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Observation of Lattice Stabilization of V3Si in High Magnetic Fields
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In V3Si a noticeable reduction of the martensitic transformation temperature was found
in high magnetic fields. The effect is in good agreement with recent predictions of Diete-
rich and Fulde, whose calculations are based on the linear chain model of Labbe and
Friedel, thus giving strong confirmation of the latter also. Lifetime effects are also
brie6y discussed.

The effect of lattice instability due to strong
electron-phonon couplings has first been dis-
cussed by Kohn and Vachaspati. ' Later on, its in-
fluence on a variety of properties was evaluated
more quantitativelys ~ after the BCS theory 4 had
been developed. It was shown that the lattice
stability criterion is given by'~

N(e F)Vscs & s.
It became clear that such lattice instabilities
might be expected in high-temperature supereon-
ductors, or more precisely in materials with the
largest T,/8D ratios. In particular, the group of
415 structure, V+ and Nb+, displayed a certain
number of additional unique features, such as
large and strongly temperature-dependent suscep-
tibilities and Knight shifts, 5 6 large electronic
specific heats, "etc. , suggesting extremely nar-
row d bands and high density of states, "thus fa-
voring large electron-phonon coupling constants.
The A15 structure also has the interesting prop-
erty that it can be considered as a system of tran-
sition-metal ion chains in the (100), (010), (001)
directions embedded in a bcc matrix. ' Using
this property and the tight-binding approximation,
Labb0 and Friedel' (referred to as L-F) proposed
a band structure model for V~Si, in which the m
= 0,+1 sub-bands are filled and with a Fermi
level of =k~ x21'K" above the bottom of the m,
= + 2 sub-band. Near the bottom of the sub-bands
the density of states is expected to diverge as
-(e -e ") '", where e ' stands for the bottom
of the mth sub-band' (in the cubic phase). L-F
demonstrated that in this class of materials a
lattice instability will occur at low temperature
if the Fermi energy is close. enough to the bottom
of the sub-band, leading to excessively high den-
sity of states with decreasing temperatures. The
crystal then will distort spontaneously to a tetrag-
onal unit cell at some temperature T„, called the
mar tensitic transformation temperature. The
lowering of the symmetry leads to a splitting of

the degenerate m = 2 sub-band into two new sub-
bands and, at the same time, to a lower density
of states.

The nature of this instability has been consid-
ered by various authors" ~~ from different
points of view in the recent past. %e therefore
felt it would be a challenging experiment to make
a more rigorous quantitative test of the L-F mod-
el, in particular, in order to differentiate among
other models. Recently, Dieterich and Fulde~
investigated the influence of high magnetic fields
on the martensitic phase transformation, basing
their calculations on the L-F model. They found
a shift of T„ to lower temperatures given by

ETs(H) = —0.18T~(0)[pere je p(0, 0)]2;

e F(0,0) stands for the Fermi energy at T =0 and
II =0 in the cubic phase. T~(0) is the martensitic
transformation temperature in zero field. After
a brief description of the experiment we will dis-
cuss the results and compare them with the theo™
retical prediction and also with other models.
For a variety of experimental reasons V,Si was
chosen: Its transformation temperature is in a
convenient temperature range; its electronic pa-
rameters have been thoroughly analyzed; and the
shift in T„ is expected to be among the largest in
all A.15 high-temperature superconductors.

It is most convenient to detect the martensitic
transformation by specific heat, "which was mea-
sured by a heat-pulse technique. The sample
holder was fitted into an insert Dewar placed in a
2-in. bore of a Nb3Sn superconducting solenoid,
capable of generating 110 kOe. For reasons of
field stability a fixed field of 90.0 kOe was chosen,
measured by a Cu magnetoresistor. A silicon
thermometer was calibrated in zero field against
a Pt resistance thermometer, in turn calibrated
at the National Bureau of Standards down to 10'K.
In 90 kOe the silicon thermometer was carefully
calibrated against the vapor pressure of liquid
hydrogen. A cross check of the calibration curves
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FIG. 1. Specific heat C/T of two VSSi samples between Il and 22'K in 0 and 90 kOe with and without martensitic
transformation.

was made by measuring a test sample of high-pu-
rity copper (99.999%) in 0 and 90 kOe. The data
agreed within better than 1 with Martin's val-
ues, ~ yielding no field dependence at all. Follow-
ing this test two cylindrical samples („ in. diam,
—,
' in. long) of VSSi were measured, both in 0 and
90 kOe. One was a very coarse-grained polycrys-
tal, with a residual resistivity ratio (RRR) of 20
not showing any martensitic transformation, at
least down to -11'K. The other sample was a sin-
gle crystal with a RRR of 60 showing a martensi-
tic transformation in zero field at 21.3'K. The
magnetic field was applied parallel to the cylinder
axis, both coinciding with the 001 direction.

