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Abstract. FMR absorption in hydrogen-charged Fe55Cr25Ni20 austenitic alloys was measured
versus temperature in the range of 4–200 K and at 77 K versus duration of hydrogen desorption
caused by heatings at 293–393 K. Under the influence of hydrogen the FMR signal is shifted
towards high magnetic fields, which provides evidence for the increasing role of s electrons
in the formation of the magnetic structure of the alloy, and broadened, the latter effect being
caused by the effective electron scattering of the hydrogen atoms. The FMR intensity is found
to be proportional to the saturation magnetization and obeying theT 3/2-law at low temperatures
(T � 2C , where2C is Curie temperature).

The activation enthalpyEa and the frequency factorω0 were measured from the dependence
of the integral intensity and the line width recorded at 77 K on the duration of desorption at
various temperatures. The value ofEa = 0.56±0.02 eV is consistent with the data for hydrogen
migration in the same alloy obtained by means of the internal-friction technique while the value
of the frequency factorω0 = (3.0 ± 0.1) × 106 s−1 reflects the peculiarities of the hydrogen-
induced magnetic structure of the alloy. It characterizes the length of the spin correlation of
s electrons which determines the distance of hydrogen atom migration needed for a detectable
change of the magnetic structure during hydrogen desorption. The results indicate the strong
s–d exchange interaction between hydrogen s electrons and the host atoms.

1. Introduction

Hydrogen significantly changes the physical and mechanical properties of transition metals
and their alloys (see, e.g., [1–3]). As a rule, hydrogen atoms are easily dissolved in metals,
being at the same time extremely mobile in solid solution, which causes the serious problem
of hydrogen embrittlement in engineering materials.

Iron-based FCC alloys (stainless austenitic steels) are usually regarded as hydrogen-
resistant engineering materials. The activation enthalpy of hydrogen migration in FeCrNi
alloys is relatively high (0.52–0.57 eV [4] in comparison with, e.g., 0.4 eV for H in Ni
[5]), this being the reason for low hydrogen permeability and, as a result, a long life
under hydrogen attack. Nevertheless, the brittle fracture of CrNi austenitic steels occurs
under high hydrogen gaseous pressure or cathodic charging, and numerous studies of the
mechanisms of their hydrogen embrittlement are under way (see [1–3] and also [6–8]). The
hydrogen content (hydrogen/metal atomic ratio) in iron-based FeCrNi austenites introduced
by cathodic charging or high-pressure hydrogenation has been found to be within the range
0.4–0.7 [9–11]. Therefore, the effects of hydrogen on physical properties are expected to
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be significant and the knowledge of the hydrogen state in FeCrNi alloys is important from
both physical and practical points of view.

This study is aimed at obtaining information on hydrogen behaviour in FeCrNi FCC
alloy (austenite). So far the physical aspects of hydrogenated austenites have been mainly
studied using an internal-friction technique which allows one to observe an elastic relaxation
of hydrogen-induced noncubic defects in FCC crystal lattice (see, e.g., [12–15]). The
occurrence of the orientation dependence of the relaxation strength measured on single
crystals and the values of the activation parameters obtained from the frequency shift have
led to the conclusion that relaxation is caused by reorientation of ‘substitutional-solute–
hydrogen-atom’ complexes due to diffusion jumps of the hydrogen atoms. The activation
enthalpy of relaxation was consistent with that of hydrogen migration in austenite while
the frequency factor corresponded to one or several jumps of the hydrogen atom for the
relaxation time, giving evidence for different kinds of substitutional–interstitial complex in
hydrogenated austenite [15].

Figure 1. Mössbauer spectra of Fe55Cr25Ni20 alloy before (1) and after (2) hydrogen charging.
T = 88 K.

In the present study we used the effect of hydrogen on the electronic and magnetic
structure of iron-based austenites and made an attempt to obtain information on hydrogen-
induced magnetism and hydrogen migration during its desorption using ferromagnetic
resonance. The following factors seem to suggest that the study will be successful.

