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Hyperfine interactions of Al in paramagnetic DyAlg and GdAlg
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Nuclear magnetic resonance was used to measure the parameters of the hyperfine in-

teractions of 7A1 in DyA12 and GdAlq. In both compounds the 2~A1 paramagnetic shift

exhibits a Curie-%eiss law behavior. The hyperfine field and the quadrupole splitting

agree well with the corresponding parameters in the ferromagnetic phase.

I. INTROQUCTION

Nuclear magnetic resonance (NMR) studies in

the paramagnetic phase of the ferromagnetic tran-
sition metals nickel and cobalt have proven to bc
valuable in measuring and understanding the hy-

perfine interactions in these metals in their para-
magnetic state. The 3d electrons in the ferromag-
netic transition metals are only partially localized
and the magnetization is largely duc to polarized
itinerant electronic states. It was interesting to
note that the hyperfine fields in the paramagnetic
phase are similar to the corresponding values in
the ferromagnetic phase. The observation that the
hyperfine fields did not change much with the
large change of temperature from 0 K to the mol-

ten state, including thc magnetic phase trans1t1011,

indicates that ihe electronic structure is not strong-

ly affected by these changes. ' It is therefore of in-

terest to investigate the hyperfine fields in ihe
paramagnetic phases of ferromagnetic metals

where the magnetization is mostly caused by local
moments, as is the case for the rare-earth (RE) me-

tals and for metallic compounds containing rare
earths. Since the NMR of RE nuclei could not be
observed in any of these metals in the paramagnet-
ic phase, we have chosen to study the NMR of

Al in two isostructural intermetallic ferromag-

nets, namely GdA12 and DyAlq. These compounds
have been selected because the NMR properties in

the corresponding ferromagnetic phase are well

known and because they have different magnet-

ic properties due to the S7rz state of Gd + on the
one hand and the large orbital moment contribu-

tion to the magnetization in the case of DyA12.

NMR of 27A1 in these materials in the paramagnet-
ic state was flrst observed by Jaccarino, and the
frequency shift of Al in GdA12 at room tempera-
ture and above was measured by Jones and Bud-
nick. Here we describe a NMR study of the
paramagnetic shift and the quadrupole interaction
constants of ~7AI at room temperature and below,
down towards the Curie temperature ec, reaching
1.58c for DyAlq (8c——68 K) and 1.168C for
GdA12 (8c——170 K). These parameters are com-

pared with the hyperflne interaction constants ln

the ferromagnetic phase. A preliminary report of
this work has been published.

II. EXPERIMENTAL

Samples of DyAlp and GdA12 were prepared ln

an arc furnace, starting with 99.999% pure alumi-
num and 99.9% pure rare-earth metals. The sam-

ples were examined by x-ray diffraction and found
to be free of phase mixing to better than 2%. The
samples werc glound to 50"pm slzc particles~ Rn-

nealed and stored in quartz ampoules in silicone
oil.

The spin echo of Al was observed using a
pulsed NMR apparatus in the range 4—22 MHz.
Magnetic fields Ho were in the range of 0 &Ho
4 22.5 kOc. Thc spectra of Al 1n powder sam-

ples of DyA12 were measured in the range 96
K & T & 340 K and those of GdAlz in the range
200 K Q T Q 350 K. The sample was heated by thc
rf power of the NMR pulses and cooled by flowing

cold nitrogen gas around the sample. The com-
bined effect of this heating-cooling cycle deter-
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mined the temperatures. Temperatures were con-
trolled using a thermocouple element embedded in
the sample. The temperature at that point was
stable to better than 1 K. We estimate the overall
temperature gradient on the sample to be less than
5K.

III. THE POWDER PATTERN

C0

E)

The spin-echo amplitude for 27A1 in DyA12
powder is shown in Fig. 1 as a function of the
magnetic field for the resonance frequency
v=17.000 MHz at T=339 K. This spectrum is
typical for DyA12 and GdA12 at room temperature
and above. On cooling the samples towards ec,
the lines broaden. The spectrum exhibits well-

resolved quadrupole splitting with structure which
is typical of an I= —, spin in powder samples. 9'p

For a site with axial symmetry (this axis is
denoted as the z direction), the expression for the
transition frequency, correct to second order, is
given by'
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FIG. 1. Spectrum of 'Al in DyA12 powder for v=17
MHz and T=339 K. The broken line represents the
calculated curve with v~ ——557 kHz, K~ = —0.033,
K =—0.004, and 4H&/2=107 O

v(m~m —1)=vp+ 2 vg(3p —1)(m —
2 )

