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STELLINGEN

1. In K,MnF, en lONiF, wordt de veld- en temperatuurafhankelijkheid van

de F kernspin-roosterrelaxatietijd voornamelijk bepaald door

indirekte drie-magnonprocessen, afkomstig uit de kombinatie van hyper-

fijn- en exchange-wisselwerking. Voor kwantitatieve overeenstemming

tussen theorie en experiment moeten ook meervoudige exchange-vertrooiings-

processen in de berekening raeegenomen worden.

Dit proefschrift.

2. Mossbaueronderzoek aan zuiver en verontreinigd Fe.O^ (magnetiet) zou

altijd gedaan moeten worden aan eenkristallen en in een geschikt ge-

kozen uitwendig veld.

C. Boekema, F. van der Woude en G.A. Sawatzky, J. Phys. C.

£, 2439 (1976).

3. De neutronendiffraktie experimenten van Achmedzhanov et oil. aan BaF.

wijzen meer op het optreden van een eerste-orde faseovergang dan op

net "smelten" van het anionsubrooster en vormen dan ook geen bijdrage

tot een beter inzicht in het mechanisme van de hoge-temperatuur ge-

leiding van BaFg.

Z.I. Achmedzhanov, A.A. Loshmanov en I.I. Yamzin, Solid State Commun.

26, 103 (1978).
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4. Rezende et at. suggereren ten onrechte dat hun berekening van de lijn-

breedte van antiferroinagnetische magnonen in RbMnF, in kwanfcitatieve

overeenstemming is met de. metingen van Windsor et at.

S.H. Rezende en R.M. White, Phys. Rev. ]3J_8, 2346 (1978).

C.G. Windsor, D.H. Saunderson en E. Schedler, Phys. Rev. Lett. 3_7_,

855 (1976).

5. De in een antiferromagneet optredende interferentieverschijnselen in

de hyperfijnkoppeling tussen kernspins en elektronenspins zijn in staat

de relaxatietijd van een kernspin met twee tegengesteld geordende

magnetische buren een orde van grootte te verlengen ten opzichte van de

relaxatietijd van eenzelfde kern met slechts een buur.

Dit proefschrift, hoofdstuk III, sectie III.B.

6. Uit de experimenten van Kaplyanskii et at. met optisch gedetekteerde

warmtepulsen in robijn kan een waarde van 1.7 ± 0.2 worden afgeleid

voor de verhouding van de gemiddelde vrije weglengten van longitudinale

en transversale, loodrecht op de c-as reizende, 29 cm fononen door

3+ 9
Cr in de E( E) toestand.

A.A. KannflHCKuft, C.A. Eacyw, B.A. PamiH M P.A. THTOB, flucbMa B KTO,

TOM 1 , BhiH. 13, 628(1975).
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7. Twee zware onzuiverheden in een oneindig lange lineaire keten beschrij-

ven een bottleneck-situatie. De daarmee geassocieerde verlenging van

de intrinsieke relaxatietijd van de kinecische energie van zd'n onzui-

verheid kan exakt berekend worden in het model van Ullersma et at.

Het verdient aanbeveling dit te doen en het resultaat te vergelijken

met de oplossing van de corresponderende rate equations.

P. Ullersma en J.A. Tjon, Physica 71, 294 (1974).

8. Bij het oplossen van lineaire stationaire randwaardeproblemen voor

de poloidale magnetische flux op een geometrie tussen twee niet-

coaxiale tori kan men vaak gebruik maken van konforme afbeeldingen

ter konstruktie van de Greense kern.

9. De kernspin-magnonrelaxatietijd T en de lengte van de free-induction

decay zijn bijzonder gevoelig voor de aanwezigheid van onzuiverheden op

de posities van de magnetische ionen in antiferromagnecische isolatoren

en kunnen daarom gebruikt worden ter bepaling van de relatieve zuiver-

• heia van kristallen.

10. Het totaal ontbreken van literatuur over het kiristaigroeiprocede van

K,X_F_ (X = Mn, Hi) en het niet voorkomen van deze verbinding in de gepubli-

ceerde fasediagrammen KF-XF2 suggereert dat de eenkristallen waaraan metingen

gedaan zijn, toevalstreffers zijn bij de kristalgroei van K,XF,. Het

vermoeden bestaat daarom dat indien een extra parameter, zoals

"evenwichttijd" in de fasediagrammen wordt betrokken, er een aantal

nieuwe lagenverbindingen zou kunnen worden gevonden, die qua samenstelling

•i
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inliggen tussen en KXF_.



11. Uitgaande van de bestaande behoefte aan woningbouw in Nederland en

het dreigende tekort aan grondstoffen voor de bouw, verdient het

aanbeveling op korte termijn onderzoek te verrichten naar vervangende

bouwmaterialen om de bouw van luchtkastelen te kunnen realiseren.

12. De strijdigheid vanmultidisciplinaireaktiviteiten en belangen met

betrekking tot de openbare werken-politiek veroorzaakt in West-Europa

een diktatuur van de onmacht.

13. De door Klein gegeven oplossing van de niet-lineaire golfvergelijking

(l+£2)(ftt-fxx) - 2f(f^-f£) + f(l-f
2) = 0 is een interessant voorbeeld

van het golf-deeltje-dualisme en zou in een college kwantummechanica

ter illustratie van het gebruikelijke postulaat kunnen worden gebruikt.

J.J. Klsin, Can. J. Phys. JM, 1383 (1976).

Stellingen bij het proefschrift:

Nuclear spin-magnon relaxation in two-dimensional Heisenberg antiferromagnets.

A.J. van der Wai 15 januari 1979.
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CHAPTER I

INTRODUCTION

5?'

I

Ever since nuclear magnetic resonance (NMR) was discovered by

Bloch et at.,1 and independently by Purcell et at.2 in 1946, the relaxation

of nuclear spin energy, as characterized by the spin-lattice and the spin-

spin relaxation times T, »ad T,,, respectively, has been extensively studied

in gases, liquids, and solids, as a means to extract information on the

nuclei and their environment.3»^ Especially in magnetic materials, NMR

constitutes a versatile method to study the properties of an electron spin

system, reflecting static as well as dynamic features of the system by

virtue of its interaction with a nuclear spin.

In this thesis we will restrict our attention to experiments and dis-

cussion of the dependence on temperature and magnetic field of the

longitudinal relaxation time T. of single crystals of antiferromagnetically

ordered insulators, i.e., in the temperature range below the Heel temperature

i»



and in fields up to the spin-flop transition. By use of NMR as a technique

from which one can extract a nuclear, spin-lattice relaxation time T(, it

is possible to study the dynamics of the "lattice", in the present case the

ordered electron spin system. Throughout this thesis use will be made of

the Holstein-Primakoff spin-wave formalism,5 describing the elementary

excitations of the system in terms of quasi-particles, or magnons. An

excellent summary of spin-wave theory and its applications to the thermo-

dynamics of magnetic systems has been given by Keffer.e Whereas statia

magnetic properties of antiferromagnetically ordered spin systems are well

studied by now,7"16 the dynamics of these systems is less well investigated.

Observing that the nuclear spin not only interacts with the time-averaged

spin, but also with its fluctuations, the dynamics of this interaction may

be interpreted at low temperatures in terms of multiple magnon scattering

processes off a nuclear spin.

Nuclear magnetic resonance in antiferromagnets17 was first observed in

1952 by Poulis and Hardeman18 for protons in CuCl2»2H,O, a few years later

followed by measurements of the proton relaxation time T. , showing a strong

dependence on temperature.19 Prior to these experiments, Bloembergen and

Poulis20 tried to observe fluorine nuclear resonance in MnF~, but their

attempt was unsuccesful, as no resonance was detected between 1.5 and 300 K.

They atrributed the absence of NMR to very short relaxation times being

smaller than a microsecond. These measurements formed the basis of the

initial theoretical work on nuclear relaxation in antiferromagnets by Moriya.21

He investigated the properties of nuclei and nonmagnetic sites in magnetic

crystals using Kubo-Tomita r^rturbation theory,22 in which the nuclei relax

by fluctuations in the dipolar field of the magnetic ions. This theory was

limited to Raman relaxation processes involving two magnons to relax a

nuclear spin. Moriya concluded from this »ork that T. of MnF- would be

10
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}} larger than 10 us, rapidly increasing towards lower temperatures, in

[: contradiction with the interpretation,of Bloembergen and Poulis. He

j'v suggested that hyperfine interaction^might be the cause for the observed

|j absence of fluorine NMR in MnF_. Subsequently, these theoretical predictions

| were confirmed by Jaccarino et aZ. j 1 1' 2 3' 2 1* who finally observed the F

| NMR in MnFj.

j>. At present, MnF2 constitutes one of the most extensively studied anti-
i\ 1 9
f ferromagnets.7~1If »23'21* The dynamic behavior of the F nuclei in MnF, was

K studied by Kaplan et at.,2S who included transferred hyperfine interaction

I into the two-magnon relaxation theory of Moriya and obtained good agreement

f? with theory. The paper also contains a cursory mention of possible higher-
*{

V order magnon processes, arising from the hyperfine interaction. However, in

\' the rutile structure MnF-, three- and higher-order raagnon processes are

' completely obscured by the two-magnon Raman process, even in zero field.