The results of the specific heat measurements
are shown in Fig. 1. It provides an overall view
of the specific heat in the temperature range of
interest, including also the onset of the super-
conducting transitions in 0 and 90 kOe. In the
specific heat, the transformation temperature
T„ is not well defined. However, in our suscep-
tibility measurements y(T) shown in Fig. 2 we
found a relatively sharp peak at (21.3 + 0.1)'K.
Therefore, we feel it is more convenient to de-
fine the transformation temperature T„by the
maximum in g(T) of Fig. 2. It is interesting to
note an almost rigid shift of the specific heat
curve between the maximum. and the onset of the
increase in 0 and 90 kOe. Thus, specific heat
fortunately measures a well-defined shift 4T„
= —0.30 K in 90 kOe, even though the transforma-
tion temperature T~ itself is less accurately de-
fined. Due to the unsharp phase transition 4T„
does not measure the true shift &7.'„. ~T„ is ob-
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FIG. 2. Susceptibility between 17 and 200 K of the

same samples as Fig. 1 tH=14.24 kOe].

tained as shown in Fig. 1.
For comparison we also show the specific heat

and susceptibility of a nontransforming sample in
Figs. 1 and 2. Above 30'K (not shown in Fig. 1)
the specific heat values of the two samples are
almost identical, whereas the susceptibility re-
mains slightly lower in the nontransforming sam-
ple down to the supercondueting transition tem-
perature. The fact that neither a copper test sam-
ple nor the nontransforming VISi sample shows a
detectable field dependence (s 0.2% rms) gives us
considerable confidence regarding the accuracy
of the field dependence of the transforming sample
and also excludes any spurious effects. No irre-
versibilities could be detected in specific heat
and susceptibility measurements which might be
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indicative of a first-order phase transition.
L-F have shown that the reason for the lattice

instability is the excessively high density of states
N(e F), increasing with decreasing temperature,
which is a particular feature of certain A15-type
compounds. At a critical density of states the
crystal will spontaneously distort, lowering both
its free energy and its density of states. This
distortion is usually considered as a band-type
Jahn-Teller effect. "9 The lowering of the den-
sity of states can be seen directly in Fig. 2. The
temperature-dependent part of the susceptibility
mainly reflects the (possibly exchange-enhanced}
temperature dependence of the density of states
due to the extremely low Fermi energy, e.g. , 0
x 21'K in V,Si, as analyzed from y(T) and the lin-
ear chain model. ~e As Dieterich and Fulde~ have
pointed out, even moderate magnetic fields should
have noticeable effects on the elastic properties
of these materials via the field-dependent density
of states, i.e., the Zeeman energies of the conduc-
tion bands. Using standard formalism and 1V(8)
-c "2, characteristic of the linear-chain model,
they find at temperatures T/8 F(0,0) -1 (where the
martensitic transformation occurs) a decrease
of the density of states with increasing fieM, due
to the Zeeman splitting of the d conduction band
[plotted as II(T,. H) =N(T, H)/1V(0, 0) in Fig. 1 of
Ref. 21]. Therefore, in order to reach the criti-
cal density of states, i.e., the critical eleetron-
yhonon coupling driving the tetragonal distortion,
one has to cool the sample correspondingly lower.
This is exactly the basic physical ox'igin of ex-
pression (2). With T„=21.3'K, H = 90.0 k08, and
8F(0,0)/k =21'K, (2) yields a value of b.T„=-0.31'
K, in good agreement with our experimental value
4T~= -0.26'K. We believe that this agreement
very strongly supports the L-F model.

In order to amplify this point, we also discuss
an alternative model proposed by Cohen, Cody,
and Hallorani From their squar e-well denslty-
of-states model with a Fermi temperature 8F(0,0)/
it=110'K, in V,Si, a shift of -0.64x10 T„=-0.13'
K is expected in 90 kOe." This is a factox of 2
smaller than the experimental result and the pre-
diction of the L-F model. The model of Cohen,
Cody, and Halloran nevertheless has been quite
successful in fitting other edg)eriDlental data such
as susceptibility, electrical resistivity, elastic
constants, and the strength of the phase transi-
tion."" However, our experiment clearly seems
to be in favor of the physically much more realis-
ti.c L-F model.

