattice that leave the cation sublattice
undisturbed[S0163-182807)08535-4

INTRODUCTION netism. In pure Ni$ the canting angle is of the order of
0.1°18 There is disagreement on the precise positioning of

The NiS,_,Seg system is currently under intensive inves- the phase boundaries and on the largegalue to which the
tigation because one can generate substantial changes in teak ferromagnetic state exterfefs;%1%1416.1921 %5 is dis-
electronic properties while keeping the cationic configuratiorcussed further below. _
and pyrite structure intact. By contrast, in most other alloy Most prior investigations have been carried out on poly-
systemge.g., \,Os (Ref. 1] such alterations are achieved crystalline specimens; the corresponding transport measure-
only by replacement of the host cations by altervalent subMENtS are sensitive to surface or intergrain structures, as has

stituents. In the present work, the correlation effects assoc{—.eci.m'y bgzefn degn;;trated on '}“131 %ingle—clrlystal inves- b
ated with the 8 cationic states are therefore essentially un- \gations betore were executed on alloys grown by
chemical vapor transport techniques in which it is difficult to

perturbed by the substitutional disorder in the anioniC,yoid incorporation of the transporting agents. In addition,

sublattice. o ; : 4 :
Selenium can be substituted for sulfur at all concentraidrﬁgl(?rtt':r?ts rl;rlc;m the ideal 2/1 anion/cation ratio may play an

tions in the compound under investigatioince S and Se ) light of the above, we initiated systematic studies on
are |sovalen_t, the_ density of the vale_nce electr_ons remain§ingle crystals grown in a tellurium flux, as described
constant ax is varied; nevertheless, Ni$s a Mott insulator  g|sewherd” No Te incorporation was detected by micro-
while NiSe; is a reasonably good paramagnetic metal. Thusprobe analysis, sensitive to 0.1% by weight. Since Te is is-
one would anticipate an intermediate composition range ivalent to S and Se, small traces of the flux in the host
which the alloys display a range of distinct characteristics aghould give rise only to secondary effects.

the temperature is altered. Pioneering, as well as follow-up The present paper is an extension of electrical transport
studies on the Nis ,Se system do show a rich variety of measurements reported in Refs. 23 and 24. Here we present
properties in the region®x< 1,272’ manifested in the phase and discuss heat-capacity and magnetization measurements
diagram shown in Fig. 1, which was recently reviewed byon NiS,_,Se single crystals in the rangesOx<0.71, in
Sudo®® Typically, the alloys exhibit a temperature-induced which the various metal-insulator transitions of interest oc-
metal-insulator transition fox<0.7. The alloys are para- cur. This study provides further insight into the electronic
magnetic at room temperature but undergo antiferromagnetigtate and phase transitions in this set of materials.

ordering at temperature§ <100 K. Additionally, com-
pounds with relatively lower Se content, when further
cooled, undergo a transformation from antiferromagnetismto  As-grown crystal¥’ of NiS,_,Se, varied from roughly
a canted spin structure, giving rise to parasitic ferromageubic (~1 mnt) to platelike (=1x0.1x0.01 mni) in

EXPERIMENTAL DETAILS
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FIG. 2. Molar heat capacitycg), normalized to the gas constant
. . hy (R), vs temperature for crystals of NiS,Se, single crystals for
w2 “wl6 wi6 wi? indicatedx values. Successive graphs are offset by 1 unit. The stars
0 e show the differential scanning calorimetry results for»n0.38

FIG. 1. (a) The solid curves show the phase diagram o
NiS,_,Se as assembled from data in the literature; see text. The

fpowder.

hatched region indicates uncertainties in the placement of the metathopping frequencies, typically 3—12 Hz, the magnitude of
insulator boundaries. The points are taken from the heat-capacitthe temperature oscillation is inversely proportional to the
and magnetic-susceptibility data of the present work. The dottotal heat capacity of the sample and addefid&The molar
dashed lines show our proposed AFI-PI boundary and the dashggeat capacitycp, of the sample, corrected for the addenda,
lines show our proposed boundary of the weak ferromagnetic reias normalized to the value established by differential scan-
gime, extending beyong=0.30. The dotted lines shows the pos- ning canrimetr?g (DSO) on powder at 200 K. In the over-

sible low-temperature transition suggested by the heat-capacity
measurementgb) Schematic density of states used in calculations
of Appendix A.