:• In 1968, Beeman et aZ.-6 published a systematic review of nuclear

I relaxation in magnetic insulators in terms of various Holstein-Frimakoff

:: magnon scattering processes originating from the hyperfine interaction. Also

; indirect processes arising from coupling the hyperfine interaction to the

(-• electronic dipolar interaction or the exchange Hamiltonian were considered.

: Especially three-magnon relaxation processes received attention in anti-

'f. ferromagnets, because of the expected large contribution of indirect four-

f- magnon exchange scattering. A similar calculation of the three-magnon T. in :|
f •-

I"; an antiferromagnetic insulator, with inclusion of exchange enhancement was )

|t done by Brooks Harris27'28 on the basis of the Dyson-Maleev formalism, rather |

\] than Holstein-Primakoff. Apart from some discrepancies due to algebraic |

\r errors in the work of Beeman et al.2& their results are in accordance. How- |

i. ever, the actual calculation of the relative importance of exchange }
» - 5
r, enhancement with respect to the direct process required a number of 3
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approximations, resulting in an enhancement ranging for small temperatures

from 2.0 to 3.6.26>28»29 On the experimental side, Tj observed for Mn

in MnF- was interpreted in terms of three-magnon processes, but theory and

experiment do not agree quantitatively.30

One of the objectives of this thesis is to discuss the dependence of

T. on temperature and field in antiferromagnets of such high symmetry and

simple structure that spin-wave calculations can be done without approxima-

tions. The various magnon relaxation processes operative in antiferromagnets

are considered with special emphasis on three-magnon exchange enhancement.

19
The experiments are done on the F nuclei in the Heisenberg antiferromagnets

K,IfaF, and K-NiF,, the magnetic structure of which is two-dimensional (2D)

quadratic. The low-temperature magnetic thermodynamic properties of these

isomorphs can be described very closely on the basis of Heisenberg exchange,

2+ 2+
with the electron spins of the Mn or Ni ions stabilized along the

tetragonal axis by small anisotropy.15»ls These 2D antiferromagnets have

an important advantage above the rutile structure MnF_ related to the site

19
symmetry of the F nuclei, which is such that two-magnon relaxation is

forbidden by symmetry, as is reflected by the form of their transferred

hyperfine tensors. Therefore K-MaF, and K^NiF, constitute excellent anti-

ferromagnetic systems to study three-magnon relaxation, including exchange

enhancement. Another advantage of these structures is their low dimensionali-

ty, by virtue of which exact integration over the Brillouin zone is feasible

in evaluating T..

In CHAPTER II the relaxation time T. in K2MnF, and K2NiF, is studied

19
for F nuclei, located outside the antiferromagnetically ordered layers.

It is shown that T. arises from three-magnon processes, varying about four

decades over a temperature range of 12 and 50 K for K-MnF, and K_NiF,,

respectively. General agreement between calculated three-magnon T. and

12
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experiment is found, except for very low temperatures, where Tj has

become so long that impurities are believed to take over. In the case

of.KjNiF,, however, comparison is more difficult because of the temperature

dependence of the transferred hyperfine constants. The exchange-enhancement

factor is calculated as a function of temperature for the two systems and

increases from 1.8 at zero temperature, levelling of at ^ 8 for KjMnF^ and

•t- 15 for K-NiF,. Two-magnon processes can be induced by applying a

magnetic field perpendicular to the easy axis. Here, excellent agreement

is found as a function of temperature and applied field over more than three

decades, of T..

In CHAPTER III relaxation of F nuclei within the ordered layers is

studied for K.MnF, at 4.2 K as a function of field along the tetragonal

axis up to spin flop. Also in this case, three-magnon processes will

determine T. as long as the tetragonal symmetry remains unaffected. Again,

general agreement is found, but its appears necessary to include the effects

of multiple exchange enhancement, estimated to produce an additional

enhancement to the rate of t< 1.5. The indirect exchange processes will

contribute strongly when the field approaches spin flop at 54.5 kG, already

enhancing the three-magnon rate by an order of magnitude at 0,,9 H™. Finally,

we investigated two-magnon relaxation, by applying a field at an angle to the

easy axis. Three-magnon relaxation is in this case completely masked.

Evidence was found for a second-order process combining the electronic

Zeeman energy with the hyperfine interaction, enhancing the direct two-

magnon relaxation by a factor of i. 5.

13
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CHAPTER II

TEMPERATURE DEPENDENCE OF THE NUCLEAR SFIN-MAGNON

RELAXATION TIME OF THE TWO-DIMENSIONAL ANTIFERROMAGNETS

AND K2NiF4

ABSTRACT

The relaxation time T1 of the out-of-layer F nuclei characterizing

their decay to the magnons by mediation of hyperfine coupling has been studied

as a function of temperature in the nearly ideal two-dimensional (2D) quadratic-

layer (QL) Heisenberg antiferromagnets K_MnF, (S = •§•) and K.NiFj (S = 1). By

virtue of the tetragonal symmetry, the lowest-order relaxation process involves

three magnons; energy is conserved; but k is not- necessarily. Theoretical

expressions applicable to the QL structures are derived for T due to the three-

magnon process, including enhancement by four-magnon exchange scattering. In

the numerical evaluation, the multiple summations over the Brillouin zone are

carried out rigorously using the exact density of states, the dispersion rela-

tion, and the Bogoliubov coefficients, rather than the usual small-k approxima-

tion. Exchange scattering turns out to play a significant role, enhancing

the direct three-magnon relaxation rate temperature-dependently up to a factor

16



of 15, about k times larger than formerly estimated. Then, generally

quantitative agreement, ranging over 3 decades, is obtained with experiment,

with the spin-wave and hyperfine parameters taken from other sources, except

at very low temperatures, where the relaxation is-impurity dominated.

Residual effects due to multiple exchange scattering are estimated to add

by some tens of percent. Another possible process, relaxation induced by

electronic dipolar interaction, is worked out in detail for the 2D case, only

to be found negligible. Finally, breaking the symmetry by a magnetic field

transverse to the tetragonal axis invokes a two-magnon process, starting off

with T~ quadratically dependent on the field, and dominating the three-

magnon processes by two orders of magnitude at ̂  35 kG. Also here, the

rigorous spin-wave result, is found to be in excellent agreement with experiment.

I. INTRODUCTION

During the past decades spin-wave theory has been used extensively to

describe the elementary excitations in magnetically ordered spin systems.

A review up to the mid sixties of spin-wave theory and its applications to

the thermodynamic properties of a variety of magnetic systems has been given

by Keffer.1 The systems considered in this paper, the quadratic layer

Heisenberg antiferromagnets with weak c axis anisotropy K-MnF, and K,NiF^,

have only recently been considered in detail. Also in this case, spin-wave

theory with various degress of rcnormaliEatiori appeared to successfully

describe the thermodynamic properties, such as the specific heat,2 the

magnetic susceptibility,3 and the sublattice magnetization,1*'5 at least at

temperatures well below the critical regime. In addition, two other fundamental

characteristics of antiferromagnets, viz., the zero-point spin reduction and

the k - 0 energy gap in the dispersion relation, are well created in terms

of spin waves.

17



In contrast to these static properties, the dynamics of magnons is

less extensively studied. One way of access to scattering of magnons is to

investigate the broadening of the magnon dispersion relation,by neutron

diffraction,6'7 at low temperatures-however limited by instrumental resolu-

tion, Raman scattering,8 probing mainly magnons near the zone boundary, and

antiferromagnetic resonance,9 measuring strictly at the zone center. Here,

one deals with even-order magnon scattering processes, with the four-magnon

processes as lowest order, and resulting in magnon lifetimes as short as,

say, 10 s. Another type of dynamic processes, bat with a much slower rats,

is the inelastic scattering of magnons off a nuclear spin, which can be

studied by measuring the nuclear spin-magnon relaxation time T.. By virtue

of energy conservation the one-magnon process is forbidden. The Raman-type

two-magnon process is however allowed (Note that k-conservation is not

required), unless the symmetry at the nuclear site is sufficiently high. All

other direct processes involve scattering of an odd number of magnons, with

the three-magnon process as lowest order. In addition, there is a substantial

contribution from "exchange-enhanced" three-magnon processes, involving a

nuclear spin transition under emission (or absorption) of a virtual magnon,

which in turn takes part in a four-magnon process of the type responsible for

the broadening of the dispersion relation.

