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Impurity states in grain boundaries and adjacent crystalline regions. II. Dynamic, electronic,
and magnetic properties of crystalline regions adjacent to grain boundaries in metals
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Using a nuclear y-resonance spectroscopy method we have investigated dynamic, electronic, and mag-
netic properties of one of the states localized in crystallites near the grain boundary. It has been shown

that at high temperatures, at which the "intrinsic" properties of these states are conserved, isomeric
shifts and dynamic properties of these states are identical to the corresponding values for the lattice sites
of corresponding metals. At low temperatures, where "extrinsic" e8ects can manifest themselves, the
properties of these states in gold do not change. But in other metals, in which rather high concentra-
tions of interstitial impurities are possible, there is segregation of these impurities in the localization re-

gion of corresponding states, and, accordingly, there is a change of physical properties of these states.
There are magnetic phase transitions in two-dimensional localization regions.

I. INTRODUCTION

In Ref. 1, called I for short, we described the principles
of a method for the investigation of the structure and
properties of semimicroscopic one- and two-dimensional
defects, such as dislocations and grain boundaries (GB's).
In I, we presented emission nuclear y-resonance spectra
(NGRS), obtained after the introduction of atomic probes
(AP's) by difFusion into polycrystalline metals. The phe-
nomenological description of the AP relative state popu-
lation tr in the GB difFusion (GBD) zone makes it possi-
ble to describe the temperature dependencies o (g), which
define the "intensities" A; of the NGR spectral com-
ponents [g=(RTdttt} ', where R is the gas constant and

Td'ff is the absolute temperature of diffusion introduction
of AP's into the polycrystal]. The analysis of the temper-
ature dependence o (g} enabled us to establish microscop-
ic mechanisms, defining the breaks in the GBD Ar-
rhenius dependencies.

The dislocation pumping mechanism arises and be-
comes predominant at low temperatures in pure matrices,
when the productivity of AP pumping from the GB to
the adjacent regions by means of volume diffusion be-
comes low, and if there are no segregation layers near the
GB, containing strongly bonded vacancy-impurity com-
plexes (VIC's). The next possible low-temperature pump-
ing mechanism included in the phenomenological
description of dependencies t7(g) (see I) is atomic-probe
pumping from the GB to adjacent regions caused by va-
cancies, which enter into vacancy-interstitial-impurity
complexes. The VIC concentration near the GB may be
caused by residual interstitial impurities which diffuse
from the bulk crysta1 to the vacancy sources, disloca-
tions, and GB's. VIC's are formed, characterized by high
bond energy. Their concentration is defined only by the
interstitial-impurity concentration and VIC bond energy.
In such a segregation layer, the pumping activation
enthalpy of substitutional AP's is equal to the activation

enthalpy of vacancy migration, just as in the impurity re-
gian of self-difFusion in ionic crystals with polyvalent im-
purities. '

In this paper, on the basis of the classification of com-
ponents of NGR spectra described in I, we present results
of the investigation of dynamic, electronic, and magnetic
properties of AP states, localized in the lattice sites adja-
cent to the GB.

II. PROPERTIES OF THE AP STATES
IN THE HIGH-TEMPERATURE RANGE

In Figs. 1-3 there are given as examples the typical
NGR spectra of polycrystalline Pd, Pt, and Au, measured
after different diffusion temperatures Td;z, which have
been investigated in the most detail. At high Tdttt (low
values of g) for AP diffusion introduction or AP redistri-
bution between the states in the GBD zone there is only
one line in NGR spectra, called line 1 for short. %Pith in-
creasing g, the area of this line 1 decreases in accordance
with the phenomenological description of the tempera-
ture dependence of the state population tr(g) in the GBD
zone, given in I.

In Table I we present some of the characteristic
features of the incr(g) dependence: the high-g boundary
of the intrinsic range of type-1 properties g'","„, the ap-
pearance temperature (AT) of line 2, g~r, the intersection
point (IP) of dependencies o &(g) and cr2(g), gn, . There we
also present estimations of the pumping enthalpies Qp„mp,
defined at the appearance temperatures of NGRS com-
ponent 2.

As can be seen, these characteristic features of Pd and
Pt are situated at significantly higher values of g than

At the same time, for gold, the value of g'"' ap-
pears to be higher than magnitudes /zan and gn, . This
shows the absence in Au of the interstitial-impurity
segregation layer in lattice regions adjacent to the GB.
This conclusion appears to be perfectly reasonable, if one
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TABLE I. Theoretical estimations and experimental parame-
ters of o (g) dependencies for some fcc metals.

