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The magneti

hara terization of Pd single

rystals deformed by

y ling in a hydrogen atmosphere has been per-

formed. Based on eviden e obtained from thermal desorption analysis, it is shown that the
phase formed inside deep dislo ation

x = H/Pd  4:5  10

ores in PdHx (

The a tivation energy of hydrogen desorption from these
suggesting the o
sus

ondensed hydrogen

) is tightly bound with a Pd matrix.

ores was found to be as high as

e = 1:6 eV/H-atom,

urren e of a strong band overlapping between Pd and H atoms. SQUID measurements

arried

H < 5:0 Oe) showed an anomalous diamagneti ontribution to the DC and AC
eptibilities of the PdHx sample at T < 30 K resulting in the presen e of the hydrogen phase. It is

out in a weak magneti
magneti

4

eld (

suggested that the anomalous diamagneti

response in PdHx is

phase, tightly bound with a Pd matrix inside the dislo ation

aused by the presen e of a hydrogen dominant

ores ( nanotubes).

PACS: 74.78.Fk, 74.10.+v, 61.72.-y

ele tronphonon oupling. The advantage of hydrogen-

1. INTRODUCTION

dominant hydrides for a hieving HTS is that in a hemThe study of the trapping and intera tion of hydrogen atoms inside metalli

i al sense, they have already undergone a sort of pre-

nanostru tures (dislo ation

ores and nanotubes) is important in order to in rease

ompression, and on e impelled by external pressure
enter into the metalli

phase, the ele trons from both

the e ien y of hydrogen storage in metals (e.g., palla-

the hydrogen and the metal may parti ipate in ommon

dium) as well as to promote ele tron transport appli a-

overlapping bands [3℄.

1; 2℄.

tions in nanote hnology [

Re ently, Ash roft has
There is another approa h to a hieve a

presented arguments that hydrogen-dominant metalli

alloys,

parti ularly

dense

hydrides

of

the

IVa

metal hydride state with a high

oupling

ompressed,
onstant that

group, might demonstrate high-temperature super on-

may serve as a model alloy to sear h for HTS in

du tivity (HTS) even in a modest external pressure

hydrogen-dominant metalli

range [3℄.

This argument is based on the similar-

ity of the ele troni

stru tures of hydrogen-dominant

metal alloys and of the super ondu tor MgB2 [4℄. A ording to Ash roft's reasoning, HTS of highly loaded

systems. Heuser et al., us-

ing a small-angle neutron s attering (SANS), showed
that dislo ations

reated at Pd lm hydrogen

y ling

5; 6℄.

are strong abundant traps of interstitial hydrogen [
The

x

on entration of hydrogen (

is an atomi

ratio

metal hydrides must be due to the overlapping of

H/Pd) near the dislo ation depends on the hydrogen

metal  hydrogen bands.

distribution with respe t to the distan e from the

The high ele tron

on en-

tration and opti al phonon energy result in a strong

5; 6℄. After

or on the hydrogen binding energy [
a Pd single
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rystal lm with deuterium gas, a large

Nd  2  1011

number of dislo ations (

442

ore

y ling

m

2 ) were gen-
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Without annealing, the residual hydrogen

x  5:5  10

left in the Pd sample (
an

Magneti

-phase with a

3 ), whi h exists in

on entration of 45 deuterons per

1 Å of the dislo ation line [6℄.

This level of residual

hara terization of a hydrogen phase

If the state of the
side the dislo ation
metalli

:::

ondensed hydrogen phase in-

ores were a hydrogen dominant

alloy, the diamagneti

behavior of this phase,

although ae ted by the magneti

ontribution of the

hydrogen was asso iated with the low hydrogen bind-

palladium latti e and impurities, would be anti ipated

ing energy

at a low temperature [1113℄. On the other hand, in

= 0:2 eV. However, a smaller amount
x  10 4) was found to
have a remarkably higher binding energy "H  0:7 eV.
"H

of residual hydrogen atoms (

In this

ase, most absorbed hydrogen atoms are tightly

bound inside the deep dislo ation

ores [7℄.

the hydrogen-dominant Pd dislo ation

 ient pressure, strong ele tronphonon

RH

of the residual hydrogen distribution with

respe t to dislo ation

urren e of a super ondu ting transition above the

They have shown

18; 19℄.

onditions [

RH is redu ed from 13 to 4.9 Å with a de rease
x from 1  10 2 to 1:7  10 3. At lower x, the minimal value of RH  b = 2:75 Å (where b is the Burgers
ve tor) might be anti ipated.
The deep dislo ation

ore lled with hydrogen

However, the observation of su h

transition from a hydride phase inside the dislo ations
onned into Pd matrix

that
in

eren ed

1) there is a su iently large number of dislo ations
within the Pd

rystal that

ganized in the form of
a persistent

the lo al hydrogen

on entration

hxi  4:5  10

loading the Pd beyond

pure Pd single

x = 1 [9℄.

The pressure inside

omparable with a lo-

al palladium bulk modulus (up to 120 GPa [10℄) and
the

onditions of both hydrogen pre ompression and

annealing at

t

(TDA) showed that the residual hydrogen pre ipitates
as a

ondensed phase within the deep dislo ation

sis for the above statement that a

strong diamagneti

hydrogen phase [1114℄

an be obtained via an alternative route, by trapping at
dislo ation

ores in deformed Pd. The ele tron proper-

ties of saturated

ompressed Pd hydrides have not been

studied previously be ause these
ble at ambient

ompounds are unsta-

15; 16℄. However, anomalies

neti

properties in

highly loaded Pd hydrides (in luding H- y led Pd

eld

ores.

measurements re orded the appearan e of a
ontribution of the net PdHx Pd

phase in the Pd matrix at

H

T < 30 K (in a weak mag-

 5:0 Oe), and an antiferromagneti

be-

havior in the higher magneti

eld. The thermal des-

orption analysis and magneti

measurements together

suggest that the dislo ation nanotubes in the hydrogeny led Pd sample ontains a diamagneti

onditions [

in the ele tron transport and magneti

4 that was produ ed by y ling the

rystal in a H2 atmosphere with nal

Magneti

hydride state or quasimetalli

arry

= 300 ÆC. Thermal desorption analysis

external pressure impelling are fullled. This is the baompressed metalli

an

properties of PdHx with the very low average loading
ratio

ores of edge dislo ation is

losed loops [23℄, whi h

urrent [24℄.

might be large enough to provide the ability of overthe

om-

In this work, we studied the stru tural and magneti

Moreover, it is implied that within the deep dislo a-

RH < b),

ontain tightly bound

pressed hydrogen; 2) the network of dislo ations is or-

atoms ould be regarded as a sort of a nanotube with an

ore (

ould be feasible when two ref-

onditions to dislo ation network are satised:

ee tive diameter of about two Pd Burgers ve tors [8℄.
tion

rit-

i al temperature of the bulk PdHx measured at ambient

ore is strongly ae ted by the

on entration of hydrogen atoms.