Most experiments on Heisenberg antiferromagnets with weak anisotropy have

concentrated on MnF9, a three dimensional (3D) antiferromagnet with the rutile

structure. Static10 as well as dynamic11'12'13 properties of this system have

19
been studied extensively. Unfortunately, in this case the F nuclei are at

positions with such low symmetry that three-magnon processes cannot be observed

isolated from the two-magnon ones. Nevertheless, general agreement is found

between two-magnon calculations and the experimental T. up to temperatures

corresponding to twice the k = 0 energy gap, although theory could not be

18



applied but in the k approximation. The functional dependence of Tj of

19
F nuclei on temperature appeared to be followed quite well, but there

still remains the unresolved problem that the absolute values derived from

theory are too long by a factor of about 2.

As already said, the magnetic thermodynamic properties of the quadratic

layer antiferroinagnets K,MnF. and isomorphs have recently been studied, and

discussed in detail in terms of spin-wave theory. By virtue of the staggered

registry of neighboring layers, these systems are almost ideal 2D Heisenberg

antiferromagnets with the ratio of the interlayer to intralayer exchange

—4
smaller than a few times 10 . The magnetic structure within the layer is

2D simple quadratic. In contrast to MnF_, there is only one exchange parameter

of importance, the nearest-neighbor exchange constant J, the exchange between

next nearest neighbors being smaller by at least two orders of magnitude.1*

The simplicity of the magnetic structure allows one to calculate T. with

exaat integration over the Brillouinzone, even in the case of higher-order

processes, with a limited number of parameters, all of which are known by now.

The main objectives of the present paper are therefore to present data on

the magnon dynamics in K.MnF. and K^NiF. as studied by nuclear relaxation of

19 I
out-of-layer F nuclei (F sites), and to exploit the simplicity of these

systems in order to compare the results of rigorous calculations of the spin-

magnon relaxation time T., including indirect processes such as four-magnon

exchange enhancement, with experiment.

In this paper we present experimental data, as well as a rigorous

calculation, of the temperature dependence of the spin-magnon relaxation time

19 I
of the out-of-layer F (F ) nuclei (I = £) in the two dimensional quadratic

layer antiferromagnets lytnF^ (S = £) and KjHiF, (S = 1), both in zero field

and in a transverse magnetic field. Because of the quadratic layer symmetry

and the easy axis anisotropy along the tetragonal axis the lowest-order magnon

19
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process allowed in zero field appears to be the three-magnon process, with

inclusion of exchange enhancement. Thus, K^MnF^ and ^NiF^ constitute

excellent examples in which the three-raagnon induced nuclear spin-lattice

relaxation could be observed, isolated from lower-order direct processes.

Because exact calculation of the higher-order magnon processes is

practicable, another advantage of the 2D structure is in computing the

exchange-enhancement factor including its temperature dependence. The

enhancement has previously been calculated by various authors but only in

the zero-temperature limit, with results ranging from 2.0 up to 3.6.lf*»15»16

II. EXPERIMEHTAL

A. Sample Preparation

3
Single crystals of l^MnF, and K,,NiF, with typical size of 200 mm were

grown from the melt by a horizontal zone-melting technique. There are three

main problems in growing single crystals of these fluorides. The first is

2+
that they are quite hygroscopic, while metal ions like Mn readily oxydize

4+
to Mn . This requires long periods of drying of the starting materials

before heating. The second problem is the high melting temperatures ( > 1000 C)

and the inherent rapid chemical attack of the container materials. The

third difficulty is that KjMnF^ and isomorphic layer structures melt incongruent-

ly so that zone-refining cannot be used for purification of the final material.

The procedure of growing the crystals is as follows. In a horizontal tube

made of Ft 10% Rh the two starting materials KF and KMnF^ were purified

separately by zone-refining under a HF-atmosphere. After zone-refining, an

equimolecular mixture of the purified materials was zone-leveled with a single

pass. It was important that contamination with other magnetic ions was

reduced as much as possible, since impurity-dominated relaxation puts an

upper limit to the observed relaxation times at low temperatures. The concen-
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trations of magnetic impurities, as detected by atomic absorption, were

typically less than 50 ppm. As an example, the atomic absorption analysis

of a typical K-MnF, sample used yielded (in ppm): 12 Cr, 46 Fe, 35 Co, 37 Ni,

0.7 Cu, and 10 Hg.

B. Experimental Procedure

All nuclear spin-lattice relaxation time measurements on out-of-layer

19 I
F nuclei (F ) were done by an NMR technique consisting of first saturating

the nuclear spin system, followed by applying a single ir/2 pulse a variable

time t later, and observing the amplitude of the free induction decay

following the latter in a single shot. The free induction signal could be

fitted to the relation

M(t) = M - e" t / TI), (1)

where M is the amplitude of the decay in the absence of saturation. The

relaxation time T. is then extracted from a series of measurements with the

time t elapsed between saturation and the ir/2 pulse varying in the range

0 - 2 Tj.

It should be noted that we did not use the pcie common spin-echo technique,

i.e., applying a (n/2, ir) two-pulse sequence following saturation. This is

due to the high purity of the samples, in which inhomogeneous broadening of

19 I
the F resonance is virtually absent, so that the characteristic decay time

of the free induction is close to the spin-spin relaxation time T~ (̂  20 us).

2+
On the other hand, spin-echo measurements could easily be performed on Ni

doped KoMnF, samples, where the free induction decay time is much shorter

<* 2 us).

19 I
The F nuclear precession was saturated in the range 50 - 200 MHz with
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a high power ("v. 1 kW peak) rf transmitter, supplying a train of pulses

with a duration of typically 2 us during ! - 100 ms. The free-induction

decay signal (̂  20 us) directly following the subsequent ir/2-pulse (dura-

tion ̂  5 us) was amplified by use of a "tuned amplifier with fast (maximum

2 us) recovery against overload, and subsequently detected by a double-

balanced mixer, driven by a standard oscillator. Both the transmitter and

the amplifier are coupled to the small coil wound around the sample by

means of a suitable coaxial network employing X/4 lines. The front-end of

the receiver was protected against the high-voltage rf pulses by a PIN diode

network.

With this set-up relaxation times as a function of temperature have been

measured ranging over 5 decades from 10 s down to 10 ms. In case of T.

measurements of the two-magnon processes induced by a perpendicular field

(Sec.XV.C) even shorter relaxation times were extracted. In a standard

research cryostat, temperature control above 4.2 K was done by servo-stabi-

lizing the temperature of a flow of boiled-off gas. Temperatures were

measured with a germanium resistor, mounted close to the samples and cali-

brated against a standard platinum resistor. In the case of field-induced

Raman processes the magnetic field was supplied by a superconducting solenoid,

used in the persistent mode and with a field homogenity of better than 1 in

10 over the sample. In the magnetic field, temperature control and

measurement was done by the use of a carbon resistor, which in turn was

anchored to the germanium probe in zero field. Below 4.2 K temperatures down

to 1.2 K were obtained by controlled pumping-off the liquid helium, in which

the sample was immersed. The sample could be aligned in situ to a precision

of 0.1 with a manipulator operated outside the cryostat. By making the

19 I I
two F NMR branches corresponding to F sites adjacent to up and down

magnetic sites, respectively, to coincide, the c axis could be aligned per-
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pendicular to the magnetic field.

III. THEORY

k

A. Nuclear Spin-Lattice Relaxation

In the following we will briefly outline the theory of nuclear spin-

lattice relaxation, following Beeman and Pincus,1"* henceforth referred to

as BP, anticipating its application to the 2D Heisenberg antiferromagnet-

of the K,MnF, family. In a magnetically ordered system the term "lattice"

is to be identified with the magnon modes. The latter in turn are tightly

coupled to the crystalline bath, and essentially adopt the bath temperature

T through the Bose occupation numbers.

19

The T. measurements to be discussed are those of the out-of-layer F

nuclei (F ) ; the in-layer F nuclei (F ) are at positions symmetrical

relative to up and down magnetic sites, and consequently do not resonate in

zero external field. The contact between the nuclear spins I and the electron-

ic spin S residing on the magnetic ion adjacent to the nucleus, is established

by a hyperfine interaction JC = I • A-?, which generally is of tensor form

(Table I).The principal contribution to A is the transferred hyperfine inter-

action, the main part of which is isotropic (A ). For K^MnF, the anisotropic

part due to overlap (A ) is marginally resolved. Lattice summation over the

quadratic-layer structure yields that dipolar fields further contribute by

less than 10Z (Ap). Here, dipolar interaction of ? with next-nearest neighbor

and further magnetic sites is smaller by two orders of magnitude relative to

the primary interaction. Its contribution to the relaxation rate is similarly

small, even smaller when correlations of neighboring spins are included, and

will be ignored throughout. By the same argument any residual (̂  1%) hyperf ine

coupling between I and next nearest-neighbor magnetic ions will be neglected.
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Lattice parameters, transferred hyperfine canitints at the F lite, and •pin-wive parawtcn in the layer itructures.

