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Crystal-field and spin parameters in Mg-Mn via transmission electron spin resonance~
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We report transmission-electron-spin-resonance measurements at 9.2 and 35 GHz for a single-crystal 60-ppm
Mg-Mn alloy. The observed resonance exhibits an angular anisotropy and temperature dependence which is

characteristic of unresolved fine structure in an axial field. We find the second-order crystal-field parameter

D = 70 ~ 10 G when we include a correction for coupling to the conduction electrons. Measurements of the
conduction-electron spin resonance in pure Mg at 9.2 GHz are also reported. We suggest that the anisotropic

properties of the observed resonances require additional theoretical development in order to satisfactorily

interpret the coupled conduction-electron-local-moment spin system.

I. INTRODUCTION

We present transmission- electron- spin- reson-
ance (TESR) measurements at 9.2 and 35 6hz for
a single-crystal 60-ppm Mg-Mn alloy. The ob-
served resonance exhibits an angular anisotropy
and temperature dependence which we interpret in
terms of unresolved fine structure of an 'S», ion in
an axial field. We have also made TESR measure-
ments on pure Mg single-crystal samples where
we find an angular anisotropy and temperature de-
pendence of the linewidth, which suggests that much
more work needs to be done to clarify the intrinsic
conduction- electron-spin- resonance (CESR) prop-
erties.

The first observation of ESR in Mg-Mn was in-
cluded in the pioneering local-moment resonance
work of Owen et al.' Subsequent experiments have
been reported, ' ' but all of these are at sufficiently
high concentrations (=0.5/q) that the samples ex-
hibited ordering at cryogenic temperatures. '
Further, either powdered or polycrystaline samples
were used. Our own efforts have been directed to-
wards lightly doped (=60-ppm) single-crystal
samples so as to be able to exploit the sensitivity
of the TESR approach in determining the crystal-
field environment of the local moment. Our pre-
liminary results which represented the first ob-
servation of ESR fine-structure effects for a tran-
sition-metal local moment in a metallic host have
been reported earlier. ' In this paper we present
an extension of these preliminary data and the re-
sults of a quantitative analysis in terms of a spin
Hamiltonian. From a study of the variation of
resonant field with angle we find the second-order
crystal-field parameter D= 70+ 10 6, where the
spread of values is in part indicative of an uncer-

tainty in interpretation which is discussed in Sec.
IV. Although we have no theoretical interpretation

of the anisotropic behavior of the pure CESR, we
have analyzed the temperature dependence of the
Mg-Mn spectra taken at the angle where the fine-
structure lines coalesce in terms of a bottlenecked
local- moment- conduction- electron system, there-
by obtaining a preliminary determination of the spin
properties of Mn in a Mg host.

II. EXPERIMENTAL TECHNIQUES

The pure Mg single crystals were vapor grown
following a procedure developed by Stark. ' Orient-
ed samples were spark cut and then lapped chem-
ically to a thickness of 1.5 && 10 ' cm. The TESR
data were taken on slices from a crystal with re-
sistivity ratio (room temperature to 4.2 K) of
=—4500. The Mn-doped crystals were grown via the
Bridgeman technique in graphite crucibles. A
master alloy was prepared, and then through dilu-
tion crystals were grown at 240 and 60 ppm (atom-
ic). Concentrations were determined by atomic
absorption and were consistent with values deduced
stoichiometrically or from the dc susceptibility.

The susceptibility of an appropriately sized
sample cut from the 60-ppm boule was measured
for us from 2 K down to 7 && 10 ' K. Deviations from
a Curie law were observed only below 60 x 10 ' K.'

The TESR spectrometer employs superhetero-
dyne detection, and an optional maser preampli-
fier. ' The dc magnetic field may be oriented any-
where in a horizontal plane, which in turn is norm-
al to the plane of the sample. The sample temper-
atures may be set anywhere from 1.3 to 300 K.

