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The specific heat of five NbO, samples (x between 0.96 and 1.02) is reported for the Meissner, mixed, and
normal states. The specific heat of seven TiO, samples, covering the range of composition from 0.91 to 1.17, is
discussed and compared to previous work. For NbO, the transition temperature T, reaches a maximum of
1.61 K near x = 1.0; for TiO, the transition temperature is not a function of composition. The densities of
states of both systems are derived from the coefficients of the electronic specific heat y and compared to the
band-structure calculations. While NbO is found to be a low-k intrinsic type-II superconductor, TiO is a high-
Kk dirty type-II material. Magnetization measurements on six NbO, samples indicate that a deviation of
stoichiometry by 1 at.% on the low oxygen side produces a multiphase system; the majority of such a sample
is NbO and the minor phase is free Nb metal with a transition temperature around 6 K. Although
magnetization data indicate too large a fraction for the minor phase, specific-heat data show a more

reasonable value for this fraction.

I. INTRODUCTION

During the past twenty years, there have been
extensive investigations on the superconductivity
of the B1 structure carbides and nitrides of trans-
sition elements such as NbC, NbN, VN, and TiN, 13
Less attention, however, hasbeengiven to the tran-
sition-metal monoxides of niobium, vanadium, and
titanium which belong to the same crystal structure.
Previous investigations*~1! showed that TiO and NbO
possess metalliclike properties and become super-
conductive around 1 K. The third monoxide VO, al-
though also metallic at room temperature, does not
appear tobecome superconductive down to the milli-
degrees region, 12

Most of the electrical and some of the super-
conducting properties of both TiO and NbO have
been previously investigated, ~1° but there are
sizable discrepancies between different reported
results, especially in terms of electrical resis-
tivity and transition temperature in both magni-
tude and behavior as a function of composition.
In TiO,, there exists an extraordinarily wide
range of composition (0.8 =x=1, 3) for which its
structure is stable. The system is stabilized by
an equilibrium concentration of vacancies (about
15%) which are randomly distributed on both tita-
nium and oxygen sublattices. It is generally be-
lieved that the random distribution of vacancies
is the cause for the conflict between different re-
sults. Goodenough!® has studied the influence of
atomic vacancies on the properties of the transi-
tion-metal oxides, TiO and VO. He argued that
isolated cation vacancies tend to trap two holes,
and anion vacancies tend to trap two electrons.
Although there is nodirect evidence of the trapping
mechanism, Goodenough used this trapping model to
explain the peculiar properties of these monoxides.

12

Inareview article by Banus et al.,'?the electric, mag-
netie, and superconducting properties of TiO and VO
were summarized and discussed.

NbO is different from TiO in having 25% ordered
vacancies on both niobium and oxygen sublattices,
and it exists only over a very narrow homogeneity
range. !* Based onlattice-parameter measurements,
Pollard® has put the limits for single-phase NbO, to
be0.98=x=<1,02, Hulm etal,®reported that com-
position deviation by as little as 0. 5 at. % oneither
side of stoichiometric NbO produces a mixed-phase
sample. The presentinvestigation tends to confirm
this latter result.

No specific-heat study has been reported for TiO
or NbO either in the normal or in the superconducting
state. Itwas felt that specific-heat measurements
in these two states would give information on some
important parameters such as the density of states
at the Fermi energy, the Debye temperature, and
the transition temperature. Also, specific-heat
measurements in constant magnetic fields would
yield a thermodynamic description of the mixed
state,

This study includes data on specific heat in the
Meissner, mixed, and normal states for five
different NbO, samples (x between 0. 96 and 1. 02)
and a comparison with different theories is made.
Magnetization results of six samples are presented
and compared with specific heat., The phase
diagram of NbO is discussed in terms of the pres-
ent results and compared to that given by Elliott!'4
and by Hulm et al.® The resistivity measurements
indicate that the samples used in the present work
are more pure than those used by Pollard® and
Hulm et al., while the transition temperatures are
higher by about 0,2 K than previously reported,8~8:10
The dependence of T, on x agrees qualitative-
ly with that given by Pollard, which is in contra-
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diction with the work of Hulm ef al. NbO is found
to have a Ginzburg-Landau parameter kK of about
1.5 and is an intrinsic type-II superconductor.

The normal-state properties of seven TiO,
samples of different compositions (¥ between 0. 91
and 1.1%7) are given and compared with previous
theoretical and experimental work. From the
electronic contribution to the specific heat, the
density of states at the Fermi surface is calculat-
ed for different compositions and compared with
band-structure calculations. 18 An estimate of
the Ginzburg-Landau parameter k¥ was obtained
from the mixed-state results and is in good agree-
ment with the Gor’kov-Goodman predictions for
dirty type-II superconductors. The present re-
sults give much higher values of k as compared
to that found from magnetic susceptibility data
reported by Hulm et al,®

II. EXPERIMENTAL

A. Specific heat and thermometry

Specific-heat measurements were done using a
conventional *He refrigerator for temperatures
above 0.4 K and a dilution refrigerator for the
very low temperature part. For specific heat, a
standard heat pulse technique was employed. Two
commercial germanium thermometers were used
for temperature measurements below 4.2 K. One
had been calibrated previously!” between 0. 45 and
1 K against 3He vapor pressure as a secondary
thermometer (1962 3He scale!®), and down to 0.15
K using a cerium-magnesium-nitrate (CMN) ther-
mometer whose susceptibility was measured with
a superconducting quantum interference device
(SQUID). The temperature calibration of the
other thermometer was based on the 1958 *He
scale!® for 7 between 1.2 and 4.2 K and on the
1962 %He scale for 7 between 0.4 and 1.2 K. A
third thermometer was in the form of an unen-
capsulated piece of germanium with four electrical
leads of gold.2° This thermometer has been cali-
brated between 2 and 10 K against a commercial-
ly calibrated germanium thermometer. Each
thermometer was recalibrated in a magnetic field

when it was used for the mixed-state measurements.

