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Abstract. Fe-rich Fe100−xTix alloys in the Ti concentration range 96 x 6 11 have been
successfully prepared in theamorphousstate for the first time using the DC co-sputtering method.
Exhaustive ferromagnetic resonance (FMR) measurements were performed on these alloys at a
fixed microwave-field frequency of about 9.23 GHz in the temperature range 77–300 K. In
this temperature range, a single resonance is observed for the alloys withx = 10 and 11
as against two resonances (primary and secondary), having different properties, in the case
of a-Fe91Ti9. For the primary (single) resonance in a-Fe91Ti9 (the alloys withx = 10 and
11), the ‘in-plane’ uniaxial anisotropy fieldHK(T , x) scaleswith the saturation magnetization
MS(T , x). This result suggests that the anisotropy energy is of dipolar origin. By contrast, the
relationHK ∝ MS breaks down in the case of secondary resonance. The primary and secondary
resonances thus characterize two distinctly different amorphous magnetic phases which widely
differ in their chemical as well as geometrical short-range orders. For all the alloys in question,
thermal demagnetization is mainly due to spin-wave (SW) excitations, and the SW stiffnessD

decreases with increasingx. SW modes soften atT 6 TRE (the so-called re-entrant transition
temperature) andD possesses a reduced value forT < TRE . The existence of a re-entrant state
at low temperatures is also vindicated by the rapid increase in the magnitude of the peak-to-peak
FMR linewidth1Hpp below a certain temperature. The temperature at which an upturn occurs
in 1Hpp(T ) shifts to lower temperatures as the Fe concentration is decreased, indicating that
the re-entrant behaviour is progressively suppressed with increasingx.

1. Introduction

The physical properties of amorphous (a-)Fe100−x TMx (TM = Zr, Hf or Sc) alloys with
x in the range 86 x 6 12 have been a field of intense scientific activity lately. Such
overwhelming interest in these alloy systems stems from the fact that they exhibit a wide
variety of novel physical phenomena such as itinerant ferromagnetism [1–5], the Invar
effect [3, 6–8], re-entrant or spin-glass behaviour at low temperatures [1, 4, 5, 9–16], a broad
distribution of magnetic hyperfine fields [10, 12–14, 16–23], anomalous resonant microwave
absorption [24–28] and electrical resistivity minima [29–31] at temperatures close to the
Curie temperatureTC . Although Ti, Zr and Hf belong to thesamegroup in the periodic
table, little information is at present available about the nature of magnetic ordering and
transport phenomena in a-Fe100−xTix alloys in the Ti concentration range 206 x 6 45
(20 6 x 6 45 [32–34]). Such information (crucial to a complete understanding of the
physical behaviour of Fe-rich amorphous alloys) about these systems could not be gathered
in the past because Fe100−xTix alloys with x < 20 could not be prepared [33, 34] in the
amorphous state previously. We have succeeded in preparing amorphous alloys over the
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Figure 1. X-ray diffraction scans for a-Fe100−xTix (x = 9, 10 and 11) alloys.

composition range from Fe91Ti9 to Fe89Ti11 by the DC co-sputtering method. In this paper,
we report the results of detailed ferromagnetic resonance (FMR) measurements performed on
a-Fe100−xTix alloys with x = 9, 10 and 11. Such measurements were undertaken in order
to ascertain the nature of magnetic order, low-lying magnetic excitations and anisotropy
in these non-crystalline systems. Suitability of the FMR technique for the type of study
intended is dictated by its capability not only to distinguish clearly [24, 26, 27] between
different kinds of magnetic order (because they give rise to markedly different variations
in the FMR linewidth with temperature) but also to determine unambiguously [24, 27] the
type of anisotropy present.

2. Experimental details

a-Fe100−xTix (x = 9, 10 and 11) films of thickness about 0.25µm were deposited by the DC
co-sputtering process onto water-cooled glass substrates under a high-purity argon pressure
of 5× 10−4 Torr. The target voltage ranged between 1 and 2 kV, and the glow discharge
was sustained by a static magnetic field of magnitude 200 Oe pointing in a direction that
is normal to the Ti and Fe target surfaces (facing each other) but lies within the substrate
plane. The films so formed were examined by the x-ray diffraction method which makes
use of Cu Kα radiation. The x-ray diffraction intensity versus angle scans taken in the range
5◦ 6 2θ 6 85◦, but shown in figure 1 in the range 6◦ 6 2θ 6 66◦ only because the intensity
remains essentially constant at the background value for angles 66◦ 6 2θ 6 85◦, reveal
broad peaks characteristic of amorphous materials. The amorphous nature of the films was
further confirmed by high-resolution electron microscopy (HREM) in that HREM indicated
no crystalline regions.
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The field derivative dP/dH of the microwave powerP absorbed during the FMR
process was measured as a function of the external static magnetic fieldH at fixed
temperatures on rectangular films of typical dimensions 4 mm(length) × 3 mm (width)
using horizontal–parallel (‖h) and vertical–parallel (‖v) sample configurations (in which
H lies in the film plane and is directed along the length and width, respectively). Such
measurements were carried out at a fixed microwave frequency of about 9.23 GHz on a
JEOL FE3X electron spin resonance spectrometer in the temperature range 77–300 K. The
sample temperature was varied between 100 and 300 K by regulating the flow of cold
nitrogen gas through the annular space in the double-walled quartz jacket surrounding the
quartz tube which contains the sample (the whole quartz assembly is housed within the
microwave cavity). A proper gas flow was achieved by controlling the power input to a
heater, immersed in a liquid-nitrogen (LN2) container, with the aid of a proportional, integral
and differential temperature controller. A pre-calibrated copper–constantan thermocouple
situated outside the microwave cavity served as a control sensor while another pre-calibrated
copper–constantan thermocouple in direct contact with the sample was used to monitor the
sample temperature. The temperature stability achieved at the sample site was better than
±50 mK. FMR measurements at 77 K were performed by directly immersing the sample in
LN2 contained in a tailed Dewar which is in the microwave cavity. The physical quantities
deduced from the dP/dH versusH curves are the resonance fieldHres , defined as the field
where the dP/dH = 0 line cuts the dP/dH versusH curve, and the peak-to-peak linewidth
1Hpp, defined as the difference between the field values corresponding to the extrema in
the dP/dH versusH curve.

