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Electron-spin resonance was studied in the Cr,;Ni;¢Mn; and CryNi;sMng austenites with different
content of nitrogen and carbon. Measurements were made in the temperature region 10-300 K. Tem-
perature dependences were obtained for the absorption-derivative signal parameters such as the intensity
I(T), the width AH(T), and the asymmetry parameter R (T). Theoretical analysis of the signal shape
revealed that its temperature dependence is equivalent to its dependence on the inverse length of elec-
tron diffusion 8, through the skin layer 8, if the value (85, ) is constant while the temperature changes.
The dependence of the electron-state density on the Fermi surface D(ey) upon the solutes content is de-
duced from the fitting of theoretical and experimental curves I(T), AH(T), and R(T). It was estab-
lished that D(ef) increases in nitrogen austenite and decreases in carbon austenite with the growth of ni-

trogen and carbon concentration.

I. INTRODUCTION

As interstitial solutes, nitrogen and carbon extensively
affect the mechanism and the kinetics of structural and
phase transformation in iron-based alloys, specifically,
the creation of the high-temperature iron ¥ phase named
austenite. [Electrical and mechanical properties of
austenite depend on the distribution of nitrogen and car-
bon atoms in solid solution. As an alloying element in
the austenite nitrogen enables to solve the problem of the
strengthening of stainless steels. Nitrogen and carbon
austenites differ as to their mechanical properties such as
strength, fracture toughness, wear resistance, etc.'? Ni-
trogen and carbon austenites differ in thermal stability,
possibly on account of the different distribution of doped
atoms in solid solution. The effects of nitrogen and car-
bon on the stacking-fault energy in y iron are opposite.>*
The reasons for the above-mentioned difference are not
clear yet but presumably they could be found in the
different hybridization of valence orbitals and the
differing contributions to states density on the Fermi sur-
face of these alloys. '

The technique of electron-spin resonance (ESR) was
applied to look into this question. The ESR method is
traditionally used in the physics of solid state to study lo-
calized electron properties. A large number of papers has
been dedicated to the study of conduction electron-spin
resonance (CESR) in pure metals’ !> and Cu-Mn al-
loys.'>'* We used CESR in Refs. 15 and 16 to study
paramagnetic alloys based on other transient d metals
(Cr,V,Ni).

The CESR intensity in metals is proportional to the
electron-state density on the Fermi surface D(gg) and its
study may be a suitable way to research the effects of
different technology factors on the D (ez). Unfortunately
the observation of CESR is not always possible.
Specifically, the magnetic ordering in the d-element alloys
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usually makes CESR unobservable. Austenites are
paramagnetic alloys, and that is why they can be studied
by means of the CESR method.

In this study we made temperature measurements of
the CESR signal parameters and performed a detailed
theoretical analysis of the absorption-derivative signal
shape taking into account the anomalous skin effect
(ASE).

II. EXPERIMENT

All the CESR measurements reported here have been
made with an X-band electron paramagnetic resonance
spectrometer. Magnetic-field modulation was applied
with modulation frequency 10° Hz. The temperature was
changed from 10 to 300 K.

The sample was put in the middle of a cavity that is
into the point of the maximum magnetic component of
the microwave field. The change of the modulation field
amplitude does not affect the signal shape but results in
the proportional growth of the signal amplitude.

The CESR was observed for the nitrogen and carbon
austenites. Characteristics of the samples are given in
Table I. Measurements were made on samples with plas-
tic deformation (marked “+” in Table I) and samples an-
nealed after the deformation (those which produced the
CESR signal are marked “O” in Table I). The samples
with the plastic deformation are foils taken after the roll-
ing of a steel ribbon. The samples were subsequently an-
nealed for 30 min at the temperature 1100 °C followed by
hardening in water or oil. The size of the plates in the
cavity was 2 mm X 20 mm for all samples, the thickness
of the plates is shown in Table I. The temperature was
measured with the germanium thermometer.

