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Molecular vibrational spectroscopy by inelastic x-ray scattering: Experimental determination
of the absolute vibrational cross section in liquid nitrogen
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Inelastic x-ray scatteringXS) is used to measure the vibrational spectrum of liquid nitrogen at a tempera-
ture of 76 K and a pressure of 1 bar as a function of wave verioithe 1.45-11.8 A! range. The absolute
IXS cross section for the vibrational excitation is determined in the explgnedhge. Its comparison with a
theoretical calculation is very satisfactory, and leads to a precise determination of the intramolecular distance
and the vibrational root-mean-square displacement. This demonstrates that the XS technique can provide
accurate information on the vibrational dynamics in molecular systems. The peculiarities of IXS with respect
to other vibrational spectroscopies are briefly discussed.
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Nowadays, the inelastic x-ray scatteriiXS) technique the experimental data allows us to precisely determine pa-
is successfully used to study the atomic dynamics in the meVameters like the interatomic distance and the vibrational
range’ Much of this success is due to the fact that the IXSmean-square displacement, and shows the potentialities of
cross-section per unit exchanged frequeney) (and unit  |XS as a vibrational spectroscopy.
solid angle (2) has a very simple expression which, for a  The experiment has been carried out at the beamline ID16

monatomic system, reats of the European Synchrotron Radiation Facility situated in
5 Grenoble, France. The monochromatic x-ray beam at the
o _ 2Ki 2 L [7 it | it h ized b f
=rl|€i € k_|f(q)| — e “'F(q,t)dt. sample position was characterize Oy an energy o

dw i) i 2m) - ~13840 eV, a spot of 250250 xm? horizontal by verti-

D cal size, and a flux o3x 10° photons/s. The photons scat-

Herer, is the classical electron radius, andk, are the te[red by thi sample \r/]vere CIOH.?.Cted n at2i§ m Ior:jgtspectfrom-

polarization and the wave vector of the incidéstbscript) cterarm where a spherical stiicon crystal1s used 1o perform
the energy analysi5.Energy scans are accomplished by

and scattere@dsubscriptf) x-ray beamg is the wave vector ) .
exchanged by the incident photon in the scattering proces¥aying the relative temperature between the monochromator

f(q) is the atomic form factofgiven by the space Fourier and the_analyzer crystals. The spectrometer can be rotated in
transform of the atomic electronic density distributioand the vertical scattering plane, thus allowing for the selection
F(q,t) is the intermediate scattering functiégiven by the  ©Of the momentum transfeq=2k;sin(64/2), whered; is the
space Fourier transform of the atomic density-density correScattering angle. The values investigated here have been
lation function, namely, selected to be between 1.45 and 11.8'Aat each consid-
eredq value an energy scan in the rang&0—-400 meV has
F(q,t)= E exrx—iq-Ri(t))exp(—iq~Rj(O))>. @ been performed. Thgresolution, defined by two slits placed

o in front of the analyzer, varied from 0.3 A at q

=1.45 A 1t00.1 Atatq=11.8 AL The energy reso-
HereR(t) is the position operator of thiegh atom at time  lution function wasy independent with a value e¢ 10 meV
t, and(- - -) indicates the ensemble average. Thus, althougfat full width at half maximum. The sample container was a 7
the scattering process is determined by the electromagnetiom internal diameter 1 mm thick teflon tube, the inner di-
coupling between the incident photons and the electrons aimeter of which was chosen to be comparable with the pho-
the target system, it is essentially the atomic dynamics thatpabsorption length of nitrogen at the incoming beam energy.
as a consequence of the adiabatic coupling between electroiibe nitrogen sample was kept at a temperature of 76
and nuclei, is probed at low exchanged energies. +0.2 K and at a pressure of*10.1 bar. A typical scan of
Among all the processes affecting the density-density corthe entire—40-400 meV energy range took about 7 h, and
relation function, the ones which spectrally contribute theat eachg value two scans were usually performed. However,
most in fluid systems are the collective, acousticlike excitathree or four scans were additionally added up on the weak
tions, and in fact much work has been reported on this tbpic.spectral energy tails in order to accumulate sufficient statis-
In this paper, conversely, we report on the measurement afcs, with a final average integration time of
the absolute IXS cross section for a process which is spec=6 min/channel. Empty container spectra were also re-
trally much weaker, i.e., the scattering from a high-energycorded and subtracted in order to obtain the final spectra.
vibrational excitation. Specifically, we present here the meaThis subtraction is not critical since, in the adopted experi-
surement of the absolute IXS cross section for the vibrationainental configuration, the empty container contribution
excitation in liquid nitrogen as a function gf The quality of amounts at most to a few percent of the total signal; in par-
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FIG. 2. Detail of the vibrational band region for two selectgd
values. For clarity, theg=2.7 A~! spectrum has been vertically
shifted by 35 counts/70 s. In the energy range considered here, the
spectra consist of the sum of the vibrational band and the tail of the
central band. Such a tail can be simply fitted by a smooth cinile
line). The pure vibrational contribution is then obtained as the dif-
ference between the measured spectrum and the base line.
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tailed analysis of such a spectral evolution will be presented
in a forthcoming publication. In the following, we will con-
FIG. 1. Evolution withg of the IXS spectrum of liquid nitrogen  CENtrate our attention only on the integrated intensity behav-

on a semilog scale. Each spectrum has been reported on a 70Q Of the vibrational band.