shape. We assumed that thealues of the samples were the
same as those of the starting materials, as was checked by
comparison of the lattice parameters of various alloys to val-
ues cited in Ref. 2. Using calibrated microprobe techniques,
the (S+Se/Ni ratio was found to fall between 1.98 and 2.02.
Standard magnetic-susceptibility measurements were car-
ried out with a SQUID magnetometer using platelet-shaped
material, with the applied magnetic field of 1-T oriented per-
pendicular to the flat faces of the crystals. No corrections
were made for the underlying diamagnetism, which is at
least an order of magnitude smaller than the paramagnetic
susceptibilities, or for demagnetizing effects, since the mag-

c,/RT (K*)

. . . . . L]
netization is small even in the ferromagnetic state. Some v

magnetization measurements were carried out on two

in the results.

samples from the same batch, with no significant differences Em
(]

Heat capacities were measured using an ac calorimetric
technique described by Churej al?® Photoabsorbing PbS
films were evaporated on the samples, which were cubic
crystals sanded to a thicknes€).1 mm to reduce their ther-
mal time constants. In the experiment, the samples were

heated by chopped light, and the average and oscillating tem- piG. 3. ¢, /RT vs temperature near the paramagnetic to antifer-
peratures were measured with thermometers attached to tRgnagnetic transitions, shown by arrow&) Semiconducting

back surface with varnish; tyge thermocouple$® chromel/
Au(Fe) thermocouples, and thin-film bolomet&rsvere used

samples; data fox=0.38 are offset by 0.01 K. (b) Metallic
samples; data forx=0.55 and 0.51 are offset by 0.01 and

in different temperature ranges. For appropriately chosen.02 K2, respectively.
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TABLE |I. Listing of transition temperatures for NjS,Se

0.5
(a) single crystals for the weak ferromagnet\/F) to antiferromag-
o netic (AF) transition and antiferromagnetic to paramagnef®) (
0.4 - J/ transition observed in the heat-capacity and magnetic-susceptibility
" measurements.
x=0.38 "
0.3 - » »
o R Transition Transition
=Y based on based on
© 02 heat-capacity magnetization
measurements measurements
o Te (K) Te (K)
X WF-AF AF-P WF-AF AF-P
0.0 0 35 38
0.03 31 35
0.010 7 0.24 28 34
~ 0,008 - 0.38 16 38 20 33
‘-'¥ ’ 0.44 17 39 19 35
~ 0.006 | #= e 0.51 78 19 65
= _~, 0.55 92 21 92
~a
& 0.004 4 0.58 91 21 90
0.63 21 7
0.002 - 0.71 21 68
0.000 T T T T T T T T T
0 50 100 150 200 250 300 350 400 450 500 their x=0.51 and 0.52 samples were locatedTat 38 K,
T2 (K% where we observe comparable anomalies for samplesxwith

in the range 0.38-0.44, which have semiconducting ground

FIG. 4. Molar heat capacities at low temperatu@.cp /R vs states with resistivities af=4 K in the 16 Q cm range2.3

T2 for semiconducting samples. Data for0.38 are offset by 0.1. .
Light lines show extrapolations @f.= a T2 behavior. Arrows indi- Sudoet al. further reported a hysteresis 6f1 K and a cor-

cate slope changes associated with the weak ferromagnetic to an[l(_espo_ndlng latent heat ‘?f_ 38 JImaRT,/ 8% ac calorimetry
ferromagnetic transitiongb) ¢, /RT for metallic samples. Data for techniques are not sensitive to latent heat efféttmwever,
x=0.51 (only) is offset by 0.003 K*. Light lines show extrapola- NO hysteresisT<0.1K) was detected by us in electrical,
tions of cp=BT3+ 4T behavior. magnetic, and thermal measurements andcth@nomalies

