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Channeling in V3Si: Atomic Displacements and Electron-Phonon/Defect Interactions
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‘He channeling measurements of minimum yields in single-crystal V;Si have been com-
pared with those calculated with the Karlsruhe phonon density of states. Atomic displace-
ments versus temperature and defect level have been so obtained. In sitx radiation-
damaged crystals show ~ 10~ 1-A displacements and significant phonon stiffening. The ob-
servations explain the large changes in electrical resistivity in the defect state, and
suggest that both thermal and static (defect) displacements diminish the electron-phonon/

defect interactions, and to equivalent degrees.

We report the results of a *He channeling study
of the dynamic and static atomic displacements
of V in the A-15-structure compound V,Si. The
measured values of the channeling minimum
yield X,;, are found to be appreciably smaller
than expected from elemental crystals. This
probably results from the reduced symmetry
about the atomic rows in the V,Si lattice. Mea-~
surements of X, further show that *“He radiation
damage, which causes large reductions in the su-
perconducting T, appears to involve static dis-
placements of atoms from lattice sites and not
antisite defects alone. The defects also induce
considerable phonon stiffening. These effects can
be correlated with the large changes in electrical
resistivity of damaged V,Si films, and suggest
that both thermal and static (defect) displace-
ments reduce the electron-phonon/defect interac-
tions, and many of the anomalous properties, in
qualitatively similar ways.

Channeling and backscattering studies were
performed using 1.9-MeV “He particles in the
(100) and (110) directions for the V atoms in four
samples of V,Si." The samples were plate shaped
[two each with (100) and (011) orientations] and
cut from a single crystal whose T, was ~17 K,
electrical-resistivity ratio p(300 K)/p(20 K)~ 22,
and which exhibited (from ultrasonic studies)

some evidence of the Batterman-Barrett transfor-

mation? beginning at 21 K.

Measurements were made from 20 to 300 K for
a (100) direction, and from 20 to 670 K for a (110)
direction. In situ radiation-damage studies were
also carried out with use of higher *He beam cur-
rents in a random direction. Care was taken to
establish that the beam currents used in the chan-
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neling studies did not cause significant damage in
this defect-prone compound.

Figure 1 shows X ;.- "P(T) for the V atoms in
the (100) and (110) directions of V,Si. About ten
separate determinations of y ,;, for each direc-
tion were made at 300 K on the four samples, and
these values agreed to within ~+ 7%, which is ap-
proximately the statistical counting error. The
temperature dependence was measured once for
the (110) direction and eight times for the (100)
direction.

To have an expression for x,;,, we have gen-
eralized the results for elemental materials* and
obtain
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FIG. 1. Observed minimum yield x,;, from channel-
ing and the derived two-dimensional mean-square
vanadium displacements Tv2 vs temperature for (100)
and (110) directions in V;Si. Several representative
error bars are indicated. Also shown are y,; """ for
(100) and (110), The left-hand scale for 7’ is slightly
nonlinear and offset to correct for the oxide-layer con-
tribution (Ref. 3).



VoLuME 39, NUMBER 11

PHYSICAL REVIEW LETTERS

12 SEPTEMBER 1977

where A is the area of a surface unit cell, v; is
the number of rows in the surface cell made up
of the ith (¢ is either V or Si) constituent, and 7,2
is the two-dimensional mean-square displace-
ment of the fth constituent perpendicular to the
channeling direction. The C;’s are discussed be-
low. 72 =Z¢-u—2+z_¢;;§ (u’s are the one-dimensional
Debye-Waller displacements), and is composed
of static, zero-point, and thermal-vibrational
contributions. ¢~2 is defined in Ref. 4 and is of
order <0.5. Equation (1) holds for an axial chan-
neling direction in which all rows are made up of
one constituent only.. In V,Si, this condition ap-
plies for the (100) and (110) directions (vy =5 and
6, respectively; vy =2 and 2, respectively).