Superconductive solenoids were used to produce
the magnetic fields estimated to be accurate to
about 2%.

In order to observe the effect of flux trapping
and of sample magnetic history on the mixed-state
properties, a set of measurements for each sam-
ple was performed using three different procedures
A, B, and C. In procedure A, the field was ap-
plied after most of the coolingtook place, to prevent
flux trapping at H,;. In procedures B and C, the
field was applied before cooling, i.e., in the nor-
mal state. The measurement by procedure C was
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done while allowing the sample to cool, but for B
the sample was first cooled in the presence of the
field and then measured upward in temperature.
The addenda included the thermometer, heater,
glue, etc. The heat capacity of each of the com-~
mercial germanium thermometers was measured
separately and the corrections due to the other
constituents of the addenda were obtained using
published data. The contribution of the addenda
to the total heat capacity varied from 0.2 to 2%
depending upon the sample and the temperature
range. Above 2 K, this was approximately half of
the lattice contribution of both NbO and TiO. An
error in the lattice heat capacity should not ex-
ceed 5%. The systematic error was estimated to
be less than 1% in the temperature range between
1 and 4 K and increased to about 2% at the lowest
temperatures, owing mainly to temperature scale.

B. Samples

Six NbO and seven TiO samples were grown in
the Central Materials Preparation Facility of
Purdue University using the tri-arc technique.
For NbO, niobium metal and niobium pentoxide
(Nb,O5) powder in the proper stoichiometric
amounts were mixed and melted in a crucible of
high-density graphite. A detailed description of
the crystal growing procedure has been given
elsewhere.?! The NbO, samples have the nominal
compositions x=0.96, 0.98, 0.99, 1.00 (No. 123),
1.00 (No. 120), and 1.02, One of the samples
NbO,, o(No. 123) was investigated after it has been
annealed at about 1600 °C in gettered argon and
then etched in CP, (HF': acetic acid: HNO,: liquid
bromine in the ratios 50:50:80:1). Dimensions
of cylindrical NbO samples are typically 4—6 cm
in height and have irregular diameters of about
3 mm,

For TiO, three of the samples (TiOy, g5, TiO;.
and TiO, q) have button shapes consisting of large
crystal grains with some visible cracks on the
surface. These three samples were annealed at
about 1600 °C in gettered argon. The other four
samples (TiOg,gy, TiOy.g5, TiO;.q9, and TiO,,q)
were grown by a pulling process and are approxi-
mately cylindrical in shape and of about 4 mm
diam and 4 cm length.

An x-ray powder diffraction pattern was obtained
for each of the three unannealed [NbOy, 45, NbO, .o
(No. 120), and NbO,, ¢ ] samples using a diffrac-
tometer and Cu Ka radiation. The patterns showed
definitely a minor phase of Nb in the NbO,, g5 sam-
ple and of NbO, in NbO,, ,,. Very weak lines were
poorly identified as belonging to Nb and NbQ, in
NbO, go(No. 120), but it is doubtful that this sam-
ple has more than one phase. X-ray data® for the
annealed NbO, ,, sample are given in Table I, and
were obtained from a powder diffraction spectrum



using a Debye-Scherrer camera and Cu Ko radi-
ation. Mass-spectrographic analysis® was made
on this annealed sample with the results of the
following principal impurities [in parts per million
by weight (ppmw)]: Fe-10, Ta-50, W-20; all
others are much less than 5 ppmw.

The analysis on TiO showed that all samples
deviate from cubic structure as indicated by extra,
fuzzy, unidentified lines in the x-ray patterns.
This is an indication of a multiphase system. The
button-shaped sample TiO,, s was analyzed with
a mass spectrograph, 2 which gave the following
principal impurities (in ppmw): Al-30, Si-50,
V-30, Fe-20, W-30; all others are much less
than 10 ppmw. Semiquantitative analysis? on the
rod-shaped sample TiO, o, is also given in Tablel.
The lattice parameter @, was calculated for all
the samples using the x-ray lines which represent
the cubic phase. Some of the values of a; are in
good agreement with those reported by other in-
vestigators, & 111223

C. Electrical resistivity

The electrical resistivities of five NbO, and
four TiO, samples were measured by a standard
four-probe technique with measuring currents of
1 and 2 A. Table II summarizes the results of
all samples measured at three fixed temperatures:
300, 77. and 4.2 K. As has already been estab-
lished, both NbO and TiO have metalliclike prop-
erties.