Hres and1Hpp were measured as functions of the angle between the external static
magnetic field (H) direction and the sample plane or between the direction ofH and
the easy axis within the sample plane with the aid of a goniometer attachment (mounted
on the microwave cavity) which enabled rotation and orientation of the sample plane at
specific angles with respect to the direction ofH. Two different sample configurations, i.e.
‘in-plane’ (IP) and ‘out-of-plane’ (OP) configurations, were used. In the IP configuration,
H can have any direction (specified by an angleψ) within the sample plane with respect
to the easy axis whereas, in the OP geometry,H can be oriented at any angleα in the
range 0–180◦ with respect to the sample plane. The microwave power absorption derivative
(PAD) curves were recorded at different angles in each of the two sample configurations
at temperatures of 106 and 301 K. Repeated experimental runs on the sputtered films in
question revealed that the reproducibility as well as accuracy with whichHres and1Hpp
have been measured are 1% and 5%, respectively.

3. Results and discussion

Figures 2–4 depict the microwave (PAD) curves at a few representative temperatures in the
range 100–300 K taken in the‖h sample configuration for a-F100−xTix alloys withx = 9, 10
and 11. The PAD curves recorded in the‖V sample configuration are identical with those in
these figures except for a systematic shift in the resonance field to a higher value compared
with that observed in the‖h sample geometry at a given temperature. In view of the striking
similarity between the sets of the data taken in the‖h and‖v sample configurations, the data
taken in the former configuration alone are presented. A scrutiny of the PAD curves for
different compositions in the alloys series in question (figures 2–4) reveals that such curves
for the alloys withx = 10 and 11 consist of asingle resonance, which shifts to higher fields
and narrows as the temperature is raised from 100 to 300 K, whereas those for the alloy
with x = 9 consist oftwo resonances, which become better resolved as the temperature is
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Figure 2. Microwave PAD versus applied static magnetic field curves at different temperatures
in the ‖h sample geometry for a-Fe91Ti9 alloy.

increased from 100 to 300 K. Two resonances observed in the case of the a-Fe91Ti9 sample
at all temperatures in the range 77 K6 T 6 300 K (note that the FMR spectrum taken
at 77 K, not shown in figure 2, also exhibits a signature of the second resonance—the
resonance at higher fields) obviously suggest the presence of two amorphous phases, which
differ slightly in composition, in the a-Fe91Ti9 thin film sample. However, x-ray diffraction
scans taken at room temperature (300 K) do not indicate (figure 1) the presence of two
amorphous phases either in this alloy or in the other two alloy compositions (x = 10 and
11). From these observations, we conclude that the two amorphous phases differ appreciably
only in the composition but not in the average interatomic spacings.

The realization that the observed value of resonance fieldHres can significantly differ
from the actual (‘true’) resonance centre when the peak-to-peak FMR linewidth1Hpp forms
an appreciable fraction ofHres , as is at present the case (figures 2–4), necessitated a complete
lineshape analysis of each resonance line separately. The Landé splitting factorg and
saturation magnetizationMS were determined to an accuracy of 1% and 2%, respectively,
by the lineshape analysis the details of which have been given elsewhere [24–27]. This
lineshape analysis makes use of the observed values of1Hpp and those of the IP uniaxial
anisotropy fieldHK derived for the relation

HK ' (H ‖vres −H ‖
h

res)/2 (1)

(valid for HK � 4πMS), using the measured values of resonance field in the‖h and

‖v sample configurations, i.e.H ‖
h

res andH ‖
v

res , for the alloys withx = 10 and 11. Since

1Hpp, H ‖
h

res andH ‖
v

res (and henceHK ) could not be directly determined from the observed
PAD curves in the case of the a-Fe91Ti9 thin film, all the four parameters, i.e.g, MS ,
1Hpp andHK , had to be varied in the least-squares fit computer program for the lineshape
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Figure 3. Microwave PAD versus applied static magnetic field curves at different temperatures
in the ‖h sample geometry for a-Fe90Ti10 alloy.

