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ABSTRACT

The .magnetic field dependent change in the ultrasonic
velocijty was measured in the mixed state of Nb—-26at.%Hf at T= 4.14 K,
using shear and longitudinal waves with freguencies 5-30'MHz. The
results are compared with phencmenological models in which  the

flux-flow resistivity is used as an effective résistivity in the

Alpher-Rubin theory.
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P:eviouslyl we presented measurements of the attenuation
of longitudinal and transverse ultrasonic waves in the mixed state

of Nb-26at.%Hf. The results were compared with a phenomenological
2,3 ' | |

ﬁodel for.the attenuation in the mixed state which was proposed
‘by Shapira and Neuringer (SN). These authors used a simplifiéd form
for the ac resistivity associated with flnx-line.motion4. as an
effective resistivity in the Alpher-Rubin (AR) theorystx>cbtain an
expression fq: the attenuation in the mixed state. We ala;modifiedl
the SN model by using Thompson's result . for the flux-flow resisti?
vity in the absence of piﬁning forcessasgm efféctive resistiﬁity
in the AR theory. The revised theory improved agreement with ex-.
perimental data for the H*dépendence of the atténuation_ for high |
frequencies whe;e pinning.forces could be neglected. Heré we present
measurements of the H~dependent sound velocity changes for longi;
tudinal and transvérse.waves in the‘mixed.statc of Nb~26at.%Hf and
compare these with béth the SN model and the ﬁéviséd thedrg.
The HQdependent change in the sound velocity, for shear
waves with wave vector §!|§ and longitudinal waﬁes with E.l_ﬁ;
is - 2 2 (y.a2 | |
(av/v) = (V(H)-V(01)/V(0) = pH"/8mdv” (1+87) , (L)
wkere d is the density of the sampie,'\f is the zero-field sound
velocity LVLgfnr_%nncitudinal waves and Vg for shear waves) and 1
is the permeability. We define B= Czwpn/4ﬂuV2 where w is the
ultrasonic.frequeﬂcy.and 'pn is the normal¥state resistivity. Eq.
(1) is the classical result of:the AR theory and has been.extensive;
ly verified for nbrmal'metals with le'fesistivities?

The main.assumption. of the SN model is that the sound



velocity in the mixed state can be obtalned from the AR theory by

replac1ng the normal electrical re515t1v1ty w1th the mixed state

reSlSth1ty for a frequency @ equal to that of the sound frequency.

Bmploying an effective ac resistivity for the mixed state4, SN

obtained an expression for the H—-dependent velocity change%'3'

(av/¥) ;= (uH/87av?) [(1+r2+rsf) (1-+r2)} / [(1+r2+rsf) 2+sj‘§] .@

' . ->
This result is for longitudinal waves with EJ_H and shear waves

with qi[H and should be valid for H >H>>H In Eg. (2), the

c2 cl®
parameter' Bf is obtained from £ by replacing the normal resisti-

vity o, Dy the flow resistivity pg = o, B/H,(0), = where H, (0)

c2
is the upper critical £ield in the absencecxfparamagnetlc limiting.

n

We also define r= mo/w where w, is a frequency characterlstlc

of flux line motion known as the "depinning frequency".2’3 In

comparing our experimental results to this model, it is convenient

to consider the gquantity (AV/V)S/(AV/V)n, obtained by dividing

Eq.(ﬁ) by Eg.(l):
WO/ ) = | (LerPers.) (1er?) (1+82) /[ (1+e2ere ) “+82 <.3)-
(AV/ S/( v/V — r rBf r . R +x rﬁf £ -

A1l quantities appearing in the right hand side of Eg. (3) were
determined experimentally1 and, therefore, this model invol?es-no
adjustable parameters. |

The attenuation data of Ref..l were also compared with.a
revised theory in which the effective resistivity in the AR theory
was taken to be Thempson's resulte, obtained from a solution to the
time dependent Ginzburé—Landau equation. This result, which, in the

dc limit, gives the dc flux-flow resistivity, should be valid only

St

(=3
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for frequencies sufficiemtly high that pinning .efiects_mayfbe ne-
glected (m>>mo)._The revised theory improved égreement with experi-
mental data for the H—dependence of the high freQuency attenuation,
and it also gave a good account of the attenuation data at much lower
frequencies where pinning.effects are important. Thus it seemed
desirable to compare the present velocity data with the revised

theory, even though the estimated valuesl of 'wo are comparable to

‘the frequencies used in these experiments. Thompson's result for

the flux-flow resistivity has the form p=pn/g where g=l+Y(l-H/Hc2)

~and the quantity Y. defined in Eq. (16) of Ref. 1, is{constant'for

a fixed temperature. Using this result, we have
- .2 2 2,.,2 :
av/v) J/(AV/V) = g7 (1487) /(g +B7) (4

In Ref. 1 we found'that y=3.2 reproduced the slope of high
frequency attenuation data for T=4.14 X and was in oﬁde‘r of magnitudé
agreemént with our a priori estimate of this quantity,
Measurements of the sound velocity at T= 4.14 X for shear
and longitudinal waves with-frequencies 5~30 MHz were made as a
function of magneticlfield in the sample of Nb-éGat.%Hf.used pré—
viously.l The system for sound velocity ﬁeasurements,whmﬂiémpKWS

2 modified pulse superposition method®’?

, had a resolution of
better than one part per million. For shear waves with Gl_ﬁ and
longitudinal waves with al‘ﬁ, AV/V was independent of _H to
within this resolution. The physical properties our Nb-26at.3Hf
sample were discussed extensively in Ref. 1.

