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The electron paramagnetic resonance (EPR) of the coupled spin system Gd,Zr_.Zn, was mea-
sured as a function of the temperature T and the Gd concentration x. By varying x and T we
were able to vary the relaxation parameters in a systematic way and obtain appreciable var-
iation of both the EPR g shift and linewidth. We succeeded in correlating the variation of the
relaxation parameters with the modified Hasegawa model. This is the first time that such
a correlation has been obtained in a nonbottlenecked system.

The dynamic and static behavior of conduction
electrons and paramagnetic ions coupled by ex-
change interactions is a subject of considerable
interest. Hasegawa! was the first to suggest that
these coupled spin systems may be described by
phenomenological Bloch-type equations. The solu-
tions of Hasegawa’s equations give the transverse
susceptibility as well as the electron paramagnetic
resonance (EPR) g shift and linewidth of both the
paramagnetic ions and conduction electrons. These

solutions also indicate the existence of the well-
known “bottleneck” effect? and dynamic effects. 3

In the past few years these problems have been
studied extensively both theoretically* and experi-
mentally.® There exists experimental studies that
confirm Hasegawa’s theory. 5% Most of these
studies are concerned with the CuMn system and
in the extreme bottleneck regime. LaNis7 is some-
what exceptional in that the variation of the g shift
arises from dynamic effects. However, as yet
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there are no experimental studies (except for bottle-
necked systems) in which the variation of both the
EPR g shift and linewidth were observed and are
in agreement with theory. The purpose of this pa-
per is to report EPR measurements in the system
Gd, Zr;., Zn, (x=0.06, 0.05, 0.03). We shall show
that the appreciable variations of both g shift and
linewidth in Gd, Zr,;., Zn, are explained by modified
Hasegawa equations.

ZrZn, is a “very weak” itinerant ferromagnet. ®
It is believed that the understanding of its magnetic
properties may contribute greatly to the understand-
ing of magnetism in metals. This has motivated
the extensive theoretical®® and experimental'®!!
work done on this compound during the last few
years. Various authors!®'? report slightly differ-
ent values of T in the neighborhood of 20 °K. Above
T, the susceptibility of ZrZn, obeys a Curie-Weiss
law with!

Xe=0.22/(T - ©) emu/mole, 1)

where O is the paramagnetic Curie temperature.
Previous conduction-electron EPR measurements
on ZrZn,'® have indicated that the linewidth in the
paramagnetic region (T >T) increases appreciably
with temperature. The temperature dependence of
the linewidth in the paramagnetic region yields a
relaxation rate of the itinerant electrons to the lat-
tice due to spin-orbit coupling given by'®

6,1,=10° (T - ©) .
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Recent susceptibility measurements of Gd, Zr;_,Zn,
(x <0. 05) indicate that substituting Gd for Zr in
ZrZn, lowers the Curie temperature. 16 According
to those measurements, the exchange-interaction
parameter between the Gd ions and the conduction
electrons X was too small to be determined. We
shall show, however, that X and other parameters
of profound importance in the system Gd, Zr,., Zn,
can be estimated from EPR measurements.

We have measured the EPR of powdered samples
of Gd, Zr,_, Zn, (x=0.03, 0.04, 0.05, 0.06, 0.1)
as function of temperature (2<7<150 °K) at the
1-cm wavelength. The samples were prepared by
sintering and were examined by x rays. The g shift
and linewidth of Gdg,ggZrg,94Zn, and Gdg, 321y, g7Zn,
are shown in Figs. 1 and 2. Similar behavior has
been obtained for the other compounds. In addition
we have measured the susceptibility of
Gdg.0ZTg, g4 Zn,. A plot of® M2 vs H/M yields T¢
=20 °K for this sample, while extrapolating 1/x=0
gives ©=23 °K. The experimental results may be
summarized as follows.

(a) The linewidth varies appreciably with tem-
perature and has a maximum at 40 °K approximate-
ly. Above 40 °K it decreases sharply up to 7'=60 °K
and then increases moderately at the rate of approx-
imately 3 G per degree at higher temperatures
(Fig. 1).

(o) Although the g shift is always negative, it
varies with temperature. It has maximum at 30 °K,
a shallow minimum at 50 °K and decreases asymp-

FIG. 1. Linewidth of
Gdy.06Z10.94Z1y and Gdy,3
Zr.97Zny as a function of
temperature. The solid
curves represent the calcu-
. lated linewidth (in the para-
magnetic region) according
to Eq. (2). The difference
between the theoretical and
- the experimental linewidth is
attributed to residual Gd line-
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totically at higher temperatures (Fig. 2).

