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1. Introduction

Very-long-time heat relaxation at low temperatures was ob-
served in several amoxrphous dielectrics, e.g.,in vitreous silica/1'4/,
PMMA /5'6/, and in various other organic materials 4 . Since such
relaxation is understood in the terms of phenomenological tunneling
model [7'8/, it may be a common feature of all amorphous msterisls,
i.e.y8l80 of metallic glasseB. Then we would be able - measuring the
heat release ~ to determine the density of the two-level states even
for metals in normal state, where the heat capacity measurements are
of little use because of the electron term.

Concerning amorphous metals, heat release measurements have
been performed with superconducting ILaZn only / up to now. Heat
release observed was about a hundred times larger than in vitreous
silica probably due to the ortho-para conversion of hydrogen admix-
tures, and with this thermal background, power due to the tunneling
was not seen. Indeed, the heat capacity measurements with supercon-
ducting metals 710,11/ and with vitreoug silica /12-14/ show that
the densities of the tunneling states in those materials do not
diffe% eggentially; the heat release should therefore be of the sa
order.

In this work, the results of the heat relaxation experiment
with two metal glasses are presented. Some of the preliminary rosu
have already been published in Ref. 15.

2. Theory

Many low-temperature (T« 1K) features typical of amorphous
solids in contrast to the crystalline materials may be explained
with the phenomenological tunneling model /7+8/, According to his
model, localized two-level systems characterized by quantum moohan
cal tunneling through the potential barrier between two wollo oxin
in glasses. The parameters of each two-level system are asymmedxy
energy A , barrier energy Vg, well separation d, tur‘muling ooupli i
energy 4, = K w, exp(-A), where Rw, 1is the zero ?oint onexrgy
either well, and the tunneling parameter A= d(ZmVE) /2/i. {m dia
the mass of the tummeling object). The enorgy oplitting hotwoon th
two lowest states in the two wells is E = (424-4%)1 2-

2

To explain the time-dependent specific heat term, approximately

.proportional to T, observed in glasses, in the framework of tumneling

model, the distribution function of two-level systems P(4,A ) does
not need actually to depend on A &and A . For small values of A
and A , contributions of which manifest itself for T =€ 1K and short
measuring times, an assumption of uniform distribution is reasonable,
namely

P(4,A) = P = const. (1)
This gives a time~dependent density of states /1,8,16,17/

n(E,t) = no(t) = (B/2)In(4t/ € ) (2)
and the corresponding contribution to the specific heat

oy = (x2k3/12)0Fn(4t/ Ty ), (3)

where kB is the Boltzmann number, and tmin 1s the shortest relaxa-
tion time. As a result, heat release appears after cooling the system
from the equilibrium temgerature T1 to the temperature To.

. 1
Q¢ =v [ cacrat) ar ; (4)
. To
with the uniform distribution (1), we have from (3) -
ary,1,, 1) = v x22/248)(22-12) F , (5)

where V 1s the volume of the specimen,

Equations (2), (3) and (5) hold for small values of E only. Be-
cause of the finite number of tunneling particles, the density of
states n(E,t) ,B8hould fall to zero for large E. To take this fact into

'account, calculations of Cy and 5 were performed using

n(E,t) = n, (t)/(1+exp(E~E,)/kpT,)), (6)

where Ep = kBTi’ and T, are constant; kBTb is the "width" of the tran-
sient region. For T,/T, — 0, (6) transforms into

n(E,t) = n (t) for E By , N
n(E,t) = O for E > E,.