The resonance absorption of the microwave power in ferromagnetic material
(ferromagnetic resonance) is controlled by several material constants: the saturation
magnetizationM, the conductivity of the metallic sampleσ , the Landau–Lifshitz constant
of dampingλ, and the exchange interaction constantA [16–18]. Hydrogen dissolved in the
FCC lattice of the iron-based alloy must affect all of the above parameters. It is also known
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[19] that, in Fe–Cr–Ni alloy, the value of theg-factor is different for d and s electrons, and,
according to [20], the FMR resonance frequency depends on the magnetizing of s electrons
by d electrons. The change of the s- and d-electron density ratio caused by hydrogen must
affect the intensity of the FMR signal, too.

Table 1. Values of the resonance fields (the error of the measurements is±0.004 T) and FMR
line widths (the error of the measurements is±0.001 T) for parallel and orthogonal orientations
of the magnetic field with respect to the sample plane after hydrogen charging(t = 0) and after
prolonged hydrogen desorption (t1—its values are shown in the final column). The measurements
were performed at 77 K.

t = 0 t = t1

Number H‖ H⊥ H‖ H⊥
of the Theat 1Hp−p,‖ 1Hp−p,⊥ 1Hp−p,‖ 1Hp−p,⊥ t1
sample (K) (T) (T) (T) (T) (min)

N1 273 0.272 0.358 0.297 0.327 140
0.101 0.124 0.062 0.073

N2 283 0.210 0.490 0.304 0.334 140
0.156 0.249 0.062 0.070

N3 300 0.280 0.389 0.330 40
0.109 0.148 0.062

N4 323 0.280 0.366 0.296 0.331 4
0.093 0.124 0.062 0.062

N5 348 0.272 0.366 0.303 0.334 1
0.109 0.124 0.047 0.062

N6 373 0.296 0.331 0.296 0.331 0.67
0.065 0.078 0.054 0.055

Before Tmeasure 0.132 0.202 — — —
hydrogen 77(K) 0.175 0.175 — —
charging

Fe–Cr–Ni alloys containing 15–25% of chromium and 10–40% of nickel are weak
ferromagnetics because of their FCC lattice structure and opposite directions of the atomic
magnetic moments of Cr and Ni atoms (see, e.g., [16]). The Mössbauer spectra of the
Fe55Cr25Ni20 alloy chosen for investigation are presented in figure 1 as evidence for the weak
ferromagnetism. Hydrogen charging causes a positive isomeric shift and some magnetic
broadening of the singlet which is fitted with Zeeman’s sextuplet having the hyperfine field
He = 1.14 T (0.74 T before charging; compare, e.g., withHe = 33.3 T for the strong
ferromagnetic, BCC Fe). The small difference between the FMR resonance magnetic fields
in parallel and orthogonal orientations ofH0 with respect to the sample plane (see table 1)
also confirms the weak ferromagnetism of the samples studied here.

For the weak ferromagnetics the integral intensity of the FMR signalI (T ) is proportional
to the magnetization of the sampleM(T ) at a given temperatureT. The value of
M(T ) = M0F(T /2) [16], whereM0 = NµB is the saturation magnetization,N is the
density of the magnetic moments,F(T /2) is a temperature function of the magnetization,
and 2 is the Curie temperature. Therefore, if hydrogen affects the value ofM(T ), this
effect has to produce a change in the values ofN and 2. It is natural to expect that
I (T ) varies with the change of the hydrogen concentrationx as a power expansion in
x: I = I0 +a1x +a2x

2 + . . .. While hydrogen is outgassing from the sample, the slowest of
the exponents will represent the rate of hydrogen desorption at a given temperature. This
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reveals an opportunity to study the activation energy of desorption and its dependence on
different factors: chemical composition, magnetic structure, concentration of vacancies and
dislocations, etc. The measurements of the temperature dependence of FMR parameters in
the presence and absence of hydrogen in the samples make it possible to study the effect
of hydrogen on the electronic and magnetic structures of the alloy.

As FMR is caused by excitation of the spin waves it is noteworthy that the kinetics of
hydrogen desorption measured using FMR illustrates mobility of the hydrogen atoms which
are localized in states related in some way to the electron density on the Fermi surface. This
circumstance distinguishes the measurements in this study from those performed by means
of internal friction [12–15]. The comparison of activation enthalpies and pre-exponential
factors obtained by means of different experimental techniques will help to adjust the
correlation between the measured thermodynamical parameters and different hydrogen states
in solid solution.