oupling, and

high lo al opti al mode energy. This suggests the o -

Re ently, Maxelon et al. [8℄ have found that the
radius

ores in Pd, the

onditions required in Ref. [3℄ seems to be fullled: suf-

ondensed hy-

drogen/Pd hydride phase at low temperatures.

om-

pounds) below 300 K have been reported [1719℄.
At least above 3.0 mK annealed Pd-metals do not
show super ondu tivity [15℄. In

2. EXPERIMENTAL

ontrast, Pd hydrides

x > 0:8 are super ondu tors with
T [20℄. The importan e of in reasing
the loading from x = 0:81 to x = 1:0 resulted in a
dramati growth of T in the Pd hydrides (from 1.5
to 89 K [21; 22℄). Although the super ondu ting efwith the loading ratio
a relatively high

To ex lude the ee t of impurities on the magneti
properties of the PdHx system, a 99.999 % pure Pd single

rystal produ ed by Metal Crystals and Oxides of

Cambridge, UK was employed in this work. The

fe ts in Pd hydrides are not fully explained yet, it is

with the [110℄ axis, the length 10

suggested that their super ondu tivity is based on a

ameter about 1.0

strong ele tronphonon

oupling to the opti al modes

ylin-

dri al ingot was grown using the Czo hralski method
m.

m, and the di-

The sample with dimensions

2:7  2:7  0:6 mm3 and the weight 52 mg was

ut from

and requires a suppression of the spin u tuation in

the as-grown ingot by using a low-speed diamond saw

the Pd latti e and

and me hani ally polished to remove surfa e irregular-

Pd ele trons [16℄.

sd-hybridization

of hydrogen and

ities. Then, this single

443

rystal was annealed in a high
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510 times lower than the H2 pressure
PdHx (fg) samples (Fig. 1,

12

urves

1

aused by the

2 ).

and

For the quantitative estimation of the nal average loading ratios

x

= H/Pd, we

ondu ted a spe ial

alibration measurement with a known mass (0.3 mg)

8

of TiH2 powder that has a de omposition tempera-

Æ

2

ture near 400 C. Comparing the hydrogen pressure in
the

hamber obtained from the TiH2 powder with the

PdHx , we obtained an estimation of the residual hy-

4

drogen

1

ontent in the H2 - y led Pd single

Magneti

measurements were

rystal.

arried out with a

1T-SQUID Quantum Design MPMS-3
magnetization

0

200

400

600

800
T;

ÆC

and

AC-sus eptibility

Thermal desorption spe tra for the Pd single

rystal:

urve

ling and

1

orresponds to Pd(bgr) before H2

urve

2

to PdHx (fg) after H2

y-

y ling

The

Pd(bgr) and PdHx (fg) samples were pla ed in a gelatin
aligned in the dire tion to the pi k-up
ered with a small pie e of

Fig. 1.

using DC-

modes.

neti

moment of the

a low magneti
be

M

 10

eld

otton.

oil and

apsule with a pie e of

H <

ov-

The initial magotton, in

10:0 Oe was measured to

8 emu, well over the studied temperature

interval (2.0350 K).

p

va uum (

= 10

8 Torr) at the temperature 800 Æ C

for 5 h. The annealed pristine Pd single

rystal served

Measurements with a

alibration magneti

uxgate

showed that without the appli ation of the spe ial
ultra-low eld

ondition, the SQUID has the residual

H  0:2 G. Ultra-low eld installa-

as a referen e and is labeled the Ba kground sample,

magneti

or bgr, and the appropriate TDA and magneti

mea-

tion with degaussing of the shielding produ es an al-

ondu ted on this sample prior to the

most zero eld (the remanent eld is less than 1 mG).

surements were
hydrogen

y ling.

In order to

eld

In the DC-magnetization mode, the SQUID was

reate a

ondensed hydrogen phase in

ibrated with a Pd standard.

the Pd sample, a H2 gas

y ling pro edure was applied.

sensitivity of the SQUID with the

5  10

apsule and sample

8 emu. To measure the magneti

The sample was loaded and degassed twi e. The pris-

is higher than

tine Pd (bgr) sample (after TDA and magneti

moment versus temperature in the zero-eld

mea-

surements) was loaded at pressure 930 Torr at temperature 390 K and degassed in a va uum of

10

at temperature about 400430 K. After the

(ZFC) regime, the samples were ooled from

T

= 2:0 K at H = 0 after installation of zero eld
M (H )

to

at room temperature. The measurements of the
fun tion at

the automati

8 Torr for 2 h.

rystal is labeled Foreground

sample, or fg.

M (H )

in the H2 - y led Pd sample.

Æ

10

urves at given temperatures were

ter. After analyzing the desorption spe ies (Fig. 1) and
omparing the yield with the data from the Pd(bgr)

H

ondu ted at the nominal eld

H

= 0 (without zeroapsule at the

temperature 350 K for 10 min inside the SQUID.
The AC measurement of the real and imaginary
parts of the sus eptibility for the Pd samples was
arried out at H = 0 with the driving amplitude
h = 1:0 Oe and the magneti eld frequen y f = 20 Hz.

(taking the residual hydrogen ba kground in the va -

During this measurement, the samples were

uum

2.0 K at

hamber into a

ount), we were able to

al ulate

ompleted,

= 0 to T = 350 K. The

eld installation) after annealing the

ear regime, at the rate of 9.0 K/min in a high-va uum

8 Torr) hamber of a quadrupole mass spe trome-

arried out in

regime. After the measurements of the

ooling of the Pd samples to the next temperature was

on entration

The sample was heated

within the 20900 C temperature interval in the lin(

onstant temperatures were

the sample was heated at

A high-va uum thermal desorption te hnique was
used to estimate the residual hydrogen

ooling

= 298 K

y ling,

at temperature 570 K and pressure
This post- y led PdHx

T

6 Torr

the PdHx sample was subje ted to a nal annealing

10

al-

It was found that the

H

ooled to

= 0 without a spe ial zero-eld installa-

the real hydrogen desorption peak area and the tem-

tion.

perature of its maximum. It was found that the ba k-

and PdHx (fg) samples, the setup was

ground hydrogen desorption pressure (Pd(bgr) sample

range 210 K by using pie es of high-purity Pb and Nb

plus the residual hydrogen in the

shaped similarly to the Pd samples.

hamber) was at least

444

Before the AC measurement with the Pd(bgr)
alibrated in the
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Magneti

hara terization of a hydrogen phase

se ond-order thermal a tivation pro esses by a

3. EXPERIMENTAL RESULTS

:::

ount-

ing for the rising edge of the hydrogen release peak [25℄:
3.1. Hydrogen thermal desorption analysis

"H = kB

Thermal desorption analysis (TDA) performed with
annealed Pd(bgr) samples in the temperature range 20

Æ

900 C showed a total absen e of any hydrogen desorption peaks. The hydrogen pressure in the va uum
hamber throughout the studied temperature intervals

2  10

did not ex eed

8 Torr (Fig. 1,

urve

1 ).