1 2 1

2

+ (1—)u )I [102m(m —1)—18I(I+1)+39]p —[6m(m —1)—2I(I+1)+3]J,32vp

where v~ 3e qg/2I(2—I——l)h, eq= V is the value
of the electric field gradient in the z direction. eQ
is the quadrupole moment of the nucleus, p=cos8,
where 0 is the angle between the z direction and
Hp, and

vp —yHp[(1+K~ )+K,„(3p 1)]/2n. , —

(2)

where y is the gyromagnetic ratio y» ~/2n = 1109.4
Hz/Oe. " Ez is the isotropic part of the shift,
which will be shown to be associated with the
paramagnetic susceptibility 7, and E,„ is the axial
part of the shift.

The powder pattern spectrum is determined
from Eq. (1) with the parameters v&, Kz, and K,„
and a linewidth ~I~2 with a Gaussian or a
Lorentzian line shape. We used the HEQsIM2 pro-
gram' for simulation of the spectra. The program
was limited to small values of Ez and E,„and had
some distortion for large v values when convert-
ing the spectrum for constant field (frequency
sweeping) to the spectrum for constant frequency,

the condition in our experiments. We therefore
modified the program for our larger parameter
values. The broken line in Fig. 1 gives the com-
puted spectrum for the parameters

v= 17.000MHz, Ez ———0.033,

E,„=—0.004, vg ——557kHz

and a Gaussian line shape for all the lines with a
width at half-intensity ddI&&2 107 Oe. —

IV. HYPERFINE INTERACTIONS

A. Hyperfine field of Al in jDyAlz

Barbara and Rossignol' measured X for 80
K & T (280 K and found that the susceptibility
obeys a Curie-Weiss law

Cx=
T —ec (3)

with C=0.065+0.002 emu/g and Oc ——68+2 K.
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Thc polarlzatlon of thc RE electronic splns» associ-
ated with the susceptibihty, gives rise to a
transferred hyper6ne field on the aluminum nuclei,
causing the shift Ez. It is thus expected that Ez
will obey a Curie-%eiss law

-IO
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Figure 2 shows that indeed —1/Ez vs T is a
straight line with ec——68+2 K, and Ck ———8.47
+0.13 K. It ls possible to calculate thc hypcrflnc
field in the paramagnetic state Hff from the value
of Ck. However, a more critical approach would
be to apply the Clogston-Jaccarino' plot (E~ vs X),
using the measured susceptibility. This is done in

Flg. 3, and thc paramagnetic hypcrf inc field ls ob-
tained from the relation

I I I ) I I I ~ I
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FIG. 3. Ez-g plot of ~ Al in paramagnetic DyA12.
The slope yields Hg~= —3.24+0.06 koe!ns

where N is the number of spins per gram
(2.782X 102' for DyA12) and JMil is the Bohr
magneton. From Fig. 3 we find

Hff =—3.24+0.06 kOe/nil, where nz is the polari-
zation of each dysprosium ion in Bohr magnetons.

NMR of 17A1 in ferromagnetic DyA12 at 4.2 K
and zero external fle1d shove one line vnth

v=y»„,H,rr/2m. =29.8 MHz. The effective field at

the site of the aluminum nucleus is given by

H,ff
——H;„,+Hg+HL +Hg .

HL, ——4irM/3 is the Lorentz field where M is the
volume magnetization (M is taken in umts of
emu/cm ) and II;„t is the isotropic part of the
transferred hyper6ne field (i.e. H;„, is collinear
with M). Hil is the shape-dependent demagnetiz-

ing field, and it vanishes in a multidomain sample

20-
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PlG. 2. Reciprocal of the paramagnetic shift of ~7A1

In DQA12 as a fUnction of tcmpc1"atQrc.

at zero 6eld. H~ is the dipolar 6eld at the site of
the Al and it may also include, in addition to the
classical contribution from the RE dipole moment,
dipolarlike hyper6ne contributions. 3 4

Denoting the unit vector along M by n, H~ is
given by

1 0 0

H~ ——H~DQ with B= 0 1 0
0 0 —2

(7)

