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Crystal structure and superconductivity of TiZr up to 57 GPa
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The crystal structure of the equiatomic TiZr alloy is studied in the pressure range up to 57 GPa using the
diamond anvils and synchrotron radiation. It is found that this alloy followsdathew— B transition series
earlier observed on Zr and Hf. Superconductivity measurements on the same alloy to 47 GPa show that the
transition to the bc@ phase is connected with an increase in the superconducting transition temperature to 15
K. The pressure dependence of the atomic volume is fitted to an equation of state. Low values of the pressure
derivative of the bulk modulus as well as the increase in the superconducting transition temperature are
discussed in terms of a pressure-indused electron transfer.
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. INTRODUCTION under appropriate conditions. In other worgsZr becomes
a group V element from the point of view of its structure and
The interest in the high-pressure behavior of the group \properties dependent on thitband occupancy. Titanium
metals was revived about 12 years ago by the discovery ofhows a different behavior at very high pressures. Although
the hexagonab to the bce phase transitions in Zr and the o equilibrium pressure is also low, 2.0 GPa at 300
Hf.1=®> These observations presented a remarkable experk 14 . Ti does not undergo a transition to tephase up to
mental support to the theoretical ideas based on the ele '16 GP&"® Instead, two orthorhombic Ti phases were

tronic band-structure calculations for the transition metal§Ounol with thew—y transition pressure of 116 GPa in Ref

and the calculated dependence of the electronic properties 9 or 128 GPa in Refs. 17.18 and the s transition pressure
pressure or the atomic volurfie? The most important result f 140 GP&8 The si.tuat,ion for Ti is complicated for the

of these calculations is the observation that the relativel . . .
narrowd-band moves with respect to the bottom of the broa otal energy calculations as well. The calculations predict the
samea—w—pR structural sequence in Ti with the—pg tran-

sp-band when the atomic volume is varigdThis shift of al :
thed-band results in a change of tteband occupancy under sition around 100 GPa therefore the orthorhompiand §

pressure and provides the main contribution to the pressufghases are glzsoczylssed as intermediate and metastable at room
dependence of the electronic properties of the metsae temperaturé>2*
review Ref. §. The total band-energy calculations indicate ~ The analogy between Zr and the group V metals is fraught
also that the structural stability is strongly correlated with thewith interesting consequences for the Zr-based alloys be-
d-band occupancyRefs. 7-9, and references thepeilihe  cause alloying is a well-known means for varying the elec-
calculations gradually reproduced the correct structural sevon concentratiot?>**Ti-Zr alloys are of a particular in-
quence in the Periodic Table for all nonmagnetic metals aterest in this case. THE-P phase diagrams of Ti and Zr are
atmospheric pressufe? and the structural sequences werevery similar up to 10 GP4: Both metals undergo the—3
presented for many group I-I1l metals under presdirehe transition at atmospheric pressure upon heating above 1155
high-pressure stability of th8 phase in Zr and Hf has been and 1136 K, respectively, and the-w transition on com-
modeled theoretically parallel to the experimental observa- pression. Thex—w—g triple points are located at 913 K and
tions, and the whole— w— S transition series starting with 8.0 GPa for Ti(Ref. 25 and at 973 K and 5.5 GPa for 4.
the hcp a phase was reproduced in further theoreticalThe w—p transition lines have small positive slopes near the
studies*~13 triple points?* Ti and Zr are completely soluble in their