Figure 1 illustrates CESR signals recorded on the tem-
perature T=39 K for samples N1 and C3. Signals were
recorded at every 5 K interval. Then we measured the
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FIG. 1. CESR signals for samples C3 (a) and N1 (b); T=39
K; curve (b) illustrates specifications adopted in the text: AH,
“peak-to-peak” linewidth; R =| 4 /B|, asymmetry parameter.
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signal amplitude A4 in the maximum and B in the
minimum of the resonance signal (see Fig. 1), the “peak-
to-peak” signal width AH in the units of the magnetic
field H,. Temperature curves were constructed for
values I(T)=(|A|+|B|)}AH)?, AH(T) and for asym-
metry parameter R(T)=|A/B|. The combination of
these dependencies enables to be confident that we are
dealing with the CESR signal and to determine the values
of the skin layer depth & and the electron diffusion length
5,.
The value I(T) in analogous to the integral intensity of
the derivative absorption signal. As for the localized
paramagnetic centers the change of the I(T) is propor-
tional to the change of the paramagnetic centers content.
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TABLE I. Sample characteristics.
Concentration of

interstitial mixture, Thickness

Number of at. % of sample
sample  Content of alloy nitrogen carbon (pm)
N1 Cry;Ni;sMn; 0.51 (+) 70
N2 0.94 (0,+) 40
N3 1.4 (0,+) 70
N4 L5 (+) 70
Cl1 CryoNi;(Mn g 0.28 (+) 60
C2 0.52 (+) 50
C3 0.66 (+) 60

It is not as simple for the CESR because the signal shape
is changing during the temperature change.

Experimental points for I(7T), AH(T), and R (T) are
presented in Figs. 2, 3, and 4 for carbon (a) and nitrogen
(b) austenites. The experimental conditions such as the
modulation amplitude, the microwave field intensity, and
the amplification coefficient are kept unchanged in the
measurement process.

The annealed samples normally gave no CESR signal.
Samples N2 and N3 were an exception. For the other
samples the observation of the CESR is linked to the ex-
istence of deformations. There is a more or less narrow
temperature interval where the CESR could be studied
for each sample. The nitrogen austenite samples have
this interval at lower temperatures as compared with the
carbon austenite. The temperature interval of the inten-
sive CESR in the deformed samples is broader than in the
annealed samples. Some of the annealed samples were
hammered, after which they produced the CESR signal
with properties similar to those in the deformed samples.
The increase of the surface impedance of the electropol-
ished copper sample after mechanical polishing was re-
ported earlier in Ref. 14. We noticed that the CESR sig-
nal shape acquires greater symmetry at large degrees of
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FIG. 2. The signal intensity I=(|A|
+|B|)AH)* vs temperature for carbonic (a)
and nitrogen (b) austenite samples in arbitrary
units: points, experimental data; lines, theoret-
ical curves I(w).
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The experimental spectral lines are rather broad. This
is caused by the large probability of spin scattering on the
magnetic inhomogeneities and the electron exchange in-
teraction.”?! If the electron cyclotron frequency w, and
the time between electron collisions 7 are such that o 7 is
comparable to 1, the diffusion coefficient becomes aniso-
tropic,*!

pic,

sin?6

————+cos?0
ngz +1

5% =8<2e0

0 is the angle between the directions of the magnetic field
H,, and of the normal to the sample plain n. In this case
we should observe the same law for the signal width
change during the turn of field Hy from Hy|n to Hyln.
Figure 5 shows this change for sample N2 and we found
its w,7=0.25. This effect is small for the other samples
as well.
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deformation. III. THEORY OF CESR IN ALLOYS

The power of the microwave field H,(¢) absorbed by
the metal sample in the middle of a cavity with the wave
type Hy,, is
2

| H?Re(Z) ,

49

p= (1)

with H as the field amplitude at the surface of the sample
and Z as the surface impedance. If the external static
magnetic field H is applied, the impedance Z may be
presented as
Z=Zy(1+x,sG) , (2)
with Z, as the spinless surface impedance, G is a function

characterizing the resonance absorption, Y,s is the
paramagnetic electron susceptibility

FIG. 4. Temperature dependence of the
asymmetry parameter R =| 4 /B| for carbonic
(a) and nitrogen (b) austenite samples: points,
experimental data; lines, computed through
(A1)—(AS8) theoretical curves R(w).
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FIG. 5. Linewidth AH vs the angle between H, and normal
to the sample’s plain n: 6=0° corresponds H||n; sample N2;
T=30K.