Figure 2. Signals of ferromagnetic resonance recorded atν = 9.3 GHz for the alloy
Fe55Cr20Ni25 before (a) and after (b) hydrogen charging.

2. Experimental procedure

A set of samples of Fe55Cr25Ni20 alloy 4 × 20 × 0.068 mm3 in size were prepared by
melting in vacuum, hot forging and cold rolling with intermediate annealings. The final
homogenizing treatment was carried out in vacuum at 1150◦C for 30 min followed by
quenching in water. Hydrogen charging was performed in 1N H2SO4 + 250 mg l−1

NaAsO2 solution at the current density of 500 A m−2 for 72 hours. The hydrogen content
in the samples was equal to 345 wt ppm (1.5 at. %). The samples were stored in liquid
nitrogen before the FMR measurements were made; these were carried out using an electron
paramagnetic resonance spectrometer at the frequency of 9.3 GHz.

For the purpose of measurements we selected samples with the same integral intensity of
the hydrogen-induced FMR signal (see figure 2(b)), which corresponded to equal amounts
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of hydrogen in the samples. In fact, the intensities of the FMR signal in samples having
the same size and charged in the same conditions did not differ by more than 10%.

We have performed two kinds of measurement: (a) measurements of the temperature
dependence of FMR line parameters made during the cooling of a sample from 200 K
(below this temperature hydrogen atoms are immobile in this alloy for the duration of the
measurements; see, e.g., [14, 15]) up to 4 K; and (b) temperature–time measurements at
77 K after heating and exposing the sample at various temperatures.

The permanent temperature measurements of the FMR signal integral intensity were
performed immediately after cathodic charging and also after exposure of the hydrogen-
charged sample at 292 K for 50 min. The intensity of the signal was fourfold decreased
after exposure at 292 K; however, we could still observe a sufficiently intensive FMR line
caused by hydrogen. In both cases—that of the freshly charged sample and that of one
that had been subjected to partial outgassing at 292 K—the FMR signal parameters were
measured in the temperature range of 4–200 K. The temperature dependence of the sample
magnetization provides information about the character of the magnetic structure in the
sample. In making these measurements of the samples with different hydrogen contents
we pursued two objectives. The first is concerned with the need to prove that the integral
intensity of the signal is proportional to the saturation magnetization of hydrogen-charged
samples. The second was to test the difference between the magnetic properties of samples
with high and low contents of hydrogen.

During the temperature–time measurements the FMR signal was recorded at 77 K,
after which the sample was submerged in water at a fixed temperature,Th, kept at this
temperature for the timeti and transferred again into liquid nitrogen to measure the FMR
signal. Such heating at a fixed temperature was conducted many times(i = 1, 2, 3, . . . , N

with N different for different temperatures) until hydrogen was desorbed out of the sample.
This allowed us to measure the effect of the duration of the desorption process on the integral
intensity of the FMR signalI (t), the shift of the resonance magnetic field(H0−Hres), where
H0 is the resonance field at the Larmor frequency of the conduction electron in the alloy,
and the signal width,1H(t). The measurements were conducted on six identical samples
at heating temperaturesTh = 273, 283, 300, 323, 348 and 373 K and the sample numbers
in table 1 correspond to the annealing temperature number.

3. Results

In the absence of hydrogen all the samples show the broad band of absorption of the
microwave-field power only (see figure 2(a)). The value of the resonance field which
corresponds to the maximum of absorption isHres,0 = 0.132 T when the external magnetic
field is directed along the sample plane andHres,90 = 0.202 T when the field is orthogonal
to the sample plane. The line width which is equal to the distance between the extrema of
the absorption derivative is1Hp−p = 0.175 T. Prior to hydrogen charging the samples are
weakly ferromagnetic and show a hysteresis of the microwave-field absorption characterized
by the coercive forceHC = 0.006 T in the zero field.

