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The electrical resistivity, the magnetic susceptibility, and the Knight shift of V have
been studied as a function of temperature in near-equiatomic V-Ru alloys. Electronic tran-
sitions were observed as evidenced by the following anomalies: Over a narrow temperature
range, the resistivity increases sharply, the susceptibility decreases rapidly, and the Knight
shift increases during cooling. At the same time, a tetragonal crystallographic distortion
occurs, as found by Marezio et al. The low-temperature specific heat and the superconducting
transition temperature were found to vary drastically over the concentration region of interest
in agreement with the results of previous work. These changes in electronic properties can
be consistently interpreted as arising from a substantial reduction in the Fermi-surface area
and of the effective number of carriers associated with the tetragonal distortion. This further
suggests that the tetragonal phase is stabilized by the reduction of the electronic free energy.

I. INTRODUCTION

The electronic properties of transition metals and
alloys have been extensively studied. In general
the Sommerfeld coefficient of the specific heat' (y)
peaks sharply at 8 = 4. 7 and = 6. 4, where 5 denotes
the electron-per-atom ratio. A simple rigid-band
model constructed from the y measurements can
account quite well for the magnetic susceptibility
(}t ) and the nuclear magnetic resonance (NMR) re-
sults. However, in some alloy systems, y de-
creases rapidly (almost discontinuously), and the
superconducting transition temperature (T,) drops
to below 0. 4 K before y reaches the maximum at
b =6.4. The V-Ru alloy series is one such series,
and it has been investigated carefully by various
authors. Raub and Fritzsche have investigated the
phase diagram of the V-Ru system between 1100
and 1600 C. They found that V and Ru form alloys
progressing through body- centered cubic (bcc),
CsCl (B2, cubic), tetragonal CsCl (tetr. 82), and
hexagonal closed packed (hcp} structures as the
concentration of Ru increases. Based on this phase
diagram, Flukiger et al. concluded that the abrupt
decrease of y as a function of composition was a
direct consequence of a Jahn- Teller-type deforma-
tion' when the crystal structure changes from B2
to tetr. B2. Bernasson et al. then observed that the
Knight shift of V ' (K'»} and X of the whole V-Ru
alloy series were temperature independent and both
had a break across the B2-tetr. B2 phase boundary.
These later findings seem to imply that the struc-
ture boundary is stable against temperature and is
in agreement with the conclusion of Flukiger et al.

In contrast to the results of Bernasson et a/. we
observed the following: The B2 phase of near-
equiatomic V-Ru alloys is unstable against temper-
ature variation. In samples of this crystal struc-
ture, we saw an electronic transition as evidenced

by a rapid rise in resistivity (p), a rapid decrease
in y, and an increase of K» (in Vo 5|Rup 49) over a
narrow temperature range during cooling. The
critical temperature (TI,) of the transition depends
sensitively on the composition. At the same tem-
peratures Marezio et al. found that the anomalies
in the electronic properties are accompanied by a
tetragonal distortion of the structure. These re-
sults lead us to the suggestion that there exists in
the near-equiatomic V-Ru alloys an electronic tran-
sition associated with a reduction in the effective
number of d electrons, and that the rapid drops in
y and T, are a direct consequence of this transi-
tion. The qualitative effects on electronic proper-
ties, such as p, y, and y, at this transition are
similar to those observed for the antiferromagnetic
transition in Cr' and its alloys. ~ Clearly, since
the NMR of V ' can be observed below T„ this
transition is not magnetic in origin. %e shall com-
pare and contrast the transition described here to
the antiferromagnetic transition observed in Cr
and its alloys.

II. EXPERIMENTS AND RESULTS

Vanadium-ruthenium alloys with Ru concentra-
tion (C) between 45 and 56 at. % were prepared.
Appropriate amounts of V (Gallard-Schlesinger
99. 9-wtVo purity} and Ru (Engelhard 99. 95-wt%
purity) were arc melted on a water-cooled copper
hearth in an argon atmosphere. To promote homo-
geneity, each sample was turned and remelted at
least seven times. A sample button of -0. 3 in.
diam by -0. 5 in. long was cut into halves along the
long axis. Fluorescent x- ray spectroscopy re-
vealed no macroscopic composition gradients across
the cut surface. Two of the samples were annealed
in vacuum at 1000'C for a week in a quartz tube.
This did not generate any noticeable change in p,
g, or T,. Therefore all measurements except the
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TABLE I. Room-temperature x-ray and other data for samples investigated.
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Sample