calculation [24–27] so as to optimize agreement with the experimental variation in dP/dH
with H . The theoretical fits so obtained are denoted by open circles in figure 5, which
serves to illustrate the accuracy with which theory reproduces the experimental variation
in dP/dH with H at all temperatures for the amorphous thin films under study. Excellent
agreement between theory and experiment demonstrates that the Landau–Lifshitz–Gilbert
(LLG) equation of motion for magnetization (which forms the basis for theoretical lineshape
calculation) adequately describes the resonant behaviour of all the compositions in the
amorphous alloy series in question over the entire temperature range covered in the present
investigation. Besides yielding accurate values forHres , MS andg (plus1Hpp andHK for
the alloy withx = 9) at different temperatures, the lineshape analysis reveals that

(i) the splitting factorg has a temperature-independent and composition-independent
value of 2.07± 0.02,

(ii) the corrections to the observed values ofHres due to finite linewidth for the alloys
with x = 10 and 11 are so small as to fall well within the uncertainty limits (about±1%
or less) even for temperatures as low as 77 K where1Hpp attains fairly large value,

(iii) the FMR lineshape observed at different temperatures in the range 77–300 K for a-
Fe91Ti9 is composed of two resonances, namely the ‘so-called’primary resonance atlower
fields and thesecondaryresonance athigher fields (figure 5) and

(iv) MS andHK possesshigher values in the case of the primary resonance than for the
secondary resonance at all temperatures in the investigated temperature range andHK ' 0
for the secondary resonance at temperatures ranging between 77 and 300 K.

The observation (ii) mentioned above implies that the lineshape analysis leaves the
values ofHres (and hence ofHK ) at different temperatures, obtained from the PAD curves
directly for the amorphous alloys withx = 10 and 11, essentiallyunaltered while the
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Figure 4. Microwave PAD versus applied static magnetic field curves at different temperatures
in the ‖h sample geometry for a-Fe89Ti11 alloy.

Figure 5. Microwave PAD versus applied static magnetic field curves for a-Fe91Ti9 taken at
106 and 301 K in the‖h sample configuration. The solid curves depict the observed variation
while the open circles denote the theoretical values obtained from the lineshape calculation.
Lineshape calculations reveal that the observed PAD curve at a given temperature is composed
of two resonances (primary and secondary) represented by the broken curves in this figure.

lineshape calculations yield accurate values forHres(T ), HK(T ), 1Hpp(T ) and MS(T )

(besidesg) for both primary as well as secondary resonances in the case of a-Fe91Ti9. The
functional dependences ofHres , 1Hpp, HK andMS on temperature for the alloys with
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Figure 6. Temperature dependence of the resonance fieldHres for a-Fe100−xTix (x = 9, 10 and
11) films in the‖h sample geometry.

Figure 7. Variation in the ‘peak-to-peak’ FMR linewidth1Hpp with temperature for a-
Fe100−xTix (x = 9, 10 and 11) films in the‖h sample configuration. The solid curves through the
data points (denoted by open circles) represent the best least-squares fits based on equation (2) of
the text. The broken curves serve to highlight the onset of the upturn in1Hpp(T ) at temperatures
marked by downward arrows.

x = 10 and 11 as well as for the primary resonance for the a-Fe91Ti9 alloy are depicted
in figures 6, 7, 8 and 9 respectively. (Figure 10 shows the corresponding data for the
secondary resonance; note thatHK ' 0 for this resonance.) For reasons stated later, the
data for the primary resonance in a-Fe91Ti9 alone are compared with the corresponding data
obtained for the single resonance in the alloys withx = 10 and 11 in figures 6–9. Another
point that deserves attention is that the Curie temperatures for the glassy alloys in question
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Figure 8. Variation in the IP uniaxial anisotropy fieldHK with temperature for a-Fe100−xTix
(x = 9, 10 and 11) alloys.

lie well above 300 K, considering the present observation that the fractional reduction in
MS(T ) over the range 77 K6 T 6 300 K is barely 10%.

3.1. Ferromagnetic resonance linewidth

The upturn in1Hpp(T ) at low temperatures, clearly apparent for the alloys withx = 9 and
10 (figure 7), is reminiscent of the variation in1Hpp with temperature usually encountered
in the amorphous and crystalline spin systems that exhibit re-entrant behaviour at low
temperatures. In such systems,1Hpp is found [35–37] to vary with temperature in
accordance with the expression [35–38]