For each aluminum site the principal axis (z') for
D is the three-fold symmtery axis of this site, i.e.,
one of the equivalent [111]directions. The other
principal axes (x' and y') are any two axes which

ere perpendicular to z' and to each other. H~ is
found by lattice sum and adjusted to the experi-

mental results. Since the easy axis in DyA12 is
parallel to one of the cubic (100) directions, we

shall take Ml i[001].
Using ao ——7.82 A.,'5 nil ——9.89,' and n=8 for

the number of Dy atoms in the unit cell, we obtain

M=nnsps/ao 1534 emu/cm f——or the saturation
magnetization (at 0 K). Thus H~„, Hen~, where-—
Hhr is the hyperfine 6eid (per Bohr magneton) in

the ferro magnetic phase and is antiparallel to M.i

Accol'dlllg to Eq. (7) tile dlpolai' 6leid ls 111 tile

[110]direction. Assuming that the dipolar field is
enhanced by a factor of e=1.3, we 6nd lIIq l

=v2Hd =9507 Oe. With these values we obtain

H/f= —3.2+0.1 kOe!ns, where most of the error

comes from the uncertainty in the value of e.
For la.t I »Hd we find from Eqs (6) an

that
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H rr=H H—~(3 cos 8—1)+HL, +Hn

where 8 is the angle between M and [111]. In the
paramagnetic state the volume magnetization is
M=X„HO, where X„ is the volume susceptibility.
In a powder sample the demagnetization field on a
nucleus might have a value between Hz ——0 and

HD 4n'M——. The distribution of the demagnetiza-
tion fields between these two values depends on the
shape of the particles and the magnetic interaction
between the particles of the sample. ' In view of
the NMR results in ferromagnetic EuO powder, '

we consider a Gaussian distribution with a max-
imum at about HD 2aM——and width of hH &z2

=4aM/3. ' Thus, around this maximum

Hl, + HD -0 and the effective field is given by

Hcrf =Ho+XHo[H;n, —H,'(3 cos'8 —1)]/Mo,

where H;„, and H~ are the values for saturated
magnetization. [If, however, HL +Hn+0, this
sum is still proportional to M, Hl + H~ ——aM,
and our calculation of the hygerfine field from the
paramagnetic shift, Eq. (5), will yield

Hfg+ aMO/nii, rather than Hfq. This adds to the
uncertainty in determining Hf~ ]Hz is. positive
and for Al in DyA12 and GdA12, H;„, is negative.
Comparing this expression for H,rf with Eq. (2) we
find that Kz in the paramagnetic state corresponds
to H;„, in the ferromagnetic state, as discussed
above, and that K,„corresponds to the local dipo-
lar field. K~ (as well as K&) is negative. We also
have K,„/Ez Hq/H~„, .———This gives

K» ———0.0065, for Al in DyA12 at 339 K, while
our best fit in Fig. 1 is with K,„=—0.004+0.002.
The large error bar is due to the linewidth since
both the anisotropic shift, K,„HO, and ddt&zi have
values close to 4n.M/3.

As discussed above, the linewidth comes mainly
from the distribution of demagnetization fields.
The linewidth is given by

lLHig2 4@M/3=4@Ho—M—OKp/3H;„, .

B. Hyperfine field of 27Al in GdA12

Figure 4 shows —K~ vs (T—Oc) ' for Al in
GdAli, where Sc was chosen as 170 K (with un-

certainty of +5 K) for the best linear fit. The plot
includes the data of Jones and Budnick. We
prefer this way of representation (over —1/K& vs

T) since we have succeeded in measuring Kz in
temperatures much closer to Oc than in DyA12.
Figure 4 gives more weight to E~ of these tempera-
tures. For the parameter Ck in the Curie-gneiss
law [Eq. (4)], we obtained Ck ——10.3+0.2 K. For
GdAlq where the Gd + is in the S state one can
take the Curie constant of the free ion

X(gqpii) J(J+1)
3k'

With gJ —2, J=—,, Eqs. (3)—(5) and (8) yield

3kii CkHr=
gJJ(J+1)I a

which gives Her=7. 3+0.2 kOe/nii As w.e could
not find any susceptibility measurements in the
literature which are appropriate for our range of
measurements, we could not deduce Hfr directly
from a K~ —X plot, as was done for DyAli.

Iil the ferloiilagiletlc pllase tlie hyperfine flield

was measured very precisely by NMR of a spheri-
cal single crystal of GdAlz in an external magnetic
field. 4 The measured value of the isotropic contri-
bution to the hyperfine field (taking into account
7@ii per Gd + ion) is H(r=7 494+0.015 kOe/n~.