Q.ssR os 45

Vo:s4Ruo. 4e

VQ.SSRuo.47

Vo 52Ruo 48

Vo. siRuo. 49

Vo.soRuo. so

Vo.49Ruo. sz

VQ.48Ruo. s2

Vo 46RUQ s4

s: s trong

Crystal structure

B2(s)'
B2(s)
B2(s)
B2(s)
B2(s)
B2(m) +tetr. B2(s) '
B2(w) + tetr. 82(s) + ? (w) 4

B2(vw) +Tetr. B2(s) +hcp(m)
B2(w) + tetr. B2(ms) +hcp(m)

After Ref. 1. 'm: medium.

4. 0
5.0
2. 3

&1
& 0.4
& 0.4
&1

3. 2
3.5

w: weak .

&4
56

135
210
290
365
425
480
600

0.57(9)
0.48(2)

& 0.38(8)
& 0.42(6)

'vw: very weak.

O~ (Q

413
429
456

420
427

x-ray study were done on the as-cast samples.
Each sample was examined by powder x-ray

diffraction at room temperature in the as-ground
(strained) and annealed state. The structures of
the annealed samples, in general, agree with those
of Raub and Fritzsche. In the composition range
in which we are interested, only the82 phase is
present for 45 —C —49; the tetr. 82 phase also oc-
curs for C —50; and the hcp phase appears in addi-
tion to 82 and tetr. 82 for C —52. These results
are summarized in Table I. All strained powder
samples show bcc structure fcr 46 —C —51 and bcc
+tetr. B2 structure for C- 51 (even with some hcp
phase for C —52). This indicates that the crystal
structure for samples near the 82-tetr. 82 bound-
ary is extremely sensitive to strain introduced
through grinding. Annealing in vacuum at -950 C
for -36 h will restore the ordered structure, 82
or tetr. 82. In order to identify the crystal struc-
ture of the bulk material with that of the annealed
powder, we measured y as a function of tempera-
ture of a sample in the following different states:
as cast, strained powder, and annealed powder.
It was found that y (T) is the same for the as-cast
sample as for the annealed powder, while X is
reduced considerably at T & T~ and enhanced slight-
ly at T & T~. Hence we conclude that the crystal
structures for annealed powder samples given in
Table I represent those for the bulk samples on
which p, y, y, R v, and T, were measured.

Sample bars of cross section -0.03 cm and
length -1.5 cm were cut from the as-cast button
with a carborundum wheel. Platinum leads were
spot welded onto them. A standard four-lead dc
technique was employed to determine p from 4 to
410 K. For samples of 46 —C —51, where only the
82 phase is present at T & T&, when T is lowered p
decreases initially as for an ordinary metal, then
rises sharply, passes a broad maximum, and final-
ly drops slightly. No normal hysteresis &0. 5 K wa, s
detected. The results, normalized to resistivity
at 405 K, plotted against temperature are shown in
Fig. 1.

W'e define the critical temperature of the elec-
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FIG. 1. Reduced electrical resistivity vs temperature.
The number associated with each curve denotes the Ru
concentration in at. %.

tronic transition as the temperature where p is
minimum and y is maximum (as will be discussed
in Sec. III). Ta varies from 56 to 600 K as C in-
creases from 46 to 56, as shown in Fig. 2. For
C =45 no sudden increase of p occurs before the
sample becomes superconducting at 4 K. When

C & 51, where the hcp phase is also present, T„
lies beyond the temperature range of our resistivity
probe, the p increases become relatively smaller
and more widely drawn. It is also clear from Fig.
1 that the reduced resistivities of different concen-
trations seem to vary in a similar way with temper-
ature, independent of C, provided T &T„. This al-
lows us to estimate the percentage change in p due
to the transition by evaluating the quantity np/pae
at 20 K. bp is defined as p20- po, where po is the
extrapolated value of p at 20 K as if there were no
such transition present. dy/pea increases rapidly
and then drops off at C & 50 as shown in Fig. 3.