The present results agree with previous inves-
tigations in terms of the behavior of the resis-
tivity as a function of temperature. For NbO, the
resistivity decreases with decreasing tempera-
ture, while for TiO it increases with decreasing
temperature except for the stoichiometric com-
position where the resistivity is nearly con-
stant. The high resistivity of TiO as compared to
metals and also to NbO can probably be explained
by the large concentration of randomly distributed
lattice vacancies. The residual resistivities of
three NbO, samples (the first three samples in
Table II) are several orders of magnitude lower
than those of the other two NbO, samples (¥=1,0)

TABLE I. X-ray analysis of the annealed NbOjy , and
the rod TiO; o, samples.

Estimated presence

Sample Phase Structure = line strength (%)
Annealed NbO sc  Very strong > 90
NbOy,¢(No, 123)  Nb bee Weak <10

Unknown Very very weak <5

TiOy g0 TiO fee Very strong > 90
(No. 172B) TiO Monoclinic Very weak <10
_Ti Hexagonal Very weak <5
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TABLE II. Electrical resistivity of five NbO, and
four TiO, samples.

Sample Resistivity (42 cm) r _Ryqq
Sample number 300 K 77K 4,2 K Ry
NbOy_ g5 126 18,05 1.96 0,36 50,1
NbOy_4q 123 19,11 2,24 0,14 1365
NbOy,g* 123 17,71 1,51 0.10 171,1
NbO; g 120 21,13 3.56 1,74 12,1
NbOy. g 127 19,78 4,00 2,27 8.7
TiOg. o 1724 311.9  336.3 344.9 0. 90
TiOy, g5 182B  289.4  289.4 292,2 0.99
TiOq, g 172B 283.9 259,4 256,22 1.11
TiOy. 4, 1824  425,3  452.9 483.2 0.67

2Annealed,

which are about identical to published data. & %24
D. Magnetization

Magnetization measurements were done in a
pumped *He bath at constant temperature. The
sample was moved rapidly from one 5000-turn
coil to a second identically, but oppositely, wound
coil 6 cm away. This induces a deflection of a
ballistic galvanometer which is directly propor-
tional to the magnetization. The accuracy of the
measurement was limited by the sensitivity of the
galvanometer and the stability of the magnetic
field. The perfect diamagnetic part of the
Meissner state was used for calibration in these
measurements,

III. RESULTS AND DISCUSSION
A. Specific heat of NbO

The normal-state results of the annealed NbO; g
sample are plotted as C/T vs T2 in Fig, 1. The
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FIG. 1. Specific heat of annealed NbO, ¢, in the nor-
mal state plotted as C/T vs T?. Inset is the specific heat
of NbOy, g5 between 3 and 9 K in which the solid line was
obtained from measurements below 4, 2 K.
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normal-state data were taken in zero field as well
as in a field of 300 Oe, which was sufficient to
drive the sample normal down to the lowest tem-
perature. The inset in Fig. 1 represents the data
for the NbOy, g6 Sample in zero field between 3 and
9 K. The normal state specific heat can be ex-
pressed in the form

Cn='yT+aT3’ (1)

where v and o are the coefficients of the electronic
and lattice contributions, respectively.

The values of v and of the Debye temperature
Oy at 0 K for this annealed sample and for other
investigated samples are listed in Table III.

Each value of v was obtained by extrapolating the
specific heat in a plot of C/T vs T2 down to 0 K
and was adjusted within the experimental error
such that the entropies of the normal and Meissner
states were equal at the transition temperature 7.

As can be seen from Table ITII, the coefficient
of the electronic specific heat ¥ increases by
about 2% when x increases by the same percentage.
However, the accuracy of the measurements is of
the order of 1%, so that the linear relation be-
tween v and x is not conclusive. Also, the pres-
ence of superconducting Nb in composition for
one side of stoichiometry and insulating NbO, for
the other side makes it difficult to correlate y
with x, Nevertheless, the increase of the oxygen
content could lead to a small increase in the elec-
tron concentration in the conduction band and prob-
ably corresponds to a small increase in y.

The lattice specific heat is very small as com-
pared to the electronic contribution, which makes
it difficult to determine accurate values for o and
consequently for ©,. The best estimate of 9, for
all NbO, compositions is 550 K, with an error of
+5%. This value of @, is higher by 20% than that
calculated by Kaufmann?® using Lindeman's re-
lation at high temperatures, which has a possible
error of +10%.

The coefficients of the electronic specific heat
v gives adirect measure of the density of states
at the Fermi surface N,(0). The quantity N, (0)
is the enhanced density of states by the electron
phonon interactions, a well-known feature of the
transition metals and their alloys. The experi-
mental coefficient y is related to the so-called
‘“bare” coefficient %, by the expression?®

7=%ﬂ2k%Nv(0)='ybsm+/m* (2)
where

Yos=3T2 k3N (0) (3)
and

m* /m* = 14 Npg (0)V,yy - (4)

TABLE III. Normal-state specific-heat results of five
NbO, samples.

