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Th e r oom tem p erat ure M �ossbauer spectra of 5 7 Fe were measure d for the

b cc Fe0 : 9 4 8 C r0 : 05 2 solid solutio n quenched into water b eing at about 295 K
from di ˜erent temp eratures not exceeding 1000 K , i.e. from the temp eratures
for which probabil iti es of formation of \clear " (Schott ky ) vacancies as w ell
as vacancies forming the separate interstitial {vacancy (F renkel) pairs are

negligi bl y low. T he obtained data were analysed in terms of concentration
of uno ccupie d places in the 14-site surroundin gs of an 57 Fe M�ossbauer prob e
in the sample. I t turned out that the concentration of vacancies detected by

the prob e increases w ith temp erature very rapidl y | at the rate of about
1 0

À 4 K À 1 . T he result may suggest that the M�ossbauer prob e is sensitiv e to
a possible thermal distortion of the lattice or creation of very close Frenkel
pairs (the interstitial is the nearest neighb our of the vacant lattice site).

PACS numb ers: 61.72.J i, 76.80.+ y

1. I n t rod uct io n

It is comm only tho ught tha t therm al ly form ed vacanci esin m etalsare \ cl ear"
(Schott ky) vacanci es[1] as they are di rectl y observed wi th di ˜erenti al di lato m etry
[2] and from the theo reti cal studi es i t f ollows tha t form ati on entha lpy of vacan-
ci es form ing separate intersti ti al{ vacancy (Frenkel ) pa i rs is essential ly larger tha n
tha t for the Schottky vacancies [3]. In the case of pure i ron the form ati on en-
tha lpy for \ clear" vacancies am ounts to 1.7 eV and concentra ti on of the therm al
vacancies above 1070 K is high enough to be detected by positro ns [4], the most
sensiti ve pro bes to the defects beside positi ve m uons [1]. However our recent Ùnd-
ings [5, 6] concerni ng Fe{Cr alloys quenched from di˜erent tem peratures suggest
tha t the 5 7 Fe M �ossbauer spectroscopy can be successful ly appl ied to the study
of both Schottky and Frenkel therm al vacanci es; form ing m ayb e a ki nd of close
intersti ti al { vacancy pai rs [1] in the latter case. Such concl usion can be reached i f
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i t is noti ced tha t for the Fe{Cr system s being at tem peratures higher tha n about
1000 K, the concentra ti on of vacanci esdetected by the 5 7 Fe probe in i ts neighbour-
hood is enorm ous (0.01{ 0.1), at least one order of magnitude greater tha n tha t
exp ected for cl ear Schottky vacancies. The latter can be understo od taki ng into
account the theoreti cal calcul ati ons of latti ce distorti on around indi vi dua l point
defects havi ng the sym m etry of the latti ce. The calcul ati ons show tha t the second
neighbours of the defects are relaxed in a di recti on opposite to tha t of the Ùrst
neighbours and in the case of a vacancy the Ùrst neighbours are di splaced inw ards
and the second neighb ours outwards [7]. In the other words, form ati on of a v acancy
havi ng the sym metry of the latti ce (e.g. the Schottky vacancy) goes to gether wi th
the creati on of several addi ti onal vacanci es not havi ng the symm etry mentio ned
and form ing a ki nd of close Frenkel pa i rs (very cl ose) wi th ato m s displ aced f rom
thei r early positi ons due to intro ducti on of the sym metri c vacancy into a crysta l .
Accepti ng the theo reti cal Ùndi ngs one can say tha t concentra ti on of the very close
Frenkel pa i rs (the intersti ti al is the nearest neighb our of the vacancy) could be up
to about one order of magnitude greater tha n the sym m etri c vacanci es.

In the present work the excepti onal sensiti vi ty of the 5 7 FeM�ossbauer probe to
any vacancy located in i ts neighbourho od is used for investigati on of quenched-in
vacancies in several sam ples of Fe{ Cr solid soluti on conta ini ng about 5 at.% of
chro m ium and being quenched from di ˜erent tem peratures at whi ch the concen-
tra ti on of the Schottky vacanci es shoul d be negl igibl y low, i .e. tem peratures not
exceeding 1000 K.