The X was determined by a pendulum magnetom-
eter from 1.4 to 400 K. For samples of C &51,
measurements were kindly extended to 700 K by
Menth using a Cahn balance. In Fig. 4 the tem-
perature variation of X for different samples is
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X &, as is appropriate. The X is almost a constant
when 46-C&50, and then decreases drastically
when C &50, whereas y &, decreases sharply with
C&50 but only slowly with C &50. The y and

y „can be extrapolated to cross at both ends with

C~=45. 5 and &60. This implies that alloys with

C &45. 5 will no longer have an electronic transi-
tion above 0 K. At the high-C end, the crossing of

y ~ and y ~, is misleading because of the presence
of hcp phase. For nonmagnetic transition metals,
the major contributions to X are the spin part
h,@,) and the van Vleck part h' ). Hence

~X/Xma, —
X =Xmas- Xmtn/Xmas X +Xsntn/X anon

gives the relative change in electronic properties
due to the transition. The X' is obtained by making
use of y and X, neglecting the Landau-Peierls term
and the core contribution. It behaves in a way sim-
ilar to 6p/pm as shown in Fig. 3 where it is plotted
as a function of C.

Low- temperature specific- heat measurements
were made on two samples with C =46 and 47 using
the heat-pulse technique. ' We obtained y= '7. 33
mJ/deg' mole, OD=429 K for Va.aaRno „and z= 5.9

040
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FIG. 2. Electronic transition temperature T&, the
superconducting temperature T„and the coefficient of
electronic specific heat p vs Ru concentration. The
open symbols are taken from Ref. 4.

given. Generally y increases slowly and linearly
with almost a constant slope for T & Ta (except for
C = 50, where y is temperature independent),
reaches a maximum at T= T~, decreases rapidly
over the same temperature range, where p exhibits
a steep rise, and finally flattens out. There is no
thermal hysteresis to within 0. 5 K observed. The
fast rise at lower temperature can be accounted for
by the presence of parasitic magnetic impurities,
e. g. , -350-ppm Fe. No spontaneous magnetic
moment was found.

To demonstrate how g is affected by the transi-
tion, we have plotted in Fig. 5 the maximum sus-
ceptibility X ~(T = T~) and the minimum susceptibil-
ity y „for different concentrations. Since at tem-
peratures below the transition X changes only
slightly with T, we took y at 77 or 40 K for our
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FIG. 3. Fractional change in susceptibility, resis-
tivity, and coefficient of electronic specific heat due
to the electronic transition vs Ru concentration.
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FIG. 4. Temperature variation of the susceptibility.
The number associated with each curve represents the
Ru concentration.

mJ/deg'mole, en=456 K for Vp 53Ruo 4, . Together
with the y data of other workers, ' we find (Fig. 2)
that y decreases very rapidly but continuously with
C in this region, and it rises sharply as C ap-
proaches - 45 ~ 5 from both sides ~ The specific heat
of Vp. ,4Rup. 46 which has T„=56 K was examined up
to 57 K, the limit of the thermometer of our ap-
paratus. With an accuracy of -3% at this limiting
temperature, we did not observe any detectable
anomaly. Assuming that the sharp drop in y for
46&C &51 is caused by the transition, we estimated
the percentage change of y by calculating

arly. .&
=r..t r/-v, &,

-
where y„t is the value for certain C extrapolated
from C&45. They are shown in Fig. 3 as a func-
tion of C and vary similarly to ~/p20 and nX/X

vv

The superconductivity was detected by an ac in-
ductance technique. For those compositions already
studied by others, our results are in excellent
agreement. The variation of T, with C is plotted
in Fig. 2. Similar to y, T, rises steeply with C
approaching -45. 5 from both sides. No supercon-
ductivity above 0. 4 K was found for C between 48
and 51. The reappearance of superconductivity at- 3.2 K for C & 51 coincides with the presence of the
hcp phase in the sample. This implies that tetr. B2
phase with C & 48 is not superconducting. Prelim-
inary measurement of Kv was made on the un-
strained 170-mesh powder of Vp»Rup 49. In con-
trast to the previous findings that Kv was tempera-
ture independent, we found that Kv =+0. 37% at
300 K and + 0. 49% at 77 K in that sample.