For Zr at 300 K, thea—w equilibrium pressure is 2.2 andg phases at atmospheric pres$las well as in theiw
GPa'* and thew—g transition occurs at 382 GPal3The phas€®?°The a—g transition temperature has a minimum at
equilibrium pressures for the—w—B8 structural sequence 852 K at ambient pressure for the equiatomic TiZr alloy, and
observed in Hf are about 38 and 71 GPa, respecti/blga- the parameters of the—w—g triple point, 733 K and 4.9
surements of the superconducting transition temperafyre, GPa, are also lower in this case than in the pure métals.
in Zr under pressure show its increase by d®K at the The a— w transition occurs in Ti—Zr alloys around 10 GPa
w—p transition**>® Original speculations on the nature of at 300 K?**°The superconducting transition temperatures of
the transition relate thed-band occupancy critical for the the a-Ti,Zr; , alloys at atmospheric pressurg,(x), are
structural change with the pressure-inducedd electron low and reach a maximum of just 1.7 K at=0.5.3!
transfer and with the lower partial volume of tdeslectrons. The analogy between Nb an@-Zr has been extended
It was also emphasizadhat the atomic volumes and tig ~ more recently to considerations on the behavior of the
values are nearly the same f8+Zr above the structural tran- B-phase Ti—Zr alloys under high pressure, which should
sition and for Nb at normal pressure therefore it was assumellave much in common with the Ti—group V metal alloys,
that thed-band occupancy is the same gZr and in Nb  particularly, Ti—-Nb at normal pressufé.The T, measure-
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ments on the TiZr, _, alloys with x<0.5 showed disconti- 02319 0.1739 0.1391 0.1160 nm

nuities in theT.(P) curves around 10 GPa and above 30 | ][~~~ T T lo'c-'T'iZ'r' '

GPa, which was attributed to the structural transitions. The

isobaricT.(x) values taken at 46 GPa increased to 15 K as g8 Y|z 8 2 88%: 38 3
e [ | T R

the Ti content increased to=0.5,*" which is rather similar
to the behavior of the Ti-Nb alloy®.In order to complete
the analogy, the present work deals with structural properties
of the equiatomic TiZr alloy under pressures up to 57 GPa.
X-ray diffraction is used thereby to confirm the— w— g
structural sequence, which perfectly explains then the high-
pressure superconducting behavior of this alloy.

tb. units)

e

a

(

ntensity

12.08 GPa |

Il. EXPERIMENT 10.28 GPa |

The TiZr alloy was prepared from the metallic elements .. .. e e e et
with total impurity contents less than 0.02 and 0.04 at.%, 30 40 50 60
respectively. A Zr rod was mounted coaxially into a Ti pipe Energy (keV)

of a corresponding mass, and this assembly was subjected to FIG. 1. Room-temperature EDXD spectra for Tizr at 10.3 GPa
mulftiple electron_-arc melting in vacuum. The_ chemical COM-ottom and 12.1 GPaltop). Experimental data are plotted as
position of the final alloy was measured with an electron-yqints and the computer-simulated patterns are represented by solid
microprobe, JXA-5, which showed a uniformity 0f0.4  jines. Miller indices are given for ther phase at 10.3 GPa, the
at.% with 49.6 at.% Ti and 50.4 at.% Zr. The lattice param-jnconel reflections are marked without indexing. The upper axis
eters of this (hcp alloy were a=310.4 pm andc  gives the relation between the energy scale and the interplanar spac-
=492.3 pm?® respectively. ings.

Energy dispersive x-ray diffractiotEDXD) experiments
were performed on the F3 beamline at the HASYLAB ¢ , 1i7, (at 39.1 GPais shown in Fig. 2. In the first pres-

(DESY, Hamburg>* Diamond-anvil cell¥*>* with flats of ure series ending at 38.3 GPa, thghase was then main-
0.5 mm or 0.3 mm diameter were l.Jsed to generate hig e}ined on decompression down to normal conditions.
pressures. The samples were placed into holes in the Incone Above 45 GPa in the second experiment, the relative in-
gaskets_ 0f0.25 or 0.15 mm, r_espectlyely, together with afL?V’(ensities in the diffraction patterns start to change, and the
ruby chips and with white mineral oil as pressure transmit, attern observed at the highest pressure of 56.9 GPa corre-

ting medium. Pressure was measured with the ruby lumines: : ;
. . . ponds to purgs phase with the lattice parameter of 309.8
E:r(:]ncgftfechtmq&é ontthe basis c?r thtednontl;]neaGr rudb){[ scté‘fe.t m, as shown in Fig. 3. The comparison of the bar diagrams
€ difiraction Spectra were collected with a >€ detector a f the 8 and w phases in Fig. 3 illustrates that all reflections