Xos =+8°u3D(ep) , 3)

g is the spectroscopic splitting factor, up is the electron
magnetic moment, and D (g ) is the electron-state densi-
ty on the Fermi surface.

The theory of the CESR signal shape® was specified in
Refs. 6—10 for different aspects, such as the influence of
the electron diffusion, the effects of the spin-wave excita-
tion and others. The correspondence of the theory to the
experiment was proven on pure metal samples in Refs. 10
and 11.

The magnetic and electrical fields H,E in the metal
foils are the solution of the Maxwell equations and the ki-
netic equation for the magnetic moment with the
diffusion term®!? in the sample

M_MO
T—i—DVZM ,

s
VXE=iwc (H+47M) , )
VXH=4mo, 'E,

M=—guz[MXH]—

o is the microwave frequency, D is the diffusion
coefficient, Ty is the electron-spin-relaxation time, and o,
is the sample’s conductivity. The boundary conditions
are determined by the geometry of the sample and the
cavity,

4
2

+ i(M—Xosl'l)id/2=0 ) (5

H dz

:Hl;

with the thickness of the sample d, and the axis z to the
sample plain normal.

As a result of the solution of (4) and (5) the field in the
sample is a combination of waves with two wave vectors
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KloandK20:
2
K%(,:ia—;; K3 =1+i(0—wy)Ts ;
, (6)
82=2DT,; &*=—-———.
¢ g 278w

w, is the resonant frequency of the electron spin in field
H,, & is the “classic” skin layer depth in the sample with
the conductivity o, 8, is the electron diffusion length
equal to the path, which the electron covers during the
period of spin relaxation T¢ and H| is the external static
magnetic field, HylH ;.

The above occurs as long as conductivity o is a local
scalar magnitude (the “classic skin effect”). The electron
mean free path ¢ is small in alloys particularly in the
sample with plastic deformation. However, the skin layer
depth 6 could get smaller than ¢ when the temperature is
down. For this reason we can have conditions of the
classic skin effect as well as the ASE conditions, since the
CESR measurements are made within the wide tempera-
ture range.

If the ASE occurs, the conductivity becomes nonlo-
cal.l7—19

Assuming nonlocal conductivity o, (K)=j (K)/
E,(K) let us insert it into the system Eqgs. (4) and (5). Ac-
cording to theory?®

3arctan(LK) |
0

o(K)= LK 0s

£
L=%" (7)

where o is conductivity with no account of its nonlocali-
ty and L is the electron free running length.

The substitution of (7) in (4) and (5) and the subsequent
solution leads to the fact that the main formula for the
complex impedance Z stays the same as that obtained in
Ref. 10, but K%, and K3 are the solutions of the next
equation:

82
. 2 5 .9 arctan(LK) | _
[1+t(w—w0)TS—K ] K —IET =0.

(8)

Thus, K,, is unchanged while X, changes not only its
value, but ends up with differing real and imaginary

parts. In the case of the ASE limit, when
arctan(LK)=m/2, K g is
K o=L(1+ivV3)(82/8%)' . 9

When the temperature grows, the transition from the
ASE to the classic skin effect expresses itself in the fact
that K, changes from the value (9) to K, in (6). This
leads to the change of the Re(Z) and Im(Z) relation and
to the change of the CESR signal shape if Ky and K5,
are comparable.