III. DISCUSSION

In this discussion we shall restrict ourselves to
consideration of samples containing & 51% Ru be-
cause of complications due to the occurrence of the
hcp phase in samples of higher concentration. It
is interesting that a change in electronic properties
greater than 50%%u0 is associated with only a 6% tetrag-
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FIG. 5. Maximum and minimum susceptibilities be-
fore and after the electronic transition vs concentration.

onal distortion. Furthermore, for Vp &4Rup 46 al-
though nX/X —X =11%, no noticeable lattice-
specific-heat anomaly at the transition was detected.
This suggests that the transition is primarily elec-
tronic in nature. One thus can ascribe the anoma-
lies in p, y, y, T„and Kv to such an electronic
transition, arising from a change in the electron
energy spectrum.

Assuming that there is a substantial removal of
electrons at the Fermi surface accompanying the
electronic transition, we can qualitatively explain
this anomalous behavior. Following the results of
our preliminary study of Kv, it can be seen that
these removed electrons are of d character. As is
clear from Figs. 1 and 4, p undergoes a steep rise
while y experiences a sudden drop over the same
temperature region when the sample is cooled
through T,. The change in X associated with the
transition arises mainly from the change in the spin
part of y . Therefore from now on we are only con-
cerned with X,&,. Since p is inversely proportional
to the number of conduction electrons n, and y,&,
to the density of state N(e~) on the Fermi surface
(~n' ), the reduction of n thus leads to an increase
in p and a decrease in x„„. The values of y(~N)
were determined from specific-heat measurements
at low temperature, i. e. , at T&T,. Hence y so
obtained is suppressed for samples exhibiting an
electronic transition (as shown in Fig. 2). Values
of bp/p20, nxlyfg/lt„, ~ and &v/r, ~ can then be taken
as a measure of the fractional change of n, &n/n,
due to the transition. They are found to vary in step
with the variation of C, as is evident from Fig. 3.
The extrapolation of ~/p20, &It,n/X„„, &y/y„„
and T~ back to zero gives a critical concentration,
C~=45. 5, i. e, no cubic to tetragonal distortion
exists in V-Ru alloys with C -45. 5. Figure 2 shows
that T~ continues to rise in contrast to the tapering
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off of np/p»o &Xne/Xne„and ~y/y„, for C ~50.
In view of the different natures of these measure-
ments, this can be understood in terms of the par-
tial presence of the hcp phase in which no electronic
transition takes place.

The low-temperature x-ray diffraction studies by
Marezio et al. showed that a first-order cubic-to-
tetragonal transition in ordered near-equiatomic
V-Ru alloys takes place over a temperature inter-
val commensurate with the observed anomalies of
the present study. The transition was observed to
involve a volume expansion independent of composi-
tion and temperature between 300 and 110 K. As
a result, one would expect r»n/n to be independent
of C and to drop to zero very rapidly as C ap-
proaches C». In view of the C dependence of T, (see
Fig. 2), it is not surprising to see that this is not
the exact situation observed, since there may exist
in the samples a semimicroscopic distribution of
C. This is further demonstrated by the broad tran-
sition, the simultaneous appearance of the 82 and
the tetr. B2 phases at temperatures within the tran-
sition, and the fact that the T variation of the in-
tensity of the x-ray diffraction lines characteristic
of the B2 phase has the same shape as X (T). ' How-
ever, the present study suggests that the tetr. 82
phase is stabilized by the reduction of the free ener-
gy associated with the electrons removed.

From the specific-heat measurements of

V0, 54Ru0. 46 with T~= 56 K, we found that at 58 K the
total entropy of the sample was S, = 0. 8 cal/degmole
and the electronic part

S,= g» y T (d T/T) = 0. 09 cal/deg mole.

This means that at T» only - 11% of the total entropy
is associated with the electrons. Because the elec-
tron transition removes 4n electrons from the con-
duction band, we are able to estimate the accom-
panying fractional change in S, by using the value
of hn/n. As was mentioned already, values of
np/p»p +X ~g/X g or y/y„, could be taken as a
measure of n, n/n We to.ok n.n/n = AX,»fgjX 9),
since this quantity is considered more reliable than
the others because it does not involve any extrapola-
tion. nSJS, so obtained is -1% which is smaller
than the uncertainty of our specific-heat measure-
ment at 56 K. This is in agreement with our fail-
ure to observe any anomaly in specific heat through
the electronic transition of Vo,4Ruo 46.