This

H2 pressure value equals the residual hydrogen ba kground in the

hamber. Therefore, the TDA with the

annealed Pd single

rystals indi ates that there was

no trapped hydrogen in the sample. Similar measurements performed for the PdHx (fg) sample showed an
H2 pressure behavior at

T <

700 ÆC that was similar

to the Pd(bgr) sample (Fig. 1,

urve

2 ).

This obser-

vation proves that there is no hydrogen (in

- or

-

phase) in the regular latti e of the H2 - y led PdHx (fg)

T > 700 ÆC,

sample. But at
( urve

2)

the hydrogen desorption

in reased and the post- y led (fg) sample

produ ed a pronoun ed peak with a maximum at tem-

Æ

perature 870 C. (We note that two

T1 , T2

Fig. 1 terminate at
the TDA system.)

The analysis showed that the H2

kB

is the Boltzmann

this

binding energy of trapped hydrogen in the Pd latti e.
To verify this value of
In

ontrast to the Garli k  Cibson model, this method

solution of the hydrogen diusion equation (with re-

J0 (T ) spilling out of the Pd

spe t to the hydrogen ux
into va uum) in a Pd single
ary and initial

rystal [26℄ with the bound-

onditions (hydrogen

perature

Tmax

of thermal desorption),


2
D0 C0
exp
J0 (T ) =
L
ZL



om-

1
X
n=1

n

"H
kB T

omposition of the residual

auses the de-

-phase in the latti e [16℄,

we assume that all remaining hydrogen dete ted in the
y led Pd single

rystal is lo ated in the dislo ations

but not in the regular latti e.

Extrapolating the re-

D0



0

ZL

sin2 (nx=L) dx

kB L 2

where



sin(nx=L) dx

2 0
2 2
 exp 64 aD0 "H n 

ted for any known

y ling, the sample undergoes an additional

J0 (T ) is nally

obtained as [27℄

Z

"H =kB T
"H =kB T

stable phase of Pd hydride [16℄. Considering that after the H2

on entration be-

fore and after initial thermal desorption and peak tem-

= H/Pd averaged over the PdHx(fg)
4 . The aversample volume, as x = (4:5  0:5)  10
annealing at temperature 570 K, whi h

another independent

in ludes the hydrogen diusivity in Pd. Based on the

TiH2 powder allowed the estimation of the ee tive

x is smaller than expe

"H ,

method was used to determine the a tivation energy.

alibration data obtained for

aged value of

and

tive

ground measurements. Integration of the H2 peak for

x

P 1 , P2

T > T1 and P2 > P1 ). The result of
"H = 1:7  0:2 eV. It ree ts the ee

observed at the same temperature range in the ba k-

loading ratio

onstant, and

are two hydrogen pressure and temperature

pressure at 870 C is about six times higher than that

parison of its area with

1

analysis is

This is the upper limit of

PdHx (fg) (with the ba kground subtra tion) and

ln PP2 ;

points ( 2

urves shown in

Æ
920 C.

Æ

where

T2 T1
T2 T 1


3
e w 7
dw5 ;
w2

(1)

is the preexponential fa tor of hydrogen dif-

fusion in Pd [16℄,

C0

is the initial

on entration of hy-

x = 4:5  10 4), L
m), N is an index of

drogen in the sample (from before,

6  10

is the sample thi kness (

2

the eigenvalue of the separation

onstant in the solu-

a = 9:0 K/min is
= 296 K. Evaluating the rst

tion of the diusion equation, and

T0

sults of SANS measurements performed in Ref. [8℄ for

the heating rate at

various residual hydrogen

ve terms of fun tion (1) with respe t to the a tivation

x

rystals (

 1:7  10

on entrations in Pd poly-

3 ), we estimate a radius

RH

of

the residual hydrogen distribution with respe t to dislo ation

ores. At

RH  2:8 Å is
gen

hxi = H/Pd = 4:5  10

4 , the value

lose to the minimal radius of the hydro-

apture in Pd (the Burgers ve tor).

energy, we found that

Tmax
of "H

al ulated. The formal kineti s Garli k  Gibson model
may be used to estimate the kineti

parameters of the

= 1:6  0:3 eV

an be used

= 1143 K (870 ÆC). This more a
is very

urate value

lose to that obtained from the simple

model [25℄.
The magnitude of the a tivation energy of hydrogen

In order to estimate the binding energy of hydrogen within the Pd, the hydrogen a tivation energy was

"H

to satisfa torily des ribe the experimental peak with

desorption that was found for the PdHx (fg)

rystal is

well above the H-trapping a tivation energy derived for
H2 - y led poly rystalline

445

old-worked Pd that has an
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M, 10−3 emu/g

1

12

4

b

2

10

a

8

2

6

2

0

4
−2
2

3

−4
0

100

200

300
T, K

DC magnetization versus temperature at

Fig. 2.

1

urves

orrespond to Pd(bgr);

extremely low bulk hydrogen
inside the deep dislo ation

urves

2

"

aptured

 0:7 eV) [6; 7℄.

drogen is bound solely inside the deep

tightly bound inside the deepest dislo ation

ores and

an be fully removed only at very high temperatures

 1000 ÆC), whi h would suggest a full re rystal-

lization of the Pd sample. The TDA results allow us
to

on lude that PdHx samples that are produ ed by

H2 gas

y ling of the Pd single

annealing at
in their

T

= 570 K

rystals followed by

ontain no hydrogen atoms

rystalline latti e ex ept those that are tightly

bound inside the deepest dislo ation

ores (or dislo a-

tion nanotubes) of the minimal radius

200

that of the Pd(bgr) and a nearly

"H = 2:75 Å.

M

dieren e

300
T, K

onstant negative net

is dete ted within temperature range

2298 K.

ore sites. Thus,

the TDA results show that the hydrogen atoms are

T

100

a) H = 0:5 Oe in the ZFC regime and b) H = 1000 Oe in the FC regime:
urves 3 are the net subtra tion M = M (PdHx )
M (Pd)

on entration

ores ( H

0

to PdHx (fg); and

This provides us with a strong argument that the hy-

(

3

0

The AC measurements showed that the real (inphase) part

0

of the magneti

sus eptibility at

for the PdHx (fg) sample tended to de rease

H =0

ompared

to that of the Pd(bgr) single

rystal below 130 K; at

a lower temperature

K, it be omes several

0

times less than
the PdHx Pd

T

 20

for Pd(bgr), Fig. 3a.

ontribution in

0 (T )

Therefore,

was found to be

T  18 K (Fig. 3 ), whi h was simM (T ) behavior in the DC measurements

strongly negative at
ilar to the
(Fig. 2a,

urve

of the magneti

3 ).