Sample vy (mJ/moleK?) a (uJ/mole K?) ®, (K)
NbOy, 6 2,38 21 570
NbOy, 95 2.36 28 520
NbO; g 2,42 8 7802
NbO; g0 ® 2.43 24 550
NbOy_ g 2.46 10 730%

2These high values of ®, are due mainly to the uncertain-
ty in the addenda correction,
Annealed,

In Egs. (3) and (4), N,,(0) is the density of states
that would be given by an exact band-structure
calculation, and is different from the free-elec-
tron density of states only through the static elec-
tron-ion interactions. V,, is the matrix element
of the electron-electron interaction, mediated by
phonons. which enhance N, (0) by a factor m*/m* or
equivalently by the factor (1 +1), where X is the
coupling constant introduced by McMillan,?”

The coupling constant A can be expressed in
terms of the measurable parameters T, and O,
and the Coulomb pseudopotential strength p* as??

_1.04- p*In(©,/1.457,) (5)
“(1=0.62.%)1n(6,/1.457,) ~1.04 °

The value of A for each composition has been cal-
culated using 7, and ©, and assuming u* to be
equal to 0.1.3 The average value of A is 0.37,
which gives for N,4(0) the average value 0. 37 states/
(eV atom) for single spin direction and yields a
value for V;, of about 1.0 eV. Recent band-struc-
ture calculations by Wahnsiedler®® give for Np(0)
the value 0. 27 states/(eV atom), which is in rea-
sonable agreement with the experimental value
given above. Although the density of states at the
Fermi surface of NbO is about equal to that of
NbN,® V,, of the latter is from three to four times
higher, and this, then, is the main reason that
NbO has a much lower transition temperature than
NbN.

The superconducting state results in zero field
for the NbQy, ¢ sample are displayed in Fig, 2.
The specific heat has the form

Cs=cls+ces ’ (6)

where C, is the lattice contribution and is assumed
to be identical to C;, (=aT3). The electronic con-
tribution C,; may be approximated according to the
BCS theory, for T<1/2 T, by

Cos=ay Ty e/ T )

where @ and b are constants. By plotting In(C,,/
¥Ty) vs T,/T, the constants a and b for each
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FIG, 2. Specific heat of NbO,, 46 in the superconduct-
ing (C4) and normal (C,) states, plotted as C/T vs T,
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sample are determined; they are listed in TableIV.

The transition temperature T, the transition
width AT,, and the specific-heat ratio C.,/7r7T, at
T, for the different compositions are also listed
in Table IV. The BCS values are included for
comparison. As can be seen, the Meissner state
parameters are in poor agreement with those fol-
lowing from the BCS theory, but are comparable
to those found for most compounds and alloys.
The dependence of the transition temperature -
T, on the oxygen-to-niobium ratio is qualitatively
similar to that found by Pollard.® The transition
temperature reaches a maximum near stoichiome-
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try and decreases on both sides. Quantitatively,
the value of T, for x=1.0 is higher than that mea-
sured by Pollard, but is nearly identical for x
=1.02. Hulm et al,® reported a constant value
(Ty=1. 38 K) for stoichiometric and oxygen-rich
compositions, but when there is a deviation by as
little as 0.5 at. % on the low-oxygen side, T,
rises sharply to 6 K and then levels off at 7 K
near x=0.5. They attributed this increase in T,
to the presence of free niobium metal and pointed
out, in addition, that (1-2)-at.% oxygen is dis-
solved in the niobium phase and thus depresses the
transition temperature of niobium below 9.2 K,
according to the work of DeSorbo.2? The present
results are not in agreement with those of Hulm
et al., as both NbOy g3 and NbOg, 4 Samples show
superconducting properties near 1.5 K which are
completely similar to those of the stoichiometric
samples; only a very small fraction of the sam-
ple becomes superconductive at about 6 K, Most
probably, though, Hulm et al. did not extend their
measurements down to very low temperatures to
observe the main transition near 1.5 K.,

Making use of the well-known thermodynamic
formulas, the critical-field curve H, (7) was
derived from the specific-heat data. Table IV
gives for each composition the calculated H, (0)
and the initial slope of the critical field derived
from the Rutgers formula

2
J.

Va (dHcm
pe 4m \ dT
0

where AC is the specific-heat jump in zero field
(C, - C,) at the transition and V,, is the molar vol-
ume which was calculated from a room-tempera-
ture density® of 7.24 g/cm?® but increased to 7.25
g/cm?® to take care of thermal contraction. Table
IV gives also the superconducting energy gap at

0 K estimated from the BCS relation

24,(0) -~ 4r (Hi(o) v, \?
kg Ty ~ V3 81T’}’T%

where d refers to d-electrons,

AC

T @)

(9)

TABLE IV. Meissner-state specific-heat parameters of five NbO, samples.

- (i&)
T, AT,  C,(Ty) 24000 H,(0) T ) 7,

Sample (K) (mK) YT, a b kgT, @) (G/K)
NbOg.g  1.87 50 2.25 7.2 1,33 3,43  129,7 158.2
NbOygg  1.55 60 2,19 4.5 1,10 3.32  141.1 154, 3
NbO, 4  1.55 58 2.13 5.0 1,14 3.34  143.6 151.5
NbOy p®  1.61 50 2,15 4.2 1,07 3,30  147.6 153.3
NbOj ¢y 1.38 50 2,20 6.6 1.27 3.42 131.0 156.8
BCS theory 2,43 8.5 1.44 3.52

2Annealed.