FOT X min' "¢°" we have calculated 7 and 74;?
from the phonon densities of states G(w) at 4 and
300 K, recently determined by Schweiss and co-
workers.® In this calculation® we have assumed
an isotropic 7y? and a decomposition of G (w) into
gv(w) and g5;(w) in such a way that for w—~0 the V
vibrations dominate (in-phase motion of V and Si)
and for w-w,,, the Si vibrations dominate (out-
of-phase motion of V and Si). While the values
for 74,2 depend strongly on the choice of the G(w)
decomposition, Ty? and X ;. "°°" and rather insen-
sitive to it. When we adjust the decomposition
such that 75;%(300 K) agrees with recent x-ray da-
ta,” 7y? also agrees very well. Very recent mea-
surements by Staudenmann of 7* and 74,2 at 13 K
also agree with our calculations. We note that
these x-ray results reasonably justify the assump-
tion of isotropy for 72.

Values of X i, Obtained from Eq. (1) using the
calculated 7’s® are much larger than the experi-
mental values if Cy=3.0 and Cg4;=1.7, as suggest-
ed for elemental materials.* However, the C’s
represent enhancement over ergodic behavior
caused in large part by focusing effects of the lat-
tice on the ion trajectories.® In V,Si, the V and
Si rows are intermingled and have low symmetry
so that the focusing effects are reduced. Hence
the C’s were varied to obtain the best agreement
with experiment. Because x ;' °" is relatively
insensitive to Cg;, Cg/Cy was kept fixed at 1.7/
3.0. The best fit was obtained with Cy=1.7 and
Cs; =1.0 with results as shown by the theoretical
curve in Fig. 1. The fit is, at all temperatures
and for both axes, within the experimental uncer-
tainty. If small C values are characteristic of
compounds, they should be observable in other
cases.

The great susceptibility of A-15 superconduc-
tors to radiation damage® was studied by in situ
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FIG. 2. Observed minimum yield and derived two-
dimensional 7, for (100) in V;Si with and without
damage as a function of temperature. The inset shows
@/dr)T* at 300 K.,

damage in a random direction at room tempera-
ture followed by channeling measurements. From
the previous analysis we are now able to obtain
values of 72 for the damaged crystal from the
channeling data. Figure 2 shows the observed
Xmin and the deduced 7y? from 20 to 300 K for
(100) channeling after damage doses of 0.75, 1.5,
and 2.5%10' cm™2 of 1.9-MeV *He particles.
Based on sputtered-film measurements these
doses will reduce T, to ~8, 5, and 2 K (the low
T .-saturation value of Poate et al.®), respectively
(see Fig. 3). We find that for (100) (and, from
limited testing, (110)) channeling, these doses
significantly increase X,;,. This behavior is not
typical for a metal where the induced defects
largely anneal out at 300 K, but is more charac-
teristic of a covalently bonded semiconductor for
which such defects lead to a metastable quasi-
amorphous state.'®

Simple antisite disorder, while retaining a per-
fect lattice, will not produce measurable increas-
es in xn;n. Our results suggest either 1-2% lo-
calized regions of complete disorder or small
bond distortions for most of the atoms producing
displacements, 7y, from the atomic rows. Pre-
vious x-ray studies,'* however, have indicated
small bond distortions throughout the bulk of the
sample. Calculations of the Debye-Waller factor
for the observed 72 predict an observable de-
crease (~50% for Cu Ko and 6 >45°) in the inten-
sity of high-angle x-ray diffraction lines in the
highly damaged state—a result qualitatively con-
sistent with observation.!! We have recently
learned of channeling and radiation-damage exper-
iments carried out at 300 K in V,Si by Meyer and
Seeber!? who also conclude the existence of the V
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FIG. 3. Change in T, electrical resistivity p, and

7 as a function of ‘He dose. Botton panel shows uni-

versal decrease of 8 vs 7%, O, Bt (undamaged); 0O, B,
(damaged); A, B, (20 K); A, B, (300 K),

displacements.