Using formulas (1) for P and the formula for Z ob-
tained in Ref. 10 we received the next theoretical equa-
tion for the value I (w)=dP /dH(AH )?, which is record-
ed in the experiment
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I(x ):SH%d(OZXOSh 2( Wy /uo )Zdix

u=u'+iu"; u'=K,;,d8;'; u"=K,d8;; w=w'+iw"; w'=

w
w”=sgn(1c)——0-2-—[(1+x2)‘/2—1]‘/2 .

,‘/

The formulas for G (u,w,x), which were used for the
computer calculation, are given in the Appendix. When
u'=u"", it agrees with those from Ref. 10. Let us put
down I(x) as I(x)=IyxosF (w,u,x), where I, depends
only on experimental conditions (H;,®,d), X,s is given in
(3), and the shape function

F(w,u,x)=(hwy/uy)Xd /dx)G (u,w,x)

was calculated on a computer. If the experimental condi-
tions (I,) are kept constant in the course of measure-
ment, the value Xy5 [and D (gz) from (2)] can be obtained
for each sample from Table I through the fitting of the
theoretical and the experimental signal amplitudes
I=|A|+|B|. This procedure requires knowledge of the
values of u,, w,. The measurements of temperature
dependencies for I(T), R(T), and AH(T) provide a
sufficient amount of experimental data to determine the
values of uy,w,.

The procedure is as follows. Using the computer we
find the positions of F(w,u,x) extrema Xx,,, X, and
the wvalues F,_.., Fuin ©h=(Xp0—X%nin)=TsAH,
I=h*|F| +|Fy.l), and R=F,, /F,; for a large
range of u, w values. Temperature dependencies of I, R,
and h =T¢AH are determined only through u and w tem-
perature dependencies as Ty doesn’t depend on the tem-
perature in deformed samples. The temperature interval
where the CESR is observed is narrow for most of the
foils (samples N3 and N4 are an exception). Since u (T)
changes as T !/? for the classic skin effect and
u(T)=constant for the ASE conditions, the temperature
dependencies of all the signal parameters are determined
mainly through w(7T). This fact makes it easy to find
w(T).

In earlier papers®!® theoretical analysis of the CESR
shape deals with obtaining R =| 4 /B| as the function of

Gu,w,x), x=(0—wy)Ts; wWe=d8Y; u,=ds};
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h=AHT ,

Wo

1+ 21/2_+_ 172
1/2( x%) 1)/,

u when (8/8,) is assumed to be constant!® or R =| 4 /B|
as the function of (8/8,) when u is constant.!!

Under experimental conditions the CESR signal shape
more extensively depends on w and wg/u, (6/8,)
changes more quickly than u at the change of tempera-
ture. On the other hand the smooth dependence
R (6/8,) corresponds to the dependence R (w) only for
w << 1, u >>1, when I (x) does not depend on u. We can-
not consider w << 1 for the deformed foils, and the exper-
imental curves R (T) show that w 2 1. For this reason we
relied on the calculated dependencies R (w), AH (w), and
I(w) at different values f=wgu, remaining fixed. In ac-
cordance with the definition & and 8, we have
wy <12 yyx £172, where ¢ is the electron mean free
path so that B(T) is constant under the classical skin
effect. If the ASE occurs, B(T) is proportional to w (T).

We have illustrated the calculated I(w), R (w), and
h(w)=TgAH on Fig. 6 at =20 and B=40 for the clas-
sic skin-effect conditions. We can see that the curves
I(w), R(w), and & (w) look like I(T), R(T), and AH(T)
on Figs. 2, 3, and 4.

The same curves for B=20, taking the ASE into ac-
count are shown on Fig. 6 by dashed lines, to compare
with those without the ASE (solid lines). The ASE leads
to the decrease of the spectral line intensity, while the
linewidth increases, the minimum of A (w) disappears and
the line becomes less asymmetrical. The curve R (w) has
a single peak with the value R <3. The interval of w
values where R (w)=1 spreads out when f3 increases.