1Hpp(x, ν, T ) = 00(x, ν)+ 01(x, ν)[T/T0(x, ν)] exp[−T/T0(x, ν)] (2)

which is based on the infinite ferromagnetic matrix plus finite ferromagnetic clusters model
[4, 16, 39–41]. In equation (2),00 is the value of linewidth in the intermediate-temperature
range where it is either temperature independent or weakly dependent on temperature,01 is
a parameter which, among other physical quantities, depends on the number of spins per unit
volume in the infinite ferromagnetic cluster and the anisotropic interactions between the spins
of the finite clusters and those of the infinite cluster, andT0 is the temperature at which the
finite clusters freeze in random orientations;00, 01 andT0 all depend on the concentration
x of the magnetic atoms in the alloy system and the microwave-field frequencyν. The
continuous curves through the1Hpp(T ) data points shown in figures 7 and 10 represent
the best least-squares fits based on equation (2) with the choice of parameters00, 01 and
T0 given in table 1. The very fact that the observed variation on1Hpp with temperature is
closely reproduced by the theoretical variation predicted by equation (2) strongly suggests
that the amorphous alloys in question exhibit re-entrant behaviour at low temperatures.
Moreover, the theoretical variations (figures 7 and 10), when extrapolated to 77 K, yield
values which conform well with the observed data at that temperature for all the three
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Figure 9. Variation inMS with temperatures for a-Fe100−xTix (x = 9, 10 and 11) alloys. The
solid curves through data points (denoted by open circles) are the best least-squares fits to the
data taken in the temperature range 100 K6 T 6 300 K (50 K6 T 6 300 K for the alloy with
x = 9) based on equation (4) of the text withD(T ) = D(0) andβ = 0.

compositions. An increase (decrease) in the value of01 (T0) as the concentration of Fe
is increased (table 1) has also been previously observed [24, 27] in a-Fe100−xZrx alloys in
the same concentration range as the present one. At this stage, it should be pointed out
that equation (2) is strictly valid only forT � T0 but this expression fits the1Hpp(T )
data even forT � T0. Extensive study [24, 26, 27] of the homologous alloy system, i.e.
a-Fe100−xZrx , has revealed that, contrary to the theoretical predictions [38], a direct relation
betweenT0 and the re-entrant transition temperatureTRE does not exist. Generally, in
re-entrant systems, the upturn in1Hpp(T ) starts at a temperature of about 2TRE so that
the data presented in figures 7 and 10 indicate thatTRE shifts to lower temperature asx
increases.

3.2. ‘In-plane’ uniaxial anisotropy field

At first sight, the temperature dependences ofHK and MS shown in figures 8 and 9
might seem to suggest thatHK bears no relationship withMS but, whenHK(T ) is plotted

Table 1. Parameter values for the fits to the1Hpp(T ) data based on equation (2) of the text.
The numbers in parentheses denote the error in the least significant figure. The abbreviations P
and S stand for the primary and secondary resonances, respectively.

00 01 T0

Composition (Oe) (Oe) (K)

Fe89Ti11 159.9 (21) 134.4 (26) 98.8 (12)
Fe90Ti10 135.7 (23) 153.0 (25) 70.0 (10)
Fe91Ti9(P) 139.4 (26) 214.2 (28) 54.9 (11)
Fe91Ti9(S) 143.0 (25) 153.0 (25) 59.4 (16)
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Figure 10. Variations in resonance fieldHres , linewidth 1Hpp andMS with temperature for
the secondary resonance in a-Fe91Ti9 alloy. The open circles denote the data points while the
solid curves depict the theoretical variations predicted by equations (2) and (4) withβ = 0,
D(T ) = D(0) and the choice of parameters given in tables 1 and 2.

againstMS(T ) in figure 11 for a-Fe90Ti10, a linear relation between them becomes apparent.
However, the same type of proportionality betweenHK(T ) andMS(T ) is not evident for
the remaining two compositions unless cognizance is taken of the following remarks. In the
present measurements, the fieldH in the dP/dH versusH scans cannot be resolved to better
than 2.5 Oe. Thus, the smaller the value ofHK , the greater is the error in the determination
of HK . To elucidate this point further, for the alloys withx = 9 and 11,HK has temperature-
independent values of 32±2.5 Oe (for the primary resonance) and 25±2.5 Oe, respectively,
so that the change inHK with temperature, if any, can be detected only when the percentage
change exceeds 16% and 20% for the compositionsx = 9 and 11. Now that the percentage
change inMS between 100 and 300 K, i.e. 100{[MS(100 K)−MS(300 K)]/MS(100 K)}, is
7% (for the primary resonance) and 16% for the alloys withx = 9 and 11, a similar change
in the quantityHK , i.e. 100{[HK(100 K) − HK(300 K)]/HK(100 K)}, will go undetected
because it falls well within the uncertainty limits set by the resolution ofH . Thus, the
observed temperature variations inHK and MS in these two alloys do not exclude the
possibility thatHK(T ) ∝ MS(T ). In this context, it is important to note that, at any given
temperature in the range 100–300 K,HK , like MS , goes through a peak atx = 10 as a
function of Ti concentrationx. A linear relation of the type

HK(T ) = αMS(T ) (3)

which is found to hold for a large number of amorphous ferromagnets [42–47], is a
characteristic property of long-range ferromagnetic order. Equation (3) permits calculation
of the uniaxial anisotropy constantKu(T ), when the value of the constantα, i.e. the slope of
the least-squares fit straight line through the data in aHK(T ) versusMS(T ) plot (figure 11),
is used in equation (3) andHK(T ) is set equal to 2Ku(T )/MS(T ). The value ofKu at 77 K
computed in this way for the alloy withx = 10 turns out to be 2.60× 105 erg cm−3.
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Figure 11. HK(T ) as a function ofMS(T ). The straight line through the data points represents
the best least-squares fit to the data based on equation (3) of the text.