TABLE II. Type-1 isomer shifts 5& after high-Td;I anneal-

ing and reference isomer-shift values 5„f„for some fcc and bcc
metals.

Parameters Au pt Pd

Q(Co) (kcal/mol)'
Do(Co) (cm /s)'
10~/",'„[(kcal/mol) ']

44.24
0.25
8.7

74.22
19.6
5.8

Fe:62.10
Fe:0.18

6.0

104(„T(o2) [(kcal/mol) ']
10 gtp [(kcal/mol) '

]

6.0
6.3

6.1

7.3
6.5
7.5

Q(o2) (kcal/mol)

Q,„,(Co) (kcal/mol)
19.7
43.8

20.4
44.2

18.0
40.0

'Diffusion in Solid Metals and Alloys, edited by H. Mehrer,
Landolt-Bornstein, Group 3, Vol. 26 (Springer-Verlag, Berlin,
1990).
Determined from graphical slopes drawn by eye, so the errors

of these values are unknown.

Matrix

V
Cr
Ni
Nb
Mo
Rh
Pd
Ta
W
Ir
pt
Au

Tdjff/Tm, ]t

0.44
0.41—0.51

0.42
0.39-0.53
0.49-0.54

0.38
0.40
0.45

0.27-0.40
0.35-0.39
0.40-0.47
0.57-0.73

gHT
1

(mm/s)

+ (0.07+0.02)
+ (0.12+0.01)
—(0.07+0.02)
—(0.03+0.01)
—(0.09+0.01)
—(0.24+0.03)
—(0.22+0.02)
—(0.07+0.01)
—(0.18+0.01)
—(0.31+0.03)
—(0.40+0.03)
—(0.69+0.03)

a
~refer

(mm/s)

+(0.07+0.01)
+(0.12+0.01)
—(0.06+0.01)
—(0.02+0.02)
—(0.10+0.02)
—(0.17+0.02)
—(0.22+0.02)
—(0.07+0.02)
—(0.20+0.02)
—(0.30+0.02)
—(0.40+0.02)
—(0.67+0.02)
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crystalline metals after high-Ts;s annealing. For compar-
ison we present values of the IS 5„t„from the literature.
They were obtained either by measurements on single
crystals or after high-Tz;z volume diffusion of AP's in

polycrystals. Therefore, these data are the representative

'T. A. Kitchens, W. A. Steyert, and R. D. Taylor, Phys. Rev.
138, 467 (1968).

IS values for AP substitutional states in the regular lat-
tice sites. The coincidence of measured values 5t with
values of 5„t„enables us to infer that states of type 1 are
the typical AP states in the regular lattice sites of those
crystalline regions adjacent to the GB which are the AP
pumping zone. (See Paper I for a definition of type-1 and
type-2 states. )

Another important characteristic of the AP states is
the Debye temperature 8. It is obtained from the depen-
dence of the NGR probability (proportional to the abso-
lute area value A; of the NGRS component) on measur-
ing temperature ( T „,) of the NGR spectra. Figures
4-6 display as examples these dependences, measured on
polycrystals of Pd, Pt, and Au. First of all, we notice the
following qualitative result: at low T A

&
values devi-

ate down from the dependencies lnA, (T „,) obtained at
higher T „,. This appears to contradict the theory of
NGRS. To elucidate the reasons for such an anomaly,
we carried out NGRS measurements in the compressed
scale of the absorber velocities. In Figs. 7 and 8 we
present NGR spectra measured at different T „, in the
compressed velocity scale. It is seen that at 5.5 K a
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characteristic line sextet appears in polycrystals of Pd
and Pt. This means that at low T „,in the type-1 state
localization region, magnetic ordering arises. The area of
the whole sextet coincides with the area obtained by ex-
trapolation of the high-T „, part of the dependence
ln A &( Tn„, ). In Figs. 7 and 8 these values are marked by
the filled symbols. We will discuss later the origin of the
magnetic ordering in these matrices.

The Debye temperature values of the type-1 states, 8&,
were calculated by means of the expression

O=11.6I&»~r~T ...I

from the high-temperature parts of the curves
ln A, ( T „,), because expression (1) is valid for

Table III represents the measured values 8& and
values 8„f„obtained from the literature. It is obvious
that agreement with previous data is satisfactory. This
confirms once again the conclusion that the states of type
1 populated at high Td;z are the AP substitutional states
in the lattice sites of the corresponding pure metals.