Lattice paraaetera:

c (A)

Hn.Hi-F1 (A)

Transferred hyperfine conatanta:

-4, do"4 - - ' ,

*1 * *e " (*a * V t10"4 •=""''

Spin-van paraaecera:

ck-0 ( I " 0 ) / *B «>

(K)

4.152

13.242

2.10

14.8

14.9

0.7

0.3

11.8

21.0

21.54

4

4

4

4

4

4

4

4

0.003"

0.010°

0.09"

0.3°

0.4*

0.3"

0.2«

.f

r
0.7"

0.7?

0.2*

7.40 i 0.05

84.1 4 0.6*

0.00378*

3.994 4 0.004"

13.04 4 0.01*

1.97*

27.2 4 1.3d

B.65 4 O.id

3.02^

15.5 4 l . 8 g

50.5 4 2 . 3 s

63.0 4 0.6*

27.48 4 O.OJ7

408.4 4 3.2*

0.00211*

(eatroa scattering at 4.2 t. B.O. Ioopatra, B. van Laar, and D.J. Breed, Phy». Utters 26*, (1968) 526; 27A, 188 (1968);

the •agcetic onic cell parameter a is related to the crystallosraphic unit cell paraaeter aQ aa a • <^2ao.

Reutron acattering at 80 K. R.J. Birseneau, H.J. Guggenheia, and G. Shirane, Fhya. Kev. Bl^ 2211 (19*0); the aagnetic

unit cell paraaeter a is related to the cryetallographic unit cell paraaeter afl aa a • ^2aQ.

Prom HUE in the naxaaainetic regiae. C. Bucci, C. Cuidi. C. Vi«nali, V. F.no. and H. Giordano. Solid State Coaaun. ]0.

IMS (1972).

FtOB HMS i a the paraaagnetie regiae at T - 300 K. E.P. Maaricliallt A.C. Botteraan, S. Vega, and A.K. Miedena, Phyaica

«1, 47J (1969).

Fran EFR of Ita2* ia HjZnF .̂ V.J. Folen, Fhys. l ev . B6, 1670 (1972).

Stnauition over a c o ^ l e t e antiferromagnetically ordered lat t ice . The Bain contribution, ariaing froa the adjacent

aagnetic s i t e , ia parr.lv coapenaated by the reat of the lattice (8<).

Weighted average of enoted valuea for Afl and Aa.

Derived froa the aero-field I9FX not frequency in the ordered atate at T - 0 K and the uro-poinc apin reduction

calculated froa apin-wave theory, with an eatiaated error or IX (Ref.4).

Froa AFHI. H.W. de Wijn, L.I. Walker, S. Cetcbrind, and H.J. Cuggenheia, Phya. Rev. B8, 299 (1973).

Froa AFMB. I.J. Birganeau, F. De Ion, and H.J. Guggenheim, Solid State Coaaun. 8, I] (1970).

Effective value, to aiaulate ranoraaliaation in aiaple apin-tfave theory (Sef.4).
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The crystallographic structure of KjMnF^ is such that a F nucleus

experiences the hyperfine field of a single magnetic site. The direction

of the Mn-F bond is collinear with the crystallographic c axis, which has

tetragonal symmetry. Noting that the c axis is also the axis of magnetic

quantization, the hyperfine interaction may be written in the form

3C ( i V + I~S+) + A2I
2SZ (2)

where A. = A = A and A. = A , with x, y, and z along the magnetic

unit cell axes, respectively.

The first two terms of Eq.(2) give rise to relaxation, while the third

term produces the static hyperfine field at the F sites. The part of Eq.(2)

in which a nuclear spin relaxes and an electronic spin is flipped by the

creation of one or more magnons, can be written (a prime will be used to

indicate truncation)

h
£•;

S:

JP = |A,lV, (3)

which is non-Hermitian. The standard method for calculating T. as worked out

in detail by Beeman and Pincus,is to proceed by using the effective Hamilto-

nian JC as a perturbation on the magnon system and to double the relaxation

rate thus obtained in order to compensate for ignoring the term I S in Eq.(2).

Time dependent perturbation theory then gives the transition probability W

of the I S process according to the golden rule

W i >\* fi(E. - E ), (4)

where [i > and |f > are the initial and final combined nuclear and magnon
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states, while energy conservation is expressed by the 6 function. From

this, Tj follows through Tj = |< vLj, + 1 |l*"|mx >|
2/2W, or T, - I/2W in the

case of I ° J.

B. Spin-wave Theory

In this section, a brief review is given of the spin-wave analysis of

antiferromagnets, in so far as needed in our discussion of relaxation times

in 2D Reisenberg systems, to indicate the assumptions made, and to define

the notations used. For further details reference is made to the review

article by Keffer.1

The calculations are based upon a model of nearest-neighbor isotropic

exchange coupling J and a uniaxial anisotropy represented by a staggered

magnetic field H. at the magnetic sites. Thus, the Hamiltonian is given by

(5)

where l,m are running over the up and down £ublattices, respectively (Note

that in the first summation pairs l,m are counted twice). The first step

in diagonalizing the Hamiltonian is to introduce local spin-deviation

operators c^ and d through the Holstein-Frimakoff transformation17

S*

• -

<2S>Vm«

d
m

d m '

(6)

where f. = (1 - C1'c1/2S)* and f = (1 - d+d /2S)*. Next, spatial Fourier
i j. i. in mm

transformation i s carried out to delocalized spin-wave operators c and d ,
ic lc
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k k

(7)

d = e+ik'Rm,

with N the number of magnetic unit cells. At low temperatures, the spin

operators, Eq.(6), may be expanded in a series of odd-magnon terms in c^, c^,
k k

d , and d . Apart from a constant, the leading term of the Hamiltonian then

becomes biquadratic in these operators. At this point, we drop all terms

of higher order, i.e., we use simple spin-wave theory, at the same time

labelling the exchange J and the anisotropy parameter a = gji H./2z|j|S with
IS A

the subscript s. We return to this below. To arrive at the dipersion rela-

tion we go over to new magnon operators a and f$ through the Bogoliubov

k £
transformation,

el = v v + V*V
k k k k k

4 = vv+ Vl'
k k k k k

(8)

chosen such as to uncouple c^ and d_̂  to normal modes,
k k

(9)

The two magnon branches are degenerate with dispersion relation

(10)

where Eg = 2zjjgjs. The coefficients u + and v^ determine to a large extent
k k
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what part of the Brillouin zone contributes to a particular relaxation

process (see e.g. Sec.IV.C). To preserve the boson statistics,

l«J2-kJ2-i.
k k

(11)

The phases of u and v are taken such that both are real, with u + positive.
lc £ k

Then,

+ a)2 -
(12)

p

t
t"

the squares of which are graphically presented in Fig.l in case of K.MnF,.

The physical meaning of u+ and v respectively is the amplitude of the magnon
k k

a + on the up (down) sublattice and that of g_̂  on the down (up) sublattice.
k k

In fact, in the center of the Brillouin zone the normal modes propagate on

the two sublattices almost equally, whereas at the zone boundary, where

v = 0, a resides strictly on the up sublattice, and B on the down sublattice.

It has already been noticed that we use simple spin-wave theory for the

magnon energies, i.e., temperature-dependent renonnalization due to quartic

and higher-order terms in the Hamiltonian, as treated by Oguchi,18 is not

taken into account explicitely. This is justified since it appeared that the

spin-wave dispersion follows simple spin-wave theory to a very good approxi-

mation6*7 provided effective parameters for J and a are used. More specifical-

ly, "* Jg = J(I - R ) and a = a/(I - R o ) , where R is the zero-temperature

renormalization.

R o = (l/2SSo)S
k

(13)
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Fig. 1. The squared Bogoliubov coefficients u^ and v^ for KgMnF^

as a function of k along the [10] and [11] directions in the square

Brillouin zone. The curves indicate that the main contributions to the

relaxation, at least at lev temperatures, involve magnons near k = 0.

'.3

'3
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z S e1 is a summation over the nearest-The geometrical quantity +

k £
neighbor displacements 5; for the quadratic-layer structure,

k
cos(k a/2)cos(k a/2), with a the magnetic lattice constant. For K-MiiF,,

integration over the Brillouin zone yields R = - 0.0316; for KjNiF^; R Q =

- 0.0790.11 For convenience, we will henceforth "drop the subscript s in J
s

and as, but emphasize that in numerical calculations the effective rather

than the actual values are.substituted. The dispersion relation Eq. (10)

governes the boson occupation number of the k-th mo«le

v<, "1- I]

IV. RELAXATION PROCESSES IN THE LATER STRUCTURES

(14)

A. Three-Magnon Processes

Proceeding with the calculation of the relaxation time Tj, S in 30

[Eq.(3)] is first expanded in magnon operators by use of the Holstein-Primakoff

transformation Eq.(6), the Fourier transformation Eq.(7), and the Bogoliubov

transformation Eq.(8), to obtain

(15)

Here, 2f and 2L represent k summations over first- and third-order terms in

the normal modes of the unperturbed X ,

(16)

S3 = - ( u l t t 2 U 3W3 2ulv2U3aI62a3
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(17)

The subscripts I, 2, and 3 are short-hand notations for lCj, k^, and k3, while

R is the displacement vector from the F nucleus to the adjacent magnetic

site. As has been already pointed out by BP, one-raagnon nuclear relaxation

processes, such as those produced by £ , are not allowed in antiferromagnets,

since the nuclear spin-flip energy A_ < Sz > is at least three orders of

magnitude smaller than the minimum magnon energy, i.e., the magnon gap ek_Q.