Similar values have been reported [42–47] forKu in many amorphous systems. However,
for melt-spun a-Fe90Zr10, Ku(77 K) = (2.91± 0.40) × 104 erg cm−3 [24]. The validity
of equation (3) in the present case indicates that the coupling energy of the anisotropy is
dipolar in origin, i.e. this anisotropy probably results from the atomic pair ordering [42, 47]
which may have been introduced during the rapid solidification process in the presence
of an applied field of magnitude 200 Oe. Considering thatMS has a value as high as
1000 G (figure 10) whileHK ' 0 in the entire temperature range 77 K6 T 6 300 K
for the secondary resonance in the alloy withx = 9, the relation betweenHK andMS

of the form equation (3) breaks down completely. The observation thatHK = 0 implies
that the magnetization vector of the amorphous ferromagnetic phase that gives rise to the
secondary resonance has no preferred direction in the sample plane in the absence of an
external magnetic field. Moreover, widely different values ofMS and HK for the two
magnetic phases in a-Fe91Ti9 are manifestations of the distinctly different chemical and
geometrical short-range order in the two amorphous phases. In this respect, the secondary
resonance differs from not only the primary resonance in a-Fe91Ti9 thin film but also the
single resonance observed in the other compositions in the present alloy series. In order that
a comparison between different sets of data is meaningful, theHres(T ), 1Hpp(T ), HK(T )
andMS(T ) data for the primary resonance alone are included in figures 6–9 together with
similar data on the remaining compositions whereas the variations inHres , 1Hpp andMS

with temperature for the secondary resonance are separately shown in figure 10.

3.3. Saturation magnetization and low-lying magnetic excitations

With a view to identifying the types of ‘low-lying’ magnetic excitations that are primarily
responsible for the decline of magnetization with increasing temperature and to determine
the relative magnitudes of their contributions to thermal demagnetization in different
temperature ranges, an elaborate data analysis, the details of which have been given
elsewhere [4, 14, 27, 48], of theMS(T ) data, shown in figures 9 and 10. was carried out.
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As a part of this exercise, the expression

M(H,0)−M(H, T )
M(H,0)

= gµB

M(H,0)

[
Z( 3

2, tH )

(
kBT

4πD(T )

)3/2

+15πβZ( 5
2, tH )

(
kBT

4πD(T )

)5/2]
(4)

has been least-squares fitted to theMS(T ) data in the temperature ranges 150 K6 T 6
300 K, 100 K6 T 6 300 K and 77 K6 T 6300 K for the alloys withx = 9, 10 and 11,
respectively. In equation (4), the Bose–Einstein integral function

Z(s, tH ) =
∞∑
n=1

n−s exp(−ntH ) (5)

with tH = Tg/T = gµBHeff /kBT , accounts for the extra energy gapkBTg = gµBHeff in
the spin-wave (SW) spectrum arising from the effective fieldHeff = H − 4πNM + HK
(whereN , M andHK are the demagnetizing factor, magnetization and anisotropy field,
respectively) which the spins experience within the sample. The main outcome of such least-
squares fits is that theT 3/2 term in equation (4) without the temperature renormalization of
the SW stiffness coefficientD, i.e. by settingD(T ) = D(0) (the value ofD at 0 K), alone
provides the best least-squares fit to theMS(T ) data in the above-mentioned temperature
ranges with the choice of parametersMS(0) andD(0) given in table 2.MS(0) andD(0)
are plotted against Fe concentration in figure 12. It is noticed from this figure thatMS(0)
goes through a peak (atx = 10) as a function ofx while D(0) increaseswith decreasing
x. By comparison,MS(x) has essentially the same functional form butD(0) decreases
with decreasingx in a-Fe100−xZrx alloys with x in the range 86 x 6 12 [4, 14, 19]. A
pictorial demonstration of this result is provided by theMS versusT 3/2 plots displayed in
figure 13 which are evidentlylinear in the temperature ranges mentioned above. The solid
straight lines drawn through the data points in this figure and the solid curves in figures 9
and 10 represent the best theoretical least-squares fits to the data based on equation (4)
with the choice of parameters given in table 2. Close agreement between theory and
experiment in the specified temperature ranges obviously implies that SW excitations alone
completely account for the observed thermal demagnetization. In arriving at these fits, the
values ofg and the anisotropy fieldHK determined at present as well as knowledge of the
demagnetization factors from low-field (H 6 10 Oe) magnetization data have been used
to calculate the effective fieldHeff and the value ofHeff so obtained is, in turn, used
to compute the Bose–Einstein integral functionZ(3/2, tH ). In figures 9, 10 and 13, the
data point taken at 77 K for each composition is deliberately omitted so that the data in
the temperature range 100 K6 T 6 300 K could be plotted on a more sensitive scale.
If the theoretical variation inMS with T is extrapolated to 77 K, the data point at 77 K
falls on the theoretical curve only for the alloy withx = 11 but not for the remaining two
compositions for which it lies above. A sudden increase inMS(T ) as the temperature is
lowered below 150 K in a-Fe91Ti9 (figures 9 and 10) signals a progressive decrease in the
value of SW stiffness and hencesofteningof theSW modes, as the temperature is decreased
through TRE ' 150 K. The same explanation could be offered for the observation that
the value ofMS at 77 K for the alloy withx = 10 exceeds that expected on the basis of
the BlochT 3/2 variation with the value of SW stiffness obtained in the temperature range
100 K6 T 6 300 K. In view of this argument, it seems thatTRE for a-Fe90Ti10 lies between
77 and 100 K whereas for a-Fe89Ti11 it lies below 77 K. This inference is in conformity with
the general observation [16, 24, 27] that the onset of the sudden increase in1Hpp(T ) at low
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Figure 12. Variations in saturation magnetizationMS(0) and SW stiffness coefficientD(0) at
0 K with Fe concentration in a-Fe100−xTix (x = 9, 10 and 11) alloys.