Energy (meV )

integration timey scale, but much longer integration timégpi- _The intensity of the vibra_ltional band can be ree_ldily_ ob-
cally 6 min/channélhave been used in the spectral wings in ordertained from the spectra of Fig. 1. In fact, as shown in Fig. 2,
to reach the statistical quality presented here. the tail of the central band around the vibrational position

can be easily fitted, using a low-order polynomial, and then
subtracted from the spectrum in order to determine the pure

ticular, forq>4.5 A~ ! the empty container spectra are indis- spectral contribution of the single vibrational excitation. The
tinguishable from the flat electronic detector background ofntegrated intensity of this contribution, relative to the total
0.5 counts/min. integrated intensity, is given by the rat8(q)/S(q), where

The final spectral intensities, reported on a semilog scal&(q) is the atomic structure factor, i.e., the total integral over
in Fig. 1, are characterized by two distinct features: a centragnergy of the spectra that we measure, 8p(@y) is the con-
band and a much weaker band at high energy. The pedkibution to S(q) which is due to the vibrational dynamics
position of the latter band corresponds to the stretching eralone® For the case of nitrogen in the thermodynamic con-
ergy of the nitrogen molecule at 289 mé&While the former  dition considered here, very detail&fq) data are available
band is due to the rototranslational dynamics of the molin the literaturé [see Fig. 8)]. It is therefore straightfor-
ecule. As a general consideration, the capability of IXS toward to obtain absolute values f&;(q) from the experi-
access the vibrational dynamics in the condensed phase+ental results. These data, reported in Fifh)3show an
shown in pioneering experiments which used a second gemscillating increase with increasirgy and can be compared
eration synchrotron sourtand recently demonstrated at one with a simple theoretical prediction. In particular, although
g value for the case of the O-H stretching band in liquideven more general quantum results for the dynamics of di-
watef—is here clearly confirmed for the case of liquid ni- atomic molecules are availabie™ we will compare our re-
trogen. sults with a semiclassical calculation for the integrated inten-

The spectra of Fig. 1 show prominent changes with in-sity of the vibrational band of a homonuclear diatomic
creasingg: (i) both the central and the vibrational bands be-molecule neglecting correlations among translational, rota-
come broader(ii) the intensity of the vibrational band, as tional, and vibrational degrees of freedom. This approxima-
compared to that of the central one, shows a general trend ton, which is very well suited for the case of liquid
increase, andiii) both the central and the vibrational bands nitrogen? for the single vibrational contributioB,(q,t), i.e.,
move towards larger energy shifts. All these features can bfor the leading term in the expansion Bfq,t) in powers of
understood in terms of an impulse approximation approaclihe internal relative interatomic coordingpt), yields the
for the intermediate atomic scattering functioand a de- following expression:

212102-2



BRIEF REPORTS PHYSICAL REVIEW B 64 212102

TABLE |I. Intramolecular distance g and associated root-
091 b) IR SR mean-square displacemdgy, for nitrogen.
R )
2 o6l | ro (A Iun (A) Method
w -
k=) 8
03¢ . T 1.11+0.02 0.030= 0.002 IXS, this work
Pt 1.100+0.011 0.031+ 0.025 x-ray diffractiof
0.0 e ] 1.099+0.002 0.031* 0.002 electron diffractich
1.0976+0.0001 Raman scatterihg
244 a) 1
= %Reference 12.
2 2] ; bReference 13
‘Reference 14.
00 T T T T T T . . . . . .
0 2 4 6 8 10 12 obtained with other experimental methods. This result is in-

q(AM) teresting for two reasondi) it shows the good accuracy
which is currently obtainable with IXS for the determination
FIG. 3. () S(q) data of liquid nitrogen at the temperature of 76 Of the absolute intensities of vibrational bands, dig it
K and at ambient pressure, from Ref.(®) q dependence of the Shows how direct the comparison between experimental data
vibrational structure factoB,(q) (full circles) obtained from the —and theoretical calculation can be, given the simplicity of the
ratio of the vibrational intensity contribution relative to the total expression for the cross sectifig. (1)].