Hydrogen charging causes the intensive resonance FMR line at the resonance frequency
ω = gβHres with Hres,90 shifted towards the higher fields from the Larmor frequency of the
free electron (figure 2(b)). This shows that, in the presence of hydrogen atoms, s electrons
are magnetized more strongly by d electrons of the host atoms. Therefore, one can suppose
a strong exchange interaction between s electrons of the hydrogen atoms and d electrons of
the transition metal atoms.

A marked anisotropy of the resonance field is observed while anisotropy of the line
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Figure 3. The dependence of the resonance-field
value Hres and the line width1Hp−p of FMR on the
orientation of the magnetic field with respect to the
sample plane (φ = 90◦ corresponds to the case ofH
perpendicular to the sample plane).

Figure 4. The temperature dependence of the integral
intensity of the FMR signal as a function ofT 3/2 for
T � 2C . The inset showsI (t) in the vicinity of 2C

as(1 − T/2C)1/2, where2C = 216 K.

width is significantly smaller (see figure 3 and table 1). The weak anisotropy of the line
width allows us to measure the values of the resonance fields using the zero position of the
absorption derivative.

Typical values of the resonance fields for the parallel and orthogonal orientations of the
magnetic field with respect to the sample plane are given in table 1 for each sample. The
value of the resonance field of the FMR signal depends on the concentration of hydrogen
which changes during its desorption. However, after lengthy desorption, when the FMR
signal can still be reliably measured although the signal intensity has already decreased by
one order of magnitude, further desorption does not affect the values ofHres,0, Hres,90 and
the line width.

3.1. Permanent temperature measurements

The integral intensities of the FMR signals are presented for two samples in figure 4 as
functions ofT 3/2. Curve 1 was obtained for sample 3 with the initial hydrogen content
induced by hydrogen charging, while curve 2 refers to the same sample after exposure at
292 K for 50 min. In the latter case the retained signal is still sufficiently intensive to
register. As we have remarked above (see section 1), the integral intensity should have the
same temperature dependence as the saturation magnetization in a weak ferromagnetic. It is
known that the magnetization of iron-based ferromagnetic materials asT → 0 is described
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by the following function:

M = M(0)(1 − αT 3/2−βT 5/2) (1)

where α = ζ(3/2)/(4πD)3/2, and β = ζ(5/2)/(4πD)5/2, and ζ(3/2) and ζ(5/2) are
ζ -functions. Both of the experimental curves in figure 4 obey theT 3/2-law in the low-
temperature range and do not reveal other possible slopes (T 5/2, T 2, T 3):

I1= 32.93(1 − 0.000 42T 3/2) I2 = 17.55(1 − 0.0025T 3/2). (2)

Using (1) we found thatD1 = 28.6 K, D2 = 18.8 K. Although the values ofD in alloys are
always significantly lower than the Curie temperature2C , the ratio ofD1 to D2 corresponds
to that of2C for the samples in cases 1 and 2, i.e.2C1/2C2 = 1.52. For the sample with
the high content of hydrogen (case 1) the range of high temperatures is far from the phase
transition point, which prevents one from evaluating2C1. However, for the sample with
the small content of hydrogen (case 2) this evaluation was made on the assumption that
in the vicinity of 2C2 magnetization has to obey the law(2C − T )1/2. We found that
2C2 = 216 K.

Thus, the integral intensity of the FMR signal is proportional to the magnetization of the
sample. Figure 4 shows that both the Curie temperature and the saturation magnetization
at 0 K are diminished with the decrease of hydrogen concentration. Therefore, in general,
the change of integral intensity with time is not described by a one-exponential function.

Let us note that theT 3/2-law is consistent with the spin-wave nature of hydrogen-
induced ferromagnetism. The temperature dependence of magnetization would have an
exponential character if the hydrogen-induced magnetism could be described in terms of
the Stoner bands as was supposed for hydrogenated Fe–Ni alloys in [21]. At the same time
s electrons play a decisive role in the FMR measured here. This indicates a strong s–d
interaction between the hydrogen s electrons and d electrons of the host atoms.