The imaginary (out-phase) part

00

sus eptibility for both the Pd(bgr) and

PdHx (fg) samples showed some transition

orrespond-

ing to the dissipation pro ess below 60 K (Fig. 4b). A

3.2. Magneti

measurements

broad maximum

The DC-mode ZFC experiment showed that in a
weak magneti

M

ment

H

eld (

= 0:5 Oe), the magneti

mo-

of H2 - y led PdHx (fg) samples in the tem-

2 K  T < 50 K is signi antly
lower than M (T ) for the original Pd(bgr) single rys-

perature range
tals (Fig. 2a).
of the

The dieren e between the moments

y led sample and the original single

M = M (PdHx)
of the

T

ree ts the

rystal,

ontribution

ondensed hydrogen phase inside the deep dis-

lo ation
at

M (Pd),

ores.

This net dieren e tends to in rease

 30 K. There was no temperature dependen e

M in the eld- ooling (FC) measurements at high magneti elds (H = 1000 Oe), Fig. 2b.

orresponding to the phase transition

near 50 K was observed systemati ally in the earlier
DC measurements with both bulk Pd and Pd-hydride

28; 29℄.

samples [

For the H2 - y led PdHx (fg) sample,

however, the magnitude of the ele tromagneti

energy

dissipation is three times less than that of the original
Pd(bgr). This signi ant redu tion in
bly indi ate either an in rease in
redu tion of the eddy

00

ould possi-

ondu tivity or the

urrent in PdHx (fg)

ompared to

that of the pristine Pd sample.

Mr

The measurements of the remanent magnetization

H = 0 were arried out af= 300 K to T = 2:0 K in the oneld H = 1000 Oe (Fig. 4).
Both

versus temperature at

T

observed for the

ter FC from

The moment of the PdHx is about 45 % lower than

the PdHx (fg) and Pd(bgr) samples showed a nonzero

stant magneti

446
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Magneti

10

Mr ;

5

a

4
3

1

2
1

2

0

00 ; 10

4

6

50

100

emu/g

150

200

1
0

10

16
14
12
10
8
6
4
2
0
20

emu/g

Mr ;

5

:::

emu/g



0 ; 10

6

5

hara terization of a hydrogen phase

emu/g
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5
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3

10

80

160

1
2
3

50

100

150

200

250

300

T;

T; K

K

The remanent magnetization as a fun tion of

Fig. 4.

H = 0 (after FC at H = 1000 Oe
300 to 2 K): urve 1 is for Pd(bgr); urve 2
is for PdHx (fg), and urve 3 is the net subtra tion
Mr (T ) = Mr (PdHx) Mr (Pd). The last one is

temperature at

5

from

b

4
3

shown in the inset in the enlarged s ale

1

2
1

remanent magnetization within the 2300 K temperature interval.

2

0
0 ; 10
0

It was found that the

Mr

value for

PdHx at low temperature is signi antly larger than

5

50

100

150

emu/g

200

T; K

that for the Pd sample, and tended to in rease as the
temperature de reased to 2.0 K. At higher temperatures, the remanent magnetization for PdHx is lower
than that for the pristine Pd(bgr). We note that the net

Mr = Mr (PdHx)
temperature

1

Mr (Pd) moment behavior versus
is similar to M (T ) at H = 0:5 Oe, ex-

ept being opposite in sign ( urves

3 in Figs. 2a and 4).

T = 30 K,
Mr (T ) and in the negative one for M (T ) at H = 0:5 Oe.
Both

urves have a dramati

ine tion near

in the positive dire tion for

2

Therefore, we suggest the redu tion in paramag-

3

neti

behavior is due to the appearan e of the diamag-

neti

response in the

inside the dislo ation

0

20

40

60

80

100

T; K

the dramati
of PdHx

ondensed hydrogen phase bound
ores. To as ertain the origins of

de rease in the paramagneti

ompared to the Pd single rystal at

properties

T < 30 K,

we studied the magnetization of the PdHx (fg) and
Fig. 3. AC sus eptibility measurement after the sample

ooling in a nominal zero eld, i.e., without a zero-eld
installation:

a)

real sus eptibility

0 (T ); b)

imagi-

00 (T ); and ) net real sus eptibility
0
0
 (T ) =  (PdHx ) 0 (Pd). Curves 1 and 2 are for

nary sus eptibility

Pd(bgr) and PdHx (fg), respe tively

Pd(bg) samples as a fun tion of the applied magneti
eld. These measurements were performed at

onstant

= 2, 10, 50, 100, 298 K in magneti
elds ranging from 0 to 200 Oe. The M (H ) urves
at T = 2:0 K for the Pd(bgr) and PdHx (fg) samples

temperatures

T

that are presented in Fig. 5 have an essentially dierent

hara ter, espe ially below
1)
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:
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b

4

05
:

0

0

2

05

1

:

4

10
:

8

15

8

:

4

0

4

8

H;

80

Oe

40

0

40

80

H;

Oe

200 Oe  H  200 Oe at T = 2:0 K: urves 1 ( ir les) and 2
10 Oe < H < 10 Oe) of the hysteresis loops is
only shown. The arrows show the dire tion of the magneti eld hange. b) Net DC magnetization versus magneti eld for
the PdHx Pd phase in virgin/magnetization urve (0 ! 200 Oe, squares), demagnetization urve (200 Oe !
200 Oe,
triangles), and remagnetization urve ( 200 Oe ! 200 Oe, ir les). The lines are guides to the eye

Fig. 5.

a)

DC magnetization versus magneti

eld

(triangles) are for Pd(bgr) and PdHx (fg), respe tively. The low-eld part (

M

= 0 for the PdHx (fg) sample (H = 7:45 Oe) is

mu h higher than that of the Pd(bgr) single

H = 3:7 Oe).

rystal

behavior is

(

2) The slope of the magnetization (virgin) part of
the hysteresis loop in the range

0 < H < 200 Oe for

the PdHx (fg) sample is lower than that for Pd(bgr).
3) Only the virgin part of

M (H ) in the PdHx (fg)
H  3:5 Oe, whose

sample has a point of ine tion at
presen e
single

annot be dis erned from the pristine Pd(bgr)
ould indi ate a nonparamag-

behavior of magnetization in H2 - y led PdHx . To

tal data for the Pd(bgr) and the PdHx (fg) samples

T

= 2 K below H = 30 Oe to the paramagneti

Langevin fun tion

M
where
Bohr



= M0 th

 is the ee tive magneti
magnetons B . We found

havior at

a minor hysteresis loop with a strong diamagneti
that is limited by the eld values
(Fig. 5b).

that none of the

M-

ess-

urve be-

H < 10 Oe (the divergen e is espe ially large
H = 3:5 Oe) [18℄. In on-

below the ine tion point at

trast, the magnetization of the pristine Pd(bgr)

rystal

ould be satisfa torily tted to the Langevin fun tion,
[18℄.

H

slope

= 20:0

Oe

This minor loop with a high negative

slope that expands over the higher magneti

eld (by

H = 200 Oe).
Similar

M (H )

dependen es

are

obtained

for

Pd(bgr), PdHx (fg), and the net PdHx Pd phase at

T

= 10 K (Fig. 6).