in our measurements are of the type normally associated with

lapping temperature range>130 K, the DSC and ac calo- broadened, mean-field transitions of second or higher order.
rimetry results agreed to within 2%, as indicated for she Neutron scattering studies carried out on Neiso yielded
=0.38 composition in Fig. 2. Measurements were carried ougfitical exponents consistent with mean-field thetty.
for two samples each of stoichiometry=0.38, 0.44, 0.51, As discussed below, the temperatures of thgsanoma-
0.55, and 0.58. For the latter three compositions, the resultées, listed in Table I; correlate with changes in the magnetic
were somewhat sample dependent, reflecting the sensitivifjroperties associated with the antiferromagnetic to paramag-
of properties to changes in sample stoichiometry, surfac@etic transition. The magnitudes of ocg peaks, estimated
states, and the steep rigef. Fig. 1) of the phase boundary Using the backgrounds shown, range framp~R/12 toR/3
separating the metallic and insulating states. (i.e., 0.75 to 2.5 J/mol K The molar magnetic entropy
change is expected to kes=[R In(25+1)], whereS is the
spin, but estimating\s from the specific heat depends criti-
cally on the placement of the background curve of the latter.
As far as we know, the only prior heat-capacity measureHowever, for a mean-field transitiohs=Acp/1.43; i.e. As
ments were executed by Sudo and co-worKers polycrys-  would range fromR/17 to R/4 for our samples. Similarly,
talline samples witbk=0.51 and 0.52. In Fig. 2, we present even when choosing a background well below their mea-
molar heat capacities on single crystals; the various curvesured specific heat, Sudd al® obtained a magnetic entropy
are offset as stated in the caption. The general temperaturd only 1.7 J/mol K &R/5). These small values dfs may
dependence is very similar to that reported by Setlal!®  reflect heterogeneous broadening of the transitions and/or re-
We observe small anomalies which are shown in more detailuced Ni magnetic momentas assumed by Suda al19).
in Fig. 3; note the offsets described in the captions. Second The low-temperature variations of the molar heat capaci-
specimens withx=0.51 and 0.58 did not show these anoma-ties are shown in Fig. &ote the offsets listed in the caption
lous peaks, but the second=0.58 sample did exhibit a as plots ofcp vs T2 for samples withx<<0.5 (upper panel
much smaller peak near 75 K. Again, this indicates the senandcp/T vs T? for samples withx>0.5 (lower panel. Re-
sitivity of specimens to stoichiometry and surface conditionssults are shown for botli=0.55 samples, which had very
We also note that the, peak measured by Suda al. for  similar behavior at high temperatug@cluding anomalies at

HEAT-CAPACITY STUDIES
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FIG. 5. Magnetic susceptibility vs temperature for NigSe, FIG. 6. Variation of magnetic susceptibility with temperature

single crystals with composition9x<0.24. Solid curvex=0.0; for NiS,_,Seg, single crystals in the rangesOx<0.71.
Long dashed curvex=0.03; Short dashed curvet=0.24. Inset
shows the variations on an expanded scale. planations for these anomalies, although all are problematic:

o ) ~ (i) The low-temperature specific heat is augmented by para-
92 K), but exhibit rather different low-temperature behavior. magnon excitation, which for a correlated metal has the

For all samples, small anomalies, discussed further belowgy19.30 Coar= ST3 In(T/Ty); such an effect has been re-
are observed near 6 K. o ported for LaNiQ.3! In our case, the peaks @ /T near 6 K

