View metadata, citation and similar papers at core.ac.uk brought to you by X{'CORE

provided by ScholarlyCommons@Penn

University of Pennsylvania
ScholarlyCommons

UNIVERSITY of PEN?

Department of Physics Papers Department of Physics

3-1-1966
Sublattice Magnetization in Several Rare-Earth and
Yttrium Iron Garnets by Means of S7Fe NMR

Roland Gonano
Duke University

Earle Hunt
Duke University

Horst Meyer
Duke University

A. Brooks Harris

University of Pennsylvania, harris@sas.upenn.edu

Follow this and additional works at: http://repository.upenn.edu/physics papers
& Dart of the Physics Commons

Recommended Citation

Gonano, R., Hunt, E., Meyer, H., & Harris, A. (1966). Sublattice Magnetization in Several Rare-Earth and Yttrium Iron Garnets by
Means of °”Fe NMR. Journal of Applied Physics, 37 (3), 1322-1323. http://dx.doi.org/10.1063/1.1708452

This paper is posted at ScholarlyCommons. http://repository.upenn.edu/physics_papers/441

For more information, please contact repository@pobox.upenn.edu.


https://core.ac.uk/display/76388211?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://repository.upenn.edu?utm_source=repository.upenn.edu%2Fphysics_papers%2F441&utm_medium=PDF&utm_campaign=PDFCoverPages
http://repository.upenn.edu/physics_papers?utm_source=repository.upenn.edu%2Fphysics_papers%2F441&utm_medium=PDF&utm_campaign=PDFCoverPages
http://repository.upenn.edu/physics?utm_source=repository.upenn.edu%2Fphysics_papers%2F441&utm_medium=PDF&utm_campaign=PDFCoverPages
http://repository.upenn.edu/physics_papers?utm_source=repository.upenn.edu%2Fphysics_papers%2F441&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/193?utm_source=repository.upenn.edu%2Fphysics_papers%2F441&utm_medium=PDF&utm_campaign=PDFCoverPages
http://dx.doi.org/10.1063/1.1708452
http://repository.upenn.edu/physics_papers/441
mailto:repository@pobox.upenn.edu

Sublattice Magnetization in Several Rare-Earth and Yttrium Iron Garnets
by Means of S7Fe NMR

Abstract

We have observed the NMR of 37Fe on the a and d sublattices of YIG, GdIG, and LulG between 4° and
200°K. Using the spin-echo technique the frequencies could be determined to within a few kHz. For LulG the
determination of the frequency was less accurate due to the presence of the lutetium resonances which overlay
the iron resonances. Assuming the frequency is proportional to the sublattice magnetization, the data were
fitted to the equation derived from spin-wave theory. For YIG and LulG inclusion of the T 7/2 term was
necessary to represent the data above 40°K. Using the theory of noninteracting spin waves we have derived
expressions for the sublattice magnetizations in terms of the exchange integrals J;4, Jad, Jdd , and J'44, where
J'ad describes interactions between next-nearest-neighboring pairs of spins on the a and d sublattices. Our
experimental results indicate that J; and J44 are not negligible. The T3/2 coefficients were found to be about
15% larger for LulG than for YIG. Our value of the exchange stiffness constant of YIG is 10% larger than those

determined calorimetrically and hence agrees with values determined by microwave instability measurements.
For LulG our value of this constant agrees with the specific heat value.
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1322 7.

We may regard”® the Gd ions as a paramagnetic sub-
lattice in an exchange field caused by the iron sub-
lattices and neighboring Gd ions. The reduced mag-
netization (g.) of the Gd sublattice will simply be given
by a Brillouin function of the total exchange field:

Fe= B?f2 (Xc) 3
X.=NgBS (28N uvat3Sehcagat 3 Seheeoe) /8k T,

where S,=Ss=%, Sc=%, %k is Boltzmann’s constant,
and N is the number of magnetic ions per unit volume.
In an ordinary molecular field calculation one must
solve self-consistently three such expression for the
sublattice magnetizations.® Here, we require the iron
magnetizations (o, 04) to assume the temperature de-
pendence we have measured and solve self-consistently
for o.. The solid line in Fig. 3 was obtained with A\, =
=795, Neg=—4175, Aee=—313 G?-g-erg™". Since this
calculation fits the data quite well, we regard these
coeflicients as reliable. The exchange constants calcu-

( 15 _]2.) H. Van Vleck, J. Phys. Soc. Japan 17, Suppl.-BI, 352
1962).