spectral intensity and from th§(q) data reported ir(a). The ex- The same data of Fig.(B) can also be used, via E¢L),
perimentalS,(q) data are compared with the theoretical expressionto determine the absolute scattering cross-section per unit
calculated following Eq(4) (dotted ling. solid angle for the vibrational bandic,/dQ=r3fZS,(q),
where values forf, are available in the literatur@. The
F,(q,t)=2F(q,t)(p(t)p(0)), cross-section values obtained in this way are reported in Fig.
4, and, forqg>1A"!, show an oscillatory behavior around
X<sin<q-rﬂu(t)) g-u(t) 102" cn?sr ! molecule * which, keeping in mind the
2 2 typical incident-beam fluxes available for IXS, can be con-
sidered a fairly high value. This result clearly shows the
) Fn g-u(0) possibility of exploiting IXS, using third generation
xsin q'TU(O)) > >0r' (3 synchrotron-radiation sources, to measure the vibrational

spectra of many different systems.
HereF$&lf(q,t) is the self part of the molecular center-of- ~ Given this picture, we can make some comments on the
role of the IXS vibrational spectroscopy in a more general

mass intermediate scattering functimnN the intramolecular ! _ -

nitrogen-nitrogen distanceyt) is the dnit vector specifyin context. Indeed, the vibrational properties of condensed mat-
9 gen . P 9 ter are routinely studied using Raman scatteriR$) and

the molecular orientation, and - - )., and(- - -), stand for

averages over the orientational and vibrational variables, re-

spectively. The first order vibrational contribution to the in- 1.6 ' ' ' ' ' ' o
tegrated intensity can be directly obtained settis@ in the - .
equation above, which yields = f ) }
8 12 : i. J
I L B :
_ 92 ,
Sv(q)_ZINN<(T) smz(q'?u = ; .
or Z : , f
e ) | | Pg 0.8 1 :
=15l oar )+ 2iz(ar ). (4) S )
Here, ji(r) is the kth spherical Bessel function, and_ g 044 ¥ 7
= (oI, | | ©
Equation(4) can now be readily compared with the ex-
perimental results reported in Fig(3. Actually, we have 0'00 — T " : " 5 ' >

fitted Eg.(4) to the experimental results f&,(q) leaving i

both Fan andlNN as free parameters. The result of this fit is q(A)

reported in Fig. &) (dotted ling, and Sh_OWS a nice agree- FIG. 4. The absolute cross-section-per-unit solid angle for the
ment between the data and the calculation. The values of thgbrational band obtained from the data of FigbBusing Eq.(1)

free parameters that we get from this fitting exercise are regull circles). The corresponding result for the theoretical expression
ported in Table I, and they show a fair agreement with thosealculated following Eq(4) is also reporteddotted ling.
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infrared-absorptionIRA) techniques, which generally en- proportional to the atomic density-density correlation func-
sure a high signal-to-noise ratio together with a high resolution with different weighting factorgthe atomic form factor
tion. It is then generally easy with these spectroscopies t¢or the case of IXS and the scattering length for the case of
obtain precise information on the frequency position of theNsS), their combined use can be of great help in understand-
vibrational bands and then to compare them with theoreticahg the vibrational properties in polyatomic molecules. In
models. Nonetheless there are cases in which additional ifpractice, a joint use of IXS and NS can now be used to
formation is required in order to interpret correctly the vibra- c|arify the vibrational dynamics of complex systems much
tional spectrum. One example is given by those situationgxe neutron and x-ray diffraction can be complementary in
V\{hereT it is the; knowledgg of the _spectral intensity of theunderstanding structural properties.

vibrational excitations, besides their frequency position, that In conclusion, we have presented here IXS vibrational

is needed in order to allow for a definite assignment. This isspectra of liquid nitrogen at a temperature of 76 K and a

a task which is often difficult to achieve with RS and IRA
since with these techniques the amplitude of the vibrationaP"e>sure of 1 bar. These SpeCtFa cover a large energy range
hich allows us to detect, besides the central band which

bands is determined by strongly model-dependent quantitie . . .
such as the molecular %olarizggility derivatR/es and (tqhe eleceflects the rototranslational dynamics, the first-order Stokes

trical dipole moment derivatives. Another example is given\’ibr"’mor,1al band. The mqst important info'rmatiqn which can
by those situations where tlgedependence of the vibrational be obtal'ned by IXS on V|prat|ona| bands is, as in th case of
excitations is important, e.g., those situations where the erf¥S: their absolute intensity, or cross section. This informa-
ergy of a certain vibration depends gnas a result of an tion has been demonstrated here to be achievable with good
interaction with other degrees of freedom. In these cases orecuracy, as shown by the precise determination of the in-
clearly needs a spectroscopic technique which is able t§amolecular distance and the vibrational root-mean-square
probe finiteq values. In cases like those cited above, thedisplacement of liquid nitrogen. This shows that IXS can
neutron-scatteringNS) technique has already proven to be now be considered an important method to study the molecu-
an important tool because NS has access to fipitelues lar vibrations, complementary to other established tech-
and the neutron cross section is susceptible to a straightfoniques.

ward comparison with theoretical resuttswe have shown . )

here that IXS offers basically the same advantages as NS, We acknowledge C. Henriquet for the construction of the
and thus it as well can be useful in similar situations. Fur-Sample container used for the measurements, and R. Angelini

thermore since the I1XS and the NS cross sections are bofi@r her help during the IXS measurements.
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