Bragg angle ofy~5.11° in typically 15 min. Two series of of the B phase overlap with lines from the phase. This

experiments were performed on the TiZr alloy at room tem.'overlap results from a close relation between #hand 3

perature. The first series was a compression/decompres&gpructures_ In fact, the phase is often considered as a dis-

cycle to 38'.3 GPa using the anv_|ls with 0.5 mm flats, and th(?ortion of the B8 phase, the central atoms of each bcc cell
second series was a compression run to 56.9 GPa.

The superconductivity measurements used a different

diamond-anvil cell made of a non-magnetic alloy with dia- 0.2320 0.1740 0-1392 01160 nm
mond flats of 0.5 mm diamet&t.The pressure-transmitting | . AR o TZ 3;) 'Oé GP -
medium was the 4:1 methanol—ethanol mixture. The super- - @-her, 59 2]
conducting transitions were recorded as jumps in the thermag | g 15 -3 g8 z8 58 8
dependence of the magnetic susceptibiliggT), measured 5| ! H ! b o !
on heating.(Cu—Fe—Cu thermocouples were used for the g
temperature measurements with an accuracy 02 K. i I
2
Il. RESULTS 2
The a—w—B structural sequence includes three well-
known structures that give distinctly different EDXD spectra
as illustrated in Figs. 1-3. Only the phase is observed on
increasing pressure up to 10.3 GFéy. 1). Thea phase still L., Leoaan, I P I
predominates in the EDXD spectra at 12.2 GPa, but the onse 30 4o (ke\?)o 60
of the a—w transition is noticeable at this pressure by small o
distortions of the stronge-phase reflections. The phase FIG. 2. Room-temperature EDXD spectrum for TiZr at 28.7

dominates in the diffraction pattern taken at 15.5 GPa an@Pa. Miller indices are given for the phase. Other notations are
persists then up to about 54 GPa. A typical EDXD spectrunthe same as in Fig. 1.
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FIG. 3. Room temperature EDXD spectrum for TiZr Bt FIG. 5. Effect of pressure on the superconducting transition tem-

=56.9 GPa. Miller indices are given for th& phase. The calcu- perature of TiZr. Representative isobars for the magnetic suscepti-
lated bar diagrams fap-TiZr and for Inconel are presented without bility measured on heating,(T), are shown in the inset. Arrows in
indexing. Other notations are the same as in Fig. 1. the inset mark thd . values.

being shifted by 1/6 along the body diagonal of this cell and©r Ti—Zr alloys under pressure. Figure 5 shows the pressure
the shifts in the neighboring cells being in opposite direc-dependence qf the superconducting transition temperature of
tions. Therefore the amount of the phase with respect to the present TiZr alloy to 47 GPa. Several experimental iso-
the 8 phase is estimated from the relative intensity of aPars of the magnetic susceptibilityy(T), are represented in
prominent (001) peak with respect to the summary inten- the inset. The steps in the(T) curves are due to the super-
sity, |5, of the (101} +(110)w+ (001)3 peak. The pres- cond.uctmg transitions in the alloy. Th‘E: vall_Jes were de-
sure dependence of this relative intensitgp0l)w/lg, in termined from eachy(T) curve as intersection points b_e—
Fig. 4 illustrates the evolution of the—g transition. Obvi- Ween the steepest tangent to the curve and the linear
ously, thew—p transition begins above 40 GPa and is com-€Xxtension of the high-temperature section of the curve, as
pleted around the final point of the present experimental rellustrated with arrows in Fig. 5. .
gion. The 50%w—3 conversion is obtained on this forward ' nree distinctly different sections are seen in h&P)
transition at about 52 GPa. This rather broad transition rang€urve in Fig. 5. In the pressure range 0-9.4 GPa.in-
is different from the previously observed narrow range forcréases from 1.8 to 3.9 K. A small decreasd jnaround 10
pure Zri=4put it is similar to the situation in Hf where this GPa is clearly related to the—w transition in the alloy. This
transition spans a range of the order of 10 GPa. value for the transition pressure compares also very well
The present structural data allow now for a detailed interWith the previous dafd where partiale—w transitions were