D. LITSTER AND G. B. BENEDEK

ated! from them are J,=—0.22 cm™, Jau=—3.46
cm and Jee=—0.13 cm™.

In conclusion, we have measured the temperature
dependence at constant volume of the sublattice mag-
netizations in YIG. Analyzing our data below 25°K,
we have found the dispersion coefficient D of the
acoustic spin-wave mode to be 32 cm™.. In addition,
our data above 25°K provide accurate values for the
sublattice magnetization up to 0.857.. We have also
made precise measurements of both iron sublattice
magnetizations at constant pressure (corrections to
constant volume will be significant only above 300°K)
in GAIG and have used them to determine the Gd
magnetization up to 0.97.. These data should prove
valuable for spin-wave theories which include the
effect of optical modes and renormalization.

We are grateful to Professor E. E. Anderson of
Clarkson College of Technology for his total magnetiza-
tion data, and to Dr. E. A. Giess and E. L. Boyd of
IBM for garnet samples.

16 1,. Néel, Ann. Phys. (Paris) 3, 186 (1948).
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Sublattice Magnetization in Several Rare-Earth and Yttrium Iron
Garnets by Means of “Fe NMR*

R. Govawo, E. HunTt, ANp H. MEVERT ‘
Department of Physics, Duke University, Durham, North Carolina
AND
A. B. Harris}
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We have observed the NMR of 5Fe on the ¢ and d sublattices of YIG, GdIG, and LulG between 4° and
200°K. Using the spin-echo technique the frequencies could be determined to within a few kHz. For LuIG the
determination of the frequency was less accurate due to the presence of the lutetium resonances which over-
lay the iron resonances. Assuming the frequency is proportional to the sublattice magnetization, the data
were fitted to the equation derived from spin-wave theory. For YIG and LulG inclusion of the 77/2 term was
necessary to represent the data above 40°K. Using the theory of noninteracting spin waves we have derived
expressions for the sublattice magnetizations in terms of the exchange integrals Jas, Jad, Jaa, and J'eq,
where J'44 describes interactions between next-nearest-neighboring pairs of spins on the ¢ and d sublattices.
Our experimental results indicate that Ja., and Jag are not negligible. The 7% coefficients were found to be
about 15% larger for LulG than for YIG. Qur value of the exchange stiffness constant of YIG is 109, larger
than those determined calorimetrically and hence agrees with values determined by microwave instability
measurements, For LulG our value of this constant agrees with the specific heat value.

HE use of NMR techniques fo measure the tem-
perature dependence of the magnetization has
enabled several authors' to test the validity of spin-
wave theory. Previous NMR measurements® on yt-

* Work supported in part by the National Science Foundation
and by the U.S. Office of Naval Research.

1 Alfred P. Sloan Fellow.

1 Work supported by the Advanced Research Projects Agency,
U.S. Department of Defense.

i For example, A. J. Heeger and T. W. Houston, Phys. Rev.
135, 661 (1964).

*E. L, Boyd, U. L. Moruzzi, and J. S. Smart, J. Appl. Phys.
34, 3049 (1963),

trium iron garnet (YIG) and GAIG between 4° and
300°K were interpreted using the Weiss molecular
field model, but were not sufficiently sensitive for the
study of spin-wave effects. Accordingly, we have
performed extensive high-resolution temperature and
frequency measurements over a range of temperature
including the spin-wave region.

These experiments were carried out on samples
described previously.? The temperature was measured

¢A, B, Harris and H, Meyer, Phys. Rev, 127, 101 (1962).



SUBLATTICE MAGNETIZATION

by a gold—cobalt vs normal silver thermocouple which
was calibrated against the known vapor pressures of
liquid He, Ne, and N,. A gas thermometer was used
for calibration in the intermediate ranges and above
77°K. The accuracy was estimated to be better than
0.1°K above 8°K. Using the spin-echo technique the
center of the resonance lines could be determined to
within a few kHz.