The width of the hysteresis loop

H < 5:0 Oe in PdHx (fg) is less proT = 2:0 K. The net M (H ) fun tion
at T = 10 K is quite similar to that at T = 2 K, but has
a lower diamagneti slope. At T = 50 K, the width of
loop at

noun ed than at

moment of Pd in the

ould des ribe the magnetization

B = 0:27B

M (H ) data for
M (H ) data for PdHx (fg) and shows

Pd(bgr), but the ine tion in the virgin part of the

H

assuming that the ee tive magneti

M (H )

fun tion is obtained by subtra ting the
Pd(bgr) from the

M (H )

fun tions ts the magnetization of PdHx (fg) su
fully and

ontribution

The resulting net

for the PdHx (fg) sample is greater than that for the

 H  k T 
B
;
kB T

aused by the magnetization

of the PdHx Pd phase.

verify this assumption, we tried to t the experimenat

ontrast between the pristine Pd

slope is lo ated on the major loop with a mu h lower

rystal in the range 010 Oe.

The last observation
neti

The dramati

single- rystal and hydrogen- y led Pd magnetization

moment of Pd is

the hysteresis loop for PdHx (fg) be omes

loser to that

of Pd(bgr), and the ine tion in the virgin part of the
PdHx loop almost disappears (Fig. 7a). The
of the hystersis loop at
by a dramati
the net

T

= 50 K are a

de rease in the diamagneti

M (H ) fun tion.
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slope for

A minor diamagneti

H almost disappears, and the slopes
H < 5:0 Oe) and high (10 Oe < H <

at low
(

hanges

ompanied
loop

at low

200 Oe)
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H;

Fig. 6.

M;

80

Oe

4

0

4

8

H;

Fig. 7.

= 10 K

on-

ores, the total

width of the hysteresis loop tends to in rease with dereasing temperature below 100 K. In
pristine Pd(bgr) single

T

The

for both the PdHx (fg) and Pd(bgr) sam-

ples are presented in Fig. 8. In the sample with the
densed hydrogen inside the dislo ation

40

The same as in Fig. 5 at

elds be ome the same (Fig. 7b).

ontrast, for the

rystal, the loop width is dra-

results

of

the

and Pd(bgr) samples suggests a dieren e in their magand indi ates the

the dislo ations to the full magneti

ontribution of
moment of the

PdHx (fg) sample asso iated with the magneti ux pin-

eld:

5:0

M (H )

measurements

0 

Oe

H  5:0 Oe (low magneti
< H  200 Oe (high magneti

seen from Fig. 9, in a low magneti
sus eptibility

al-

T <

eld) and
eld).

As

eld, the slope

 shows a strong diamagneti

transition

50 K. In the high magneti eld, the learly
(T ) is not observed within

the temperature interval 2298 K. We note that the

(T ) dependen

es in the low and high magneti

elds

= 50 K and
demonstrate a signi ant divergen e only at T < 50 K.

are quite similar to ea h other above

For

ning.

ÆÝÒÔ, âûï. 3 (9)

Oe

= d(M )=dH for the PdHx Pd phase versus tem-

at

100 K for the PdHx(fg)

H;

perature (Fig. 9) for two dierent ranges of magneti

expressed dependen e of

T <

40

al ulate the net slope sus eptibilities

mati ally redu ed below 100 K. The diering behavior
oer ive eld at

20

= 50 K

lowed us to



0

20

of the

H

Oe

b

2
3

Oe

The widths of DC magnetization loops ( oer ive

netization versus

H;

0
1

1

8

80

1

4

5

40

2

0

T

0

M;

2

eld) versus

40

 10 6 emu
3

a

8

T

The same as in Fig. 5 at

10 6 emu

4

magneti

b

2

2

:

8

:::

M;

:

10

hara terization of a hydrogen phase
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omparison,
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T

3 in Fig. 9 shows a net dier-
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M

200

300
T,

K

−3

The total width of the M (H ) hysteresis loops
= 0 ( oer ive eld) versus temperature: urves

and

2

based on the

(T ) data in Ref. [30℄.

rystal,

aused by the de-

sus-

The solid

lines are guides to the eye. The Curie  Weiss depen-

aused by the distortion and

den e of the high-eld re ipro al slope sus eptibility

1=(

partial disordering of the Pd latti e [29℄. As seen from
urve



Pd (data taken from Fig. 1 of Ref. [30℄).

rease in the paramagnetism of the Pd sample due to
a Stoner-fa tor de rease

300
T, K

= d(M )=dH ) versus temperature,
al ulated from the slopes of magnetization urves
M (H ) for the low (0  H  5:0 Oe, urve 1 ) and
high (5:0 Oe < H  200 Oe, urve 2 ) ranges of
the magneti eld. For omparison, urve 3 shows
the (T ) dieren e between the DC sus eptibilities
of olloid Pd parti les 15 nm in diameter and bulk

It was established

that the Pd parti le size redu tion is

200

eptibilities (

olloid par-

ti les (15 nm in diameter) and bulk Pd single

100

The PdHx Pd phase net slope magneti

Fig. 9.

are for Pd(bgr) and PdHx (fg), respe tively

en e between the DC sus eptibilities of Pd

0

80
T, K

(T ) dependen e for Pd nanoparti les with



3, the 

( 0

0 ) for the PdHx Pd phase at T  100
= 1:0  10 6 emu/g) is shown in the inset

K

a bulk Pd subtra tion is very similar to that for the
PdHx Pd phase in a high magneti

2 ).

These two

eld (Fig. 9,

urve

urves are both almost temperature-

χ′ , 10−5 , emu/g

independent and show negative sus eptibility. The distin tion between these
value of

, whi

h is

urves is only in an absolute

Pd parti les involved in the
( urves

2

and

3 ).

(T ) subtra

1

1.4

aused by the dierent size of the
tion pro edure

1.3

2

To obtain a rough estimate of the parti le (subgrain) size after H2 - y ling in the PdHx (fg) sample,
we

onsider the extrapolation of magneti

1.2

sus epti-

bilities for both Pd(bgr) and PdHx (fg) samples to

T

= 0 [30; 31℄.

1.1

Figure 10 shows a linear extrapolation

of the initial trend of real AC sus eptibility data (see

1.0

Fig. 3a) for Pd(bgr) and PdHx (fg) in the temperature
range 30200 K. We found that

0

(T = 0) 0 (PdHx ) 1:3  10 5 emu/g
= 0(Pd) = 1:43  10 5 emu/g  0:91;
0 (bulk)
0
where  values for Pd(bgr) and PdHx (fg) at T = 0

Fig. 10.

1

Extrapolating this data (plotted in Fig. 4

in Ref. [30℄) to a larger parti le size

R,

we have

450

and

2

80

120

160

200
T, K

Linear extrapolation of the real sus eptibility

0 (T ) in Fig. 3a to T

are regarded as bulk Pd and dispersed Pd, respe tively.