In order to explain our experimental results, we
have solved the equation of motion of a two-spin
systems, proposed by Giovanini'”;

di\’/‘[ - - - - -
—Zif—= i [MyX (H +AM,)] - 84, [M, - x;(H+2M,)]
+8,y [ﬁe"‘ XeH + )‘Ml)] ’
) @)
dM - - - > - -
dte =%Ye [Mex (H+Ml)]‘ (60L+6el)[Me" Xe(H+ XM,)]

+5ie[1v[i -XiH+ M_\?Ie)] ’

where y; and y, are the spin susceptibilities of the Gd
ions and the conduction electrons, respectively,

;. is the relaxation rate of the Gd ion to the con-
duction electrons, d,; is the relaxation rate of the
conduction electrons to the Gd ions, and H+hM and
H+ )\M, are effective fields on the Gd ions and the
conduction electrons, respectively. xa(H+7\M,,)

and x,(H+>\M,) represent, therefore, the equilib-
rium electronic and ionic magnetization, respec-
tively.

Following Cottet et al., ® we have calculated the
transverse susceptibility y*(w) from Eq. (2). The
poles of x*(w) which correspond to the two reso-
nance modes are given by

Wi =+3(w, +w ) 3 [ (we —w))? +4my,m5]' /2,

| ] |
10 120 130

where

We =~ 'ye(H‘*’)\M:)*iwoL +0g4) +8836 AX;

Wy ==Yy (H"+AMG) +880 + 1864 \Xe
3)
Ma==Ye AM§+i(Ber, + 8o ) AXo +88y

Mgy == Vs AM§ +88;, XXy +384; .

For X =0 these modes are the ionic and the elec-
tronic resonances. The interaction parameter
mires the two modes. The real part of w,, Re(w,),
gives the line position while the imaginary part
Im(w,) is the linewidth.® Computation of Re(w,) and
Im(w,) requires the knowledge of the quantities ap-
pearing in Eq. (3) and the advantage of using ZrZn,
system for this study is the abundance of measured
information available. Therefore rather than fitting
the parameters in Eq. (3) to the results, we may
estimate them independent of the functional behavior
of the observed g shift and linewidth and thus test
the Hasegawa model in a critical manner. The
parameters are determined as follows: x,, the spin
susceptibility of pure ZrZn,, and its temperature
dependence are given by Eq. (1). X;, the spinsus-
ceptibility of the Gd ions for the concentration C,

is given by the Curie-Weiss law

__Nuj g%(s+1)__17.6C
Xt 3h(T - 049 T -0

emu/mole ,
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where O4q4 is an unknown parameter. In estimating
8ies 0gy, and X we assume that there is no bottle-
neck in Gd,Zr,_,Zn,.'®* To obtain §,, we note that
previous EPR measurements of pure ZrZn, have
failed to detect any signal above 60 °K. This be-
havior is probably due to the appreciable broadening
of the resonance line and the decrease of its inten-
sity at high temperatures. We believe therefore,
that the observed EPR resonance of Gdg ggZTg,94Z 0,
at high temperatures (7 > 60 °K) is mainly due to the
Gd ions, while at low temperatures, the resonance
is due to both the ions and the conduction electrons.
The linewidth of Gdg, ¢gZ1, ¢4Zn, in the high-tempera-
ture range (7'>170 °K), increases almost linearly
with temperature. Its magnitude is approximately
AH,=3T G.'® We attribute this broadening to the
Gd relaxation to the conduction electrons according
to the Korringa mechanism. Using the relation

6. =gug AH,/B, we estimate the relaxation rate of
the Gd ions to the conduction electrons to be §;,
=5.10"7T sec™. The quantity 5,; is given according
to the detailed balance condition as” 6,; = (x;/X)8;c-
The value of X can be found by the following pro-
cedure: The real part of w yields a g shift at high
temperature which is given by Ag=g\x,. Since y,
is known and the experimental Ag at these tempera-
tures is approximately —0.03 (see Fig. 2), we ob-
tain for A the value A =~8+1. The value of v, is
1.759%107 (g=2) while that of ¥, is 1.724X 107 which
corresponds to g=1. 95 of pure ZrZn,.!' The only
unknown parameter is Og. It was found that the
computed results are not very sensitive to this
parameter in the range of 0<Og <20 °K. Substitut-
ing all the other parameters in Eq. (4), we have
computed the value of Re(w.) and Im(w_.) numerical-
ly. (The g shift and the linewidth are related to this
physical quantity as was explained before. %) The
solid curves in Figs. 1 and 2 represent the calcu-
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lated g value and linewidth according to this method
for ©44=10 °K for x=0.06 and ©4 =5 °K for x=0.03.
It is clearly seen that the calculated g value yields
a maximum at 30 °K and a minimum at 50 °K while
the calculated linewidth yields a maximum at 40 °K
and a shallow minimum at 60 °K, both in agreement
with the experimental results!® (Figs. 1 and 2).