4922 ALI M. OKAZ AND P. H, KEESOM 12

The results of the mixed-state specific heat are
divided into two groups according to whether the
external applied field H is larger or smaller than
H, (0). For H<H,(0), the results are displayed in
Fig. 3 as C/T vs T for the NbO, o, sample. The
specific heat coincides with the zero-field curve
until at a certain temperature T,, depending on
the applied field, it smoothly departs upward.

Just above this temperature there is a very sharp
peak at 7] followed by a rapid decrease of the
mixed-state specific heat. There are two choices
for H,,, either H;,(T,) or H,, (T}), both of which
are operational; however, the second choice is
more uncertain than the first owing to hysteresis
and internal heating effects which delay the appear-
ance of the peak., The specific heat C,, drops
sharply just after T/, and therefore decreases
slower over an interval AT, until it reaches C,.
The transition temperature T, is taken as the mid-
dle of this temperature interval AT, and is used

to determine the upper critical field as H, (7T,)
=H, the applied field. The uncertainty in estimat-
ing T, is about AT,,

In looking at Fig. 3, one could conclude that NbO
is a type-I superconductor, as it shows one specif-
ic-heat peak which corresponds to a first-order
transition, but smeared out over a finite tempera-
ture range. However, the temperature of the
peak, 7), is well above the temperature deduced

T T T T T
I00F o 20 Oe 3 —
A 40 Oe NbO, 02
90F x 60 Oe -
® 80 Oe
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Nx 70
2
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FIG. 3. Specific heat of NbOy g, for H <H, (0), plotted
as C/T vs T. Dashed curve represents the specific heat
in zero field,
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FIG. 4. Specific heat of annealed NbOy,(, in a field of
90 Oe for three different procedures (see text), plotted
as C/T vs T.

from the thermodynamic critical field H, (7).
Second , as will be shown later, the specific-heat
results for fields larger than H,(0), as well as

the magnetization measurements on these samples,
definitely indicate type-II behavior,

The mixed-state specific heat shows irreversi-
bility near the temperature 7], as the position and
magnitude of the peak were not reproduced when
the field was on during the cooling (procedures B
and C), as is shown in Fig. 4 for H=90 Oe in the.
case of the annealed NbO, o, sample. The effect
is due to incomplete flux expulsion during the cool-
ing in the presence of a field. The trapped flux
is indicated by the increase of the specific heat
above the zero-field value for T< T, and by the
small shift of the peak towards lower temperatures.
Also, the peak is smaller than that of procedure A.
Furthermore, near the transition to the normal
state, the specific-heat results of procedure 4 do
not coincide with those of procedures B and C.
From the above, it is clear that the mixed state
is history dependent not only around H,,, but also
near H;,, in contrast with pure Nb and V mea-
surements.3%3! For T>1,0 K and H< 80 Oe, the
specific-heat jump cannot be resolved from the
peak. Since the mixed-state range of temperature
is very narrow for low magnetic fields, it is pos-
sible that a detailed measurement of the jump can-
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not be performed.

For magnetic fields larger than H,, (0), only one
critical temperature, T,, can be observed, since
the mixed state persists down to 0 K. The results
of this group of measurements for the NbO, g,
sample are shown in Fig. 5, in which C/T vs T?
is plotted. The upper critical-field H,, (T) curve
is shown in Fig. 6 along with H,(T) and H,, (T)
curves for NbOy,q, . The indicated experimental
error in H,, (T) is mainly governed by the uncer-
tainty in determining 7, which results from irre-
versibilities near the upper critical field.

The upper critical field H,, is usually expressed
in terms of the dimensionless parameter , (¢) by
the equation®

V2 Ho (f) Ky (t)=H,, (1) (10)

where t is the reduced temperature T/T,. The
ratio of the penetration depth A, to the coherence
length £ is a measure of the Ginzburg-Landau
parameter k¥, which for a type-II superconductor
should be = 0.707. The parameter « can be ex-
pressed in terms of measurable quantities as

1 (dH,/dT)r,

72 (aH,/dD)y, (11)

K= lim K1 (t) =
t1
The value of k for each composition is listed in
Table V. The Ginzburg-Landau parameter of the
pure material K, is calculated using the experimen-

T T T T T T T
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160 Oe
Zero Field
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mJd/ mole K2)

.
- ——— e — — —— — —— — —— — = =}

1 o 1 1
(o] 02 04 06 08 10 1.2 1.4
TA(K?)
FIG. 5. Mixed-state specific heat of NbO; g, for H
>H,(0), plotted as C/T vs T2, Dotted curve represents
the specific heat in zero field.
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FIG. 6. Critical-field curves for NbOy_g,.

0

tal value of ¥ and the Gor’kov-Goodman relation®?
K=Ky+K, (12)

where «; is a parameter which depends on the
electron mean free path. In the case of most al-
loys and compounds, k; is given by

Kk, =T.5%x10%y12,) (13)

where p, is the residual resistivity of the impure
material in ohm cm and 7 is in units of erg/cm?® K2,
The values of K, and k; are also listed for four
NbO samples in Table V. The uncertainty in k, is
mainly governed by the uncertainties in p, and
(dch/dT)To, and it is estimated to be on the order
of +20%.