Another point of interest is the absence of a two-magnon term 2L *n Eq.(15).

In the layer structures, the axes of quantization of both the electronic spin

S and the nuclear spin I are collinear with a principal axis of the hyperfine

interaction, whence terms involving two magnons combined with a nuclear

transition^ I~S [cf. Eq.(2)], are essentially absent. Therefore, unlike the

situation in MnF,,11 the direct two-magnon Raman process is strictly forbidden

by symmetry.

The last two terms in Eq.(17), creating or anihilating three magnons

simultaneously, cannot contribute to the relaxation because of energy conserva-

tion. Omitting these terms, cne can express the three-magnon perturbation

Hamiltonian as

(ulu2u3ala2a3 + 2uIv2u3<xIB2a3

* 2vIu2v3Bla2B3 + V1V2V3B1B2B3}

Applying the golden rule Eq.(4) and recalling that O*Bj){l+n2)n3

when e^+cfEy we finally have11*

(18)
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where the summations should be carried out over the complete 2D Brillouin

zone.

This expression for direct three-magnon relaxation rate contains no

approximations, except for the neglect of the nuclear spin-flip energy

relative to the magnon energies. It is noted that energy conservation is

implied, but k conservation is not required because of the local character

of the relaxation mechanism. Thus, apart from the restriction e]+E2=e3

the wavevectors k., k- and lL run independently over the Brillouin zone.

Numerical evaluation of Eq.(19) in 3D cases,requiring eight-fold integration

over the Brillouin zone, is toe involved to be done. In a quadratic lattice,

however, the number of summations is reduced to five. It is convenient to

let kjx> k , k- and k~ each run from -ir/a to +ir/a. Then, for given kj and

k2' k3x a n d k3 a r e r e l a t e d through e~ = e. + e2 with the dispersion relation

Eq. (10) substituted. Further, it is noted that e^, as well as u + and v^,
_j. k k k

are dependent on k through Y. only (0 < y, < 1), i.e., the 2D summation over
k

k. reduces to a line-integral over a single closed loop in the Brillouin zone

Y_ = constant. By use of the identity (0 < z < 1)

(4/ir2) F(z) (20)

the latter integral can in turn be expressed in terms of a complete elliptic

/

integral of the first kind K(m)
11/2 2 2 A
/ (1 - m s i n $ ) Jd$, for which fast
0

computer routines are available. Further,
2 2-1

^/dY^I = Ŷ . E_[(l+a ) - -yj •
K K. K. K

Then, it follows after interchanging k_ and k_, with Y 3 determined from
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e3=e2~V

1/T (3,d) Z e K[(l — v )
• i n.(l+n 2)n 3— 2_

2 2 2u f u ^ 2 2 2 2 2
(21)

I

I
IV

r

I

Numerical evaluation of the integrals over k. and k« in Eq.(21) is done by

use of n-point Gauss-Legendre quadrature. The symmetry of the integrand is

such that both k. and k, may be restricted to the first quarter of the

4
Brillouin zone, provided the final result is multiplied by 2 . Typically,

a choise of n = 15 was needed to obtain good convergence with a residual error

of less than 0.1Z, as was inferred from repeating a selected number of

calculation with 20, 30, and 40-point quadrature.

In 3D systems one has to resort to approximative methods. First, one

usually equates the squares of the Bogoliubov coefficients to their average,

2 2 2 2 ~A 2

u^ * v^ * J(J+a)[(l+a) - Y_J . Secondly, one introduces the k approxima-

tion for Y. and the dispersion relation, so that integration of Eq.(19) can

be carried out analytically. Thirdly, because of the exponential decay with

energy of the Bose factors n^, one may extend the upper limit of the integra-

k
tion of infinity. It worthwhile to also apply these approximations to the

present 2D case in order to compare the results to those of exact summation

over the Brillouin zone. Starting from Eq.(19), the approximate expression

for Tj in a square lattice turns out to be

1/T
(3,d) 5Af

(22)
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TEMPERATURE (K)

15

Fig.2. The three-magnon spin-lattice relaxation time T^' of

nuclei in KgMnFjj as a function oT temperature in zero field. The circles

represent the measured relaxation times. The full curve is the result

of exact integration of three-magnon relaxation, T:j , over the Brillouin

zone vith inclusion of second-order exchange enhancement [Eq. (28)]. There

are no adjustable parameters. The relaxation time as calculated for the

direct three-magnon process, Tlj ' , also with exact integration over the

Brillouin zone (Eq.(21)], is inserted as the dashed curve to point out the

dominance of the exchange enhanced processes. For comparison, the direct

three-magnon relaxation calculated in the k approximation [Eq.(22)], is

given as the dotted curve. The magnon energy gap, corresponding to T.Uo K,

is indicated on the temperature scale.
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where

f

pJ p (ex-

e^dxdy

J-e*
(23)

At this point it is worth noticing that incidently the same integral occurs

in the three-magnon nuclear relaxation rate of a S = £ 2D ferromagnet,

however with a different prefactor and with the static Zeeman energy in place

of the magnon energy gap.19

In Figs.2 and 3 the measured temperature dependence of T. in zero magnet-

ic field is presented for K^MnF^ in the temperature range 2 - 15 K and for

^NiF^ in the range 2 - 55 K, respectively. Also inserted in Figs.2 and 3

is the direct three-magnon relaxation time as calculated from the exact

integration Eq.(19) (dashed curves), and the k approximation Eq.(22) (dotted

curves). It should be emphasized at this point that there are no adjustable

parameters since all quantities involved are available from the literature

(Table I). A remark should be made about the obvious deviation between the

values of A2 as measured by NMR in the paramagnetic regime
20 >21 and those

from NMR in the ordered regime1* in case of K_NiF,. These results differ by

as much as 25%, which is mainly due to temperature effects. Clearly, the

value derived from NMR in the ordered state pertains more directly to the

present situation, and, in fact, is more accurate since the zero-point spin

reduction has been well established.1*

It is observed that the functional dependence of the computed relaxation

times obtained by exact integration concurs qualitatively with the experimental

data. Anticipating on the results of the next section (Sec.IV.B), we note

that for quantitative agreement it is necessary to include indirect exchange-
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2. . . . .
induced three-magnon processes. Returning to the k approximation, it is

seen from Figs.2 and 3 that the computed relaxation times are too large

by say 16% for K,MnF, and 8% for l^NiF^ relative to the exact results at

temperatures corresponding to the magnon energy gap, increasing to a factor

1.6 and 1.3 at k^T/e = 2. The small fc approximation yields relaxation

times T. which are larger than the times obtained by exact integration.

Detailed inspection of Eq.(19) indicates that the most serious approximation

2 2
is in equating u^. and v̂ .. Elementary estimates of the relative errors

k k
induced by this approximation and using the fact that as temperatures below

the magnon energy gap only zone center magnons are involved, learn that these

2
errors will approximately scale with (•^T.-Q^^ • Fr™ this estimate it

follows that for temperatures below the magnon energy gap the relative

2
deviation between k approximation and exact calculation will be almost twice

as large for K-MnF, as it is for K^Ni

B. Exchange Enhancement

The direct process is not the only one that contributes to the three

magnon relaxation. Indirect processes can give considerable additional

contributions. The most important of these is the exchange-enhanced relax-

ation, which in fact turns out to be far more important then the direct process

itself. Indirect relaxation is invoked by second-order processes that

involve virtual excitation of a magnon: First, a decaying nuclear spin creates

a virtual magnon a (or annihilates B,) via the transferred hyperfine inter-

action in a one-magnon process [cf. Eqs.(3) and (16)]. Then, the virtual

magnon couples a, is scattered off one or two thermal magnons via the exchange

Hamiltonian in a four-magnon process under creation of two or one outgoing

magnons, respectively. Oaly over-all conservation of energy is required, so

that k^ may be anywhere in the Brillouin zone. However, exchange scattering
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imposes the condition k( + k. = k_ + k, or k( = k2 + k, + k^, respectively

(The latter condition may be converted to the former by reversing the sign

of k. everywhere).