pretation of the superconducting behavior reported rec¥ntly observed in TiZr, _, alloys with x=0.74, 0.66, and 0.56
which had been treated under quasihydrostatic pressures of

about 9 GPa at room temperature. Above 11 GPa,Tthe
values increase with an average slope dff./dP
~0.11 K/GPa up to 36 GPa where the stepg(ii) become
less distinct(see the insét This distortion of the supercon-
ducting anomaly finally changes into the second step in the
x(T) curves. The occurrence of twp(T) anomalies indi-
cates that thew— g transition proceeds through a two-phase
state rather than through a gradual change of the central-
atom displacements. In other words, the— 3 transition
proceeds directly as a first-order phase transition without any
possible intermediate low-symmetry phase. The nucleation
of the new superconducting high-pressure phase results in a
ol . . @&, > distortion of they(T) anomaly, and the occurrence of the
40 50 distinct second step ity(T) at 47 GPa indicates that the
Pressure (GPa) h
amount of theB phase in the sample becomes here compa-
FIG. 4. Effect of pressure on the relative intensity of the (@91) rable to the amount of the phase. This correlates well with
reflection with respect to the total intensity of the (101) the EDXD data that are indicative of the 10-20% degree of
+(110)w+ (001)8 line (squaresand the estimated variation of the the w— 3 transition at this pressure and room temperature.
relative amount of the3 phase(diamonds in TiZr at the phase The T, value of B8-TiZr is 15 K at 47 GPa. Among the bcc
transition. The lines are guides to the eyes. metals, a higher value has been observed only for vanadium

—_

TiZr y

B-phase fraction from fit

o
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FIG. 6. Effect of pressure on the TiZr lattice parameters. Data |G- 7- Effect of pressure on the atomic volumes of thew,
from the first experiment are plotted as solicbmpression and and B phases of TiZr. Sollq lines represent the fitted EOS fordhe
open(decompressioncircles, diamonds are for the second experi- aNd @ phases. The experimental data for thephase are given by

ment. Solid lines are guides to the eye. The data at ambient pressuf@lid circles for compression and open circles for decompression in
are taken from Ref. 28. the first series and by diamonds for the second seriesaTplease

is represented by downward triangles in the first series and by up-

h d . . ward triangles in the second series; squares are foBtpbase in
whoseT gradually increased to 17.2 K upon compression %he second series. The data at ambient pressure are taken from Ref.

120 GP&’ o8,
Comparing the experimental data on the structural and
superconducting behavior, one can conclude that the TiZr s -
alloy undergoes the— transition on increasing pressure at P=3-Ko-x">-(1=x)-(1+Cox(1—x))- €%,
P=11.0+£1.5 GPa, and thew—g transition is extended on
increasing pressure over a wide interval from about 43 to 5Herex= (V/V,) 3, V, is the average atomic volume, ai{g
GPa. is the isothermal bulk modulus, both at ambient pressure.
Further evaluation of the experimental EDXD spectra was\iodel constant,= — IN(3-Ko/Prg,) comparesq with the

based on a Rietveld-type simulation. A multiphase diffraction ; _ 5/3
. ) . . ressure of a = s
pattern including the appropriate TiZr phases and Inconel > Fermi gaBeg, = arc(2/Vo)™™ for the average