40

= 0 in the range 30200 K:

urves

are for Pd(bgr) and PdHx (fg), respe tively
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Magneti

R  60 nm orresponds to the ratio
= 0)=0(bulk) = 0:91. This result suggests

found that

(T

that during the hydrogen

y ling, the sample dis-

This fa t
Fe

tain su ient ferromagneti

persed into dis rete subgrains, whose average diam-

ferromagneti
peratures.

 120

ase, this internal dispersity

p

dislo ation spa ing in a

nm.

In the present

orresponds to the average

y led single

Rs  M= Nd, where Nd is the dislo

rystal given by

ation density [32

onrms that the Pd single

on-

impurities to promote the

ordering of the dislo ations at low tem-

Furthermore, the paramagneti

in the PdHx sample
di ates a

:::

rystal with a

on entration less or equal to 10.0 ppm did not

eter is found to be

ds

hara terization of a hydrogen phase

redu tion

ompared to the original Pd in-

orresponding Stoner-fa tor redu tion in the

PdHx system due to the internal dispersion of the

34℄. The dispersion length is therefore asso iated with

2 , in good

single

the dislo ation density

Be ause a Stoner-fa tor redu tion ree ts a de rease

agreement with the SANS measurements dis ussed in

in the ex hange intera tion between the ele trons in

Nd

 2:5  1011

m

Introdu tion.

rystal that a

PdHx (fg)

Hen e, the weak diamagneti

response from the

PdHx Pd phase in a high magneti
perature range 2298 K (Fig. 9,

eld over the tem-

urve

2)

ould be as-

ribed to the internal dispersion of the Pd single
during its hydrogen

y ling.

The

y ling.

annot ex-

behavior ( aused

also by the ex hange intera tion enhan ement) in the
hydrogen- y led sample PdHx .

rystal

y ling generates a

redu tion of the blo k size of the original single
This fa t, however, annot explain the
urve

ompared to Pd(bgr) [30, 31℄, we

pe t the appearan e of ferromagneti

large number of dislo ation loops, whi h results in the

the PdHx Pd phase (Fig. 9,

ompanied the hydrogen

4. DISCUSSIONS AND CONCLUSIONS

rystal.

(T ) behavior of

1 ) in a low magneti

We

onsider the possible physi al reasons for the

anomalous diamagneti

response observed for the

on-

densed hydrogen phase inside the deep dislo ation ores

eld.
Conversely, we

ould suppose that the shape of the

T <

PdHx Pd at

30

K in a weak magneti

eld

hysteresis loop for the PdHx , in luding the ine tion

H < 5:0 Oe.

Analysis of the data that was obtained by

zone in the low eld

the magneti

measurements both before the H2 - y ling

H (between 3 and 5 Oe) in the vir-

gin part of the loop and the higher

oer ive eld for the

Pd(bgr) sample, is an ee t of a frustrated spin-glass
behavior in the PdHx (fg) samples.

(Pd(bgr)) and after

y ling (PdHx (fg)) allowed us to

ex lude the trivial reasons for this ee t.

This ee t would

1) The diamagneti

response that resulted from the

then originate from the redistribution and aggregation

net PdHx Pd phase at low temperature

of the rare ferromagneti impurities in the Pd latti e by

plained by the ee t of segregation of the diamagneti

the hydrogen

impurities in Pd, in luding residual hydrogen in the

y ling. In this

ase, the ferromagneti

x  4  10

impurities would be lo alized in sites with a large inter-

PdHx (

nal strain, whi h are in the dislo ations and saturate

magneti

the PdHx Pd phase.

A

ording to this assumption,

T

annot be ex-

4 ) sample, be ause the resulting dia-

response (the low-eld diamagneti

slope at

= 2:0 K and T = 10 K (Figs. 5b and 6b)) is sev-

the PdHx Pd phase must demonstrate ferromagneti

eral orders of magnitude above the total sum of the

behavior, obeying the Curie  Weiss law

diamagneti

 = 0 +

T

C

sus eptibilities of these impurities

2) The simple redu tion of paramagnetism in the

;

PdHx sample

ompared to the pristine Pd single

rys-

set to Fig. 9, the Curie  Weiss dependen e is presented

(T; H ) fun tion
for the PdHx Pd phase at T < 50 K and H < 5:0 Oe.
The value st = (Pd olloid)
(Pd bulk) is in-

as a fun tion

dependent of temperature and magneti

where

 > 0 for ferromagnets or spin-glasses. In the in1=[(T )

with the magneti

0 ℄,

onstru ted in a

sus eptibility points

PdHx Pd phase in a high magneti

2 ).

(T )

ordan e

eld (Fig. 9,

urve

0 is assumed to be roughly
1:0  10 6 emu/g, suggesting a

negative

(298 K) =

ontribution due to the Stoner's de rease in

paramagnetism. As

an be seen, the



1

(T )

urve

for the

The mean value of

equal to

tal also annot explain the behavior of

urve in

2 K < T < 100 K demonstrates
onsiderably negative  value ( =
26 K), indi at-

ing the antiferromagneti
phase at low temperature.

hara ter of the PdHx Pd

in a

eld (Fig. 9,

ordan e with data in Ref. [30℄.

3) The low-temperature and low-eld behavior and
ine tion in the virgin part of the
for PdHx at

T

= 10 K)

H

rystal.

M (H ) hysteresis loop

 5:0 Oe (at least at T = 2:0 K and

annot be des ribed by the paramagneti

Langevin fun tion, in

the temperature range
a

3)

ontrast to the pristine Pd single

Thus, the net loop of

M (H ) referen ed to

the PdHx Pd phase would not be only a result of the
subtra tion of two paramagneti

fun tions with lower

(PdHx ) and higher (Pd) moments (Figs. 5b and 6b).
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y ling generates me hani al stress

nal dispersion of the original Pd single

mu h higher than that for the Pd(bgr) and shows a

is the suggested diamagneti

nonlinear in rease below 100 K. In

presen e of the hydrogen (H) phase

ontrast, the

oer-

ive eld for the Pd(bgr) sample de reases in the same

ores (d).

deep dislo ation

H > 5:0

ausing interrystal; (

aptured inside the

In a high magneti

temperature range (Fig. 8). We note that in Fig. 5a,

(

the demagnetization (DM) and remagnetization (RM)

pears, and the result of the subtra tion of

urves for the PdHx (fg) sample are not parallel one to
another, as those

urves for the Pd(bgr) sample. There

is an anomalous diamagneti
and RM

urves

ontribution in both DM

orresponding to the low-eld ine -

tion zone in the magnetization
and

= 10 K for PdHx(fg).

T

RM parts of the hysteresis loop near
a lower paramagneti

= 2:0 K

T

urve at

As a result, the DM and

M

= 0 exhibit

slope than that obtained for the

Pd(bgr), giving rise to a broadening of the hysteresis
loop at lower eld in PdHx (fg) (Figs. 5a and 6a).
5) Finally, the behavior of the magnetization (vir-

M (H )

gin) part of the

urve in PdHx

the PdHx Pd
neti

behavior at

(Fig. 9, inset).