Let us turn now to the characteristics of magnetic or-
dering in type-1 state localization regions. As has been
shown above, in Pd and Pt the magnetic field at the AP
nucleus at low T „, becomes so high that the single
paramagnetic line is split into the characteristic sextet.
In Au, Rh, and Ir the magnitude of the e8'ective field at
the AP nucleus is significantly lower, and we observed in
these metals only a broadening of the single paramagnetic
line at low T „,.

Let us consider the results obtained on Pd and Pt in
more detail. As is known, in Pd and Pt magnetic order-
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ing occurs even in strongly diluted solid solutions of mag-
netically active impurities (MAI). The magnetic ordering
in these dilute solutions is caused by an indirect-exchange
mechanism, in which the conduction electrons of the ma-
trix take an active part. The Curie temperature Tc in
such strongly diluted solid solutions is defined by the ex-
pression

C MAI+0 MAI
1/3

Here CMAI is the MAI concentration in the solid solu-
tion, y0 is the paramagnetic susceptibility, and n is the
density of conduction electrons. Respectively, Table IV
gives the values of Curie temperatures for type-1 states
T~, the magnitudes of the e8'ective magnetic fields at
the AP nucleus 0

&
and an estimation of the MAI con-

centration CMA, . The last have been obtained by means
of the well-known dependence Tc(CM„, ), measured by
NGRS "
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TABLE III. Type-1 Debye temperatures 8& after high-Tdiff

annealing for some fcc metals.
-05-
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FIG. 9. Dependence of IS, 5,(g), for polycrystalline Au.
'W. A. Steyert and R. D. Taylor, Phys. Rev. 134, 716 (1964).
No errors are given, but typical errors in Debye-temperature
determination by NGRS are +(20-50) K.

We wish to emphasize that 3d impurities have a very
high solubility in Pd and Pt. In addition, as has been
shown theoretically and experimentally, 3d impurities in
these metals do not segregate at the GB. Hence, there is
no need to take into account the possibility of grouping
of the MAI and AP. One can assume that MAI's were
delivered to the pumping zone (region of type-1 state lo-
calization) during the introduction of AP by diffusion.
However, the evident dependence of the magnitude T, on
metal purity (see Table IV) makes this assumption im-
probable.

Perhaps the reason for the residual MAI segregation is
intrinsic oxidation. But this hypothesis appears weak
too. It would be necessary to segregate the residual
MAI's from the whole crystalline volume at the GB, with
MAI concentrations at the level of 1 at. % in a polycrys-
tal with grain size of order 10 cm and average concen-
tration of substitutional impurities about 100 ppm. (Con-
centration of all the substitutional impurities in our sam-
ples was determined by secondary-ion mass spectrometry
on ion microanalyzer IMS-3f, CAMECA, France and
does not exceed 100 ppm in Pt and Pd. ) But this is im-
possible. At Td;ff on the lower boundary of the intrinsic
region [for Pd and Pt P","„=6X10 (kcal/mol) '] the
volume-difFusion coefBcients are of the order of 10
cm /s. Within the time of AP diffusion introduction,
t -=10 s, they provide an effective difFusion depth for sub-
stitutional MAI's about XD =(D„„t) -=10 " cm, which
is two orders of magnitude smaller than the grain size in
the polycrystals used.

Let us summarize the main result of this section. In all
metals investigated by us, the NGRS parameters IS and
Debye temperature, measured after annealing at g&gtp,
coincide exactly with the reference values. But it was es-
tablished in I that for Pd and Pt the pumping characteris-

ties do not coincide with the volume-diffusion parame-
ters. Apparently, concentration of the interstitial impuri-
ties and VIP's in the pumping zone is low till g,p. One
may think that as the AP introduction temperature Td'ff

decreases, the concentration of interstitial impurities in
the pumping zone will increase. This wi11 lead to the
changes of NGRS parameters already observed. The
magnetic phase transition which was discovered in the lo-
calization zone of AP type-1 states presents an additional
tool for investigation of the properties of these regions.

8. Type-1 properties at low temyeratures

In the previous section we discussed the nature and
properties of states of type 1, which the AP's occupy dur-
ing high-Ta;s annealing, at g&g,p. In these conditions,
the relative type-1 state population 0

&
changed rapidly

with a change of Tz;rt. However, these changes no longer
occur at low Ta;tt, at gtp&g. The independence of the
NGRS components on Ta;tt means that, in the corre-
sponding temperature range gtp & g,

LT
Qp. p=—Qoa . (3)

-ax o". .