was generated for each EDXD spectrum and fitted to th&€Ctron densityZ/V,, whereZ stands for thez average num-
spectrum with respect to the positions of the diffractionP€r Of electrons per atom aregc= 23-_37'_101 GPapn is
peaks. A detailed refinement including the peak intensitie& Universal constant. For regular solisis a small correc-
was not attempted for various experimental reasons, but prfion related toko=3+(2/3)(co+c2). This EOS is favored
marily because the small number of grains in the sample§€re because it includes the correct asymptotic behavior un-
could not produce an ideal powder pattern in EDXD. Theder very strong compression. A detalleq discussion of the
quality of the fit is illustrated in Figs. 1—3, where the experi- advantages of the AP2 form has been given elsewtiere.
mental data are represented with points, the solid lines are The average atomic volumes of the andw-TiZr phases
the simulated diffraction patterns, and the calculated peaRt atmospheric pressure have been determined previusly:
positions are shown with bars. Figure 6 presents the pressuMo.=20.539 10° pm® and V,,,=20.231 10° pm®. Values
dependence of the corresponding lattice parametensdc ~ for Ko andK from the present AP2 fitting are listed in Table
for the « and w phases. The ratios of the lattice parameterd. For the present moderate ranges in pressure, the choice of
of the » phase,c/a=0.618+0.002, and of thex phase, the EOS form does not affect noticeably the valueK gand
c/a=1.581+0.005, are the same within the experimentalKg, which allows comparing the present data with previous
accuracy for all points in Fig. 6 and agree very well with thevalues for pure Ti and Zr metals although different EOS
data for atmospheric pressure/a=0.617 and 1.586, forms had been used in these data evaluations. A remarkable
respectively’® This constancy of/a is similar to the situa- feature of all these evaluations are very low values of the
tion in - and w-Zr.! The amount of theB phase in the pressure derivative of the bulk modulusy, for all the
region of thew—g transition estimated using this data treat- phases involved.
ment is compared with the decreasing intensity of the The volume decrease at the-w transition in the TiZr
(001)w reflection in Fig. 4. alloy at 11 GPa is found to baV=0.44 1¢° pm/atom or
Figure 7 shows the effect of pressure on the averagdV/V,,=2.1%. The volume decrease at the 3 transition
atomic volume V(P). Solid lines in Fig. 7 represent fits of in the TiZr alloy derived from four EDXD spectra between
the V(P) data for thea and » phases by the use of an 47.3-56.9 GPa is roughly 0.0650° pm‘/atom, or 0.3%.
equation of statéEOS in the form of an adapted polynomial While the volume decrease at the-w transition is compa-
expansion previously labeled AP2, rable to the values for Ti and Zr, the present value for the
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TABLE I. Atomic volumes, isothermal bulk moduluk,,, and
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the transition metal series compared to the middle of the

pressure derivatives(, for the « and w phases of TiZr and the transition metal series whergéj~5. The data in Table |

corresponding values for elemental Ti and Zr. The numbers in pajdicate therefore that the— d electron transfer in the group
rentheses represent standard deviations of the last digit from the fif§/ metals is not only responsible for the structural transi-

only. The additional uncertainties for th€) values due to uncer-

tainties in the ruby scale are probably 0.3.

Vo (10° pn) K, (GPa K¢ Ref.
a-Ti 17.735 102 9.1 19
a-TiZr 20.539 1483) 3.82) Present
w-Ti 17.37 142 2.3 19
w-Ti 17.37 123.1 3.2 17,18
w-TiZr 20.231 1463) 1.7(2) Present
w-Zr e 104 2.1 1
w-Zr 22.7 121 1.7 3
B-Zr 18.0 201 0.8 3
y-Ti 17.05 152 2.0 19

volume decrease at the—g transition is very small com-
pared to the values reported for pure Zr and pure Hf, as

shown in Table II.