3.2. Temperature–time measurements

The results obtained from measurements of the integral intensity and the line width of FMR
at T = 77 K versus durationth of the sample exposure at the temperatureTh of hydrogen
desorption are shown in figure 5. The values ofI (t) andδHp−p = 1Hp−p(t)−1Hp−p(t →
∞) are given on logarithmic scales. It is clearly seen that the time law is an exponent with
the same time constant for the intensity and the width of the FMR line. With the increase
of Th the time constant is markedly reduced, which is why in both panels of the figure the
curves 1, 2, 3 are related to the upperx-axis (with the scale in minutes) while the curves
4, 5, 6 are related to the lowerx-axis (with the scale in seconds), respectively.

Table 2. The exponential decay rate of the integral intensity (ωI ) and of the change of FMR
line width (ωδH ) with the heat treatment temperature of the sample.

Theat (K) 273 283 300 323 348 373

ω (min−1) 0.0133 0.0288 0.0500 0.3400 1.1600 7.7300
ωδH (min−1) 0.0074 0.0154 0.0468 0.4000 1.6000 5.5000

From the data shown in figure 5 the values of the exponential decay rate of the integral
intensity and the line width were obtained (see table 2). The values ofωI andωδH allow one
to obtain the activation enthalpy of an elementary jump of the hydrogen atom on interstices
in the crystal lattice and the pre-exponential frequency factor of the probability of such a
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Figure 5. The dependence of the integral intensity of the FMR signalI and the line width
δH = (1H(t) − 1H(t → ∞)) versus duration of the heating for samplei, where i is the
number corresponding toTheat; values ofTheat are given in table 1. The upperx-axes (in
minutes) correspond to the curves 1, 2, 3; the lower axes (in seconds) correspond to the curves
4, 5, 6.

jump, by fitting the experimental data using the Arrhenius law. The Arrhenius plot forωI

andωδH is shown in figure 6. The values of the enthalpy of activationEa and the frequency
factor ω0

Ea = 0.56± 0.02) eV ω0 = (3.0 ± 0.1) × 106 s−1 (3)

were obtained from figure 6. The value 0.56 eV for the activation enthalpy is consistent with
the data on hydrogen migration obtained for the same alloy by means of the internal-friction
technique via hydrogen-induced Snoek-like relaxation [12–15] and is also within the limits
of scattering of the hydrogen diffusivity data for CrNi austenitic steels evaluated from the
permeability measurements [4]. However, the value of the frequency factor is significantly
smaller than the valueω00 of about 1013 s−1 measured in the internal-friction studies, which
unambiguously shows that by means of FMR we are dealing with hydrogen atoms bound
to host atoms due to electron–electron interaction.

Our measurements of the FMR signal intensity performed over the wide temperature
range did not reveal any signs of the presence of non-central interstitial hydrogen atoms in
vibron states which could cause the temperature dependence ofI (T ) at low temperatures
to deviate from theT 3/2-law.
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Figure 6. The temperature dependence of the hydrogen desorption rate for Fe55Cr20Ni25 alloy
measured on the basis of the changes of the integral intensity (circles) and of the FMR line
width (solid squares).

4. Discussion

The line in figure 2(b) is due to presence of hydrogen only. It is absent before hydrogen
charging and disappears during hydrogen desorption. This circumstance allows us to observe
the change of magnetic structure in the course of hydrogen desorption. Let us discuss the
hydrogen-induced magnetism in austenite on the basis of the change of FMR parameters
caused by hydrogen.

4.1. Parameters of hydrogen-induced FMR

The theory of ferromagnetic resonance is based on the solution of Maxwell equations for
the electromagnetic field, the Landau–Lifshitz equation for the magnetic moment of the
sample, and the boundary conditions for the field and magnetization [16–18]. Below we
will use the following dimensionless values: the fieldη = H/4πHi , the Landau–Lifshitz
damping constantL = λ/4πHi , the extent of the exchange scattering in the electron system
ε = (A/2πH 2

i δ2)1/2, whereδ is the depth of the skin layer,δ = c/(2πωσ)1/2, σ is the
conductivity of the sample,ω is the the frequency of the microwave field,Hi is the inherent
magnetic induction in the bulk of the sample, andHi = 4πM−HA, whereHA = 2K1/4πM

is the anisotropy field. In the samples studied here the coefficient of anisotropy is not high
(about 5× 104 J m−3). M is the saturation magnetization. The frequency of the microwave
field in these terms is� = ω/γHi .