This expression has been already introduced in I in the
discussion of the macroscopic GBD properties, in con-
nection with the introduction of a new pumping mecha-
nism to explain the break in the Arrhenius dependence of
the GBD parameter W(g) or @=a ~ t (see I).

As has been shown in I, the character of the o(g)
dependence can be described if one uses the natural no-
tion that at rather low Td,ff there appears a segregation
layer of interstitial impurities near the GB. It is natural

TABLE IV. Curie temperatures T& and effective magnetic
fields HI of type-1 states after high-Td;ff annealing for Pd and
Pt of different purities. HP indicates a high-purity sample, LP a
low-purity sample.

Matrix

Pd HP
LP

Pt, HP
LP

Tdiff/Tmelt

0.40
0.42
0.38
0.42

THT
I

(K.)

70+10
270%20
110+10
200+20

HHT
I

(kOe)

293+2
290+3
316+2
315+3

CMAI

(at. %)

2
&10

5
&20

2P 08 ~~ I~.((moE/kcgE)

FIG. 10. Dependence of IS, 5&(g), for polycrystalline Pd.
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TABLE V. IS changes after diferent di6'usion annealings, IS

barometric coefficients for Pd and Pt, and estimated interstitial-
impurity concentrations C". 51(LT,HT) =61(low Td;ff) —51(high
Td-ff)-

ALT gHT
l l

+0.01 +0.02 5,(LT,HT) V(85/0 V) C",„
(mm/s) (mm/s) (mm/s) (mm/s) (at. %)

diff / melt

Pd
pt

0.22
—0.50
—0.60

0.40
—0.22
—0.42

—0.28
—0.18

—0.60
—0.40

0.5
0.3

-g5-

3P lP V 10J ((mal/kcal)

FIG. 11. Dependence of IS, 5|1/), for polycrystalline Pt.

that rather strong doping by segregated impurities of the
pumping zone must change the NGRS parameters of the
AP's which occupy this zone.

Let us consider the IS magnitudes 5& measured after
low Td ffann-cali'ngs. In Fig. 9 is shown the 5,(g) depen-
dence for Au. As is seen, the IS for type-1 states, 5„
practically does not change and at lowest Td;~ is fulfilled

by 5&=5„,&. This result is an excellent confirmation of
the conclusion, made in Paper I and in the Introduction
of this paper, that in Au, owing to the negligibly small
volume solubility of the interstitial impurities, segrega-
tion of these interstitial impurities near the GB does not
occur. There is also one more important point to be
made: at the lowest-Td;z annealing for AP introduction,
there appear no new AP states different from those which
were identified after high-Td;z annealing. This con-
clusion will help in the analysis of the dependencies 5i(g)
of the other polycrystalline metals.

In Figs. 10 and 11 the dependencies 5,(g) for Pt and Pd
are presented. The dashed lines mark the position of pip.
As is seen here, unlike the case of Au, a fast decrease of
the IS takes place after pip. This confirms to a certain de-

gree the introduction of the pip value as a boundary for
the region of intrinsic properties of type 1. To explain
the results represented in Figs. 10 and 11, let us use the
consequences of our hypothesis on the doping of the
type-1 localization region at low Td;& by the interstitial
impurities and their VIC's.

It is known that doping of the metal volume by substi-
tutional impurities changes the NGRS parameters only
slightly. ' Thus, doping Pt with 20 at. % of Fe induces
no changes of the IS of the Co paramagnetic line. This
means that neither the occurrence of the majority of the

substitutional impurity nor vacancy segregation in the
pumping zone can lead to changes in the NGRS parame-
ters. Thus, we can limit our consideration to the intersti-
tial impurities only.

It is known that interstitial impurities increase the lat-
tice parameters of metals. This means that the value of
the atomic volume per lattice site increases in a solid
solution with interstitial impurities. Therefore, AP s in
type 1 after low-Td;z annealing appear to occupy sites
with efFectively increased volumes. The IS change pro-
duced is opposite in sign to the IS changes which occur at
the high pressure. In Table V we present the differences
5, —5i =5,(LT,HT) and the IS barometric coefficients
for Pd and Pt. " The negative sign of the derivative
k)5/k) V means that the atomic-volume growth in Pd and
Pt is accompanied by an IS decrease for Fe. The abso-
lute value V(B5/BV) for Pd is 1.5 times greater than that
for Pt, in accordance with the difference ratio 5,(LT,HT)
for these metals.