For the metqlllc ¥>0.5) samples, the anticipated Som- imply a spin-flip temperature oT,~10K. The difficulty
merfeld behavior,cp=yT+AT?, holds above the low- yith this interpretation, as discussed by Sdfiis that para-
temperature anomalie@/R varies from 1.K10°°K™*t0  magnon excitation should only occur in the paramagnetic
1.5x107° K™, corresponding to a Debye temperature ofstate, and not in the magnetically ordered state observed for
6p~380K, as found by Sudet al® The values ofy are  Njs,  Se at these temperaturesi) The anomalies are
22, 25, 6, and 20mJ®mol™* for x=0.51, 0.581),  Schottky anomalies associated with defect states. In this
0.552), and 0.58, respectively. Note the very small value ofcase, the largest anomalffor the x=0.55 (1) samplég
y for the x=0.55(2) specimen, comparable to that of stan-fAc,dT/T~0.02R would imply an extremely large defect
dard metals, for which we have no explanation. The otheggoncentration of 0.02/In(23%. (i) The anomalies reflect
values ofy, which lie in the range of moderately to highly new |ow-temperature transitions. The small size of the
correlated metalge.qg., (highly correlatedd V,O;3 has y  anomalies indicate that the change in order would be very
=60 mJ K2 mol™*]* are slightly smaller than that reported suptle. We note that no anomalies n€ak have been ob-

by Sudo and co-workers. served in other propertiés.
Between 7 K(i.e., above the anomaliesind 16 K, cp

«T? for the semiconductingx=0.38 andx=0.44 samples.
According to standard theorg, should vary asr®? or T3,
depending on whethefferromagnetic magnon or phonon The magnetic characteristics of NiS Sg _have been pre-
excitation predominates; however, fits of/T%2 vs T%2  viously investigated by NMR;}! Mossbauer spectroscopy,
were much worse than the fits shown in Figa)4 The ob-  and magnetization measuremeht$®2?!only the magnetiza-
servedcp= T2 behavior may be rationalized by noting that tion studies of Sudo and Miyaddiextended over an appre-
frustration dominates the magnetic interactions and that theiable composition range. Since those measurements were
ferromagnetism is parasitic. In such circumstances, a poweperformed on sintered powders, it seemed desirable to check
law exponent between 3/2 and 3 is reasonable. There atbeir interesting results on single crystals and to extend the
distinct changes in slopgéndicated by the arrowsat 16 and  composition range. The results are discussed under three
17 K, for the x=0.38 and 0.44 specimens, respectively,headings.
which are more obvious in plots af/T vs T. These are (8) 0=x=0.24. Figure 5 shows a plot of the molar sus-
close to the temperatures of the minima in susceptib{y  ceptibilities, y vs temperature for samples with laxwalues.
and 19 K; see Table | and Figs. 5 and 6, beldhat we  One should note the steep riseyivith diminishingT below
associate with the weak ferromagnetic to antiferromagneti@0 K, characteristic of a weak ferromagnetic insuldwiFl),
transition, as discussed below. However, no correspondingith a leveling off of y in the cryogenic temperature range,
cp anomalies are observed for the metallic samples, whiclas described by Carlitf. Unlike Sudo and Miyadai® we do
also have magnetic anomalies at similar temperatures. not observe any large saturated magnetization in the WFI
We now discuss the small anomaliesdp observed for  state. This may reflect the fact that the canting of the antifer-
all samples near 6 K; similar behavior was observed by Sudoomagnetically aligned spins may be much larger in surface
et all® If one estimates the entropy involved by extrapolat-regions than in the crystal bulk, leading to enhanced values
ing the higher-temperature behavjarT2 or (8T3+yT)],as  of magnetization in polycrystalline materials.
shown in Fig. 4, one finds that, in all cases, the entropy Nevertheless, the susceptibilities computed by Sudo and
changefAcpd T/T<0.0R. We mention three possible ex- Miyadai,"® after subtraction of the remanent magnetizations,

MAGNETIC-SUSCEPTIBILITY RESULTS
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agree well with those we observe. In the paramagnetic statsfances, the entropy of the carriers assumes an important
discussed below, our susceptibilities are typically 5—10 %role. For localized electrons filling exactly half the available
below those of Ref. 13; as shown by Thio, Bennett, andstates in a paramagnet, the spin degeneracy gives rise to an
Thurstort® for NiS,, the difference may be associated with entropy per electron okg In 2, whereas the entropy of the
enhanced surface magnetism in the polycrystalline sampledtinerant(Fermi or statistical spin liquid is much smaller at
The sharp break which separates the steeply rising and fl#@W temperatures. In these circumstances, the system tends
portions of the data delineates the transition to the antiferrol® move toward a more localized stateith free energy
magnetic insulatingAFI) state at higher temperature. Be- ~ksT In 2) at high temperature. This localization manifests
yond 30 K, y varies weakly with temperature, as is shown in itself in the narrowing of energy bands and in the opening of