-->
In Fig. 1 we show AV/V for 10 MHz shear waves with E[lH_

at T= 4.14 K. The dashed curve, calculated from Eq. (1) using the



measured values of 4, VS, and pn s represents:the'AR theory and
is in good agreement with the data for H>ch‘ For H Jjust below
ch we see a peak in AV/V which is associated with a peak in the
~critical current for fields just below H., (See Fig.2 of Ref. 1 ).
In a manner analogous to our treatment of attenuationl, we will
compare the sound velocity chénges in ﬁhe mixed state with (AV/V)n
the souhd velocity changes'which would have existed at temperature
T and field H, had the material been normal. We calculate (Aav/v)
at fields Q.S<H/Hc2<l by extrapolating to lower. fields the
vélocity'changes measured at H>Hc2. In Fig. 1 we show.this extra-
peclation for shear waves. The'extrapolation is carried out by making
a least squares fit to the equation AV/V = mH2, where m is a
constant. The measured velocity change in the mixed state is
identified with (AV/V)S.
In Fig. 2 we show AV/V for 12 MHz longitudinal waves
with E_Lﬁ at T= 4.14 K. Again, the dashed curve represents the

AR theory and is in good agreement with the data above Hc . InFig.

s
2 we also show the extrapolation to lower fields of velocity changes

measured at H>Hc Here too we see a peak in AV/V just below Hc

2" 2
which can be associated with a peak in the critical current Jc for

fields just below ch.

In Fig. 3 we show the normalized velocity (AV/V) / (AV/V)

as a function of H for the data of Fig. 2; the peak in the expe-

rimental data is clearly evident for H ~ 51 kG. The heavy solid-

curve of Fig. 3 (denoted SN theory) was calculated from Eg. (3)
using the values of mo(H) fron Fig. 2 of Ref. 1., These values of

wo(H) were calculated from experimental values of,Jc. The peak in

i
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the theoretical curve'beIUW‘Hégwconfirms our previous identification
of the similar peak in the experimental data with the peak in Jc.
The SN model gives reasonable agreement with experimental values
of.(AV/V)S/(AV/V)n for H n 25-45 kG but tends to overestimate the

value of this gquantity near H This same problem was also noted

cz’
for the high frequency attenuation near H_, and was one of the
principal motivations for the revised theory. The dashed curve of
Fig. 3 was calculated from Eg. (4) using y=3.2 and H,,= 51.9 kG,
values which were used in Ref. 1 to compare the revised model with
o7
we see that the revised model gives a reasonable account of tﬁe

the high frequency attenuation data. Except for the peak near Hc

2
both the SN and reviséd theories are in reasonably good agreement

form of (AV/V) _/(aV/V) ~ for 25 KGgH<H_,. Ingemeral, we find that
for H ~ 25-45 kG, for longitudinal wavés in the frequency range of
our“experiménts- |
| The di,-ffgrenceé ‘between the two models become more

apparent foi'. sh’eér waves, In..Fi_g'. 4 we show the frequency dependence
of (AV/V)S/(AV/V)n.,foi'Shear:wéves with allﬁ. at T= 4.14 K and- 
for H=45 kG. Using y=3.2 and H., = 51.9 kG in qu (4), the
revised theory (dashed curve) is in good agreement with the espe¥'
rimental points (solid circles and triangle). The sclid curves of

Fig. 4 were calcﬁlated from Eg. (3) using wO(H=45 kG) ( curve

designated wo) and —%« mo(H=45 kG) (curve designated wO/Z ) .

According to the SN model, (AV/V)S/(AV/V)n is gquite sensitive to
the value of W, s and tends to overestimate this guantity for any

reasonabie-value of‘mo. The best agreement between the data and



Eq. (3) is obtained with r=0 (wOED), in which case(AV/V%/(A%ﬂﬂn=
(l+62)/(l+8§) is, for example, 5% above the dashed curve at
i0 iHz. Since Eq. (2) for (AV/V)S depends more heavily en the-

contribution of the imaginary part of the mixed state resistivity,

tpn/(1+r2), the difficulties of the SN model may reflect this fact.
Indeed, previous experimentslo’ll with shear waves (E'IE) in the‘
mixed state of unannealed Nb-25at.%Zr (for which mo>>w) were shown
to be in good agreement with Eq. (1) upon taking p.=0 (8=0). This
iS'essentially equivalent to making r>>1 (m°>>w) in Eq. (2), a
condition ﬁhich was actually satisfied in those experiments. Thus,
‘for the conditions.of Refs. 10 end 11, the calculated ccntribution
:of‘the imaginary pert of the mixed state resistivity to (AV/V)

is small and SN obtained agreement between their data and the mecdel.
Our experlmental results may thus appear to favor Thompson's ex-
pression for the resxst1v1ty since the simple madel used by SN
seems to encounter difficulties when the imagiaary part is iérge.
-However, Possin and Shepardl2 actually measured the imaginary part
of the mixed-s£ate impedance and obtained goo& agreement with the

simple model, and so the situation is more complicated. Additional

. theoretical WOrk would ke extremely useful in this area.
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FIGURE LEGENDS

Magnetic field variation of the ultrasonic velocity change’

AV/V for shear waves in Nb-26at.%Hf.

-Magnetic field variation of AV/V for longitudinal waves in

Nb-26at.%Hf.

Normalized sound velocity chahge (AV/V)S/(AV/V)ﬁ ' as a
function of magnetic field for the 12 MHz longitudinal

waves of Fig. 2.

Frequency dependence of (AV/V)S/(AV/V)n for shear waves in
Nb-26at.3HE. |
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