Table 2. SW parameters for the alloys investigated. The numbers in parentheses denote the
error in the least significant figure. P and S stand for the primary and secondary resonances,
respectively.

MS(0) D(0)
Composition (G) (meVÅ2)

Fe89Ti11 1077 (2) 81 (2)
Fe90Ti10 1709 (2) 91 (2)
Fe91Ti9(P) 1469 (2) 107 (3)
Fe91Ti9(S) 1108 (2) 134 (3)

temperatures lies consistentlyhigher than the value ofTRE determined from the temperature
dependence ofMS . Within the framework of the model proposed by Kaul [4, 16, 39–41],
this finding indicates that the freezing of finite spin clusters in random orientations starts at
a temperature well aboveTRE and the freezing process takes place over a wide temperature
range rather than abruptly at a certain well defined temperature. Hence, the transition to the
re-entrant state (which is a mixed state in which cluster spin glass order coexists with long-
range ferromagnetic order) is not a true thermodynamic phase transition in that the finite
spin clusters do not cooperatively freeze in random orientations abruptly at temperatureTRE
but instead the freezing process is a thermally activated process which occurs over a wide
temperature range. This implies that, as the temperature is lowered below room temperature
(in the present case), the largest cluster freezes first and subsequently smaller and smaller
clusters freeze in random directions as their relaxation rate slows down so much so that
they do not have sufficient thermal energy to overcome the potential barrier brought into
existence by the frozen larger clusters. The same inference has recently been drawn for the
FMR [24, 27] and M̈ossbauer [14, 16] data on a-Fe100−xZrx (96 x 6 11) alloys. Moreover,
TRE decreases with increasingx in Fe-rich a-Fe100−xZrx alloys, as it does in the present
case.
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Figure 13. SWT 3/2 (Bloch power law) dependence of saturation magnetization for a-Fe100−xTix
(x = 9, 10 and 11) films. The solid curves through the data points represent the least-squares fits
to the data, based on equation (4) of the text withD(T ) = D(0) andβ = 0, in the temperature
range 150 K6 T 6 300 K for the alloy withx = 9 and 100 K6 T 6 300 K for the remaining
two compositions.

3.4. Angular dependence of the resonance field and linewidth

As already mentioned in section 2, the PAD curves for each composition in the investigated
alloy series have been recorded as a function of either the angleψ between the external
static magnetic fieldH direction and the easy axis within the sample plane (i.e. the IP
case) or the angleα between the direction ofH and the sample plane (i.e. the OP case)
at two fixed values of temperature, i.e.T = 106 K andT = 300 K. Since the angular
dependences of the PAD curves (and hence of the derived quantitiesHres and1Hpp) are
almost the same for both these temperatures, only the dP/ dH versusH curves recorded
at T = 300 K for a few representative values of the anglesψ and α are presented and
discussed in this section. Such curves obtained in the IP case for a-Fe91Ti9 and a-Fe89Ti11

are shown in figures 14 and 15. A similar figure for the a-Fe90Ti10 film is not presented
because the angular dependence of lineshapes observed for this alloy is similar to that for
a-Fe89Ti11. A cursory glance at figure 14 suffices to reveal that bothHres and1Hpp for
the secondary resonance in a-Fe91Ti9 are nearlyindependentof the angleψ . An immediate
consequence of this result is thatHK ' 0 for this resonance. This observation is consistent

with our earlier finding thatH ‖
h

res(T ) ' H ‖
v

res(T ) for the secondary resonance (section 3.1).
The angular dependences ofHres and1Hpp at T = 300 K in the IP case for the alloys
with x = 9 andx = 11 are depicted in figures 16 and 17, respectively. WhileHres as
a function of angleψ (for definition of angleψ see figure 18) goes through a peak at
ψ = 90◦, 1Hpp(ψ) exhibits a minimum at the same value ofψ . The curves drawn through
the data points in figure 16 represents the best theoretical least-squares fits to the data that
are arrived at by the following procedure. First, the equilibrium condition [28]

sinψ

sinφ
− cosψ

cosφ
− HK

Hres
= 0 (6)
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Figure 14. dP/dH versusH curves at various anglesψ in the IP geometry for the a-Fe91Ti9
alloy film.