The results of the hpper critical field are usual-
ly discussed by comparing the ratio k, (¢)/k to
various theoretical predications. 3*-3° However,
Helfand and Werthamer®® pointed out that such a
comparison between theory and experiment con-

TABLE V, Values of the Ginzburg-Landau parame-
ters for four NbO, samples.

Sample K Ky Ko ®
NbOy, 9 1,55 0.10 1.54
NbO; g 1.49 0,04 1.45
NbO;, g ® 1.50 0.03 1,47
NbOy g 1.29 0.69 0,60

*Possible error in each value of k; is about +0, 15,
Annealed,
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tains some uncertainty, depending on the choice of
the thermodynamic critical field H.(T) in Eqgs. (10)
and (11). Some authors use H.(T) deduced experi-
mentally, while others use the parobolic law for
the temperature dependence:

hc (t)=Hc(T)/Hc(0)/=1 —tz .

A third method uses the critical-field curve cal-
culated from the BCS theory by Miihlschlegel, %7
Helfand and Werthamer introduced still another
method of comparison independent from the choice
of H,(T). They defined a normalized parameter
#* (t) as

1*(t) = H,o(t) / (“——'—l%itl) . (14)

t=1

Figure 7 shows the experimental behavior of #* as
a function of the reduced temperature ¢ for both
NbO,, o, and the annealed NbO, ,, samples, together
with the predictions of Helfand and Werthamer for
the case of infinite mean free path. The result for
NbO,.,, is in fair agreement with the theoretical
curve, while that for annealed NbO, g, is not. The
discrepancy is mainly due to the irreversible be-
havior of the mixed state.

Figure 6 shows the experimental H,, (T) obtained,
down to £=0.6 K, from specific-heat results at

08 —T———F——T——T17—
© NbO, o2

07 ® Annealed NbO, 45
— Theory

06 (Helfand & Werthamer ) |

05 -

04t -

*
03 - -
0.l -
O 1 | | 1 | 1 1 L
0 02 04 06 08 10

t=T/T,

FIG. 7. Reduced upper critical field for NbO, ¢, and
annealed NbOy, g.
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FIG. 8. Magnetization results of NbOy ¢, at 1,5 K for
increasing and decreasing magnetic field,

constant applied field H. According to Harden and
Arp, %® H,, can be expressed in the case of small-k
type-II superconductor (1/vV2 <k<2) by

H, (T)=0.817 H,(T) [x,(T)]0-%¢ | (15)

The values of H,(T) were deduced thermodynam-
ically from zero-field specific-heat data. The ex-
perimental values of «,(7) calculated from Eq.
(10) are used. The values predicted by Eq. (15)
are also displayed in Fig. 6; the agreement is
very good.

As can be seen from Table V, the sample
NbO, o, has k,=0.60+0.15, a value which is
close to the critical limit for distinguishing be-
tween intrinsic or dirty type-II superconductors.
The other three samples have k, values well above
the critical value 0,707, i.e., these samples show
intrinsic type-II behavior. We conclude that the
NbO system is a low-« intrinsic type-II supercon-
ductor. The only known intrinsic type-II super-
conductors are the transition metals Nb and V,
which can be obtained in very pure form, and
certain intermetallic compounds such as the groups
Nb, X and V,X.%

B. Magnetization of NbO

Results of magnetization measurements in in-
creasing as well as decreasing magnetic fields at
constant temperature are shown in Fig. 8 for the
NbO,.q, sample. When the sample is in the
Meissner state, i.e., H<H, and M=—(V/4m)H,
then the deflection D, which is proportional to M,
is also proportional to H. Indeed, the initial part
of the D-vs-H curve is linear, and this diamag-
netic part is used to calibrate the measuring sys-
tem. The values of H;, and H,, derived from the
specific heat are marked on Fig. 8. The mea-
surements on the unannealed stoichiometric sam-
ple NbO, 4, (No. 120) gave magnetization results
similar to the NbO, o, sample. In addition, the
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FIG. 9. Magnetization results of annealed NbOy ¢ at
1.30 K for increasing and decreasing magnetic field, to-
gether with the thermodynamically deduced magnetization,

results in a decreasing field indicate that the ir-
reversibility in the mixed state is much less se-
vere than for all other investigated samples. How-
ever, no specific-heat measurement was made on
this sample.

Four other samples, the annealed NbO,, o, and
the unannealed NbQy g5, NbOy. o5, and NbOy, g9
were also investigated. The results for the an-
nealed NbQO, ¢, at T=1.3 K are given in Fig. 9.
As can be seen, the magnetization does not go to
zero at H,,, but instead approaches a finite con-
stant value as the applied field increases. In order
to investigate the source of this additional mag-
netization, the measurements were repeated at
4.2 K, and at higher fields. After an initial dia-
magnetic part, the magnetization decreased very
slowly and had not come to zero at 400 Oe. The
magnetization results of the NbQy, g5, NbOy, gq,
and NbQ, o9 samples shown similar behavior to
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that observed for the annealed sample. The two
samples NbOy, g9 and NbO,, 46 remained supercon-
ductive up to 600 and 850 Oe, respectively. Specif-
ic heat was measured for the NbO,, o in zero field
as well as in a field of 8.3 kOe, up to 10 K. The
zero-field results show that a very small fraction
of the sample is superconductive, with very broad
transition to the normal state, from 3 to 7 K (the
inset of Fig. 1). Superconductivity is not destroyed
by this high magnetic field, but shifts to slightly
lower temperature.