It was found that the calculated values of Ag and
AH are very sensitive to any variation of 6,y and
8,; (which determine the bottleneck effect). As
was stressed previously the value of 8,;, was de-
duced from the linewidth behavior of pure ZrZn,.
We assume here that substitution of Gd instead of
Zr in ZrZn, does not change §,;, appreciably. This
assumption was confirmed by our previous EPR
measurements in which we introduced various
impurities (Ti, Hf) into ZrZn,. %

Using the relation A =J /g, g4 43 Ny we have
found J o =-10"% eV. The small value of the ex-
change interaction J 4 is consistent with suscepti-
bility measurements, !® and can be understood as
the sum of the positive Heisenberg exchange inter-
action and the negative covalent mixing. *

In conclusion, we have demonstrated for the first
time that Hasegawa’s theory completely describes
(in a nonbottlenecked system) the temperature de-
pendence of both the EPR g shift and the linewidth.
Various parameters which could not be estimated
by other techniques were deduced and information
was added to the understanding of the itinerant
ferromagnet ZrZn, in the paramagnetic region.

The authors are indebted to E. Valach for pre-
liminary experiments; S. Alexander, N. Kaplan,
and M. Weger for stimulating discussions; A.
Gabai for help in sample preparation; R. Kohen
Arazi for x-ray measurements; and A. Grill for
susceptibility measurements.
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The transverse relaxation of F!? nuclei in Teflon in the rotating frame at exact resonance has
been studied by using rf fields large compared to the local field in this solid. Various pulse se-
quences are explored which serve to trace out the decay of the magnetization in the rotating
frame and, further, to recover the magnetization lost under the action of secular dipolar terms
and of the inhomogeneity of the rf magnetic field. It is found theoretically, and partially con-
firmed experimentally, that the rotary free-induction decay can be refocussed even after the
spin system has presumably attained a steady state in the rotating frame, contrary to the as-

sumption of the spin-temperature approximation.

1. INTRODUCTION

A nuclear resonance signal in the presence of
a strong rf magnetic field at right angles to the
dc magnetic field cannot be observed directly. In-
stead, the height of the free-induction decay (FID)
following an rf pulse of length 7 hias to be recorded
and related to the magnetization existing at time 7.
Two procedures are available which permit the
tracing out of the FID in the tilted rotating frame
by recording the FID in the laboratory frame.

(i) An rf pulse of variable length 7 is followed
by a 90° sampling pulse at time #, later with ¢,
satisfying the condition T« ¢,«< T,. If a laboratory
system of coordinates is chosen with its z axis
along the direction of the dc field and its x axis
along the rf field, then this pulse sequence rep-
resents a measure of the z component of magneti-
zation M,(r). In this fashion, Goldburg and Lee!
have measured the rotary FID in a single crystal
of CaF; and found that at exact resonance the de-
cay envelope of M, () approximately coincides
with the laboratory FID with its time scale expanded
by a factor of 2.

(ii) Similarly, one should suppose, the compo-
nent of magnetization in the x, y plane, say,

M,(7), can be determined directly by reading the
height of the FID following the rf pulse of length
7. Barnaal and Lowe? have measured as a func-
tion of 7 the variation in the positions of the zero
points of the FID in single crystals of CaF, and
gypsum. For pulse lengths of up to 20 usec, they
demonstrated the expected line narrowing by a

factor of 2 at exact resonance with considerable
accuracy.

We have simultaneously measured both compo-
nents of magnetization of the F!° resonance in
Teflon at exact resonance for longer pulse widths
and found that the rotary-decay envelopes differ
both in width and shape, contrary to the expecta-
tion of a precessing and dephasing magnetization
in the tilted rotating frame. The purpose of the
present investigation is therefore twofold, namely,
(i) to present a calculation accounting for this dis-
crepancy, and (ii) to lock or recover the magneti-
zation by means of various pulse sequences which
existed at the time of shutoff of the rf pulse.

An important implication of the calculation is
that the isolated spin system does not attain a
state of internal equilibrium in the presence of a
strong rf field contrary to the assumption of the
spin-temperature approximation. The magneti-
zation which has dephased under the action of the
secular dipolar coupling may, under certain con-
ditions, be recovered independently of the length
of the rf pulse.

A theoretical analysis of these phenomena is
presented in Sec. II. The experimental results
are reported and discussed in Sec. III, and Sec.
IV contains a summary of this investigation.

II. THEORETICAL CONSIDERATIONS

Consider a sample containing N identical nuclei
having spin i and gyromagnetic ratioy. The sample
is exposed to a dc magnetic field ﬁo pointing along
the z axis of a laboratory system of coordinates