Usually, maximum value of E has been connected with maximum
value of barrier height V. _, and V__~k_ T o 0,1 eV (T, 1is the
e/ TH1T oE
glass temperature) was assumed’ !’ « Then (1) should hold well at
helium temperatures. We shall see this is not true for our specimen,
where Er<< kBT o

With digtribution (6), we get - instead of (3) -
oy = (%Pk3/12)P1, (/1,1 )In(4t/75, ) o (8)
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where ©o

2
1,(0/Tg,1,) = (6/52) f X b (x)ax — (9)
0 (1—exp(~x))2(1+exp((xT/Tf-1)/(Tbe)))
end - ingtead of (5) -
Q11,5 8)=( T2/ 280 )V(T, (T, /T, 7 021, (2 /T, I3 (10)
where
/1,
I,(1/T4,Ty )=2(T,/T)? S (/1914 (T/2,,7y)a(T/T,) (11)
0

Finite number of tummeling particles makes us also introduce the
maximum tunneling parsmeter kmax; and. a corresponding maximum rela-
xation time T ; then for t > Thax (2)y (3) and (5) are incorrect.

After cooling the specimen sufficiently fast from T to T =0, ex-
cited tunneling particles relax and the total energy & of tge gys-
tem decreases according to

N
£(1,0,t) = :E: £4(2,0)exp(-t/z,) , (12)
i1=1

where Ei(m,o) ls the sum of the excitation energies at T of all
levels with relaxation time t&; N is the total number of various
relaxation-time values. Transition from the sum of the integral glves
Thax ‘
£(1,0,t) = Jf £(1,0,7 ) exp(-t/t )at , (13)
.’ tmin

where £(T7,0,% ) is proportional to the relaxation time distribution
runction_.l’(’z )o Since T ~exp(2A), P(T) = (P/2T ) follows from
P(A) = P, Writting

f(T’O.t ) = a(T)/t ] (14)
we get from (13), (1£)
Q=08/2t = a(m)+™ (exp(~t/T o )-exp(-t/ Ty ) . (15)

Expression (15) really yields a usual t=! dependence of Q(t) for
t<gptnmx. For t> tmax' this dependence transforms into an exponen-
tial one. Comparing (15) with (10), we obtain

. a() = (Vifl/24 1, (x/1p,1, )02 (16)

Then in a more general case, the heat release after rapid temperature
variation from T1 to To (cooling when T1 >~T° » heating when T1<< To;

4

T,» Ty> 0), equals (for t > Tpen)

o’

Qrq,7,,t)=(almy)=a(T)) +77 exp(~t/ T, ). C.an

All expression we have written for Q(T1,To,t) are velid, if the
thermal equilibrium was established before the cooling (heating) at
T1. Let us see what power is to be released when, after relaxation
is completed at To' the specimen is heated up to the temperature TH'
and after the time ty cooled to To againe. The corresponding heat re-~
lease will be -

Tnax
é(TH,den.t)= l (a(Ty)-a(T,)) t'2(1-exp(-tH/t)exp(-t/t))dt; (18)
bnin
Usually, Thiﬁég t<<<T - » and
QUTy Tty t) = (alTg)-alr )™ (148785077 . (19)

Using (19), one can determine, how long ty must be for reaching the
"equilibrium” heat release (theoretically, ty o0 )e A8 a rule,
g = 20 h in our experiments; the heat release 1 h after cooling
differs from the equilibrium one by no more than 5 per cent.,

It is interesting that the ratio of the power released for two
different tH and the same T, does not depend on TH; this 18 not diffi-
cult to prove experimentally.

3+ Specimens and experiment

Two specimens were studied. Specimen I was a strip of amorphous
ferromagnet F880B14Si6 (produced in the Central Institute for Solid
State Physics and Material Research of Acad.Sci., Dresden, GDR). Its
length was 433 m, width 31 mm, thickness 40 pme The strip was wound
up into the form of a cylinder, 50 mm in dlameter. Strips of copper
foil (thickneas 30 pm) were fixed at various places between the wind-
ings of FeBOB14SiS (total contact area ~6OOcm2); a thermometer (germa-
nium resistor), a heater and a contact for the heat switch were mount~
ed on this copper foil. The mass of FeBOBi4SiG was 288.18 g,‘that of
the copper and resistors with negligible amount of the solder (no glue
was used) equals 15.97 g. In such system, thermal equilibrium sets
fairly fast throughout the specimen. Even under very unsuitable con~
ditions, equilibrium was eet In several tems of seconds.