T

On the other hand, the ee ts of the

PdHx irreversible magnetization below 100 K
in prin iple, rule out the o

annot,

urren e of a spin-glass be-

almost temperature- and eld-independent diamagneti

eld (H < 5:0 Oe)
T < 30 K, the result of the f g bgr

response. At a low magneti

and temperature

subtra tion (Eq. (2))

f g
At

T

an be represented as

= [PdHxPd℄ =
= dH(T; H ) St + i : (4)
> 30 K, the term [ dH(T; H )℄ disappears and
bgr

Eqs. (2) and (3) be ome equivalent. Curves
elds at

alized spins [35℄.

2)

T,

a stri tly diamagneti

ores.

T

phase is present, whi h

aused by hydrogen pre ipitated inside dislo ation
This response disappears in a high magneti

eld, su h as

H > 5:0

Oe, or at higher temperatures

 50 K. With this assumption, the full magneti


sus-

eptibilities of the same Pd sample before ( bgr ) and



after ( f g ) the H2 - y ling would be written as

bgr = Pd(T ) + i (T; H );

elds look similar above

and the real sus eptibility
neti

eld.

(Fig. 2a,

urve

0(T )

3

M (T )

in a low mag-

and Fig. 3 ).

During

M (T ) ZFC magnetization, measurement at a low eld
(H = 0:5 Oe), a weak negative value of Mf g bgr
at T > 50 K is followed by a dramati
drop of
M in the range 250 K. For the AC measurement
at H = 0, the real part of the sus eptibility diffe0
ren e f g bgr shows a similar behavior to that of
the DC M (T ) experiment at H = 0:5 Oe (Fig. 3 ).
ontrast, a slightly negative, mostly temperature-

Mf g

bgr over the whole tem-

perature range 2298 K is observed in FC measurement
at

Pd is the temperature-dependent latti e sus epi and 0i are, in general, the

T < 50 K.

The results expe ted from Eqs. (3) and (4) are also

independent value of
(2)

in

dieren e between these two

obtained for both the net DC-magnetization

In

f g = Pd(T ) + 0i (T; H )+( St ) +
+ [ dH(T; H )℄ ;
where

magneti

urves begins to appear only at

To obtain a qualitative explanation for the anoma-

is

2

T > 50 K. As an be seen, the behavior and
(T ) in both the low ( urve 1 ) and

the high ( urve

low

and

absolute values of

50 K, and the dramati

a low eld, we suggest that in the PdHx (fg) sample at

1

(Fig. 9) illustrate this ee t in low and high magneti

havior ( oexisting with antiferromagnetism), ree ting

response from the PdHx Pd phase in

from

aused by impurities regrouping in the

the frustrated nature of Pd/PdHx nanoparti les as lo-

lous diamagneti

bgr

hydrogen- y led sample. Equation (3) provides a weak

y ling, be ause

 100 K, at least where H > 5:0 Oe

eld

ontribution disap-

an be written as

to sus eptibility

impuri-

ontribution demonstrates antiferromag-

Oe), this diamagneti

f g bgr = [PdHxPd℄ = St + i; (3)
where i is the weak low-temperature ontribution

annot be as-

ribed to the regrouping of the ferromagneti
ties in the sample due to hydrogen

f g

dH )

ontribution due to the

ti

= 1000 Oe (Fig. 2b). Thus, the ee t of a drasMf g bgr redu tion over the temperature range 2

H

30 K does not emerge in high magneti

tibility of the Pd atoms,

The

elds.

M (H ) and M (T ) data for PdHx (fg), Pd(bgr),

sum of the temperature- and eld-dependent sus epti-

and for the net

bilities indu ed by para- and ferromagneti

allow us to suggest that the anomalous diamagneti

impurities

and their intera tion with Pd before and after
respe tively, and (

St )

y ling,

is the Stoner-like redu tion

ontribution of the PdHx Pd phase

response at temperatures below 30 K in the low magneti

of Pd-latti e paramagnetism as a result of H2 - y ling.

eld was indu ed by the appearan e of super-

ondu tivity in the Pd hydride phase inside the deep
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dislo ation

Magneti

ores. This suggestion would satisfa torily

explain the temperature and eld dependen es of the
PdHx Pd net magnetization

urves (Figs. 27).

= 10 K are similar to the M (H )

signal, the a tual fra tion of the ux expulsion relative
to the

We

PdHx magnetization would allow displaying the super-

T

= 2:0 K

= 10 K (Figs. 5b and 7b) is eviden e of the Meiss-

ner ee t [36℄, the lo al minimum would

H1

ondu ting ee ts in the PdHx Pd phase of interest.
The other obsta le that

netization taken for the PdHx Pd phase at

riti al eld

ase, only

the subtra tion of the initial massive Pd matrix from

Assuming that the negative value of the initial mag-

a lower

ontent. In this

= 2:0 K and

T

II super ondu tor (Figs. 5b and 7b).

T

omplete diamagnetism must be even less than

ontributed by the hydrogen

nonlinear, irreversible magnetization fun tion of a type

and

:::

hara teristi s of a

note that the net hysteresis loops at

T

hara terization of a hydrogen phase

orrespond to

= 3:5  0:5 Oe of a type II

neti

ould

over a dire t diamag-

response in PdHx pertains to the paramagneti

Meissner ee t and may appear due to the submi ron
size grain stru ture ( onsisting of dislo ation subgrains)
of the PdHx

rystal after the hydrogen

inhomogenities

an be

y ling. Su h

aused by magneti

ux

ap-

super ondu tor. The tra e of the lo al minimum eld

ture on the grain boundaries resulting in a paramag-

as ribed to the net PdHx Pd phase at

neti

T = 2:0 K and
= 10 K also appears as a point of ine tion on the
virgin (magnetization) part of the M (H ) fun tion for

T

the PdHx (fg) sample (Figs. 5a and 7a,

urves

2 ).

We

note that the assumption regarding the type II superondu tivity in the PdHx Pd phase does not
the net low eld DC
at

ontradi t

M (T ) and AC 0(T ) results

T < 30 K (Figs. 2a and 3).

Further indire t eviden e of super ondu tivity below 30 K may be found in the net

Mr (T ) remanent

magnetization behavior (see inset in Fig. 4). At temperatures greater than 30 K, the
slightly negative value

T

= 30 K (Fig. 2a,

Mr (T ) urve has a
M (T ) above

lose to that of

urve

3 ).

This negative value of

the net remanent magnetization shows that Stoner's
ontribution at

T >

M (T ) behavior of the

30 K plays a major role in the

be dened as

1 ).

Fig. 5b.

super ondu tor, as seen in the

uprates [37℄.

= 60 nm,

Rs

ee ts that



 emu 

where

g

t = T=T

. Well below

the hydride phase inside deep dislo ation

ores to the

entire PdHx paramagnetism. Similar magneti
ior of a tiny super ondu ting fra tion of

T

behav-

 5  10

4 at

= 1:9 K (T  3:6 K) of the Pd nanoparti les sand-

wi hed between graphene sheets (PdMG) was re ently
demonstrated by Suzuki et al. [36℄.
Indeed, a

These two

ber of hydrogen atoms involved in hydride formation
inside deep dislo ation
value

ores should

x = H/Pd  0:04 %.

urve

Assuming that

losed dis-

1

;

(5)

, where u tuation ef-

T

3)

1

t [41; 42℄.