the inset to Fig. 5 on very much enlarged temperature anf .t;andlttﬁatp and ISt reflt;.;ctfed na Iarge Increase c;:c t(;".a rfﬁ's'
susceptibility scales. One should note the minimum separa{lVI y Wi emperg"sze eloré a maximum IS reached in the
range 50-100 K324t also give rise to an increase in the

ing the AFI and WFI regions, which is a signature of a . . :
) : : . . magnetic moment of the nickel ion and, hence, to the ob-
pseudocompensation point, normally associated with the dis-

. ) served rise in susceptibility with temperature. The flattening
appearance of the parasitic ferromagnetic phase. After all thgut of y with T beyond 50—100 K, depending on alloy com-
moments have been aligned antiparallel, the susceptibilit X y

L i . , o }Sosition, is also roughly coincident with the maximum
grows with increasing temperature until the éligoint is

i R reached in the resistivity vs temperature variation.
reached, beyond which drops with rising temperature. The () 9 58<x<0.71. Here one still encounters a shallow
maximum in slope is therefore taken as theeNgoint.

- _ . minimum near 30 K whose interpretation is less clear, but
It should be reemphasized that the temperature variatiofiely still indicative of a pseudocompensation point. The
of the susceptibility beyond 30 K is very small. This result iS maximum in dy/dT diminishes rapidly with increasing.
somewhat unexpected because the resistivities of crystals Beyond this maximumy continues to rise slightly witf,
this composition range are typical of highly insulating by roughly 10% over a 200-K temperature interval. The re-
phases? Since the Curie-Weiss law is not obeyed, we con-sistivities remain in the 10° Q cm range3?*which classi-
clude that no localized moments exist on Ni sites. In fact, theies the materials as poor metals. Theories pertaining to
nickel-chalcogenide bonding is far more covalent than in thehighly correlated metafs show that their magnetic suscepti-
nickel oxide series; the strong admixtures of cationic andilities should be almost independent of temperature; see
anionic states result in relatively wide bands that render caralso Appendix A. However, theix values should also be
riers itinerant. This is in consonance with the small Seebeckarger than those of standard Pauli paramagnetic metals, as is
coefficients reported for these alloys even at lowthe case here. In Appendix A, we provide a sample calcula-
temperature&® The nearly constant value af for T>30 K  tion that rationalizes these observations and the overall con-
may be ascribed to van Vleck paramagnetism. On sefting Sistency of the theoretical analysis.
=2N(u)?/A=7.5x10"% emu/mol, where N, is
Avogadro’s number, and taking the matrix elemént)
~ ug, the Bohr magneton, the gap is calculated to be of the
order of 300 meV, in reasonable agreement with twice the The data presented here suggest an amendment of the
measured conductivity activation energy of 110 meV, citedcommonly accepted phase diagram. The phase boundaries as
by Yao et al?® for T>70 K. The temperature variation gf  determined by the heat-capacity and magnetic-susceptibility
is also shown by the top three curves in Fig. 6. anomalies are entered as points on the phase diagram shown
(b) 0.38<x=0.55. Here the susceptibilities, shown in Fig. in Fig. 1. The chief difference between the present and ear-
6, fall below those of sefa). One again encounters a definite lier versions is that, based on the minimayimear 30 K, we
minimum in they vs T plots near 20—30 K, depending an  extend the ferromagnetic phase to a composition range well
which we interpret as pseudocompensation points, separatidgeyond the customarily accepted limitof 0.30. Failure to
weak ferromagnetic from antiferromagnetic spin alignmentdetect this phase in earlier neutron-diffraction
This is followed by a marked rise ipwith temperature up to  experiment$216*®would indicate that the aligned magnetic
a maximum, beyond whicly drops slightly with risingT. moments on the cations are very small, and hence the weak
The Neel points are read off from the maximum values of intensity of the magnetic reflections might have remained
dy/dT and are entered in Table I: these coincide fairly wellundetected in samples witk>0.30. The other features of
with the locations of the respective heat-capacity anomalieshe phase diagram which we propose are in fair concordance
One should note the unusually wide temperature ranges ofith previously established phase boundaries; as stated ear-
increasingy, associated with the transition from antiferro- lier, their placement has been uncertain because of disagree-
magnetism to paramagnetism, especially as the upper boundents among various investigators.
of this composition range is reached. We believe that these In summary, we have shown in this and in prior work!
reflect a change in the qualitative nature of the electroni¢hat a progressive increase in Se content of,NiSe, in the
systems, as described in Refs. 23 and 24 on the basis odnge G=x=<0.71 changes the alloy in the low-temperature
resistivity and Seebeck coefficient measurements. Metallicegime from an insulator to a correlated metal. Transitions or
compounds in this range of composition are highly corre<crossovers between the various phases indicated in Fig. 1 are
lated; as previously describ&drelative to the completely reflected in anomalies in various transport, magnetic, and
localized state, carriers in such narrow-band systems havethermal characteristics. Present and earlier work by others
negative kinetic energy which is nearly counterbalanced byas shown that these characteristics are very dependent on
their mutual positive interaction energy. In such circum-sample preparation techniques. It is remarkable that such di-