Specimen II consisted of a strip of amorphous ferromagnet
0069Fe4‘50r2312.5322 (of the same origin) with the length of 77.6 m,
width 14.2 mm, and thickness 35 um. The construction was almost the
same as of specimen I, only specimen II consisted of two "floors™"



because of the small width of the strip. The mass of
CoggPey, 5CTaSiy sBoo Was 25043 g (124.4 g + 125.9 g), that of the
copper 16.1 ge

The experimental arrangement was the same as in Ref. 19, 20,
Specimen I (II) with the thermometer and the heater hangs in the
calorimeter on 12 (8) kapron threads (0.13 mm in diameter, 31 mm
long). The coupling constant A between specimen I (II) and the body
of the calorimeter with the heat switch off was slightly temperature
dependent, A=122 pW/wK (72 pW/mK) - i.e. about 10 pW/mK per one
kapron thread - at 1.3K. The heat resistance of the closed switch was
determined as 10% K/W at the same temperature.

The efficiency of the switch and all the contacts is demonstra-
ted in Fig. 1, where time necessary for cooling the specimen from
the temperature T1 to 1.3K is shown. .

The value of the thermal background power Qp = (1150 & 50) pW
was somewhat larger than in previous experiments. Since it increased
after changing the radiation shields in the calorimeter central tube,
We suppose 63 be largely due to the radiation algng the suspension
system. On the other hend, maximum veriation of Qg in time, whith
limits the accuracy of measurement, was reduced to szs 1CC pW.

During the measurements, heat capacities of both speciméns were
determined in the temperature range somewhat larger than necessary
for the heat release calculations. '

The heat release 6 and the specific heat release q = é/m (m is
the mess of the amorphous metal) were calculated, as usual 19’20/,
from the drift of the specimen temperature with the heat switch off,
correctéd for th? heat background 63 and heat leak éA:

Qﬂém—éA"éB) (20)
where .

ém = RC/(2R/21T), (21)

64 = APg - T) . (22)

Q is the measured power, R is the germanium thermometer resistance
drift, C 1s the heat capacity of the N
specimen, @R/ 8T is the sensitivity of

the thermometer; as a rule, Tp™T. L t'; i
- 1

Fig.1. The time necessary for cooling oSt 2

the specimen in the calorimeter from

T, to T, = 1.3K. . T
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'Fig. 2, The specific power released in specimen I (Fe80314816) after

cooling from various Ty (3.12K < T1 < 292K) 'to"I‘o = 1.3 as a function
of the time. Straight lines: q ~t~ 1.

The results are presented as é = é/m - the power released in
1 g of the material under study.

At the beginning, the specimen was cooled from room temperature
to 1.,3K and the long-time power release Q(t) was measured, until it
dropped to the levél of background fluctuations (100 pW). Then the
specimen was successively heated to T4 (Be12=s 1y = 292K) and .-kept
for tH = 20 hours at that temperature; after another cooling to
1.3K the time dependence of 4(t) was measured sgain. For some values
of T, mich less heating time was also used, ty=0.2h and/or ty =

" 0.5 he



Fig. 3. The specific power released in
specimen I 1 hour after cooling from y
0 T, = 1.3K as a function of 19 - 12,
[ tH =20 h, ® - tH = Q5 h, & - tH=
0.2 h (see the text); 1 - standard
tunneling theory (5) with P = 2.3 x
103 /Jg, 2 - equation (10) with P

2.3° 1037/Jg, T, = 20K, Ty = O.