Spin-wave theory*—® predicts the ¢- and d-sublattice
magnetization of YIG and LuIG at low temperatures
to be
M(T)/M(0)=1—aT%2(1—cT™})

— BT R—yTpee (1)

with a,=as=a=2.94X10"3(k/D)*?, where k is the
Boltzmann constant and

B.=—ak(6AD+3F+15E) /81",
Ba=—ak(4AD+3F+15E) /8D

(2a)
(2b)

The term ¢7T-% arising from the dipolar interaction,
has been calculated by Holstein and Primakoff*;

c=0.53(4nrgusM /)%

Expressions for £ and F assuming only nearest-
neighbor interactions between sublattices were given
previously.® For a nonzero next-nearest neighbor ex-
change integral, J',4, between the ¢ and d sublattices,

D= (407 1a— 25T aa— 65" aa+157a) /16, (3a)
A= (=487 0257 sa465T"0a— 12T 43) /64( T st T'ad),

(3b)
and E and F will be given elsewhere.®
In all samples we observed two narrow resonances
in the vicinity of the a-site frequency and only one for
the d-site. The width of the echo was 20 to 40 usec—
much greater than one gets for domain wall excitations.
We believe we are observing the nuclear signal from
domains which are magnetized along the easy (111)
directions. Boutron and Robert” have shown that for
this case there are two inequivalent @ sites due to the
dipolar field and all the d sites are equivalent. The
calculated splitting in YIG at low temperatures is 0.76
MHz to be compared with our measured value of 1.00
or 0.92 MHz which can be deduced from Robert’s
experimental work. This discrepancy of about 0.2 MHz
may be due to the anisotropy of the hyperfine field.”
Further support for this interpretation is obtained from
a study at 4.2°K using a single-crystal YIG sphere.
With the (111) axis parallel to a saturating magnetic
field, we observed the same a-site resonances split by
1.0 MHz and a single d-site line as before.

4 T. Holstein and H. Primakoff, Phys. Rev. 58, 1098 (1940).
5 A. B. Harris, Phys. Rev. 132, 2398 (1963).

6 A. B. Harris (to be published).

7F. Boutron and C. Robert, Compt. Rend. 253, 433 (1961).
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Tapre I. Experimental frequencies and spin-wave coefficients.

YIG LulG

a d a d

f(0) (kHz) 76 058 64 980 75 802 64 560
75 057 74 900

a (X107 °K—3/2) 1.024-0.01 1.184-0.02
B(X 1078 °K—5/2) 0.5 1.5 0.4 0.7
v (X 10710 °K~7/2) 1.5 4.5 1.4 6.4
D (cm™) 30.34+0.2 27.54+0.4
A 0.17 0.04

In LulG the same lines are observed but are con-
siderably broader. This is due in part to the presence
of the Lu and Lu resonances which were observed
from about 40 to 75 MHz.

In GAIG the observed lines were as sharp as for YIG.
Extrapolated to 0°K the ¢-site resonances are 76.252
and 73.990 MHz, and thus are split by 2.26 MHz.
The d-site frequency is 66.254 MHz. Assuming the
magnetization lies along a (111) direction, and using
the values of the lattice sums calculated by Boutron
and Robert,” we calculated the dipolar splitting to be
1.78 MHz for the ¢ site and zero for the d site. Thus it
would appear that the anisotropy of the hyperfine field
at the a site is greater for GAIG than for YIG.

By taking account of the dipolar field we find the
temperature dependence of the a-sublattice magnetiza-
tion to be given equally well by either a-site resonance.
We have assumed the hyperfine coupling constant to
be independent of temperature and volume and have
made no corrections for transfer hyperfine interactions.
With the coefficients given in Table I, Eq. (1) repre-
sents the data of YIG and LulG to 180°K for the
a sites and 130°K for the d sites. No estimate of the
errors in B, v, and 4 has been made and the values
given are only tentative pending computer analysis.
At higher temperatures and for GAIG, Eq. (1) does
not represent adequately the experimental data, which
will be presented more fully elsewhere.?

For YIG our value of D agrees well with the micro-
wave instability measurements but is about 10%
higher than calorimetric results (see Table V in Ref. 3).
For LulG our result agrees with that deduced from
specific heat data. Our values for 4 for YIG and LulG
are smaller than the value obtained from Egq. (3b)
assuming only J.q to be nonzero, indicating that J,,
and Juq are not negligible. Furthermore, if J,, and Jyq
were negligible, the optical mode frequencies would be
so low as to cause an appearance of exponential terms
in Eq. (1) well within our temperature region.
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