After applying the Holstein-Primakoff formalism to the exchange

Hamiltonian Eq.(5) and separating out the four magnon terms, the resulting

Hamiltonian JP is transformed to normal modes by means of the Bogoliubov
o

transformation Eq. (8). This is straightforward but tedious algebra, since

as much as 256 four magnon terms result after the Bogoliubov transformation.

A point of note is that the anisotropy when expressed in the form guRH.S

[see Eq.(5)] does not yield any four-magnon terms. Anisotropy of the more

realistic form -DE.(S.) would however contribute to exchange enhanced

relaxation, and we therefore will use the latter instead [The two forms are

related through gUgH = D(I-2S)]. The resulting terms have been considered

before,16 but since their coefficients are not available in the literature

the calculation had to be redone.By use of the permutations of k]f k,,, k3 and

k, that leave the momentum conservation condition invariant, the 256 terms

can be grouped in 10 distinct four magnon processes. That is,

a* W

(24)

The last two terms of Eq.(23) will be dropped since they do not con-

energy. The first

are given in Appendix A.

serve energy. The first four coefficients I|I., functions of y , u + and
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The indirect relaxation can now be described by an effective Hamiltonian

JO , which is constructed by means of second-order time-dependent pertur-

bation theory from the exchange Hamiltonian Eq.(5) and the hyperfine inter-

action Eq.(3) with Eq.(16) substituted. Combining the resulting £ive-magnon

terms in such a way that [a,, otl] = [0,, B,] = ! can be taken out, there

results an effective three-magrion Hamiltonian

fi' X
o o k ,k2,k-,k.

•-E, - E,,

4 N

+ (-
f t

e4 "

r + C- + +

J3la2B3'e4 " eN e4 - V l 2 3

+ (•

2u4*2

EN e4 " eN
)a,f (25)

Here, E ^ represents the nuclear spin-flip energy which is given by £„ =

A. < S >; as before we will neglect E,. with respect to the magnon energies.

Now, the three Hamiltonians Eqs.(I8) and (25) are combined to calculate the

total three-magnon relaxation rate.22 This combining is necessary since

separate calculation of T. would neglect interference of the two Hamiltonians,

in Eq.(4) due to the occurrence of the same three-magnon operators. Since

the phase factors exp(i^-$) are the same for both Hamiltonians they may be

dropped and so the complete Hamiltonian reads

isro "o
|'k2'k3
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where

(26)

f j

f 2

f4

f 2

with?

= v i v2 v3 ~ ;

= u,u2u3 - ,

= 2v,u2v3 -

= 2u,v2u3 -

substituted

EE
Je

eE
e1+2-3

EE
e1+2-3

U4*2 ) f (27)

As before the spin-lattice relaxation time Tj is found from the golden

rule. With degeneracy of the a and B branches one finally has

1/T
(3)

(|f3|
2 + |f4i

2)(l+n,)n2n3 fi^,-^- (28)

It is noticed that the f. are nearly independent of J, in particular at

temperatures above £, Q/kB. The principal contribution to the summation in

Eq.(28) comes from the center of the zone. The exchange enhancement is thus

of the order of EE/
et,_0» which in practical cases may easily amount to an

order of magnitude.

Numerical evaluation of Eq.(28) is considerably more laborious than

that of Eq.(19) in case of the direct process only, because here integration

over k3 along the closed loop e, - constant cannot be expressed in terms of
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an elliptic integral. Instead, the integration over k- has to be carried

out explicitely. In integrating over kj and kj Gauss-Legendre quadrature

is employed, as was the case in evaluating Eq.(19), except for restriction

to the first quarter of the zone, which cannot be maintained here. However,

this type of quadrature would not be the most judicious choice in integrating

over k_, because the integrand still resembles that of the elliptic integral.

Instead, selecting the points along the loop according to Gauss-Tjebichew

quadrature is more appropriate, and ensures more rapid convergence of the

numerical process. Typically, I5-point quadrature along each quarter of

the closed loop was necessary to achieve 0.1% accuracy. The numerical

evaluation of Eq.(28) took about one hour of a CDC 73/28.

In Figs.2 and 3, the three-magnon spin-lattice relaxation time T.

including exchange enhancement, as calculated by exact integration of Eq.(28),

is compared with the experimental data in K^MnF, and K^NiF,. In going from

**» 0.5 s^-Q/kg to "̂  2 E^-Q/I^ decrease over about decades is observed. Over

this temperature range generally quantitative agreement between theory and

experiment is found. The theoretical Tj's turn out to be slightly larger

than the measured ones. This is not unexpected, since a number of weaker

processes have not yet been taken into consideration. Probably, the most

important of these is multiple exchange scattering. Such a process corre-

sponds to connecting a number of four-magnon exchange scattering diagrams,

thus forming ladder diagrams interfering with the single exchange-enhanced

relaxation. For each additional scattering, the matrix elements are expected

to be smaller; the expansion parameter will be I/2S. Fersuing this, the

total effect would be of the order of a factor £(l/2S)n = 2S/(2S - 1). In

case of ^MnF^ (s = 5/2), there would result a correction of T, 25% to the

effective interaction JC, and thus a correction of ^50% to the relaxation

rate; for K2NiF^ (S = 1), the approximative series converges only slowly,
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and apparently overestimates the actual effect on the relaxation rate.

Some calculations have been done on the multiple scattering problem

on the basis of the T-matrix formalism,23 in which the golden rule Eq.(4)

can be regarded as a first Born approximation. The transition matrix T is

formally calculated by solving the Lippmann-Schwinger equation for each

relevant four-magnon diagram, thus summing over the ladder diagrams to all

orders. The transition rate T is then calculated by replacing the matrix

elements < i\30 |f > in the golden rule by the matrix elements of T.

Preliminary results of T-matrix calculations21* indicate an enhancement of

Tj by multiple exchange scattering by factors 1.2 for KjMnF, and 1.9 for

K-NiF. over single exchange scattering. Returning to Fig.2, we see that in

case of K,MnF. incorporation of multiple exchange scattering would result

in excellent agreement between theory and experiment. For K-NiF,, inclusion

of multiple scattering does not really improve matters, but on the other

hand one has to consider the uncertainties in Aj, both in magnitude and as

a function of temperature. We will not further discuss multiple exchange

scattering.

The calculated exchange-enhancement factor M, defined as the ratio

between the single-exchange enhanced three-magnon relaxation and the direct

three-magnon relaxation rates, is displayed in Fig.4 as a function of the

reduced temperature kRT/e._n for KjMnF, and K_NiF,. From these results it

can be seen that exchange enhancement is important in three-magnon relax-

ation even at T = 0, where extrapolation yields an enhancement factor of 1.83.

At temperature below E. _/k_, the exchange enhancement increases close to

linearly, leveling off at about 8 in K.MnF, and at about 15 in K~NiF,. The

low-temperature value of the exchange-enhancement factor is approximated by

Beeman and Fincus. They found M = 2.05. This estimate is based on a 3D

treatment, but is not expected to depend drastically on the dimension when
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going to 2D, as may be seen from their expressions for M. and M,. Freyne
2

has also estimated the zero temperature limit of M on the basis of k

approximation, but without equating u^ and v̂ _ to their average ab i n i t i o . 1 6

k k

His resu l t , M = 3.6, deviates from our findings by about a factor of two. 2 5

Another low-temperature approximative calculation i s that of Brooks Harris , 1 5

using the Dyson-Maleev representation and including multiple scattering to

f i r s t order in l / z , yielding M = 2 increasing at higher temperatures to 8 /3 .

Fig.lt. The exchange enhancement factor M = T ^ ' ^ / T ' J 3 - , calculated
with exact integration over the Brillouin zone, versus the reduced tempera-
ture kpT/t^j for K^F^ and KgNiF .̂ Also indicated are the zero-temperature
estimates available in the l iterature: BP = 2.05,1*1 F= 3 .6 , 1 6 and BH = 2.O.1 5

• 1

i
\

I
i
3
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A remark needs to be made about the obvious divergence between the

three-magnon processes and the experimental data,at the lowest temperatures,

where relaxation has become larger than, say, 30 s. In this region further

refinement can in principle be obtained from dipolar-induced two-magnon

processes, but its contribution is calculated to be negligible (S&c.IV.D).

It is not unlikely, that at lower temperatures an additional, impurity-

dominated relaxation mechanism independent of temperature starts to compete

with the three-magnon process. From the experimental data a value for the

impurity T. of the order of 200 s in KjMnF, and 10 s in K-NiF, can be

19 X 2+

derived. Further experiments on the F relaxation in 1% Ni -doped ^

crystals at 4.2 K yield T. * 5 s, which would correspond to T. * 500 s at

the amount -• magnetic impurities in our samples (Sec.II.A).