IV. DISCUSSION

The strongly reduced value dfV/V for the w—g transi-

tions, but also for the anomalies in the EOS shown by the
low K; values. The change in thtband occupancy at the
structural transitions should therefore be small, much less
than one electron per atom, explaining also the relatively
small values for the volume decrease at these phase transi-
tions. There are some theoretical estimdgeg., Ref. § that

the bcc structure becomes stable in the early transition metals
when the total number of the valence electrons per atpm,
becomes larger than 4.2, or the number of thelectrons
becomedN >2.2. These theoretical numbers correlate with
the experimental observation that the bcc solid solutions are
stable in many group IV-V metal alloys at normal pressure
when the concentration of the group V metal becomes larger
than about 25%! One may conclude therefore that the
d-band occupancy directly after the transition to h@hase

is also still considerably less than 3.

Superconducting transition temperatures as well as many
other electronic properties and their systematics in the Peri-
odic Table are commonly discussed in the framework of the
empirical rigid band models related to the Matthias
rule 222331 The basic idea is that the metallic properties de-
pend on the electronic density of the states at the Fermi level,

tion in TiZr with respect to pure Zr is a remarkable feature.Nr, and its dependence on the total concentration of the
This implies that further increase in the Ti content can resul¥alence electronsz, with the assumption that thblg(2)
in the opposite sign of the volume effect. In other words, oneEUrve is the same for all metals with the s&fe or even

expects that thev—pg transition pressure rapidly increases

different™ crystal structures in each metal series of the Peri-

with increasing Ti content, and this trend gives also a ther?dic Table. The experimental and theoretical high-pressure
modynamic reason for the observation of a different transidata presently available show deviations from this simple
tion, w—y, with AV/V=—1.6%""%in pure titanium. _

Another remarkable feature is presented as very low vaiStates (DOS) spectra for three Zr phases at different
ues for the pressure derivative of the bulk moduki§, for

all phases of the group IV metals in Tabléwith the excep-
tion of the value fora-Ti which seems doubtfil This ob-
servation was made earlférand related there to the
pressure-induced—d electron transfer at the beginning o

TABLE II. Volume decrease and transition pressureg, for .
the group IV metals together with the present data for TiZr. ArrowsPressur® as in many group IV-V metal alloys, bahas the

represent values for the forward transitions only.

Transition Metal  AV/IV (%) P, (GPa Ref.
Ti 14t01.7 2.0 24
a-w Zr 2.3 2.2 24
Hf 0.54 38 5
a—w Ti 1.9 9 19
Tizr 2.1 11+15 present
w—PB Zr 1.6 30 1
Hf 2.1 71 5
w— B Zr 1.8 33 3
Tizr 0.3 43 to 57 present
w—y Ti 1.6 116 19
w—y Ti 1.6 128 17,18
y—36 Ti 1.4 140 17,18

rule. Theoretical determinations of the electronic density-of-

pressure¥ indicate that the relative positions of tise and

d-bands and the shapes of the DOS curves are pressure-
dependent. The total number of the valence electrons cannot
change at the phase transitions in the group IV metals and

f alloys, butT. can increase by an order of magnitude in the

experimental pressure range. There is a strong concentration
dependence of; in the B-Ti,Zr,_, alloys at a constant

same value for any concentration in the Ti—Zr alloys. Fur-
thermore, theT, pressure dependenceT./dP, above the
w—p transition is also concentration depend&ithese ob-
servations are not consistent with the Matthias rule but can
be readily understood if one admits that the electronic and
structural properties of the transition metals are primarily
dependent on the number odfelectrons,Ny, and not so
closely related to the total number of valence electrans,

V. CONCLUSIONS

The present structural study on the equiatomic TiZr alloy
under high pressure confirms the expected w— B struc-
tural sequence with average forward transition pressures of
about 11 and 52 GPa, respectively. The volume decrease at
the w—p transition in TiZr is small compared to this value
for Zr, which relates well to the observation that this transi-
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tion may occur in pure Ti only at much higher pressures ombasis of pressure-dependent shifts of the Fermi level within
not at all. The EOS for TiZr is characterized by a low valuethe d-band.

for the pressure derivative of the bulk modullg,. This

softness in the equation of state is typical for a pressure- ACKNOWLEDGMENTS
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