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Neutron scattering study of the lattice dynamics of CrsSi
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Phonons with wave vectors along [100], f, 110], and [111]directions and energies & 36 meV

were measured in a large (1.2 cm ) single crystal using triple-axis spectroscopy. Scattering in-

tensities were used to make symmetry assignments for the q =0 modes. A total of 15 of the

expected 24 q =0 modes are identified and show much accidental near-degeneracy. The I"25

mode frequency is in agreement with Raman results. A short-ranged central-force Born —von
Karman model is constructed and used to discuss the results.

I. INTRODUCTION

The understanding of the interrelationships that
exist between superconductivity, structural phase
transformations, and lattice dynamics is nowhere
more critical than for materials with the P-tungsten
(2 15) structure. Many high-temperature supercon-
ductors are to be found among the intermetallic com-
pounds with this structure. Many of these same ma-
terials either undergo phase transformations driven
by soft acoustic phonons (V3Si and Nb3Sn are the
best studied examples) or elastic softness that indi-

cates a tendency toward such an instability. Howev-

er, in spite of nearly two decades of discussion and

theorizing, we are far from a precise understanding
of the role of the structural instabilities on the super-
conducting properties. '

Part of the difficulty is that very little is reliably
known about the phonons, and consequently the in-
teratomic forces, in the 3 15 metals. While inelastic
neutron scattering can, in principle, provide such in-

formation, such studies' as have been possible have
been limited to low-lying acoustic phonons (because
of sample size requirements necessary to extend the
studies to higher phonon energies) or to density-of-
states studies. Recently, Raman scattering measure-
ments ~ have given some valuable information on
certain of the long-wavelength optic modes, but due
to the relative complexity of the 215 structure, much
more information is necessary before a picture of the
interatomic forces will emerge.

Cr3Si is an unexciting member of the glamorous
315 family. It has no superconducting transition
down to 0.015 K (Ref. 7) and neutron powder dif-
fraction at 6 K shows that Cr3Si remains cubic at low

temperatures. However, rather large single crystals
can be grown (unlike Nb3Sn) and both Cr and Si
have favorable neutron scattering properties (unlike
V3Si). We therefore felt it was worthwhile to mea-

sure and classify as much as possible of the Cr3Si
phonon spectrum by inelastic neutron scattering.
While of some intrinsic interest, our findings will be-

come more important when comparable data become
available in one or more high-T, 315 compounds.

In Sec. II we describe the sample, the measure-
ments, and the experimental results. In Sec. III we
describe and apply to our results some considerations
of the intensities of the q =0 phonon modes. These
relations folio~ from symmetry arguments alone and
furnish model independent tools for making the
mode assignments. We believe that these relations
will be a useful and possibly necessary component in

the understanding of inelastic neutron scattering data
on other A 15 materials as they become available. In
Sec. IV we make a preliminary attempt to relate our
observations to a model with short-ranged interatom-
ic forces and make some final observations and, com-
ments.

II. EXPERIMENTAL DATA

The measurements were performed using a single
crystal with a volume of —1.2 cm . The crystal was

gro~n using the zone-melting technique. ~ The mea-
surements were performed using triple-axis spectro-
meters at the Brookhaven High Flux Beam Reactor
(HFBR). Most data were collected with the spec-
trometer in the constant-0 mode of operation. The
analyzer was (002) pyrolytic graphite (PG). The
monochromator was PG(002) or Be(002) depending
upon the (fixed) incident neutron energy. Most
measurements were made in the (hkk) scattering
zone.

Dispersion curves were measured at 295 K in the
[100], [110],and [111]directions. The data are tab-
ulated in Table I and plotted in Fig. 1. We believe
the data to be reasonably complete in the 0—30-meV
range, although, as will become clear, there is evi-

dence for a number of nearly degenerate branches
which remain unresolved. In addition, measure-
ments of the accessible long-wavelength acoustic
modes were repeated at 77 K. No substantial tem-

perature variation was observed.
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TABLE I. Measured phonon energies (in meV) of Cr3Si along the [100], [110],and [111]sym-

metry directions at room temperature.