We will use the experimentally established isomer-shift
dependence for ' 'Ta in Ta and Fe in Pd on the concen-
tration of the classical interstitial impurity, hydro-
gen. ' ' In agreement with the measured IS barometric
coef5cient in Ta, " the IS decreases linearly at the rate
85/BC(H) = —57 mm/s at. % H in the Ta(H) system. '

From data presented in Figs. 10 and 11, we can esti-
mate the concentration of the interstitial impurities in the
pumping zone. For this estimation we use the value of
B5/BC(H) measured in the Ta(H) alloy as a minimum
value for the IS changes for the interstitial impurities in
Pd and Pt. Table V presents the corresponding max-
imum estimations of interstitial-impurity concentrations.
As can be seen in the pumping zone, the interstitial-
impurity concentration does not exceed 0.5 at. %, which
seems reasonable if one takes into account that the solu-
bility of carbon in Ni and Pt, for example, reaches 2

14, 15

In Figs. 12—14 we show the dependencies of the line-1

TABLE VI. Debye temperatures Ql of type-1 states after low-Td;ff annealing for some fcc metals.

Rh Pd
Metal

Ir Au

diff melt

0 (K)
( Q~LT Q~HT ) (K)
S„f„(K)

0.30
(240+20)

—(150+90)
430

0.24
(300+40)
—(0+80)

370

0.25
(350+90)

460

0.21
(250+25)

—( 120+110)
360

0.32
{320+30)

330
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the consideration of dynamic p p-e
' ' ' ro-Let us turn now to

erties of states of type 1 at low Td;ff. Figures
dis la a I An, (T, ) dependence in which the magnetic
anomaly is shown c ear y.

f allakin into account the areas o aK) is restored after ta ing
'

lculated fromsextet lines. The dynamic parameters ca cu a e r
ble VI. As can be seen, only for Rhq. ( ) gi

and Pt does it appear that eL1T&81, in 1
——

1

For an explanation o suc e
identify the interstitial impurity in each meta .

ameters of the magnetic transformation a er
able VII. They cannot-T annealing are given in ab elow- dz a

ared with correspon ing vad' values measured afterbe compared
ed out, the source of in-hi h-T annealing. As we pointe ou,

p g
and this prevents comparison in detai o e m

P t e 1 after di8'erent annealings.characteristics of A yp
in of T after ow- d;z anow e, t g

a reliable result. As is known, ' doping y in ers i
'

nd B) of bulk Pd, and very likely Pt,p 0
f the density of states at eead to a eaeo 'y

surface and to a Tc decrease. One may thin t a i i
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annealed at lowFIG. 15. lnA, (T „,) dependence for Pd ann
Tdiff.
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0 S N
~ I ~ I a ~ ~ ~ II ~ I ~ a ~ a I I a I ~

N~r (~P

annealed at lowFIG 17. lnA&(T, ) dependence for Au an
Tdiff
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Matrix

Pd
Pt
Rh
Ir
Au

Td;ff /TI, Jj

0.24
0.21
0.30
0.25
0.32

T, (K)

47+5
30+3

100+20
100+30
20+5

(kQe)

270+4
262+2
190+2
60+3
270+2

the same effect which is observed in the type-1 localiza-
tion zone in interstitial-impurity segregation at low Td;ff.

III. CONCLUSION

The method created in I was used to measure the prop-
erties of states of type l, localized in the pumping zone
near the GB. In Au, in which the bulk interstitial-
impurity solubility is low, a high-purity matrix is created.
In this condition, type-1 properties even after the lowest

TABLE VII. Curie temperature T& and effective magnetic
fields H", for type-1 states after low-Td;ff annealing for some fcc
metals.

Td ff annealings coincide with lattice-site properties.
In Pd and Pt the properties of type-1 states coincide

only in the high-Td;ff range with the properties of lattice
sites. With decrease of Td;ff the IS in Pd and Pt de-
creases, which shows the decrease of s-electron density at
the AP nucleus. These IS changes are caused by the
segregation of interstitial impurities, which causes an in-
crease in the lattice parameter, and leads to the decrease
of the concentration of self-s-electrons and conduction s-
electrons in the region of AP localization.

NGRS parameters of type-1 states in fcc metals com-
pletely confirm the classification of NGRS components
described in I on the basis of 0.(gj dependence, and create
a base for analysis of physical properties of new AP
states, localized in the GB core. The following paper'
will be devoted to an account of these results.
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