C. Field-Induced Two-Magnon Process

When a magnetic field H Q perpendicular to the easy axis is applied, the

quantization axis of the nuclear spin system is canted, breaking the symmetry

that inhibits hyperfine coupling between I and Sz. The new quantization

19 I
axis of the F nuclei is at an angle

9 = arctan (29)

from the c axis, where Hj^ = k^ < Sz >/&*&„ is the hyperfine field at the

F site. The electronic spins are also canted in an external field, but

over the much smaller angle

arctan (30)
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Here, H is below the spin-flop transition, and H_ = e.,/gu . In K,,MnF̂ , for

example, which has its spin flop at Hg = 54.5 kG,
5 we have at Ho = 30 kG

* * 1.4°, as compared to 6 * 38°. In K2NiF4, e * 38° and $ ss 0.3° at 30 kG.

For the moment we therefore ignore canting of the electronic moments, and

return to its effects later.

By rotating the nuclear quantization axis over 8 away from the c axis,

the part of the hyperfine interaction relaxing the nuclei, i.e., the part

containing I , is found to be

3P = j Aj[I+S~(I+cos9) - I+S+(I-cos6)] - y A j l V sine, (31)

S - 4r- a2aIa2 B2 + uIV2aIB2 + vl u2 Bl a2 )

x e (32)

sinfl
(33)

where S still refers to the c axis. Note that for 6 = 0 the terms with

I S and I S vanish, so that JO reduces to Eq. (3). Treating 30 as before,

the components of S are expressed in terms of Holstein-Frimakoff magnons and

transformed to normal modes. It then appears that the terms proportional

to A. give rise to three-magnon relaxation, as did Eq.(3), but with a modified

prefactor. Since

the last term of Eq.(31), proportional to A., gives rise to field-induced

two-magnon relaxation. Again k .conservation is not required, but energy

conservation limits the relaxation to the Raman-type processes ot.a. and

B.Bo- The relaxing Hamiltonian then reads
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(2)
From Eq.(4), the two-magnon relaxation time Tj ' is finally given by

(u2u2 + v2v2)n,(J+n2) (34)

The field dependence of the two-magnon relaxation rate is principally

• 2 2

contained in sin 6, which starts off as (H /H.-) at small fields. Magnet-

ic fields perpendicular to the c axis do not affect the magnon dispersion,

the occupation numbers, and the Bogoliubov coefficients to first order in H .

The field dependence in these quantities can be accounted for, up to order
1 2

1/S in the Zeeman energy, by replacing y + by Ŷ . = Y^U ~ 4"^8VBHo/t_) ] every-

where in Eqs.(lO) and (12). The dispersion then becomes

= eE[(l+c0
2 - Y;

2

(35)

The effect of canting of the electronic spins on the hyperfine coupling

may to a good approximation be treated as a correction to the applied trans-

verse field H . It is easily verified that the effective field H' to be

2
used in calculating sin 6 in Eq.(34) from Eq.(29) reads

Ho " Ho
(36)

The correction to H , which is proportional to H , amounts to about 3.0% in

K-MnF,, and to less than 0.6Z in K-NiF^. The corresponding correction to

Tj is of marginal importance relative to the uncertainties in the trans-

ferred hyperfine constants and the experimental errors. It is noticed that
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semi-classically the correction may also be related to the perpendicular

susceptibility Xĵ  by the use of xfl s SURS sinf>.

It is-feasible to carry out the integration over the equi-energy curve

6| = e2 in Eq.(34) in the same way as was done in Sec.IV.A, with the result

that the two-magnoji relaxation time is expressed in terms of the complete

elliptic integral K(m),

100

Fig. 5- Typical set of experimental T data, in this case for K_MnF,
at 5.96 K, VS. sin 6 [Eq.(3U)]. From such sets the zero-field slopes 1/r, '
(solid line) of the field-induced two-raagnon process were extracted (circles
in Pig.6) hy use of Eqs.(37) and (39). Exact integration over the Brillouin
zone with neglect of the field dependence of the magnon quantities yields
a straight line. Taking into account the field dependence of the Bogoliubov
coefficients and the dispersion relation [Ea.(35)]» improves the fit to
the data points considerably (dashed curve) at high fields.
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o k
(37)

In an approximative procedure entirely equivalent to the one used to arrive
"-- •-----:.'.. . _ _ 2 2

at Eq.(22), one may also integrate Eq.(34) in closed form by taking u^ « v^
k k

and
1 2 2

I - j Is. a., yielding

l/T(2)
t

[exp(e
k=0

- if (38)

It is noticed that contrary to processes involving an odd number of magnons,

the two-magnon process is governed by the zz component of the transferred

hyperfine tensor A,, which is very accurately known from zero field NMR data

(Table I).

Experimentally, the field-induced two-inagnon Raman process can be

extracted from the total relaxation rate

I/T, (39)

by varying the transverse magnetic field, and plotting the results versus
2

sin 6, as is done in Fig.5 for ICMnF, at 5.96 K. Fields up to 30 kG were

employed, corresponding to 6'sup to about 40 in K-MnF^ as well as K2NiF^,

which have their spin-flop transitions at 54.5 kG,5 and 204 kG,26 respective-

ly. Three-magnon relaxation is only weakly dependent on H , and in fact the

2

rate drops according to 1 + cos 6, as nay be inferred from detailed inspec-

tion of Eq,(31). Apparently, two-magnon relaxation predominates three-magnon
2

relaxation above, say, sin 6 = 0,0!, corresponding to H = 3.8 kG. The
2

two-magnon. relaxation rate goes at first linearly with sin 6, but starts to

flatten out at higher fields due to field dependence of the spin-wave quanti-
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10 2 4 6
TEMPERATURE (K)

8 10

Fig.6. The field-induced tvo-magnon Raman relaxation time T . of the

F^ nuclei in K^faF^ as a function of temperature in the limit of zero

field. The circles are derived from the experimental T1 veiwus a transverse

magnetic field (cf. Fig.5). The full curve is calculated with exact integra-

tion over the Brillouin zone [Eq..(3T) without sin28]; the dashed curve with

the k approximation [Eg.. (38) without sin2e].

ties, Eqs.(10-12) with y^ substituted. In Fig.5, the dashed curve due

account has been taken of the field-dependent corrections discussed above.

.(2)
The initial slope I/x,U) = l/TfZ)sin2e, which is a measure of the strength of J!

^



two-magnon relaxation upon breaking the symmetry, was deduced from sets of

( 2)
data as the one in Fig.5 at various temperatures. The resulting xj1 's are

collected in Fig.6 for K.MnF, up to 8 K, and in Fig.7 for KjNiF, up to 20 K.

Also inserted in Figs.6 and 7 are the results of numerical evaluation

(2} 2
of Tj1 s i.e. Eq.(34) but with the sin e omitted. Here, the field-induced

corrections have not been applied in order to facilitate direct comparison

1O2

10 5 10 15 20
TEMPERATURE (K)

25

Fig.T. Same as Iig.6 tut for
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with the experimental zero-field limit Tj ' sin"e. It is observed in Figs.6

and 7 that agreement between theory.and experiment is excellent for both

(2)
compounds over^the entire temperature range studied, where T. varies over

as many as four decades. A slight deviation is however observed at the

lowest temperatures in ̂ NiF,,which supposedly is again due to impurities.

As with the calculation of the three-magnon rate (Sec.IV.B), it should be

emphasized that no adjustable parameters are present. The hyperfine constant

A. is even known to higher precision at the temperature region of interest

than A. occurring in the three-magnon rate, which had to be extrapolated

from the paramagnetic regime. In comparing with the three-magnon rate

(Figs.2 and 3), it is concluded that the two-magnon process would be

faster than the threermagnon one by two orders of magnitude, if it were

not forbidden by symmetry. From inspection of Eq. (34) it is further seen

(2)

that the main contributions to T. emanate from scattering of long wave-

length thermal magnons. As an example, in K,,MnF, at 7 K magnons with

|fca| <0.1 TT provide 88% of the total rate. Because of this, the approximative

expression, Eq.(38), turns out to be quite close to the exact one, Eq.(37),

at least much closer than is the case with the three-magnon process. For

T <K Ê -Q/fcg. the deviation of Eq. (38) from the exact result can be estimated

from the contribution of the k = 0 magnons in Eqs.(37) and (38), and appears
o

to be of the order (ek=(/
E
E) ^ lz- Computer evaluation at kBT/e._0 = 0.5,

as an example, yields 4%.

D. Dipolar-Induced Two-Magnon Process

It has been noted above that with a diagonal hyperfine interaction

relaxation cannot occur by a direct two-magnon process, unless the symmetry

is destroyed by some perturbation, as is the case when a transverse external
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ft,

if.

Fig.8. The 18 three-magnon dipolar scattering diagrams associated with

I , resulting in 9 distinct dipolar-induced second-order tvo-magnon relax-

ation processes. The 2D spin waves a and $ are residing on the layer associated

vith the relaxing nucleus; Y and S are similar spin waves on a second layer.