TA LA Optic modes

q~0

0.030
0.050
0.068
0.070
0.100
0.122
0.154
0.182
0.200
0.212
0.254
0.300
0.310
0.400
0.500

q =(g, o, o)

0.090
0.100
0.150
0.195
0.200
0.245
0.300
0.360
0.400
0.435
0.500

(A direction)

2.25
3.85

5.25
7.50

14.80

20.80

24.80
27.50

(4 direction)

8.3

12.0

15.5

18.5

9.0

12.0
15.0
18.0
21.0

24.0

25.0

26.0

9.0

12.0
15.0

18.0
21.0
24.0

27.0
29.0

26.0, 33.0

25.5, 25.8, 33.0

24.9, 27.3, 31.0

28.2
30.0
28.0, 30.0, 36.0
32.5

25,5, 26.5

24.2, 25.9, 26.6

23.0, 25.6, 26.9

21.2, 26.1

27.0

0.030
0.040
0.046
0.050
0.070
0.080
0.100
0.110
0.146
0.150
0.188
0.200
0.221
0.266
0.300
0.350
0.400
0.450
0.500

(X direction)

1.75
2.35

3.10
4.10
4.57

8.40

16.00
18.30
20.05
21.90
22.40

9.0

12.0
15.0

18.0

21.0
24.0

26.5

25.4, 26.0

25.0, 27.0

24.0, 28.5

23.0
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~here the phonon is characterized by a wave vector

q and branch index j, and x labels the atoms in the
unit cell. W„(Q), e„(q,j), b„, r „, and m„are
Debye-%aller factor, polarization vector, scattering
length, position vector, and mass of atom x Q is the
scattering vector. Use of Eq. (1) for a group theoret-
ical classification of the observed modes requires a
knowledge of the phonon eigenvectors e ( q,j).

A group theoretical analysis of the phonon modes
in the A 15 structure has been given by Achar and
Barsch. 9 Corresponding to ihe eight atoms/unit cell,
there are 24 phonon branches which show consider-
able degeneracy at high-symmetry points in the Bril-
louin zone. For example, at the 8 point

[q = ( z, —,, ~ ) ] the modes are distributed among
1 1

four symmetry representations as follows:

jI,(2) +ji,(2) +Z, (2) +3jI4(6), q = (—,',—,',—,
' ) ,

-20 -2S
l

-50

where mR~(n) indicates that the n-fold degenerate
representation 8; occurs m times. Similarly, for q -0
(I" point) the decomposition is

FIG. 2. Examples of q =0 phonon groups.

Two sets of data more or less representative of the
majority of the strong optic phonons are shown in
Fig. 2. The fact that a strong response at AE =26
meV was seen both at Q = (5, 2, 2) and (6,0,0) is an
important constraint on the q =0 mode assignments,
as will be shown in Sec. III, where mode intensities
are considered in some detail. In this and a few oth-
er critical cases, to reduce the possibility of spurious
and multiple scattering processes the measurements
were repeated at several different neutron energies,
at different angles of rotation about the scattering
vector, and in both energy-loss and energy-gain
modes.

HI. MODE ASSIGNMENTS

The experimental data of Table I are of very limit-
ed utility without some additional information con-
cerning the classification of the modes. For example,
any attempt to compare the data with model calcula-
tions is, in practice, hopeless without such informa-
tion. Fortunately, such information can often be de-
duced from a study of the intensity variation of ine-
lastic neutron scattering with momentum transfer, Q,
for the same phonon group, i.e., one varies Q, while
holding q =Q —6 constant, where 5 is any recip-
rocal-lattice vector. The basis of this procedure is
that the phonon intensities are proportional to ihe
square of an inelastic structure factor,

1,(I) + I „(2)+ I"„(3)+I,', (3)

+21'g5(3) +3I')g(3), q =0 .

8 and I" are the points of highest symmetry.
Achar and Barsch' also construct from Cartesian

displacements of the atoms a set of basis functions
with irreducible symmetry properties. In the event
that the phonons of a given symmetry occur only
once (e.g., 1 q, I'~q, 1"~5, and I't5) these symmetry
basis functions are also the phonon eigenvectors. If
there are m phonon modes of a particular representa-
tion, there are m linearly independent basis sets and
the phonon eigenvectors are some appropriate linear
combination of them. Since both the basis vectors
and eigenvectors are orthonormal sets, for the case of
I q5 for which m =2

cosQ sing
I'p5 modes, (2)

where (e~, eq) and ( s ~, s q) are the two-component
eigenvector and symmetry basis sets of the- repeated
representation, and @ is a parameter which is fixed
not by symmetry but by details of the interatomic
forces as expressed in the dynamical matrix,
D(q =0).

For I ~5, m = 3 and the situation ~ould be more
complicated except for the fact that one of the I"~5

modes represents uniform translations ( q =0 acous-
tic modes). If the remaining symmetry basis func-
tions (st, sq ) are chosen orthogonal to the I't5 acous-
tic mode, one again finds

Fj(q, Q) = Xb„m„'"[(Q e„(q,j) ]

xexp(/Q r „)exp[—II „(g)]

1

cos8

e& = —sin8
sin8

I'~5 modes .cos s&
(3)
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In summary, the q =0 eigenvectors and thus the
inelastic structure factors can be characterized
uniquely by symmetry except for the I'25 and I ~5

modes which require the specification of individual
mixing angles which can be treated as unknown em-
pirical parameters in order to compare intensities cal-
culated using Eq. (I) with experiment. When this is
done, a number of "selection rules" are found, the
most general of which are as follows:

q=O 33meV PHONON GROUP

—~l I'5

l 2'5

For I;=I 2, I )2, I )5, I 25

Ir(hkl) =, 0, (h, k, l) all even;
for I ]=I")5

Ir, (hkl) =0, (h, k, l) all odd (4b)

Pl CD
CD

CD

/is

~ NNg&&~f 25
mmmm h I I ""==51a

~here h, k, I are Miller indices. Ho~ever, some
essential information is revealed only by numerical
analysis, as discussed belo~.