We see that the small values of R and the monotonous
decrease of the spectral linewidth are the result of the
ASE. The curve h(w) reflects the change of the signal
shape and corresponds to the experimental AH (T) as
long as the spin-relaxation time Tg does not depend on
the temperature. The temperature widening of the line
leads to the disagreement of 4 (w) and AH(T) at high

: () SN (b)
20} z.oﬁ ! 8|
15} 15 F \-\ 6
- = !‘\‘-, ]
10 10 f iy //‘\.\ s
V\ 2 |
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FIG. 6. Computed through (A1)-(A8)
theoretical curves: (a) I(w); (b) R(w); (c)
h(w)=AHTsg; dashed lines—the ASE occurs,
B=20; solid lines—the ASE is absent, 8=20;
dot-and-dashed lines—the ASE is absent
B=40.
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temperatures. The latter is observed for samples N4 and
C3.

IV. COMPARISON OF THEORETICAL RESULTS
WITH EXPERIMENTAL EVIDENCE

The curves I(w), R (w), and h (w) fitted with the ex-
periment are shown in Figs. 2, 3, and 4 with dashed lines.
The fitting was made on the temperature and w interval
width with 750, as well as in peak positions I (T), R (T),
I(w), and R (w). Values w,f received from this fitting
were checked through the comparison of AH(T) and
h(w). We can see in Figs. 2, 3, and 4 that the calculated
curves are analogous to the change of the corresponding
experimental values with the growth of temperature. For
all the samples we found w =wy(T*)V' T/T*. Values B,
u, w, and 8,5, found from the fitting of the theoretical
and experimental curves and temperature corresponding
to these values are given in Table II for all of samples.

The CESR signal was not observed for the initial an-
nealed sample N1. An intensive signal with large
linewidth appeared after the mechanical treatment of the
sample surface. The signal shape properties show that
the ASE is essential. That is why R =1, AH is large, and
the signal is observed at the narrow temperature interval.
This makes the results of the curves fitting for N1 rather
doubtful.

The low value R and the smooth decrease of the line
width give the evidence for the ASE in samples N2, N3,
Cl1, and C2. For samples N3 and N4 the signal is ob-
served at a wider temperature interval, and the
significance of the ASE drops at T>50 K. That is why
R begins to increase at lower values T, which would not
occur under the ASE. R (T) for the sample N4 reaches
the value R =7, which is typical of R (w) under the con-
ditions of the classic skin effect. The curve I(T) for N4
has two peaks. One of them is reached under the condi-
tions of the ASE at w <2, the second peak corresponds to
the maximal value of I(w) without the ASE at w =4.
The same situation occurs for samples C3 and N1.

Samples of carbonic austenite give signals less intensive
but with the same value of the linewidth as the nitrogen
austenite signals. The asymmetry parameter R is small as
it must be in accordance with R (w) under the ASE con-
ditions.

If we know u,w on the temperature T*, we have

IO Iexp

D(ep)=
ogqd Iy

(11)
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FIG. 7. Electron-state density on the Fermi surface vs
dopant’s concentrations N; (i =C,N): (@) carbonic austenite
samples; () nitrogen austenite samples.

where I, I, are the amplitudes of the experimental
and theoretical signals on T*. Since the constant I, does
not depend on the sample properties, Eq. (11) permits one
to find the dependence D (g5) on the nitrogen and carbon
concentration at the same temperature. Using MgO:Mn
with Ny, =6.10'® cm ™3 as a reference sample, we have
done quantitative estimation of D (gg). Figure 7 shows
this dependence for nitrogen (points “[J”) and carbon
(points “‘@”) austenite. As we can see from Fig. 7 the
electron-state density on the Fermi surface in carbon
austenite is lesser than in nitrogen austenite for samples
doped with concentrations <1.5 at% D (ep) increases
with the growth of Ny but decreases with the growth of
Nc. This result agrees with the fact that the annealed
samples of carbon austenite do not produce the CESR
signal. Distortions in the sample result in the decrease of
the electron diffusion length, the increase of the value w,
and the intensification of absorption. The CESR signal is
observed only in the narrow temperature interval where
values w, and u, are comparable. In theory the asym-
metry parameter of the CESR | A4 /B| reaches its limit