2. Ex p er im ent al an d r esul t s

The i ron{ chrom ium al loy wa s prepa red (see [8] for detai ls) by m elti ng the
Arm co i ron and electro lyti c chrom ium of 99.99% puri ty in a vacuum inducti on
furna ce. The obta ined ingot wa s f orged and cold- ro l led to the Ùnal thi ckness of
about 0.06 m m and then the foi l wa s cut into several sim ilar pieces. Next, each
sam ple was annealed in v acuum at about 1300 K for 0.5 h and slowl y furna ce
cooled to room tem perature for 6 h. Under these condi ti ons, di ˜usi on e˜ecti vel y
stops at about 700 K [9], so tha t the observed di stri buti ons of ato m s in the an-
nealed specim ens shoul d be the frozen-in state corresp ondi ng to 700 K whereas
concentra ti on of vacanci es (pra cti cal ly zero) shoul d be determ ined by the room
tem perature. The compositi on of the sam ples was contro l led wi th an analysis of
the energy distri buti on of X-ray (ED X) induced by the 30 keV electron beam.
The ED X data showed tha t the specimens studi ed conta ined 5 : 2 Ï 0 : 2 at. % of
chro m ium. Next, the annealed sam ples heated in an argon atm osphere at di ˜erent
tem peratures T not exceeding 1000 K, were quenched in water being at about
295 K in order to freeze the high tem perature vacancies as well as di stri buti on of
ato m s in the specim ens. Af ter the quenchi ng pro cess each sampl e was chemical ly
pol ished to remove possible surface conta m inants.
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The m easurements of the 5 7 Fe M�ossbauer spectra were perf orm ed in tra ns-
m ission geom etry by m eans of a constant- accelerati on POLON spectrom eter of
standard design. The 14.4 keV gam ma rays were pro vi ded by a 1 : 4 È 1 0 9 Bq
source of 5 7 Co dissolved in rhodi um . The spectra were measured at room tem -
perature using 512-channel analyser. The num ber of counts per channel and the
spectrum m axi mum depth were (3 À 4 ) È 1 0 6 and (2 À 3 ) È 1 0 5 , respectivel y. Som e
of the spectra are presented in Fi g. 1.

Fig. 1. The M�ossbauer spectra of 57 Fe for the Fe0 : 948 C r 0 : 052 alloy annealed and

quenched (sample no. 3). The spectra of the annealed and slow ly cooled sample from

1300 K to the ro om temp erature are marked with 300 K .

Al l spectra were analysed in term s of four six- l ine patterns corresp ondi ng
to di ˜erent hyp erÙne Ùelds (HF) at 5 7 Fe nucl ei determ ined by numb ers of Fe
and Cr ato m s located in the vi cini ty of the nucl ei, assuming tha t the e˜ect of a
Cr ato m on HF is independent of i ts positi on in the surro undi ngs of the pro be.
Mo reover, i t was accepted tha t the Ùeld (and the corresp ondi ng centre shift of the
subspectrum ) is a l inear functi on of the numb er n of Cr neighbours of 5 7 Fe wi th
the form : HF n = HF 0 + n Â HF, where Â HF stands f or the change of HF wi th one
Cr ato m in the neighbourho od of the M�ossbauer probe. Fi nal ly, i t wa s assumed
tha t the three l ine wi dths À 1 6 ; À 2 5 , and À 3 4 as well as the two line intensi ty rati os
I 1 6 = I 3 4 and I 2 5 = I 3 4 are the same for al l six-l ine com ponents of the given spectrum .
As a resul t of the M�ossbauer spectrum analysis the intensi ti esc 0

Cr and c0

C rC r of the
second and thi rd com ponents of each spectrum were determ ined. The components
are related to the exi stence of one Cr ato m and two Cr ato m s in the neighbourho od
of the M�ossbauer probe, respectivel y. The results are l isted in Table.
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T ABLE

T he bindi ng energy betw een a pair of C r atoms ( E
0

b ) and concen-
tration of vacancies ( c V ), deduced from the M�ossbauer spectra
of 57 Fe in the Fe0 : 948 C r 0 : 052 alloy annealed at about 1300 K and
then quenched from di˜erent temp eratures. T he standard devi-

ations ¥ for c
0

C r and c
0

C rC r result f rom the variance of the Ùt of
the assumed mo del to the spectrum measured. T he ¥ values for

w ere computed taking into account the 0 and 0 errors
only .

Sample no. [K ] 0 0 0 [meV ]

1 300 0.398(2) 0.109(1) 22(2) 0

400 0.397(2) 0.108(1) 0.006(3)

300 0.398(2) 0.110(1) 21(2) 0

700 0.393(2) 0.104(1) 0.038(3)

2 300 0.400(2) 0.108(1) 23(2) 0

500 0.398(2) 0.109(1) {0. 012(3)

300 0.396(2) 0.110(1) 21(2) 0

800 0.392(2) 0.102(1) 0.083(3)

3 300 0.396(2) 0.109(1) 22(2) 0

600 0.399(2) 0.106(1) 0.031(3)

300 0.400(2) 0.110(1) 22(2) 0

900 0.383(2) 0.106(1) 0.045(3)

4 300 0.396(2) 0.105(1) 25(2) 0

1000 0.377(1) 0.104(1) 0.045(3)

The and values for annealed sam ples were used for calcul ati ng the
bi ndi ng energy for pai rs of Cr ato m s in the studi ed m ateri als. The com puta ti ons
were perform ed, as in [10], on the basis of the modiÙedHrynki ewicz{ Kr §las f orm ula
[11, 12], assuming tha t the rati o of the concentra ti ons of the indi vi dual pai rs of
Cr ato m s and isolated Cr ato m s in the specimen is equal to the quoti ent of the
intensi ti es and m enti oned above

ln (1)

where is the Bol tzm ann constant, denotes the \ freezing" tem perature for the
ato m ic di stri buti on in the sam ple (due to the slow cool ing of the annealed sampl es