Figure 2 (inset) shows, in addition, that with
increasing damage 72 has a minimum in the ther-
mal contribution 72 of about (60+ 20)% of the
ideal-crystal value when T, has been reduced to
5 K. Since 748 (wy0"H T (for T greater than t
of the Debye temperature ©,), the decrease of
7. indicates a significant stiffening of the pho-
nons with defects. This observation is consistent
with recent sound-velocity'® and specific-heat!*
measurements on neutron-damaged V,Si. Phonon
stiffening with increasing temperature has been
previously reported.>®

Figure 3 shows the increase in (100)7y? with
increasing dose for samples damaged at 300 K
and analyzed at 20 and at 300 K. Also shown are
the increases in electrical resistivities p at 20
and 300 K and the decrease in T, with dose as ob-
served'® in sputtered films which have proper-
ties similar to the bulk crystal. Note that x,;,
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continually increases with dose beyond the point
where T, and p saturate. (The saturation trend
in p is from a new datum point at high dose.)

Figure 3 further shows that the large increases
in p with *He dose are in contradiction to Mat-
thiessen’s rule.'® We may analyze this behavior
by writing

Ap:BthATth+BdATd=Apth +Apd. (2)

Here 8,y represents the electron-phonon coupling
[proportional to McMillan’s N(0)J?] and B, is the
electron-defect coupling. 7.2 and 7,2 are the ther-
mal and static (defect) mean-square displace-
ments of the V atoms. Equation (2) should be ap-
proximately valid for T > ©,/5 with regard to
Ap.y, and at all 7" with regard to Ap,.

From Figs. 2 and 3, and Eq. (2), we estimate
that at low doses B,(20 K)~7x10°% uQ cm/A? and
B,(300 K)~3.3x10° uQ cm/AZ% At high doses
(>1.5X10" cm"2 “He) the increase in electrical
resistivity with dose tends to saturate'® while 7,2
continues to increase. Thus 8, is considerably
reduced for large 7,%.

For undamaged V,Si we find B8,,(300 K)~5x10?
19 cm/A? from the ratio of Ap/AT (Ref. 15) and
AT?/AT (Fig. 1). However, at 500 K we obtain
~2x10% uQ cm/A2,

For elemental™® V (T =5 K), B;;,=2X10° and 8,
=2.5x10° pQ cm/AZ at 300 K. It can thus be con-
cluded that the large increase in p for V,Si in-
duced by radiation damage results not only from
the atypically large 7,2 but also from the large
electron-defect coupling as well.

Furthermore, the failure of Matthiessen’s rule
in V,Si appears to be a consequence of the fact
that By (like B,) is reduced with increasing 72.
For example, samples damaged with 10'7 cm™?2
“He (T,~6 K) show 7,2(300 K) reduced by ~ 40%
(Fig. 2), but p,,(300 K) reduced by ~70% (Fig. 9
of Ref. 15). More generally, Fig. 3 (bottom pan-
el) displays values of 8 obtained from both ther-
mal and defect contributions to resistivity as a
function of 72 over a wide range in temperature
and radiation dose. The reduction of 8 with 72
is similar for both cases and shows that the anom-
alous temperature dependence of p is consistent
with the defect dependence when comparison is
made at the same values of 72. In addition, since
the electron-phonon/defect parameter 8 is larg-
est when the atoms are closest to the (unstable)
lattice sites, both temperature and defects may
stabilize the structure.

This universal reduction of the electron-phonon/
defect interactions with increasing 72 may apply
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to other properties such as 7', the sound veloci-
ty, and magnetic susceptibility. The softening of
the phonon frequencies due to the electron-phonon
interactions, for example, is proportional'” to 8
and therefore will be comparably smaller for in-
creased thermal and defect 72. In general, we
expect the behavior at lower temperatures in the
defect state will be qualitatively similar to that
at higher temperatures (i.e., with equivalent 72’s)
for the defect-free state.
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