is solved for a given value of the angleψ , the observed value ofHres at thatψ and a trial
value ofHK to yield the corresponding value of the angleφ (figure 18). The value ofφ so
obtained is inserted into the resonance condition [28]

(ω/γ )2 = [Hres cos(ψ − φ)+ 4πMS +HK cos2 φ][Hres cos(ψ − φ)+HK cos(2φ)] (7)

(where γ = gµB/h̄ is the gyromagnetic ratio,µB is the Bohr magneton andω = 2πν
is the microwave field frequency) andMS and HK are then varied in the least-squares
fit computer program so as to optimize agreement with the valueHres observed at that
particular value of the angleψ . The value ofHK obtained in this way is inserted back into
equation (6) to compute the angleφ whose value is again used in equation (7) to deduce
the refined values ofMS andHK . This iteration procedure is continued until agreement
with the experimental values ofHres at a given value of the angleψ is optimized. In other
words, equations (6) and (7) are self-consistently solved in order to arrive at the optimal
values ofMS andHK (listed in table 3) that corresponds to the theoretical fits shown in
figure 16. The dP/dH versusH curves at a few representative values of the angleα (for
definition of this angle, see figure 18) in the OP case for a-Fe100−xTix (x = 9, 10 and 11)
are shown in figures 19–21. The variations inHres and1Hpp with the angleα for the
samples in question, deduced from the observed PAD curves (figures 19–21), are displayed
in figures 22 and 23, respectively. It is obvious from the data presented in figures 16 and
22 that, while the variation inHres in the IP case as the angleψ is swept from 0◦ to 180◦

is less than 100 Oe,Hres changes by more than an order of magnitude from its value at
α = 0◦ or 180◦ whenα is increased from 0◦ to 180◦ throughα = 90◦ in the OP case. A
similar variation with the anglesψ andα is also observed for1Hpp (figures 17 and 23).
The break in theHres(α) and1Hpp(α) curves in figures 22 and 23 for the angles in the
vicinity of 90◦ should not be interpreted as a signature of divergence sinceHres and1Hpp
for the angles in this range exceed the highest magnetic field (11 kOe) generated by the
electromagnet coupled to the spectrometer. The theoretical fits, denoted by the solid curves
in figure 22, as in the IP case, are obtained by self-consistently solving the expressions [28]
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Figure 15. dP/dH versusH curves at various anglesψ in the IP geometry for the a-Fe91Ti11

alloy film.

Figure 16. Variation in the resonance fieldHres with angleψ in the IP geometry. The solid
curves through the data points (denoted by open circles) are the best least-squares fits based on
equations (6) and (7) of the text.

sinα

sinθ
− cosα

cosθ
− 4πMS +HK

Hres
= 0 (8)

and

(ω/γ )2 = [Hres cos(α − θ)+ (4πMS +HK) cos(2θ)]

×[Hres cos(α − θ)− 4πMS sin2 θ +HK cos2 θ ] (9)
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Figure 17. Variation in1Hpp with angleψ in the IP geometry.

Table 3. Comparison ofMS andHK values deduced from the lineshape analysis of the FMR
spectra with those determined from the IP and OP angular dependences of the resonance field
at T = 300 K. The numbers in parentheses and the symbols P and S have the same meaning as
in tables 1 and 2.

MS (G) HK (Oe)

IP case OP case Lineshape IP case OP case
Lineshape equations equations analysis equations equations

Composition analysis (6) and (7) (8) and (9) equation (1) (6) and (7) (8) and (9)

Fe89Ti11 876 (8) 886 (14) 902 (27) 25 (5) 22 (3) 20 (5)
Fe90Ti10 1537 (23) 1565 (15) 1593 (32) 92 (5) 95 (4) 101 (7)
Fe91Ti9(P) 1336 (10) 1335 (10) 1330 (20) 32 (5) 33 (3) 40 (6)
Fe91Ti9(S) 1012 (23) 1020 (13) 1050 (26) 0 (1) 0 (1) 1 (1)

for MS andHK . The values ofMS andHK arrived at in this way are listed in table 3 while
the equilibrium values ofθ (the angle between the equilibrium direction of magnetization
and the sample plane) at different values ofα (the angle between the external static magnetic
field and the sample plane in the OP case) are plotted in the form ofθ versusα curves in
figure 24 for the a-Fe100−xTix alloys with x = 9, 10 and 11. It is noticed from this figure
that, forα . 70◦, the direction of the magnetization vector is not significantly altered (i.e.
the magnetization vector lies very close to the sample plane) but, asα increases beyond
70◦, the magnetization vector abruptly changes its direction so as to follow the variations in
the field direction. This finding is a manifestation of the fact that the external field is able
to overcome the anisotropy (shape and uniaxial anisotropies) forces only whenα exceeds
70◦. Table 3 compares the values ofMS andHK deduced from the angular dependence of
Hres in the IP and OP cases with those extracted from the lineshape analysis of the FMR
spectra taken atT = 300 K (in the case ofHK , such a comparison is also made with the
values ofHK obtained from equation (1)). That the different sets of data are in striking
agreement with one another emphasizes the fact that the quantitiesMS andHK , like other
physical parametersHres and1Hpp, have been determined accurately in this work.
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(a)

(b)

Figure 18. Coordinate system showing various angles used in the computation of angular
variation of resonance field for the (a) OP and (b) IP cases.