TABLE II. Parameter 3, u,, wy, and values of §,8, as a result of the curves fitting on Figs. 2, 3, and

4. T* is the temperature being corresponded to 8,9,

Sample T*, K B wo ugy 8, cm 5., cm

N1 20 5 1 5 1.5%x1073 7.0X1073
N2 15 40 4 10 40%x1074 1.0X1073
N3 15 20 3 7 1.0X1073 2.3%X1073
N4 20 10 2 5 1.5X1073 3.5%x1073
C1 20 80 8 10 6.0X 1073 7.8X1074
C2 80 10 4 2.5 2.0X1073 12%X1073
C3 50 50 4 10 6.8X1074 1.5%x1073
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value 8 (Ref. 11) at low temperatures when w << 1. This
value is not always achieved in experiment, since at low
temperatures the ASE causes the signal intensity to de-
crease.

V. CONCLUSION

It follows from this study that CESR observation in
iron-based alloys requires plastic deformation of the sam-
ples. There is a narrow interval of d /8, values where
conduction electrons produce an intensive CESR signal.
These values are achieved through the plastic deforma-
tion of the alloy samples.

The temperature dependence of the CESR line shape in
the austenites is determined by the temperature depen-
dence of the electron diffusion length 8, during the spin-
relaxation time. The CESR occurs under the conditions
of the ASE.

We discovered that the electron-state density on the
Fermi surface in the carbon austenite samples is less com-
pared with nitrogen austenite. The increase of the nitro-
gen content in austenite results in the growth of the states
density D(ep), while the D(eg) decreases with the
growth of the carbon content.

_ (u:2_u112)(w12_w112)+4u "ww'w'
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APPENDIX

The CESR signal shape function is equal to

F(u,w,x)=hXwqy/ug)*[dG (u,w,x)/dx] , (A1)
G(u,w,x)=F,+F,+F;, (A2)
KV, F K0
vitv;
2 K3V, K4, Kky(v3 —v3)+2K50,0,
b= 2422 ’ (A4)
ug vitvj (vi+v3)
F3=—2[cosh(2w’)+cos(2w"")]
XA{f1(X)[Kko(v] —v3)+2vv,0,]
+f2(x)[ (w2 —v?)—2K50,v,1}
X(wi+v?)7 2. (A5)

The resonance signal shape is described through f,,
f2,V, and v,:

vi(x)=1 ,

! (u?+u'?)?

(u12_uIIZ)wlwu_ulun(wIZ_wnZ) (A6)
vy(x)=2 ,
(u12+u112)2

fi(x)= w'sinh(2w’)—w"'sin(2w"’)

! [w'sin(2w"")+w""sinh(2w’) >+ [w"'sin(2w"’ ) — w'sinh(2w’) ]? ’ A7)
falx)= w'sin(2w"’)+w''sinh(2w’) )

2 [w'sin(2w"")+w""sinh(2w’) >+ [w"'sin(2w’’ ) —w'sinh(2w’)]* ’

Coefficients kg, Ky, k,, k3, and k, are as follows:

o= 1+cos(2u’)cosh(2u’) . _  sinh(2u')sin(2u”’) | - u'sin(2u"")—u''sinh(2u')

! [cosh(2u’)+cos(2u')]?’ 2 [cosh(2u’)+cos(2u")]*’ 3 cosh(2u’)+cos(2u") ’ (A%)

u''sin(2u’’)+u'sinh(2u’)

sin?(2u"") —sinh?(2u’)

Ka cosh(2u')+cos(2u'’) Ko v

[cosh(2u’)+cos(2u’)]? ~

In the case of the classical skin effect u’=u""=u,/V2 and in the case of the ASE u'=(1/2)uy(8/¢)3,
u"=(V'3/2)uy(8/¢)3, in other cases u’,u’’ were calculated from (8) and (10).
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