Flg. 4. The specific power released in
specimen II (0069F94.50r2812.5B22) af-
ter cooling from various T, (4.34Kk <
T1=E40.0K) to T,= 1.3 as a function
of the time. Straight lines q ~tt,
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4, Results

For both specimens, heat release after cooling from any "heat-
ing" temperature T1 is proportional to t'1 (Fig. 2,4). Deviations
from the straight line just after the cooling for large T1 are evi-
dently due to unsufficiently rapid cooling (relaxation of levels

. with small E begins later) and to unfinished process of reaching the

thermal equilibrium throughout the specimen at the beginning of the
measurements. Thig is the case of the specimen II and T1:>35K (see
Fig. 4).

In Figs. 3, 5 power release q(1h) = Q(1h)/m at t = 1h after the
cooling is shown as a function of T? - T2 (T, = 1.3K). For small Ty
long~-time heat release increases with increasing T1, it 18 almost
independent of T, for large T,.Measured values of 4(1n) after short
heating time tH are also presented in Figs. 3,5.

5. Digcussion

Ortho-para conversion in hydrogen bubbles, precipitated in the
copper /18-20/ or in amorphous LaZn y 18 well known as & source
of a long-~time heat release. But such heat release is not proportio-

nal to t'1 (the dependence is more complicated) and the dependence
on T; ia quite different: the heat release 1is about three
J.r 6(1“],DW/B .
1 2 °
20} L4 1
Coy,Fe,;Cr,8i,;B,,
. °
10 r
® . .
o 1212 k2

2 L 1
] 100 200 300 400 300

Fig. 5. The specific power released in specimen II 1 hour after
cooling from various T1 to T = 1.3K as a function of T? - Tﬁ B
© - ty =20 h,e- ty =05 h& (see the text); 1 - sfandagg_tunneling
theory (5) with P = 1.2°103 /3g, 2 - equation (10) with Pyp=1.2x
1037/3¢, 1, = 0.



orders of magnitude more

intensgive after

cooling from

room temperature than that from 30K, In this experiments,

the heat release after cooling from
from the heat release after cooling
our measured heat release is of the
silica 4/. Thus, the possible heat
ortho-para conversion in the copper

30K does not differ significanily
from room temperature. Morecover,
same order as that in vitreous
release due to the hydrogen
and/or glass itself can be neg-

lected.

Deviations from the t~' law were not found for any t until
Q<Qp. Thus the relaxation time spectrum extends over 100 h ( Thax
100 h) for our specimens, regardless the essential difference between
metals and dielectrics ~ the presence of conduction electrons. The
abgence of conduction-electrons influence may be due to a rather high
measuring temperature, T = 103K, *

The proportionality Q~(T$-T§) for small T, enables to determi-
ne the parameter ?& = VP/m from (5): ?ﬁ (2.310.2)103//Jg for the
specimen I and'f@ = (1.219.1)103,/Jg for the specimen II. Analogcus
measurements with vitreous Silica yielded'§£ = 4.5'1037/Jg /4 and
1.5‘1038/Jg /2,3/ in good agreement with the results from heat capa-
city (2.4°1038/5g 71214/ peat conductivity (1.7°10%8/5g /13+22,23/)
and ultra-sound (9.5'1037/Jg /24/) measurements. Our slightly reduced
values of ?ﬁ seem reasonable taking into account lower than in vit-
reous silica tunneling contribution to the heat capacity in the case
of amorphous superconductors (ZrCu )e

Thus, the heat release studies enable one to find the two-level
systeuls distribution function P(a,\) even for metals in normal state;
it is so far the only method to fix Pm directly without any other
experimental data.