The results of the preliminary study on Kv of
Vp, »yRuQ 49 (wi th an electronic transition between
160 and 300 K) at 300 and 77 K reveal that the ef-
fective internal field at a V site is stronger at low
temperature. Clogston and Jaccarino" have pro-
posed the following modified model to interpret the
Knight-shift data of the transition-metal compounds:
Knight shift in transition-metal compounds is con-
sidered to arise from (i} the contact hyperfine in-
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FIG. 6. Superconducting transition temperature and
the stiffness of the samples vs the electron-phonon
coupling constant. The renumber represents the Ru con-
centration and the bar represents the upper bound of &.

teraction between the nuclear magnetic moments
and the field due to the effective spins of the conduc-
tion electrons, minus (ii} exchange polarization of
the inner-core s electrons by the d electrons, One
therefore writes

X~),= Xo 1
2 lnN k2T2

2

we found the density of states N to be too complex
a function of concentration (or energy e) to enable
us to gain any simple physical insight. However,
it does indicate that there seems to exist a critical

Kv(T)=sX +&Xo » cXd(T),

Xm(T) = Xy»Xor+»Xu(T) ~

where X, and X~ are the contributions of the elec-
trons in the s and d bands, and X„b is the orbital
part. Following this model, one can attribute the
increase of Kv in the. tetr. 82 phase to the decrease
of X~ in this phase. But the coupling constant e
here is an order of magnitude larger than in other
compounds. ' This is not surprising, since one
generally expects the exchange polarization to be
different in different electron environment. From
the above considerations, we conclude that the
electrons removed from the conduction band through
the electronic transition are predominantly d like.

Regarding the temperature variation of X, &»
the following features were observed: (a) dX„,jdT
= —8. 10 ' cm /mole deg for T ~ T» and C w50; (b}
dX,&gdT = 0 for T T, and C = 50; (c—}X~~ = 186x 10 9

cm /mole for T= T» and C —50. Applying these
boundary conditions to the expression for the spin
paramagnetic susceptibility'
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value of X, -y ~, or better N, for lattice instabil-
ity to occur

We will next consider the variation of the super-
conducting transition temperature T, near the equi-
atomic composition. According to McMillan's
theory' for strong coupling superconductors, the
electron-phonon coupling constant X is related to
the Debye temperature O~, the Coulomb interaction
p*, and T, by the following expression:

1.04+ p*ln(ez&/1. 45T,)
(1 —0. 62' *)In (O~z&/ l. 45T,) —1.04

The X is governed by the phonon factor M (~ ) only
where M is the averaged ionic mass and (uP) is
the average of the square of the phonon frequen-
cies. We have calculated X for the superconducting
alloys of the V-Ru system by using McMillan's
formula and taking p. *=0.13. ' The T, of the sin-
gle-phase sample is an increasing function of X

irrespective of the crystal structure as shown in
Fig. 6. The lack of phonon-spectrum data of this
system prevents us from evaluating (aP). How-

ever it is known that 8& is a good qualitative mea-
sure of (sP). In Fig. 6 we also plotted a against
MQ&z, the lattice stiffness, as the theory predicts.
We have also estimated the upper bound X for the
two nonsuperconducting samples, Vo.&ORuo, so and

Vo &ORuo. », by using their upper limit T„and they
are shown in the same figure. The small stiffness
M e~~ and the small X make them fall far to the
left of the X vs M'O~& line for the V-Ru system.
This seems to suggest that the large suppression
of T, is due to more than the loss of d electrons,
or of N, (empirically, the higher the N, the lower
the stiffness}. The reason is not clear. This pic-
ture may be applicable to alloy systems which have
similar anomalous behavior in y and T,. One of the
most promising systems will be Ta-Ru alloys.
Study on this system and others is under way.