Transmission of electromagnetic waves through a metallic ferromagnetic sample, the
dispersion relations, and the conditions for the resonance of spin waves were studied in
detail in [17, 18]. To analyse the change of the resonance with the introduction of hydrogen
it is convenient to use the equations for the surface impedance obtained in these studies.

The anisotropic properties of the resonance frequency are regulated not only by the



1840 B D Shanina et al

orientation ofH with respect to the sample plane but also by the equilibrium orientation
of the magnetization in the sample with respect toH. If the x- andz-axes are in the plane
of the sample,H is rotated in the plane(x, y), and 2M = 2H = π/2 (φM, φH are the
equilibrium orientations ofM and H as determined by the condition of minimum free
magnetic energy [16, 22, 23]):

2η sin(φM − φH ) = sin 2φM. (4)

The anisotropy of the resonance frequency is determined, according to [22, 23], from the
following equation:

�2 = [η cos(φH−φM) + cos 2φM ][η cos(φH−φM) − sin2φM ]. (5)

Although the anisotropy of the resonance fields is fully determined by relations (4) and
(5), their values are provided via the solutions of the secular equation for the wave vectorK.
These equations are presented in the appendix for the parallel and orthogonal orientations
of the magnetic field with respect to the sample plane (formulas (A5) and (A6)). The
equations (A1)–(A6) enable us to analyse the effect of material constants on the change of
the resonance-field values. The analysis shows that for the case whereε = 0 the magnitude
of the resonance field in the orthogonal orientation is equal to the frequency of the free
Larmor precession�. In the case whereε 6= 0 and, at the same time,ε � η andL = 0,
the resonance fieldη⊥ > �. For all of the casesη‖ < �. L 6= 0 only causes the resonance
field η⊥ to become< �, and

�2

1 + L2
= η‖(η‖ + 1)

�

1 + L2
= η⊥ − 1. (6)

Table 3. Values of the inherent magnetic inductionHi = 4πM − HA (the error is±0.005 T)
obtained by means equations (5)–(7) and data from figure 3. Calculations are performed for the
samples before hydrogen desorption (t = 0) and after prolonged hydrogen desorption (t = t1,
where thet1 are given in table 1).

Hi(T )Number of
the sample t = 0 t = t1

N1 0.063 0.020
N2 0.216 0.020
N3 0.077 0.020
N4 0.060 0.023
N5 0.070 0.020
N6 0.023 0.023

Equations (4)–(6) and the experimental data in figure 3 for the resonance field enable
us to obtain the values of the local inductionHi and the dimensionless damping constant
L. The values ofHi are given in table 3.

Experiment shows that in the Fe55Cr25Ni20 noncharged sampleH⊥ = 0.2022 T is
smaller thanω/γ = 0.3200 T, but after introducing hydrogen into the sample the picture
becomes the opposite:H⊥ > ω/γ (see table 1). Such behaviour ofη under the influence
of hydrogen attests to a significant decrease of the magnetization damping constant. In fact,
using (6) we have found thatL = 1.04 for the noncharged sample andL = 0.2 ± 0.05
for the hydrogen-charged one. Therefore, the hydrogen atoms make magnetization of the
sample more homogeneous. Apart from this, the value of the saturation magnetization is
increased in the presence of hydrogen, which is revealed by the change of the shift in value
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of the resonance fieldsH‖, H⊥ and the intensity of the FMR signal being proportional with
the change of hydrogen concentration in the sample during desorption. From table 3 one
can see the change of the local induction values in the sample,Hi = 4πM − HA.

The anisotropy of the width of the FMR signal shown in figure 3 has a shape typical for
thin metallic samples with weak inhomogeneous ferromagnetism. The signal width is mainly
determined by three contributions: the exchange scattering of electrons by hydrogen atoms,
independent of orientation but proportional to hydrogen concentration; the distribution of
orientations of magnetization in the sample; and the inhomogeneity of local magnetic
induction values.