III. DATA

A. Ng-Mn crystal-field effects

A single resonance line was observed under all
conditions for our Mg-Mn samples. In Figs. 1 and

15 1291



1292 OSEB, OFF, GEHMAN, AND SCHULTZ

l2, 6- v=35GHz De

I 33K 6I

—I2.5-

LJ
U

C3

UJ
Ct

I2.3- Caxis

0 10

I I I I I I I

20 30 40 50 60 70 80 90
0(degj

FIG. 1. Resonant field Hz, vs magnet angle for a
60-ppm Mg-Mn single-crystal sample at a frequency of
35 GHz. At 0' the field is normal to the sample and
parallel to the C axis. The solid lines represent first-
moment computations which determine the experimental
value of the crystal-field-splitting parameter D~.
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2 we present values of H~, the field at which TESR
resonance occurs as a function of orientation of
the dc magnetic field for several temperatures, and
at a frequency of 35 and 9.2 GHz, respectively.
The same 60+10 ppm (atomic) sample was used
at both frequencies. When the magnetic field was
normal to the sample it was parallel to the C axis.
We attribute the angular dependence of HR to the
axial-crystal field and analyze the experimental
data as follows.

For a set of H~-vs-8 data at a particular frequen-
cy and temperature, we fit a single constant, the
D parameter of the axial-field term in the spin
Hamiltonian' where we incorporate an isotropic g

factor and take into account the population factors
of the S=-,' multiplet in a first-moment calculation.
The matrix elements for the transitions between
levels are calculated to second order in D, which
have a 1/8 dependence. Thus the angle 8, at which
the fine-structure lines all coalesce is not 54'45'
(i.e. , where 3 cos'8 —1=0), but slightly shifted to
smaller angles depending on the frequency. There-
fore, 8, is not the angle at which the curves for
different temperatures shown in either Figs. 1 or
2 intersect. We observe a shift of the resonant
field at 8, with temperature which we attribute to
the dynamical behavior of the coupled local-moment
conduction-electron spin system. We present the
data for this g shift and an analysis in (C).

As noted in Fig. 1 and 2, the best fit to the re-
spective data result in different values for D
(designated D,) The v. alues of D, are listed in

Table I. We note a monotonic decreasing value
with increasing temperature. A possible explana-
tion for this temperature dependence is discussed
in Sec. IV.

The linewidth of the TESR signals exhibited ap-
preciable anisotropy as presented in Fig. 3. In
contrast to the good fit of the first-moment calcu-
lation used to determine D, from the data of Figs.
1 and 2, we find that the analogous second-moment
fit to the linewidth fails completely. Not only is
the magnitude off by one order, but the functional
dependence is quite different, i.e. , the experiment-
al curves do not have a minimum near 8,. We can
understand the discrepancy in magnitude as being
due to exchange narrowing within the unresolved
fine-structure levels. In cubic hosts such as
Ag-Gd" we found we were able to satisfactorily
account for the linewidth anisotropy data following
the more detailed calculations of Barnes. " How-
ever, it is not possible to explain the continued de-
crease of the experimental linewidth beyond 8, with
this theory. We note that the pure Mg linewidth
data exhibit a similar angular dependence as noted
in Sec. B, but this may simply be fortuitous.

TABLE I. Values of D as determined from the data,
D„and as corrected by the susceptibility ratio. We
have taken y„(fK) = 10, and assume a Curie law for X&.
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FIG. 2. Resonant field Hz vs magnet angle for a
60-ppm Mg-Mn single-crystal sample at a frequency of
9.2 GHz. At 0' the field is normal to the sample and
parallel to the C axis. The solid lines represent first-
moment computations which determine the experimental
value of the crystal-field-splitting parameter D, .