Our results for higher initial temperatures T, can har@}y be
explained with the standard tunneling model with P( 4, A ) = P; the
same was found for vitreous silica 4/. On the other hand, the data
calculated 'from distribution (7) are in good agreement with our ex-
perimental results if we take P, = 2.3°10%7/Jg, T, = 20K and T, = O
for specimen I (Pig. 3), and P, = 1.2'1037/Jg, T, = 24K and T, = 0
for specimen II. Assuming distribution (7) for vitreous silica,

If we agssume that the relaxation time due to the interaction with
the conduction electrons at 10 mK 7, ~ 1074 Tp /21/, where T, 1is
t?e relaxation time due to photon interaction, and t%/‘tme2 /16,17,

s then T.>T, at T=1.3K, and in relaxation of the levels with
E/kB:»1.3K the influence of the conduction electrons is probabdbly
negligible.
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values ?A = 4.5°10°7/3g, T, = 13K, Ty = O well agree with experi-
mentas’ 7 ? *

The experimental values of E; are surprisingly much smaller,
than kBTg where the glass temperature T_ is probably near to the re-
crystalization temperature in metal, ~640K (= 690K) for specimen I
(I1). Indeed, Tpo Tg/30 for both our specimens. Maybe, even the ma-
ximum barrier heilght 1s much smaller than the characteristic glass
enexrgy kBTg ? If this is the case, the tunneling parameter A may not
be temperature independent except for Td<&:Tf; for higher temperatu-
res, the dependence A on To and t may be more complicated than accor-
ding to (10) and (19).

Because of large heat capacity of metallic glasses, the measure-
ments at higher temperatures were not performe&. But deviations from
(19) were actually observed.

In Pig. 6 the zatio &(tH, 1 h)/q(1 h) is shown as a function of
Ty/Tes é(tH, 1 h) is specific power released 1 hour after the cooling
from Ty, where the specimen (preliminary relaxed at To) stayed for
the time tys and q(1 h) 1s the specific power released 1 hours after

A v T T
q(t,,1hl/a(1h)

1,0,2h

oA FeBoB14si6
® Coﬁgf-'e‘,.SCrzSi.‘,'sB22

0,5
2 L _

T./T,

0

—

0,5

1

Fig. 6. The dependence of the value &(tH,1 h)/qt1 h) on Ty/T,, where
é(tH,1 h) is the specific power released 1 hour after cooling down
from Ty for short heating times (ty = 0.2 h or 0.5 h) and 4(1 h) is
the same for long heating times (tH =20 h, Ty = T1). Dashed lines -
equation (19), full curves - equation (25) with t=1 h, =6, T,=20K
(24K) for specimen I (II), tg = 02 h (curve 1), tg=0.5 h (curve 2).

* Calculations in /3/, resulting in Ty = (4+2)K and T, 210K, are

somewhat mysterious: using such values, even the condition n(E,t) =
n,(t) for E<<E, 1s not fulfilled.
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the cooling from "equilibrium®” TH = Ty (the specimen stayed at Ty
for 20 hours). The dashed curves correspond to (19) with ty = 0.2 h
and ty = 0.5 h. For larger Tyy/T¢ the ratio Aty 1 1)/&{1 h) increas-
es for both specimen, which may be due to the drift of the time re-
laxation T spectrum to shorter T , since the‘heat relaxation at
elevated temperatures is faster, than according to the standard theory.

If we assume the tunneling parameter N temperature depen-
Qent as

A= AN =(e/2) - My, (23)

; /
yeéget/temperature dependence of the relaxation time (z'~exp(2 )
16,17

’

T = T » exp(-«T/Ty) .

Zﬁin<?:t<3< Tinax

(24)°

Then, according to (18) and for

ATy, T tygr 8)/Q(Ty, Tpnt) = 1/(14(6/tp) exp(= o< T/ T2 )/ exp(~ T o/ Tp))
(25)

The agreement between the model and experiment is surprisingly good,
when taking t=1 h and o =6 for both ty = 0.2 h (curve 4) and ty =
0.5 h (curve 3).