C. The quadrupole splitting

From the powder spectra of DyAlz (Fig. 1) and
GdAli we find v& ——557+5 kHz for DyAlz and

$Q I & & &

)
I t & I

l I I & &

)
i & & I

l 1 & I I l g 1

~~A] GdAI

For the conditions in Fig. 1 this gives ddEi~2 ——106
Oe which explains the experimental value of 107
Oe. %hen cooling the samples the magnetization
grows and htIi&z becomes excessively large (of the
order of 1 kOe for E~ = —25%), obscuring the
quadrupole structure below room temperature and
preventing observation of the signal close to Tc.
A way around this problem would be to use well-
shaped, spherical single-crystal samples, but none
were available to us.

10—

~ ~ i s I

20 25~6 ~

FIG. 4. —K& vs (T—Sc) ' for ~7Al in GdA12,
with 8~——170 K. 0 present data, 5 Jones and Bud-
nick.
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Yg(T) =629+8—(87+8)M(T)/M p (10)

expressed in kHz. Extrapolation of relation (10) to
the paramagnetic phase with the low value of
M=XHp of our present experiments predicts vg in

the range 620—628 kHz, which is about 6%%uo above

our experimental value. The influence of thermal

expansion on vg can be estimated from vg o(-ao

Thus, v' changes like the reciprocal of the volume

expansion, which is very small, i.e., about 1% be-

tween 0 K and room temperature. '

DISCUSSION AND CONCLUSION

The parameters for the hyperfine interaction of
Al in DyA12 and GdA12 were measured in the

paramagnetic phase and found to agree well with

the corresponding parameters in the ferromagnetic

v&
——600+10 kHz for GdA12 at 340 K. Our values

are close to what was found for other paramagnet-
ic RE A12 compounds. ' Our v~ value for GdA12
is, however, lower than that measured by Jones and
Budnick (vg ——641 kHz). It is of interest to com-
pare our results with those in the ferromagnetic
state. For DyA12 there are no data. For ferromag-
netic GdA12 the v~ of Al was measured as a
function of temperature and found to be linear
with the magnetization, in the range M/Mp- 1,
yielding

state of these materials. The parameter values are
compared in Table I. In both materials the
paramagnetic shift obeys a Curie-Weiss law. This
behavior is clear for GdA12 with an S state for
Gd +, where the crystal-field splitting of the S7/2
state is very small. On the other hand, for DyAlq
Curie-Weiss behavior is not obvious since the
crystal-field parameters are quite large, $V= —0.16
K and X=0.475, ' and the crystal field splits the
J=—, state of Dy +. The ground state is I ~ and

the first excited state is I 6 at 6= 15 K above I's.
The overall splitting is about 62 K. ' However,
this splitting is not sufficient to cause a noticeable
deviation of the paramagnetic susceptibility from a
Curie-Weiss law since for cubic crystals such a de-

viation is expected only at temperatures much
lower than h. In the paramagnetic state of
DyA1~, T & 8~ &)h. Indeed, susceptibility mea-

surements give an isotropic Curie constant

C =0.065+0.002 emu/g (Ref. 13)

which is very close te the value for the free ion,

C =0.0655 emu/g .

Local deviations from the average crystal-field
splitting of the J=—, state of Dy + due to local
imperfections (impurities, vacancies), will cause a
distribution of the paramagnetic shifts around the
average value K». Though it is difficult to esti-
mate this distribution, it might give rise to addi-
tional NMR line broadening which increases with
decreasing temperature. This mechanism might
further limit observation of the NMR close to ec.

TABLE I. The parameters of DyA12 and GdA12 and comparison between the hyperfine

constants in the paramagnetic state and the ferromagnetic state,

RE'+ state

ng

ap at 4.2 K (A.)

M (emu/cm')

ec (K)

Hpg (kOe/ng)

Hqf {kOe/n~)f
vg~ {kHz)

vf~ (kHz)

DyA12

6
+15/2

9,89+0.1'
7.82+O.O1b

1534+15
68+2

—3.24+0.06

—3.2+0.1

557+5

no data

GdA12

8
S7/2

7.2+0.05'
7.87+0.01
1096+10
170+5

—7.3+0.2

—7.494+0.015'
600+10

625d

'Reference 16.
Reference 15.

'Reference 4.
Reference 20.
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