T

allow us to estimate the transition

in the PdHx Pd zero-dimension sys-

M (T ) experimental data (Fig. 2a,

with Eq. (5). As seen from Fig. 11, the best

M (T ) above and below T an be obtained
T = 18:0  1:5 K. At the same time,
the lower T ts, in luding T = 10 K, annot satisfa torily des ribe the M (T ) experimental dependen e.
We note that T = 18 K, whi h ree ts a best t of the

full t of

on the assumption

T,

is in good agreement with

the temperature where the net AC

0(T ) dependen e

begins dropping dramati ally (Fig. 3 ).

T

for the PdHx Pd

ontribution of

ondensed hydro-

Finally, we note that estimated

orrespond to the

lo ation loops are required to observe the diamagneti

The

an than be

onditions of the sus eptibility behavior

above and below

net DC moment versus

ording to our TDA data, the total num-

T

sus eptibility should rise as

tem by tting the

response from

T

fe ts are swamped by the mean-eld super ondu tivity,

the Pd matrix signal)

ould possibly be referen ed to a

and we deal with the

2
= 401 R2s (t 1) 1 =
= 2:41  10 6(t 1)

temperature

ontribution of diamagneti

 ,

des ribed by the expression

in the PdHx (fg) sample (e.g., without subtra tion of
very small

Rs

u tuation of the diamagnetism above

the magneti

hara terizes type II super ondu tors

then

zero-dimension limit of super ondu tivity [41℄.

The absen e of a dire t eviden e for the diamagneti

If the super ondu ting phase PdHx Pd is

onned into dislo ation subgrains with the radius

Mr (T ) is found to

Su h behavior is also expe ted for a type II

p

0=2H 1 = 9:7  10 5 m;
7 G  m is the uxoid and
where 0 = 2:078  10
H 1 = 3:5 Oe is the lower riti al eld, taken from
=

be proportional to the magnitude of the diamagneti
urve

38; 39℄ and

at low-eld FC [

Assuming that the weak super ondu tivity a tually

low eld. But below 30 K, the net remanent magneti-

response of the PdHx Pd phase at low eld (Fig. 9,

T

exists in the PdHx sample, the penetration depth would

PdHx Pd phase even at a very

zation emerges. The magnitude of

response below

even ZFC [40℄ measurements.

phase, making up the

gen pre ipitated inside deep dislo ation
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(

we thus obtain the ee tive loading ratio

inside the deep dislo ation

2

1

ore:

= 1:0  (0:561=0:417) = 1:35:
The same magnitude of x = H/Pd ould be obxeff

2

tained from a separate

2

onsideration, based on a sim-

ple equation relating the hydrogen

on entration inside

NH ) to the radius of a segregated hydride

dislo ations (

4

RH )

ylinder (

1
0

10

20

30

40

50
T;

Ref. [8℄).

far away from dislo ation

K

ore (Eq.

(17) in

ores be ause there is no hy-

drogen outside deep dislo ation

Fits of the net

= 570 K. In su h a

ores after annealing at

NH = xeff Nd RH2 [18℄. Us4
ing the derived residual on entration NH = 4:5  10
and estimated RH = 2:75 Å, we an obtain xeff = 1:35,
T

M (T ) data ( urve 1 ) taken
from Fig. 2a, urve 3 with the diamagneti sus eptibility fun tion (Eq. (5)) above ( / (t
1) 1 ) and
below ( / 1
t) the riti al temperature, assuming
T = 18 K ( urve 2 ) and T = 10 K ( urve 3 )

Fig. 11.

inside a dislo ation

Here, we negle t free hydrogen distributed

ase,

if the ee tive density of dislo ations lled with hydrogen is

hosen as

Nd

= 1:4  1011

m

2,

orresponding

to about 60 % of the total estimated number of dislo ations after the hydrogen
single

In

rystal, is found to be signi antly higher than

that measured and
drides with

x

al ulated for the bulk PdHx hy-

 1:0 [15; 18; 19; 43; 44℄.

shown that the

Earlier, it was

riti al temperature of the super on-

Nd  2:5  1011

y ling (

on lusion, the anomalous diamagneti

m

2 ).

response

from the PdHx Pd nanophase observed in this work
at temperatures below 30 K in a low magneti

eld

0 < H < 5:0 Oe) may indi ate the emergen e of a weak

(

du ting transition in PdHx is strongly ae ted by the

super ondu tivity in the Pd matrix. This diamagneti

loading ratio

ee t is

x

in the range

0:81

< x

 1:0.

This

observation allows us to estimate roughly the ee tive
value
single

xeff

= H/Pd inside deep dislo ation ores in a Pd
T = 18 K. Indeed, a ording

rystal, assuming

to the M Millan equation [45℄, the expression for
PdHx -type hydrides at

x > 0:8

T

in

a

represents a metastable hydrogen dominant metalli
pate in

onstant,

ep

ep

=

is the ele tronphonon

ep (Pd) + ep (H),

the Coulomb pseudopotential that a
sive ee ts between ele trons.

and

ou-



is

ounts for repul-

Equation (6) satisfa -

T in PdHx at x = 1:0, h~!i = 30
= 0:540.56, and   0:0850.10, resulting
= 8:09.5 K [43℄. Substituting well
established parameters h~! i = 45 meV and   0:10
from Refs. [44; 46℄ in Eq. (6) versus T
= 18:0 K,
we obtain ep = 0:704. In the ase of bulk PdH1
with ep = 0:56 and ep (Pd) = 0:143 [44℄, we have
ep (H) = 0:417. Similarly, for the PdHx Pd phase,
we have ep (H) = 0:561 [18℄. Assuming proportional-

al-

ommon overlapping bands due to the large hy-

"

deep dislo ation

side deep dislo ation
sible

 1:6 eV/atom) inside the
RH  2:75 Å).

ores of a small radius (

The unique properties of a

ompressed Pd hydride in-

ores make this

ompound a fea-

andidate for the sear h of HTS in hydrogen dom-

inant metalli

alloys [3℄.

The feasibility of a dire t observation of diamag-

energies in the PdHx phase, in luding Pd and hypling

ores with

loy, where both hydrogen and palladium may parti idrogen binding energy ( H

an be written as



h
~! i
1
:04(1 + ep )
T =
1:2kB exp ep (1 + 0:62ep) ; (6)
where h~! i is the hara teristi average of the phonon
drogen subsystems,

aused by loading the dislo ation

ompressed Pd-hydride nanophase. This phase also

neti

ee ts in a H2 - y led PdHx system

ould be

referen ed to redu ing the volume of the paramagneti
Pd relative to that of the dislo ation
a

ores lled with

ondensed hydrogen phase.

torily des ribes

ep
in T

45 meV,
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