Calculations leading to the theoretical expressions for1Hpp(ψ) and1Hpp(α) are not
as straightforward as those outlined above forHres(ψ) and Hres(α) for the following
reasons. First, as the frequency of the microwave field is held constant and the applied
static magnetic fieldH is swept through resonance in the present experiments, corrections
have to be made for the fact thatM andH are not collinear, so that the change in the
applied field is not the same as the change in theeffectivefield. Second, asH changes,
the direction ofM changes, giving rise to an apparent line broadening which must be
taken into account as well. Such corrections are small in the IP case because the angles
in question are small. However, this is not the case in the OP geometry becauseM
goes out of the sample plane, the demagnetizing fields are large and corrections to the ‘raw’
linewidth data are appreciable. The main complication, particularly in the case of amorphous
ferromagnets, arises from the fact that an unambiguous separation of frequency-independent
and frequency-dependent (LLG) components of FMR linewidth is not possible unless FMR
measurements are carried out at different microwave-field frequencies. Since the present
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Figure 19. dP/dH versusH curves at various anglesα in the OP geometry at 300 K for the
a-Fe91Ti9 alloy film.

Figure 20. dP/dH versusH curves at various anglesα in the OP geometry at 300 K for the
a-Fe90Ti10 alloy film.

measurements were performed at a single fixed value of the microwave-field frequency, the
relative magnitudes of the two contributions to1Hpp could not be determined. To make
matters worse, the above corrections affect the angular dependences of these contributions
differently. Thus, theoretical fits to the1Hpp(ψ) and1Hpp(α) data displayed in figures 17
and 23, respectively, could not be attempted.
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Figure 21. dP/dH versusH curves at various anglesα in the OP geometry at 300 K for the
a-Fe89Ti11 alloy film.

Figure 22. Variation in resonance fieldHres with angleα in the OP geometry. The solid curves
represent the fits based on equations (8) and (9) of the text.

4. Conclusion

Detailed FMR measurements have been performed on a-Fe100−xTix alloys with x = 9, 10
and 11 in the‖h and‖v sample configurations at a fixed microwave-field frequency of almost
9.23 GHz in the temperature range 77–300 K. The main results obtained and conclusions
drawn from them are summarized below.
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Figure 23. Variation in ‘peak-to-peak’ linewidth1Hpp with angleα in the OP geometry.

Figure 24. Variation in magnetization angleθ with α, the angle between the external static
magnetic field direction and the sample plane, in the OP geometry.

(I) While a single resonance is observed in the entire temperature range of present
investigation for the alloys withx = 10 and 11, FMR spectra taken at temperatures
in the range 77–300 K on a-Fe91Ti9 consist of two resonances (primary and secondary
resonances) which have different properties. The IP uniaxial anisotropy fieldHK scales
with the saturation magnetizationMS in the temperature range 77 K6 T 6 300 K for the
primary resonance in a-Fe91Ti9 and for the resonance observed in the amorphous thin films
with x = 10 and 11. This result is taken to imply that the anisotropy energy is of dipolar
origin. The relationHK ∝ MS , however, breaks down in the case of secondary resonance
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becauseHK ' 0 while MS is of sizeable magnitude for this resonance. Throughout the
temperature range 77 K6 T 6 300 K, MS for the secondary resonance is consistently
lower than the primary resonance. It is argued that the primary and secondary resonances
originate from two distinctly different amorphous magnetic phases which widely differ in
their chemical as well as geometrical short-range orders.

(II) Detailed lineshape analysis of each FMR spectrum separately yields accurate values
for the Laud́e splitting factorg, MS , Hres andHK at different temperatures for all the
alloys investigated. The splitting factor has a temperature-independent and composition-
independent value ofg = 2.07± 0.02.

(III) SW excitations give a dominant contribution to the thermal demagnetization in
the temperature rangeTRE 6 T 6 300 K. As the temperature is lowered belowTRE , the
saturation magnetization increases at a rate faster than that suggested by the SW (Bloch)
T 3/2 variation observed forT > TRE . The temperatureTRE , below which an upturn in
MS(T ) is observed, marks the onset of the re-entrant behaviour. An upturn inMS(T )

for T < TRE is an indication of the softening of the SW modes. Consistent with this
inference, the ‘peak-to-peak’ linewidth1Hpp also exhibits a temperature dependence that
is characteristic of re-entrant spin systems.TRE decreases with increasingx, indicating
thereby that the re-entrant behaviour is progressively suppressed as the Ti concentration is
increased. These observations find a straightforward explanation in terms of the infinite
ferromagnetic matrix plus finite ferromagnetic spin clusters model which demonstrates that
the freezing process is a thermally activated process and that the transition to the re-entrant
state is not a true thermodynamic phase transition.

(IV) IP and OP angular dependences of the resonance field as well as the FMR spectra
taken at a given temperature in the‖h and ‖v sample configurations all yield the same
(within the uncertainty limits) values ofMS andHK .
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