700 K), is the probabi l i t y for the
exi stence of Cr ato m s in the -ato m neighbourho od of the Feato m (the f orm ula
resul ts f rom stati stical considerati ons for random di stri buti ons of two ki nds of
non- intera cti ng ato m s in a given latti ce) so ,

stands for the concentra ti on of Cr ato m s and (the to ta l num ber
of the latti ce sites in the two Ùrst coordi nati on shells of an ato m in the bcc latti ce
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Fig. 2. C oncentration c V of vacancies detected by the 57 Fe M�ossbauer prob es in the

b cc Fe0 : 9 48 Cr 0 : 052 samples as a function of the temp erature from w hich the sample was

quenched. T he dashed line is a plot of the function f ( T ) = Ù + ˜ T , Ùtted to the

values by the least squares metho d; = (0 9 0 2) 10 4 K 1 .

| com pare [13, 8] for exam ple). The values obta ined for annealed sampl es
are col lected in T able. The v alues were used to estim ate the e˜ecti ve numb er
of nearest neighbours havi ng a di rect inÛuence on the M�ossbauer pro be in the
quenched specim ens. It was done accepti ng tha t the values of are tem perature
independent and appl yi ng Eq. (1) in the more conveni ent form

= 0 5 3 1 + (1 )

[ 1 + 8 (1 + 2 )( ) exp(+ ( kT )) ] (2)

Fi na l ly, for the quenched sam ples we determ ined the concentra ti on =

(1 4 ) 1 4 of vacanci es or unoccupi ed places in the 14-site neighb ourho od of
an Fe probe ato m . The results are presented in T able and Fi g. 2.

The data obta ined (T abl e) supp ort our early Ùndings [10] tha t the nature of
the Cr pai r intera cti on in the i ron crysta l is repul sive and the bi ndi ng energy
between two Cr ato ms in the Fe{Cr system conta ini ng about 5 at. % of chro mium
is cl ose to 20 meV. The obta ined value is greater tha n tha t resul ti ng from the
semi-empi rica l Mi edema{ Kr§ las model [14, 15] and predi cted for Fe wi th tra ce
concentra ti on of Cr; the latter is 15 meV. Thi s may suggest tha t the value
resul ti ng from the Mi edema{ Kr§ las m odel is underesti m ated.

The concentra ti on of quenched- in vacancies detected by the Fe M�oss-
bauer probe in i ts neighbourho od for the bcc Fe Cr sol id soluti on strongly
depends on the quenchi ng tem perature. The slope of the stra ight l ine Ùtted
to the data (see Fi g. 2) am ounts to (0 9 0 2 ) 1 0 K . The resul t is in
agreem ent wi th our positro n anni hi latio n measurements for the materi als studi ed.
The m easurem ents show tha t positro n l i feti me in the Fe{Cr specim ens increases
wi th the quenchi ng temperature (see Fi g. 3) whi ch suggests tha t an increase in



728 J. Chojcan

Fig. 3. T he mean lif etime § of positrons in the bcc Fe0 : 948 C r0 : 052 samples as a func-

tion of the temp erature from which the sample w as quenched. Â § = § À §300 , where

§300 denotes § for the temp erature 300 K . T he dashed line is a plot of the function

f ( T ) = + , Ùtted to the Â 300 values by the least squares metho d;

= (1 3 0 2) 10
4 K 1 .

the temperature goes to gether wi th creati on of some low- electron-density regions
in the sampl e tha t attra ct positro ns. Mo reover, the rate of the tem perature
increase in am ounts to ( K (see Fi g. 3) and i t is a lm ost the
sam e as for . Taki ng the above into account one can supp ose tha t most of the
low- electron-density regions observed by positro ns are the vacanci es detected by

Fe M�ossbauer nucl ei. Because the appl ied tem peratures are relati vel y low, the
pro bes under considerati on can \ see" nei ther Schottky vacanci es nor v acanci es
form ing the separate Frenkel pa i rs. In these circum stances it seems reasonable to
conclude tha t the M�ossbauer pro bes are sensiti ve to smal l therm al distorti ons of
the latti ce whi ch are observed by the probes as very cl ose Frenkel pa i rs (the in-
tersti ti al is the nearest neighbour of the vacant latti ce site). On the other hand,
one should remember tha t the concl usion is not supp orted by the theoreti cal com -
puta ti ons f rom whi ch i t fol lows tha t in pure i ron al l indi vi dual close Frenkel pai rs
are unsta bl e against recom binati on [16]. Beari ng thi s in mind, i t is obvi ous tha t
pro per expl anati on of the obta ined resul ts needs f urther experim ental and theo -
reti cal studi es.

Thi s work wa s supp orted by the Uni versi ty of Wro c¤aw under the grant
2016/ IFD / 2001.
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