As we have seen, the changes in p, X, and Kv can
be readily accounted for by assuming that a large
reduction in the number of d electrons at the Fermi
surface accompanies the change from cubic to te-
tragonal. This transition can be compared with the
anftferromagnetic transition in Cr and its alloys. "'6
The antiferromagnetic transition is believed to arise
from the "nesting" characteristics of the bcc band
structure and peaks at 3 = 6. 2. ' The crystal struc-
ture of the V-Ru system is B2 so that the bcc Bril-
louin zone is already halved by the ordering of the V
and Ru atoms. The transition from cubic to tetrag-
onal does not further split the Brillouin zone but
merely distorts it. Although the critical electron-
atom ratio for the V-Ru system is somewhat larger
than that for the antiferromagnetism in the Cr sys-
'tem, it may be that the transition in the V-Ru sys-
tem is also related to the nesting property of the bcc
structure. Thus the electronic band structure of
the CsCl structure, where the nesting portions of
the bcc band, the electron jack, and the hole octahe-
dron have been remapped on top of one another,
may be particularly sensitive to distortions. It
would be of great interest to have a band-structure
calculation of the V~.,ORuo. ,o alloy assuming a com-
pletely ordered CsCl structure and to examine its
stability against tetragonal distortions.
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Photoelectron energy-distribution curves of Pt at photon energies 6. 8 —I(d —11.6 eV ex-
hibit structure originating from initial states 3.6, 2. 5, 1.5, and between 0. 7 and 0.2 eV
below Ey. A strong peak at —0. 2 eV observed for 8'&&9. 1 eV is joined by a second peak at
—0. 7 eV in the range S~ = 9. 1-9.7 eV. Above 9.7 eV, the two peaks merge to a single
rounded peak at —0. 5 eV which grows stronger and sharper at higher photon energy. Good
correspondence is found between structure in the energy-distribution curves and in a calctt-
lated band density of states. The results are discussed in terms of the direct and nondfrect
models of optical excitation and compared to similar results from Ni, Pd, and Rh.

I. INTRODUCTION III. RESULTS

It is now well established that photoemission
studies can give valuable information on the elec-
tronic structure of solids. In this paper we pre-
sent data obtained from carefully prepared Pt
samples. Earlier studies of Pt by Yu and Spicer'
were hindered by poor vacuum conditions. In dis-
cussing the experimental results we compare the
photoelectron energy-distribution curves (EDC) ob-
tained in this work with the theoretically calculated
valence-band density of states of Mueller et al. ~

Finally, as a link to the systematic study of transi-
tion metals, we compare the present work to re-
sults from Rh, ' Pd, ' and Ni. '

II. EXPERIMENTAL PROCEDURE

In Fig. 1 we compare the EDC's from this work
to the EDC's obtained in the earlier work of Yu and
Spieer. As can be seen, the position of structure
is about the same in the two sets of curves. ' How-

ever, the high-energy or "leading" photoelectron
peak is much stronger in our results than in the
earlier work in which EDC's were obtained from
films evaporated at 8 &10 Torr. It is well estab-
lished that the electron-electron scattering length
becomes smaller as the electron energy increases.
Thus, as the photon energy is increased, the elec-
trons in the leading peak come from closer and
closer to the metal surface. The fact that the lead-
ing peak in the curves of Yu and Spicer degrades
with increasing photon energy may indicate that the
band structure near the metal surface has been

Photoelectron EDC's were obtained from Pt
films electron-gun evaporated onto quartz sub-
strates. The data presented in this paper are from
a film approximately 600 A thick. During the evap-
oration, the pressure changed from a base pres-
sure of 10 '0 to 1.5&10~ Torr. A subsequent x-
ray diffraction analysis displayed only peaks ap-
propriate to an fcc crystal of (111) orientation.

The energy spectra of photoemitted electrons
were measured with a three-electrode high-reolu-
tion energy analyzer. In this analyzer, a screen
forms a field-free drift region around the emitter.
The electrons are then retarded at the nearly
spherical equipotential surfaces between the screen
and the collector. The resolution error of the
analyzer is estimated to be 2. 8/(; of the electron
kinetic energy. v The EDC's were obtained by dif-
ferentiating the current-retarding voltage curve by
a previously described ac technique. '
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FIG. 1. Comparison of EDC's from the present work
and the previous work of Yu and Spicer. Note the rel-
atively fewer number of low-energy electrons in EDC's
obtained from the better samples of the present work
(normalized to the yield).