Magnetization results indicate that while the
unannealed NbO, o, (No. 120) and NbO,,q, samples,
show only one phase, all other samples have mul-
tiphase crystal structures. The sample NbO, g,
behaves as a single phase in terms of the magnet-
ic properties, since the insulating NbO, phase does
not contribute to the magnetization. By compar-
ing the perfect diamagnetic part of the annealed
NbO,, oo sample at 4.2 K to the data obtained at
1.3 K, it can be seen that approximately 10% of
the sample still behaves magnetically as a super-
conductor at 4,2 K. This sample then has free
niobium metal, probably in the form of filaments.
The net weight-gain analysis on the annealed sam-
ple gave x=0.992, which means that the sample
has lost about 1% oxygen during the annealing pro-
cess. Therefore it is expected that only 1% free
niobium metal is formed. Magnetization results
of NbOy,g6, NbOg,gg, and NbO, 4 show similar be-
havior to that of the annealed NbO, o, sample;
NbO,, o5 appears magnetically as if 40% of the sam-
ple is superconductive, while in the NbO, 4o sam-
ple it is about 7%.

Magnetization can show too large a fraction of
superconducting material if superconductive
sheaths enclose normal regions, but this would
not be the case for the specific heat, as this mea-
sures a bulk effect. The specific-heat results of
annealed NbO, o and NbO,, o between 2 and 10 K
indicate that approximately 3% of each sample re-
mains superconductive until about 7 K. This re-
sult is in qualitative agreement with the phase dia-
gram given by Elliott'* and is consistent with x-ray
data. Therefore NbO, has a single phase only
when x=1.0, and more than one phase when x de-
viates from 1.0 by about 1 at. %.

TABLE VI. Results of normal-state specific heat of seven TiO, samples.

Buttons Rods
x 0.96 1.00 1.06 0.91 0.95 1.00 1,17
v (mJ/mole K?) 2,92 2,46 3.06 3. 54 3.33 3.16 4,50
a (pJ/mole Kb 14,7 12.6 13.7 10.5 8.4 22,1 6.3
9, (K) 640 675 655 715 770 560 850
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IV. SPECIFIC HEAT OF TiO

Specific-heat results in the normal state are
summarized in Table VI for seven different TiO,
samples, where x ranges from 0.91-1.17. The
entries in the table are the coefficients of the
electronic contribution v, and of the lattice con-
tribution @, and the Debye temperature O, at 0 K

derived from the values of @. As can be seen from

Table VI, the lattice specific heat is very small
as compared to the electronic contribution, which
makes it difficult to get accurate values for the
Debye temperature O, and to study its dependence
on composition. The best value of O, for TiO is
650 K, which is in reasonable agreement with the
O value reported by Kaufmann of 612 K, with pos-
sible error of +10%. %°

Down to 0.4 K no complete transition to the
superconducting state was observed for four sam-
ples: the button-shaped TiOy,¢; and TiOy ¢, and the
rod-shaped TiO,,q and TiO,, ;. Specific-heat re-
sults for these four samples are displayed as C/T
vs T in Fig. 10. In order to get information about
the superconducting state in zero field, the mea-
surements have to be extended down to at least 0.1
K, since the transition width is estimated to be of
the order of half a degree. As can be seen from
Fig. 11, the stoichiometric rod TiO,,,, sample
showed a complete transition at approximately 0.5
K, but the measurement was not extended below
0.4 K. The transition occurs in two steps, in-
dicating a double-phase crystal structure which
is in agreement with x-ray data (see Table I).

The coupling constant A has been estimated us-
ing Eq. (5) and the values of ©, and T, deduced
from specific-heat results of TiO, g5 and TiO,,qe
(see Fig. 11). The average X is about 0. 37.
Based on this value of X and using Egs. (2) and
(4), the band-structure density of states N,,(0)
have been calculated for the different composition.
Figure 12 shows a graph of N,,(0) vs x in which
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FIG, 10, Specific heat of four TiO, samples in zero
field, plotted as C/T vs T. Solid lines represent the
specific heat in the normal state.
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FIG. 11, Specific heat of three TiO, samples in zero
field, plotted as C/T vs T. Solid lines represent the
specific heat in the normal state,

the results are divided into two groups: the button-
shaped samples and the cylindrical-pulled sam-
ples. The experimental behavior of N, (0), or
equivalently y, is about the same for the two
groups, i.e., both show a minimum at x=1.0.
The difference between the two sets of results

can be understood, as the pulled samples are
more dense and therefore contain less vacancies.
This is in agreement with Shoen and Denker's
theoretical calculations on the change in the densi-
ty of states with vacancy concentration.1® As
shown in Fig. 12, the experimental dependence of
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FIG, 12. Density of states at the Fermi surface for
different compositions of TiO,.



12 SPECIFIC HEAT AND MAGNETIZATION OF THE. ..

4927

TABLE VII, Meissner- and mixed-state parameters for TiOy g5 and TiOy .