%e restrict our detailed description of intensity
considerations to the q =0 phonon group seen at 26
meV. Figure 3 shows the relative intensity of this
phonon group at 22 different reciprocal-lattice posi-
tions, The absence of a bar indicates that the intensi-

ty was less than 3 of the lowest observation recorded

on the figure. The presence of intensity at (600) and
(066), together with Eq. (4a), eliminates all but I ~5

and I 25 modes. Strong (733), (555), and (533) in-

tensity together with (4b) would seem to resolve the
issue in favor of I 25. Ho~ever, a detailed compar-
ison of the data with predictions of Eqs. (I) and (2)
produced no satisfactory result for any value of @.
[In fact, I(600) =0, identically, for I'25 modes. ]

This apparent contradiction was resolved only with
the realization that preliminary model calculations, to
be described in Sec. IV, showed for a wide range of
forces constants that the lowest q =0 optic mode was
sometimes I ~5, sometimes I 25, but with little separa-
tion in energy. This led to a fresh attempt to under-

FIG, 4. Relative observed &ntens~t~es of the 33-meV pho-
non group at various reciprocal-lattice points compared with
one-phonon scattering intensities assuming degenerate I 25

and I ~5 modes. There are no adjustable parameters.

stand the intensities of the 26-meV group by adding
both I g5 and I'25 intensities and adjusting both mixing
angles 8 and $. The results, shown in Fig. 3, are
very satisfactory and form the basis for our assign-
ment of both I ~5 and I 25 modes as quasidegenerate at
26 meV. Comparison (Fig. 2) of the positions of the
(522) and (600) peaks (the former is mostly I'25, the
latter entirely I'~5) suggests that I'~5 is marginally
lower, but the difference in peak positions is consid-
erably smaller than the instrumental resolution ( —3
meV at AE —30 meV).

Similar difficulties were encountered in explaining
the intensities of the 33-meV q =0 phonon group on
the basis of a single (possibly degenerate) mode.
Once again, the model calculations suggested a near
degeneracy of the I'~5 and I'25 modes and this assign-
ment does indeed produce good intensity agreement
(see Fig. 4). The problem here is a good deal less
complex than for the I ~5, I 25 case as the eigenvectors
are uniquely determined by symmetry. Consequent-
ly, less experimental data were necessary for its reso-
lution.

Finally, Raman scattering studies" have placed the
I"25 mode at 33.9 meV, in agreement with our assign-
ment. The only other Raman-active mode, I ~2, is
observed to be at 37.7 meV in Cr3Si.

CO ~ ~ ~ ~ ~ ~ M O ~ O ~ P4 O CW CD CD O ~ M gQl Mg m~~ MM ~oo neo Naval w CAcDcD cD cDO C C c cDcn

FIG. 3. Relative observed intensities of the 26-meV pho-

non group at various reciprocal-lattice points and calculated
one-phonon scattering intensities assuming degenerate I'25

and I'~5 modes. Two independent parameters (see text)
were adjusted to produce the fit sho~n.

IV. FORCE-CONSTANT MODEL
AND DISCUSSION

%e have already remarked that the results for a
simple force-constant model influenced our interpre-
tation of the data in initial stages, even though our
analysis thus far is, in fact, model independent,
Given the q =0 mode assignments of Sec. III, there
are a number of interesting questions for which even
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a relatively simple Born —von Karman model may
supply some answers:

(1) Can "reasonable" force constants account for
the pattern of phonon frequencies summarized in

Fig. 1?
(2) Can the model reproduce the q =0 mode as-

signments, including the near degeneracies of the
I'~5, I'25 modes and the I ~5, I'25 modes? If so, does
the model suggest plausible physical explanations for
these near degeneracies?