Thus, the parameter T, seems to control both the energy distri-
bution of the two-level systems and the change of the relaxation time
spectrum; maybe, Tf has & deeper physical meaning, It would be inter-
esting to check the existence of such deviation from (19) in another
glasses and possible degree of universality of (10) and (25) as func-
tidns of TO/Tf and TH/Tf. At higher T (10) probably does not hold.
Up to now, experiments with various T have been performed for vit-
reous silica only, and only for T << Tp2¢ 13K (0.0SKéToé 1,08K)
/1’2’4/; here the results agree well with (10). We suppose that di-
electrics are more convenient for possible measurements at higher To.

6. Conclusions

Very-long time heat release observed in metallic glasses is si-
milar to that in dielectrics; such heat release is probably a common
feature of all amorphous materisls. Experimental values oflf&, calcu=~
lated from measurements at suffieiently low temperatures, do not
differ essentially both for our metallic specimens and vitreous
silica 74/,

Standard tunneling model assumption n(E,t) = n (t), i.e. P(sA)=
T = const is compatible with measured values for rather small values
of E only. For higher E, long-time heat release in our specimens may

12
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be explained by assuming n(E= E,,t) = n (t) and n(E‘>—Ef,t) = 0,
temperature '1‘f = Ef/kB being about thirty times lower than the recrys-
tallization temperature.

At elevated temperatures, viz. To;z Tf/10, the relaxation time
in the two-level systems probably depends on the temperature To
(higher T,» shorter relaxation time) in contrast to the standard
tunneling model. :

Because of small value of Tf, if would be not difficult to se~
parate the tunneling end ortho-para conversion terms in the total
power released, if necessary.
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Komau M. u mp. E8-86-103
MeasneHHOe TYHHEIWpPOBaHHe
B aMopdHHIX MeTalaxX IpH FellueBHX TeMmrnepaTypax

HsMepasioch MeOJIEHHO peJlaKCHpyWIlee TelJioBbiIeneHne B aMopd-—
HbIX Co69Fe4,SCrZSi2,5B22 u FegpBy4Sig mocre oxnaxfeHHs OT
T|/3,12K§I1§292K/ mo Ty = 1,3K. Bunpensemas MOMHOCTB CTPOTO
IponopuMoHankHa t=1 /0,5 u <t <60 uy/. lpu Huskux T| pesyib-
TaTh SKCIEPHMEHTAa XOpowo COrNIaCylTCs CO CTaHLApTHOM Teopuen
TYHHEJIUpOBaHUA ., llosIyuyeHHble TNIOTHOCTH COCTOSHHHE ABYXYPOBHEBBIX
CHCTEM OueHb GJIM3KH IUIOTHOCTH 3THX CUCTEM B KBaplieBOM CTeKJe.
lns 6Gosnee BhcOKMX T| sxcrnepHMeHTanbHOE TeIUIOBHIENEHHE MOXHO
OBBACHAUTb NPCANONOKEHHEM O CYIEeCTBOBAHHH MAaKCHMAalbHOH 3HepPTHH
Ef B OYyHKUMH paACNpe[esieHus .

Pa6ota vmnomnneita B JlaBopaTopHH samepHuix npobGnem OUAU.

ITpenpunt OObeAMHENHOrO MHCTHTYTa A/EpHBIX HccnefoBaHWM. lyGHa 1986

Kolad M. et al. E8-86-103
Long~Time Tunneling in Amorphous Metals
at Helium Temperatures

Long-time heat release in amorphous CoggFes 50roSi2 5B92o
and FeggBy45ig after cooling from Ty (3.12K<T<292K) to
To = 1.3K was measured. The power released is proportional
to t=! (0.5 h < t < 60 h). At low T;, the experimental re-
sults are in good agreement with the standard tunneling
theory. The resulting densities of states of two-level systems
are clogse to those in vitreous silica. For higher Ty, observed
heat release may be explained assuming the existence of a ma-
ximum energy Ef in the distribution function,

The investigation has been performed at the Laboratory
of Nuclear Problems, JINR.
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