Next, we would like to discuss briefly the yrob-

lem of transforming and nontransforming samples.
Our results for AT& ax'e somewhat smaller than
predicted by the I -F model. We have to keep in
mind that for small Fermi levels of -10"3eV,
lifetime effects of the Bloch states become impor-
tant and will smear out the'singularity in N(8),
depressing tile density of states R't low tempera-
ture and even moxe so its field dependence. Re-
placing the L-F expression N(8) = 2'-I"by
2B(l&l +ZT} with R cutoff Rt 8 = 0 = (0/l)VFq
one finds for kT/81, (0,0) and pIH/e„(0, 0) s1

=[&&(T,H)/Ã(T, 0)], ($1+(2-v2 )y"*] ', (3)
where y= U/8F(0, 0) and b,N=N, + JV —2N(H=O).
Using E = 5000 A and m*=m, for oux "clean" V,si
single crystal we find y -0.02 and (1+(2-v 2)y" P
= 1.37. Therefore, mean free path effects can
easily account for the difference between the ex-
perimental and theoreti. cal value of 4T„. This
also makes clear that the best samples will ex-
hibit the highest values for both T„and AT„and
that lifetime effects may reduce the density of
states to below the critical value necessary fox a
martensitic phas e transition.

One last interesting point needs consideration.
If we assume for the xnoment no experimental
upper bound on the magnetic field one may ask
whether it is possible to stabilize the cubic phase
down toT =0. The answer is no. If we calculate
N(H) at T = 0 in the clean limit (y = 0) it is a sim-
ple matter to show that 4Ã/2K(F = 0}= ~X /(1 —~
xX ) with X= iIIIH/8 F(0,0), whereas at tempera-
tures T/e F(0, 0) a 2, b&(H, T}/2Ã(0, T) is negative
in a magnetic field. Thus the field dependence
must reverse the sign at some temperatux'e To in
the range 0 ~ T,/e F(0, 0) ~ —,

' and T„(H) will level
off at T, in ultrahigh fields. On the othex hand,
this sign reversal suggests the possibility of in-
ducing a martensitic phase tx'ansition at sufficient-
ly low temperatures even in a nontransfox'ming
sample, provided H ~ J/„. However, mean free
path effects would affect this phenomenon in a
destructive way as we have shown in (3). One
would have to select a nontransforming sample
as close as possible to the transformation condi-
tions, i.e., with a high residual resistivity rati.o.
%'e hope that susceptibility measurements in very
high fields will px'ovide further clax'ification of
such mean fx'ee path effects.

We are very much indebted to. L. R. Testardi,
%. F. Brinkmao. , and %. Klose for a fruitful dis-
cussion. In particular, we wish to express our
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thanks to W. Dieterich and P. Fulde who brought
an error to our attention in the first draft and
supplied us with many unpublished results.
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The Mg L ~ @ absorption edge {bv = 50 eV) has been studied as a function of composition
in amorphous Mg-Bi and Mg-Sb alloys using a synchrotron source and a high-resolution
grazing-incidence spectrometer. Exciton lines occur and are most prominent for low-
conductivity material, e.g. , corresponding to Mg3Bi2. Screening of the electron-hole in-
teraction takes place as the conductivity increases, but a remnant enhancement remains
at threshold even in pure Mg metal.

Certain intermetallic compounds exhibit strik-
ing composition-dependent electrica1 properties
when in the 1iquid or amorphous state. For ex-
ample, Ferrier and Herrell' have shown that
the electrical conductivity of amorphous Mg„Bi, „
and of Mg„Sb, „ is quite 1ow and cusplike at x
=0.60 (e.g. , amorphous MgsBi, ) and rises to
metallic values on either side of this composi-
tion. We find that sharp exciton lines occur at
the Mg 1.& z absorption edge in the extreme ul-
traviolet (50 eV) for low-conductivity amorphous
films. These exciton lines tend to be screened
out with increasing conductivity, but a remnant
enhancement remains at thresho1d even in pure
Mg metal.

The spectra were obtained by measuring the
transmission of synchrotron radiation through

thin films using a high-resolution grazing-inci-
dence monochromator. ' The amorphous films

0
(90-510 A thickness) were made in situ by co-
evaporation onto Formvar substrates kept near
100'K by baffles at liquid-nitrogen temperature.
Composition x could be controlled to about 1 or
2% by means of crystal thickness monitors and
circuitry deve1oped to disp1ay accurately the
ratio of evaporant f1uxes. Thermal Qux was
minimized by means of baffles and large source-
to-substrate distances (1 m). The amorphous
Mg-Bi a11oys could be transformed to crystalline
simply by s1owly warming to room temperature.

Figure 1 shows the absorption spectra for sev-
eral amorphous Mg„Bi, „ films of different com-
position x. The instrument spectra1 bandwidth
was less than 0.02 eV. These spectra are all