(3) Can the model reproduce the observed pattern
of phonon intensities shown in Figs. 3 and 4, and
thus verify the phonon eigenvectors which they im-

ply?
The model which we have investigated contains

only short-range forces between nearest-neighbor and
next-nearest-neighbor chromium atoms, between
nearest-neighbor Si atoms, and nearest Cr-Si neigh-
bors. All interatomic potentials are assumed to be
central, giving rise to radial and transverse force con-
stants. There are thus eight force constants which
can be adjusted. These force constants are identified
in Fig. 5. This is a moderately large number of
parameters, but not so large as to render a compar-
ison with the observations meaningless. For exam-
ple, we could use the observed q =0 assigned mode
frequencies to provide six constraints, and in princi-
ple the two mixing angles 8 and $ provide two more
constraints. The model then provides predictions for
all the q AO data, e.g., the entire behavior of the six
observed acoustic branches. In practice, we chose in-
stead to present another fit based upon a trial and er-
ror fitting of both the q =0 modes and the limiting
acoustic-mode velocities.

The resulting force constants are listed in Table II,
and the calculated phonon dispersion along the three
principal symmetry directions are shown in Fig. 1.
The calculated phonon structure factors for the criti-

Q Cr

q=O 26moV PHONON GROUP

0 e 0 e N 0 CV CO ~ 0 C4 F) Lfl
Cf 8) p) ~ & ~ ~ & & 0 ~ 0 ~ & 0 C4 + C) 0 ~ Pl Lh Pl0 ~ C4 O ~ hl N Q & '4 LA LA + CD g Q g + ~ + g)

FIG. 6. Relative observed intensities of the 26-meV pho-
non group as in Fig. 3 compared with one-phonon structure
factors based on Born —von Karman model calculations.

cal 26-meV phonon group are compared with ob-
served values in Fig. 6. Considering the simplicity of
the model (for example, screened Coulomb effects,
known to be important in transition-metal lattice
dynamics, are omitted), the fit is quite pleasing. We
believe that the model parameters could serve as a
basis for a more complete and microscopic calcula-
tion. The parameters seem plausible in a naive way,
in that the longitudinal components are much greater
than their transverse counterparts. The most in-
teresting feature is the relative weakness of the near-
neighbor (NN) chromium atoms, since the linear
chain arrangemerit with its correspondingly small NN
separation is one of the most distinctive features of
the A 15 structure. However, the phonon intensities
calculated on the basis of the force-constant model
(Fig. 6) are not as satisfactory as those calculated
with purely phenomenological mixing angles (Fig. 3).
This is particularly true for the (700), (733), (555),
and (533) data. The measured intensities of the last
three reciprocal-lattice points depend only on Si
motion, and thus suggest that the Si eigenvectors
given by the force-constant model may not be quite
correct.

TABLE II. Born —von Karman force constants in units
of 104 dyn/cm.

Longitudinal Transverse

FIG. 5. Representation of the Cr3Si structure showing the
short-range force constants.

Cr-Si
NN Cr-Cr
Si-Si

NNN Cr-Cr

yegg(l) =13.06
y„(I)- 4.30
y„„(I)= 9.09

y»(I) = 0.46

y~ g(t) = —0.08
y»(t) = —0.13
y»(t) = 0.00

y gg(t) = —0.08
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FIG. 7. Phonon density of states for Cr3Si.

Having established affirmative answers to ques-
tions (1) and (3) above, it remains to comment upon
the near degeneracies at q =0 which complicated our
analysis. An inspection of the I'I~ and I'2q eigenvec-
tors shows that they both consist of simultaneous dis-

placements of Cr atoms on more than one chain
transverse to the Cr-Cr chain directions. The Si sub-
lattice does not participate. The differences are only
due to the phases of the displacement waves on the
chains. These mode frequencies are therefore identi-
cal in the absence of interchain coupling [ass(l)
=ass(r) -0, in our model). Thus we see that the
I'~q, I q5 near degeneracy is a consequence of the
quasilinear aspect of the 215 structure, and may
prove to be a general feature.

No such facile explanation of the I ~5, I 25 degenera-

cy presents itself. The fact that both the Cr and Si
sublattices contribute to the eigenmodes means that,
among other factors, the mode frequencies depend
upon the ratio of the metal (Cr) and metalloid (Si)

masses. However, repeating the above calculations
for masses appropriate to N13Sn rather than Cr3Si
showed the I ~5, I"25 near-degeneracy to be rather in-
sensitive to this change in mass ratios. No deeper in-
sight into this phenomenon can be given by us at this
time, but we think it not unlikely that Nb3Sn may, in
fact, have near degeneracies similar to Cr3Si.

Finally, we have used the force-constant model to-
gether with the parameters in Table II to evaluate
phonon frequencies at arbitrary wave vectors and to
integrate over the Brillouin zone (using the method
of MacDonald et al. ") to generate the phonon densi-
ty of states shown in Fig. 7. The sharp features of
the density of states are readily correlated with
dispersionless branches of Fig. 1 and no further dis-
cussion seems necessary.

Note added in proof. Another neutron study of pho-
nons in Cr3Si was just published by L. gneiss and A.
Y. Rumyantsev, Phys. Status Solidi (b) 107, K75
(1981). Their results are less complete but in general
agreement with those presented here.
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