CONCLUSIONS
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versity of properties can be achieved by isoelectronic re- The magnetic susceptibility in the paramagnetic regime is
placement of S by Se, which in the first approximation onlygiven by
involves an increasing degree of cation-anion orbital overlap o - 2
in the lattice constituents. x=2ugNapo/[(1=1%)S],

whereS is the Stoner enhancement factor given by

S=1-pgU(1+1/2)/(1+1)2. (A3)
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yields S directly; the numerical factor applies whegns ex-
pressed in emu/mol anth in erg/mol K2,
Numerical evaluations have as their goal the specification
. of pg, U, andW, the bare electron bandwidth. In the ab-
The sample calculations shown here are baseq on atredlance of sufficient independent experimental data, we will
ment by Spa&ek and co-workérof electron correlation phe- adopt the density of states, illustrated in Figh)l which
nomena in conductors at nonzero temperatures. The theolnjates the peaked density of states which is thought to
applies to a nondegenerate band which is exactly half filledgominate the electronic properties of conductors at the verge
In the limit of low temperatures, the electronic contribution of 3 transition to the Mott staf¥.As shown in Ref. 35, this
to the molar heat capacity is given by density of states yields an estimate p§f=3W and e
W/12, in the limit where the central peak is large com-
pared to the wings. Then Eg#\1) and(A4), with represen-

APPENDIX A: THEORETICAL ANALYSIS

Cp=YoT/(1—1%)=yT=[2.94x10p3/(1—1?)]T.

(A1)

Here yo=2m?k3NApg/3 is the Sommerfeld constant apg

the density of stategper spin at the bare electron Fermi
level.1=U/U_, whereU is the intraatomic electronic repul-
sion energy andJ =8| €| is its critical value, related to the
average kinetic energy, of the noninteracting electron as-

tative values of y=2.5x10° ergs/mol ¥ and y=6.2

X 10~* emu/mol, yield the estimatepj=4.7/eV spin, U
=0.15 eV, andV=0.64 eV. The exchange energy andeNe
temperature can then be estimdfeds J=W?U/(ZU,)?
=2.3meV andTy=2ZJ/4kg=82 K, where Z=12 is the
number of nickel nearest neighbors. These sample calcula-

sembly. The numerical factor holds when energies are exions should not be taken too literally, but the reasonable
pressed in eV. At low temperatures, the electronic contribuvalues obtained do indicate the self-consistency of the ap-
tion to the heat capacity is linear, as for uncorrelatedproach. More meaningful numerical estimates must await the
electrons, but the Sommerfeld constant is enhanced by theeparate determination pf through measurements such as

factor (1—12)~? through correlation effects.

X-ray or ultraviolet photoemission spectroscopy.
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