Let us expand the signal width1Hp−p in terms of the small deviations〈δφ〉 and〈δHi〉
whereφ is the angle between the magnetic moment and the external magnetic field:

1Hp−p = 〈δH0〉 + 〈δφ〉 ∂Hres

∂φ
+ 〈δHi〉 ∂Hres

∂Hi

. (7)

Equations (4) and (5) for the resonance field allow one to find∂Hres/∂φ and∂Hres/∂Hi ,
and to evaluate the mean values of the three contributions in (7). The following data were
obtained for sample N3:

〈δH0〉 = 0.1285 T 〈δHi〉 = 0.02 T 〈δφ〉 = 0.32◦. (8)

Thus, the isotropic scattering of electrons provides the main contribution to the FMR
signal width in the hydrogen-charged sample. As1Hp−p becomes markedly smaller than
〈δH0〉 during hydrogen desorption (see table 1, sample N3), hydrogen atoms must be the
scattering centres for electrons.

Three main facts indicate the growing role of s electrons in the formation of the
magnetic structure in hydrogenated austenite: (i) the resonance field is close to the value
of ω/γ ; (ii) the magnetization becomes stronger; and (iii) the magnetization becomes more
homogeneous. At the same time theT 3/2-law for magnetizationM(T ) is determined by the
d-electron subsystem. This allows us to reach some conclusions about the type of hydrogen-
induced magnetism. A strong s–d interaction between the spin-unpaired s electron of the
hydrogen atom and d electrons of the host atoms leads to the creation of extended areas
of enhanced spin polarization in the vicinity of the hydrogen atom. Spin–spin correlation
binds these areas over the whole crystal if the average distance between hydrogen atoms is
sufficiently small (see also section 4.2).

The temperature dependence of the signal integral intensity in figure 4 shows that the
hydrogen desorption process doubles the contribution of hydrogen concentration to theI (t)

function. On the one hand, the saturation magnetization atT = 0 is changed; on the other,
the Curie temperature decreases with the decrease of hydrogen concentration. One has to
expect, as a result, that theI (t) will turn out to be multiexponential functions. In fact, a
double exponent is obtained for short time periods. Taking this into account, for higher
reliability we measured1Hp−p(t) which is proportional to the hydrogen concentration. As
follows from figure 6, the two functions,ωI (t) and ωδH (t), provide the same activation
enthalpy for the jumps of the hydrogen atoms.

4.2. The enthalpy of activation and the frequency factor

The fact that the activation enthalpy obtained from the temperature–time measurements is
consistent with the enthalpy of hydrogen migration in austenite gives strong evidence that
the rate of hydrogen desorption from the samples is controlled by migration of the hydrogen
atoms in the FCC crystal lattice. The value of the pre-exponential (frequency) factor in this
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case characterizes the diffusion length of a hydrogen atom which leads to a detectable
change of magnetic structure.

Three scale factors essentially affect the change of the FMR signal: (1) the length of the
microwave-field inhomogeneity in the sample characterized by the depth of the skin layer
in the alloy studied; (2) the inhomogeneity of the hydrogen atom distribution; and (3) the
length of the magnetic inhomogeneity determined by the length of the electron spin–spin
correlation.

In accordance with the diffusion theory, the ratio of the frequency factor obtained in
[12–15] to the one in this study allows one to find the diffusion length of hydrogen atoms,
ld , which is crucial for the change of magnetization in the sample in our experiments:

ld = a0(ω00/ω0)
1/2 = 6 × 10−5 cm (9)

wherea0 is the crystal lattice parameter. Thus, the value of the diffusion lengthld is within
the following limits: RH � ld � δ, whereRH = 10−7 is the average distance between
hydrogen atoms at their initial concentration†; δ = 3 × 10−4 cm is the skin layer depth in
this alloy [24]. Therefore,ld does not characterize inhomogeneity of the microwave field or
the distribution of hydrogen atoms in the crystal lattice. The valueld characterizes the scale
of the spin correlation length of s electrons responsible for the FMR signal. In other words,
the small value of the frequency factor measured in the FMR studies reflects the distance
of hydrogen atom migration which causes a detectable change in the hydrogen-induced
magnetic structure. The FMR signal caused by hydrogen disappears when the hydrogen
concentration achieves a crucial value withRH = 10−5. In contrast, in the IF studies of
anelastic relaxation the frequency factor characterizes the migration distance of hydrogen
for the given relaxation time. As shown in [15], the value of the IF frequency factor in
hydrogenated austenite corresponds to one or several jumps of the hydrogen atom needed
for the reorientation of different multi-atom complexes (noncubic defects in the FCC lattice).