H
—( °2> 10** G/K)
Ty  CulTy) 0 H,,(0)
x (K) YT, a b This work Ref, 8 K Ky (kG)
0.95 0,65 1.93 4.6 1,05 4.60+0,20 0.37 210+£10 110 30,5
1.06 0,94 1,61 2.0 0.66 3,47+0,20 0.44 166+10 105 32,9

N,s(0) on x as compared to the theoretical one is
substantially smaller for x<1.0, and much larger
for x>1.0. The experimental behavior of y as a
function of x is also in qualitative agreement with
the magnetic-susceptibility results reported by
Denker.® The susceptibility is larger for samples
with x different from 1. 00 than for stoichiometric
compositions. Denker attributed this additional
susceptibility to the decoupling of the spin system
by odd or missing titanium atoms; the suscepti-
bility increases because the titatium 3d orbitals
have unpaired spins.

Hulm et al.® reported much lower values of y
derived from their magnetic measurements on
TiO. Also, their results showed that ¥ decreases
with increasing x, which is in contradiction with
the present results. The discrepancy is due to
the difference in sample preparation, since Hulm
et al, annealed their samples at 800 °C, which is
below the transformation temperature of TiO; the
crystal structure transforms into a monoclinic
one by annealing below 1225 °C.+%° In addition,
they mentioned that the H,, data from which y was
derived are somewhat uncertain.

The transition of TiO, ¢ from the normal to the
Meissner state (see Fig. 11) is not sharp but grad-
ual, and extends from 1.1 to 0.7 K, indicating
mulitphase crystal structures. For TiOy, s,
this transition is sharp as compared to the TiO,,
sample, excluding a long tail that has a small
contribution to the total entropy. Although the
specific-heat jump (C,- C,) at T, for TiOg g5 is
comparable to that of NbO, the transition is very
wide and indicates a multiphase sample. The
Meissner-state parameters of these two samples
are listed in Table VII. The critical-field curve
and its initial slope were deduced thermodynam-
ically for each sample, and are found to differ
from that calculated from the BCS theory. This
is due to the very broad transition from the normal
to the Meissner state which makes the calculations
of H,(T) near T,, using entropy differences, less
certain.

Thewide transition observed for TiO is more or less
similar tothat reported by Hulm e# al.® and Reed et
al.® This investigationindicates that the transition
temperature and its width are not determined by com-
position but much more by sample preparation. While
the results of Hulm et al. showed a well-defined

maximum of T, (1.05 K) at x=1, 07, Reed et al,
reported that T is relatively independent of x and
lies between 0.6 and 0.9 K for the whole range of
composition. So it is not surprising that the pres-
ent investigation gives results of the same magnitude
as previously reported. Doyle et al. ! suggested
that fluctuations of 1 and 2% in vacancy concentra-
tion are enough to change T, by (50-100)%. This
implies that any comparison between different in-
vestigations is not very meaningful.

The mixed-state specific heat was measured in
three different magnetic fields, muchhigher than
H,(0), in order to get a reasonable shift of the
transition from that in zero field. The samples
were cooled in a constant field and then the mea-
surements were performed upward in tempera-
ture. The transition from the mixed to the nor-
mal state is spread over a temperature interval
AT, which increases asthe magneticfield increases.
The transition temperature 7, was taken as the
middle of the temperature interval AT, with an
uncertainty not more than zA T,.

The upper critical-field curve near T; was de-
rived from the mixed-state specific heat and was
used to calculate the initial slope (dch/dT)TO.

The present work gives values for (dH,,/dT)y,
which are about ten times higher than those found
from magnetic-susceptibility measurements of
Hulm ef al.® The values of k derived from experi-
ment (dHca/dT)TD and using (dH,/dT)y, derived
from the BCS theory are in reasonable agreement
with the values of k, calculated using the normal-
state parameter vy and p, and Eq. (13). The up-
per critical field at 0 K, H,,(0), was also calcu-
lated using the value of k and the expression fol-
lowing the Ginzburg-Landau-Abrikosov-Gor’kov
theory for dirty type-II superconductors

H,(0)=1.77kH,(0) , (16)

in which H,(0) was obtained from the BCS theory.
Table VII gives also the mixed-state parameters
for the TiO,, g and TiO,,¢ samples. We conclude
that the samples of TiO used in this investigation
are high-« dirty type-II superconductors.

V. SUMMARY

Niobium monoxide is a weak-coupling, low-k
intrinsic type-II superconductor. On the low-oxy-
gen side a deviation by about 1 at. % from stoichi-
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ometry produces multiphase crystal structures;
the major phase is NbO with T, near 1.5 K, and
the minor phase is free niobium metal with 7'; of
about 6 K. Magnetization results for samples
with ¥<1, 0 indicates a comparatively large frac-
tion for the minor phase which arises from shield-
ing effects, as specific heat results indicate a
fraction in agreement with phase-diagram calcula-
tions.

Titanium monoxide is also a weak coupling super-
conductor, but with high-« values due to the un-
usual high residual resistivity produced by the
random distribution of lattice vacancies. The

ALI M. OKAZ AND P. H. KEESOM 12

transition temperature T, depends on the prepara-
tion of the sample, which produces composition
gradients and consequently multiphase crystal
structures. The coefficient of the electronic
specific heat y is determined as a function of com-
position; its behavior is in qualitative agreement
with the theoretical calculations of Shoen and
Denker. '
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