Frequency
(GHz)

9.2 1.4
2.0
3,5
5.0

1.33
3.0
5.0

De

69.5+2
63+3
57.5 + 10
50 +4

61+3
46 +7
41+ 14

79
76
78
75

72
60
62
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FIG. 3. TESR full. linewidth at half-maximum signal
amplitude vs magnet angle for Mg doped %'i'th 60-ppm
(atomic) Mn. The spectrometer frequency was 9.2 GHz,
and all data have been corrected for the A/B line-shape
factor. The solid line on the figure reproduces a second-
moment computation based on T =1.4'K and D =69 G.
At 0 the field is normal to the sample and parallel to
the C axis.
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FIG. 4. Full linewidth at half-maximum signal ampli-
tude versus magnet angle for pure Mg CESR. These data
were obtained at T =40'K and spectrometer frequency
9.2 6Hz. The sample foil was 1.78& 10"3 cm thick
oriented with crystalline e axis perpendicular to the
sample plane. Data have been corrected for theA/8
line-shape factor,

B. Pol'e Alagnesium

Conduction electron spin resonance in Mg has
been reported in the literature, e "but appeax's to
have an anomalous behaviox. " %e have observed
somewhat different characteristics for our sam-
ples via TESR, and ai the moment do not know if
they can be attributed to g anisotropy, surface
relaxation, or other complications similax' to that
for Al. '~ In contrast to reflection measurexnents, -, .

we have been able to observe signals down to 1.4 K.
Although the signal to noise is poor (and the line-
widths large) for our samples we have found that
there is neither a systematic temperature nor
orientation dependence of the g value larger than
+0.01. However, we do find an appreciable orien-
tation dependence to the linewidth which extends
to surprisingly high temperatures. In Fig. 4 we
present the variation in full linewidth (corrected
for lineshape factors) as a function of the angle of
orientation of the field. At 0' the field is normal
to the sample and parallel to the C axis. Compar-

able ratios were observed in another sample from
1.4 to 20 K.

It is clear that a substantial amount of work needs
to be done to clarify the pure CESR situation. For
the purposes of the present work we can only say
that our host Mg has a g value of 2.00+ 0.01, and an
anisotropie linewidth varying between 100 and 500
G. %e shall comment further on these values
following the analysis of See. III C.

IC. Local-monlnt-conduction-electron dynamics

As was mentioned in B, there is a discrepancy
between the angles at which the curves for differ-
ent temperatures cross in Figs. 1 and 2 and 8„as
ealeulated for the axial symmetry. %e attribute
this to an intrinsic temperature dependence in the
field for resonance at 8,. In Fig. 5 we present the
temperature dependence of the g values associated
with the resonant fi.eld at the angle corresponding
to 8, for 9.2 and 35 QHz. Although there are sub-
stantial uncertainties, we can xeadily notice a g
shift towards lower g values at increasing temp-
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In Fig 6we p. resent the full linewidths (hH)

(corrected for line-shape factors) of the resonance
signal at 0, as a function of temperature for 9.2
and 35 GHz. Again, despite the large uncertain-
ties, one can discern that the linewidth increases
with temperature at both frequencies and expect to
obtain a reasonably quantitative result with a, fit
to the data at 9.2 GHz.

IV. ANALYSIS

The dominant characteristics of the data, in Figs.
5 and 6 are suggestive of the behavior of a coupled
local- moment-conduction- electron system in the
bottlenecked limit. While the uncertainties in the
data, and in our knowledge, of the intrinsic CESR
properties of pure Mg prohibit making a detailed
quantitative analysis, we have attempted to obtain
some idea of the spin properties of the system.
The theoretical curves in Figs. 5 and 6 represent
an attempt to fit the g value and linewidth data at
9.2 6Hz self-consistently to the relations of the ex-
treme bottlenecked limit, "g= (g, +g~y„)/(I+ y„)
and n. H = (n H„+6 H~ zx„)/(1+ X„), where X„=it~'/X„
where X is the dc susceptibility, and where sub-
scripts s and d refer to the conduction electrons
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FIG. 5. TESR g value at 8, vs sample T for a 60-ppm
Mg-Mn sample at a frequency of 9.2 and 35 GHz. 0, is
that angle where the fine-structure lines coalesce. The
solid line represents the relation appropriate to the
bottlenecked limit where the values indicated were chosen
to fit the 9.2-GHz data.
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FIG. 6. Full TESR linewidth at half-maximum signal
amplitude vs temperature for a 60-ppm Mg-Mn single
crystal at a frequency of 9.2 and 35 GHz. The dc field
orientation was set at 0, . The data have been corrected
for the A/B line-shape factor. The solid line represents
the relation appropriate to the bottlenecked limit, where
the parameters d IId& =175 and 6H» = 400 G were chosen
to fit the 9.2-GHz data.