We feel that it is important that the value of the activation enthalpy determined here
is consistent with the data from other experiments [12–15] and that, at the same time, the
value of the frequency factor is surprisingly small. The latter attests to the fact that the s
electrons of hydrogen atoms are bound with the spin and electron densities of the host atoms
and take part in the formation of the alloy magnetic structure provided that the distance
between the hydrogen atoms is smaller than the length of the spin–electron correlation.

5. Conclusions

1. Hydrogen causes a new line in the FMR spectrum of Fe55Cr25Ni20 alloy, which
disappears in the course of hydrogen desorption.

2. Hydrogen dissolution in Fe55Cr25Ni20 alloy increases the saturation magnetization
and the Curie temperature. It is shown that the main contribution to the broadening of the
hydrogen-induced FMR line is given by scattering of electrons by hydrogen atoms.

3. Hydrogen desorption results in the decrease of the integral intensity of the FMR
signal and its narrowing. From measurements of the rates of decay of the FMR signal and
change of its width the values of the activation enthalpy of desorption, 0.56± 0.02 eV, and
the frequency factor,ω0 = (3.0± 0.1) × 106 s−1 were obtained. The activation enthalpy of
hydrogen desorption is consistent with that for hydrogen migration in CrNi austenitic steels
measured with the help of other experimental techniques, while the value of the frequency

† In fact, RH is smaller on account of the higher concentration of hydrogen in the surface layer according to the
hydrogen concentration profile introduced by cathodic charging (see, e.g., [10]).
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factor is about seven orders of magnitude smaller than the one obtained from the internal-
frequency measurements. The low value of the frequency factor and the fact of the effect
of the hydrogen on the FMR signal itself prove that hydrogen atoms induce the areas of
high spin polarization in their surroundings, and the linear size of these areas is about of
the length of spin–spin correlation,ld ≈ 10−5 cm.
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Appendix

The absorption of the microwave power is equal to

P = (c/4π)2h10 ReZ (A1)

where the complex impedanceZ can be expressed through solutions of Maxwell equations
and the Landau–Lifshitz equation in the following way:

Z =
∑

i

Kih1i . (A2)

h10 is the amplitude of the microwave field applied to the sample.h1i are electromagnetic
fields at the sample surface:

h1i = (Ti+1Ri+2 − Ti+2Ri+1)
/∑

i

(Ti+1Ri+2 − Ti+2Ri+1). (A3)

The summation in (A3) is performed for a number of solutions of the secular equation for
the wave vectorKi, i = 1, 2, 3. R andT in (A3) are expressed through the wave vectorsKi :

Ri = Ki(K
2
i − K2

0) K2
0 = 2iε2 ε2 = A/2πH 2

i δ2

Ti = Ki [(K2
i − η)(K2

i − K2
0) + K2

0]

i� + L(1 + η − K2
i )

.
(A4)

A is the constant of the exchange interaction.
The equation for the wave vectorK has the following form for (a) the case whenH

parallel to the sample plane:

(K2 − K2
0)(K6 − C1K

4 + C2K
2 − C3) = 0

C1 = K2
0 + 2η + 1 + 2L�/(1 + L2)

C2 = (η + 2K2
0)(η + 1) − [�/(1 + L2)][� + L(4ε2 − i(2η + 1))]

C3 = K2
0[(η + 1)2 − (�/(1 + L2))(� − 2iL(η + 1))]

(A5)

and the following form for (b) the case ofH orthogonal to the sample plane:

K4 + K2[�/(iL ± 1) − η − K2
0] − K2

0[�/(iL ± 1) − η − 1] = 0. (A6)
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