and local moments, respectively, and tt implies re-
laxation to the lattice. We have restricted our ini-
tial analysis to the 9.2-GHz data because X„can
still be taken as a simple Curie law dependence,
whereas for 35 GHz, saturation becomes signifi-
cant at the lowest temperature. While there is no

problem in making the corrections, there are some
features of the data that can not be simply explain-
ed, and given our overall uncertainty in the intrin-
sic properties of the Mg-Mn system, we suggest
that it does not warrant such a detailed analysis at
this stage.

A preliminary analysis of the data suggested that
it could be fit with a y„(1 K) =10. This value is
consistent with our measured value of Xd for a
240-ppm sample scaled for concentration, and as-
suming X, is close to the free-electron value. For
the g-value analysis, if we take g, = 2.003, gd =

2.018, and X„as discussed, we get the theoretical
relation shown in Fig. 5. For the model we are
discussing, the g values should be basically inde-
pendent of frequency (barring saturation), although
the data at 35 GHz is suggestive that this may not
be the case. Whether there is a real frequency de-
pendence, and if it is related more to the proper-
ties of the Mg host than the local moment, requires
clarif ication.

For the linewidth analysis at 9.2 GHz, we use the
same X„and take AHdl 175 G and AHg~= oo G
(independent of temperature). We obtain the theor-
etical curve as shown in Fig. 6. While the sub-



CRYSTAL-FIELD AND SPIN PARAMETERS IN Ng-Mn VIA. . . I295

stantial change in AII„, needed to attempt to fit the
35-GHz data is not ruled out (or for that matter
even a change in hH„), it is clear that these data.
are not sufficient to provide more than the sug-
gestion of such increases. If we take the (hH„) of
the host Mg to be =250 Q, we can attribute the
AII„of 400 Q to include 150 G of broadening by
the 60 ppm of Mn, or =3 G/ppm.

We now return to the apparent temperature de-
pendence of D, discussed earlier. If we regard the
spin system as consisting of five independent sub-
systems each with the appropriate "g„"value as
determined by the crystal field, then there exists
5 separate relations of the bottlenecked form.
Assuming that the first-moment calculation still
correctly represents the center of the resultant
line shape, the excursion of the resonant field as
actually observed is reduced from that of the true
D by the factor y„/(X„+ 1). Thus we expect the D
determined from the experimental data to be re-
lated to the true D by D, =Dy„/(y„+ 1). If we take
y„as was used in the g-value and linewidth analy-
sis, we get the values listed in Table I. The av-
erage D so obtained at 9.2 GHz is V7 G with a very
small statistical spread. The average value at 35
QHz is 68 G, but as can be seen the spread in
values is considerably larger than at 9.2 QHz.
Given the evidence for strong exchange narrowing,
as exemplified by the linewidth data of Fig. 3, one
can question the validity of the simple model used.
Indeed, one may also question whether the system

is correctly represented as being in the completely
bottlenecked limit. In view of the foregoing con-
siderations, we feel that a reasonable range of
D is represented by 70+ 10 G. This may be com-
pared with a reported value of 54 Q obtained from
an analysis of the susceptibility anisotropy. "

To our knowledge, the analysis of comparable
systems to determine D have not included the pos-
sible y„correction. " However, it should be pointed
out that in most other cases the concentrations
used are such that the changes in (y„+ 1)/y„are
small over the range of temperatures of inter-
est."

In conclusion, we strongly suggest that more
theoretical attention be paid to questions raised by
this interesting system. On the experimental side,
a large effort is required to first clarify the fre-
quency, temperature, and anisotropy behavior of
pure Mg, followed by extended measurements of
the type reported here.
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