The relaxing nucleus, indicated b y X i s coupled to the dipolar three-magnon

scattering via a virtual magnon a or $ . The lower 6 diagrams, involving a

and $ magnons only, are due to the three-magnon part of S~ and the zero-

magnon part of S z on the second layer. Their contribution vanishes in the

continuum approximation of the dipolar lattice sums G (k,z), E

fr.

fee

I"
K-J-

magnetic field is applied. However, as has already been pointed out by BP,

the part of the electronic dipole-dipole interaction of the form SZS* may

couple with the hyperfine interaction S~I to produce dipolar-induced

processes in which effectively one magnon comes in and another one comes out.

In a generic example of these processes a nuclear spin-flip creates a virtual

i I
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magnon ct̂ , which in a subsequent three-magnon dipolar process is inelastical-

ly scattered off a thermal magnon a. to form a single outgoing magnon, say,

&2* Because'the magnon energies are substantially above the energy involved

in a nuclear spin transition, energy conservation implies that those

processes in which magnon 1 and 2 are both created or destroyed are not

allowed. As compared to the dominant exchange-enhanced three-magnon

relaxation, the dipolar process is smaller by the squared ratio of the

dipolar over the exchange energy. On the other hand, a two-magnon process

goes with n [Eq.(I4)] rather than n_̂ z and thus may well rival a three-
k k

magnon process, as in the case in MnF- at low temperatures.1Lt

For 3D antiferromagnets dipolar-induced two-magnon relaxation has been

treated by BF starting from a continuum approximation of the dipolar

Hamiltonian given earlier by Akhieser27 and Ziman28. Since this essential-

ly is a small-k approximation, their treatment ceases to be applicable to

the present 2D case, where no dispersion along the z axis is present and

the spin precessions in adjacent layers may have any relative phase. In-

stead, we have to treat dipolar interactions between up to this point

strictly independent layers at mutual distance c/2. The part of the dipolar

Hamiltonian producing indirect two-magnon relaxation is the summation over

pairs of spins

3 2 2
dd

,c+_z cz c+. sine cose e
1 J x J (rZ+z2)3 / Z

+ cc, (40)

where 6 and $ aire the polar angles of the vector interconnecting a pair of

spins; r is the projection of this vector on the layers; z is the layer

separation; i and j may be up or down spin positions. He note from Eq.(40)

that dipolar interaction within the layer (6 = it/2) does not produce relax-
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ation. The calculation of T. from Eq.(4O) and the hyperfine Hamiltonian

< • (41)

is straightforward but lengthy, and will not be reproduced here. The main

point is that the precessions of the spins in the two layers, at a distance

z, are expressed in terms of spin-wave operators independently of one

another. The contributing processes are summarized in Fig.8. Vie further

ignore the small dispersion due to dipolar interactions, which are of the

order of 0.1% of the magnon energy gap.1* Combining Eqs.(40) and (41) in

second-order time-dependent perturbation theory, the dipolar-induced relax-

ation due to a layer at a distance z then appears to be

(42)

The quantities =., which are specified in Appendix B, are functions of the

Bogoliubov coefficients u,, v , u_, v_, u_, and v,, and further contain the

momentum conservation and the geometry. The latter are expressed in the 2D

lattice summations

+ik»r sin8 cos6 e,-u
( r 2

+ z
2 ) 3 / 2

(43)

in which the origin has been chosen on an up spin in one of the layers, and

r runs over the up (G+) or down (G_) spins of the other layer. The expres-

sion for l/TJ ' l p \ Eq.(42), which is still exact, finally has to be summed
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4 6 a
TEMPERATURE (K)

1O 12
I
1

Fig-9- The theoretical dipolar-induced tvo-magnon relaxation time

TJ ' [Eq..(l»5)] as a function of temperature for KglfaF̂ . From this

curve it is clear that, because of the very long T. in the temperature '

range of interest this process can be neglected.

over all layers, excepting the one with z = 0.

Since mainly long-wavelength magnons contribute to Eq. (42) it is a

reasonable approximation to replace the discrete 2D lattice summation in

Eq.(45) by an integration over a continuum, yielding for z + 0
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G±(fc*,z) = ̂ li (k x- iky) sign(z) e"
k'zl, (44)

and G+(k,0) = 0. The continuum approximation substantially simplifies the

expression for T. . First, upon substitution of Eq.(44) in Eq.(42) all

information regarding the relative registry of the layers will disappear,

which eliminates (see Appendix B) the terms with H, and H^ in Eq.(42).

Secondly,_the summation over the interlayer distance z turns out to take the

form of a simple geometric series. The final result including summation

over the layers then is

there,

-I

f

2 eklc-,
*(45)

where the distance between successive layers is c/2, half the magnetic

unit cell dimension, and the (f̂  are given in Appendix B.

The dipolar-induced Tj ' lp^ has been computed by substituting Eq.(44)

in Eq.(42) and evaluating the summation over the Brillouin zone in the manner

described in Sec.IV.B. The parameters are taken from Table I, and the

calculation is exact, except for the 2D continuum approximation Eq.(44)
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employed in evaluating the lattice summations Eq.(43). The results are given

in Fig.9 for KjMnF,. For K^NiF, even longer dipolar relaxation times were

s 8

obtained: 6 x 10 s at the gap temperature increasing to as much as 10 s

at 10 K. From these results it appears that dipolar-induced relaxation in

2D KJSnF,-systems is completely obscured by the direct and exchange-enhanced

three-magnon processes above, say, 1 K. This is in sharp constrast to MnF~,

where dipolar relaxation as calculated with a 3D continuum approximation11*

turns out to equal the direct and exchange-enhanced processes at 4 K, i.e.,

kgT/e.- = 1/3. The main reason for the smallness of dipolar relaxation in

the K-MnF systems as compared to YsiF^ is, apart from the larger average

distance between the spins, the high symmetry of their location. Spins in

the layer associated with the nucleus (8 = 0) do not contribute at all, so

that the first few shells of nearest neighbors are eliminated. Dipolar

relaxation may however be important to consider in other 2D systems. First

towards lower temperatures it gains relative to direct relaxation because of
2

its slower temperature dependence, going with n > instead of n^. Secondly,
is k 2 2

it strongly depends on the spin-wave gap, roughly scaling with 1/E. _ a 1/J a

[cf. Eq.(42)]. Therefore, one such a system possibly is Mn(HC00)2»2H,O,

where a is not much different from that in K^MnF,, but J is smaller by at

least an order of magnitude.29

V. CONCLUSIONS

The dependence on temperature of the nuclear spin-magnon relaxation

19 1time T, of the out-of-layer F nuclei has been investigated in the

quadratic layer Heisenberg antiferromagnets K_MnF, and K,NiF, in zero field.

Summarizing, up to temperatures above the spin-wave gap the experimental

findings have generally been found to be in reasonable quantitative conformity
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with the relaxation rate due to interaction of the nucleus to the 2D spin

waves via the transverse part of the hyperfine coupling. The theoretical

treatment is based on the method of Beeman and Fincus, but made applicable

to the 2D case and more rigorous in the sense that a number of approxima-

tions regarding the spin-wave description were dropped.

In the series expansions in terms of Holstein-Primakoff operators we

have restricted ourselves to terms of the exchange Hamiltonian up to order

I/2S, i.e., up to four magnons.

The Holstein-Primakoff representation is of course not the only formalism

to calculate T., as has been pointed out by Brooks Harris,15 who used Dyson

Maleev. The term "n-magnon" is therefore slightly arbitrary in the sense

that it depends on the actual formalism used. Apart from the direct relax-

ation, the indirect relaxation processes considered are those that involve the

major magnetic interactions of the system, i.e. the nearest-neighbor

Heisenberg-type exchange and the dipolar anisotropy. It appeared that over

the entire temperature range in both components the dominant relaxation is

provided by the exchange-enhanced three-magnon relaxation. Further, consider-

ing the nearly quantitative agreement obtained without adjusting parameters,

but instead taking them from sources in the literature, it seems that multiple

exchange scattering is of less importance, in particular for K_MnF,. This

conclusion was supported by preliminary estimates of relaxation by repeated

scattering off four-magnon exchange. Dipolar-induced scattering although a

two- rather than a three-magiion process and known to be of potential interest

in MnFj, turned out to be completely negligible in our systems in the range

of temperatures considered, mainly because of their high symmetry. They may

however be important in other 2D systems. Relaxation due to scattering

2
induced by the crystalline anisotropy DS , of interest in K-NiF, only, has

not been treated explicitely. The first term that can produce this relaxation
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is four-magnon. Its effects are down relative to the exchange enhancement

by a factor of the order D/zJ [see Eq.(Al)]. amounting to •»» 10 in ^NiF^.

Direct relaxation is dictated by energy conservation and the symmetry

of the system to involve at least three magnons. This is in contrast to

F relaxation in JfaF-, where the Mti-F bonds are not along: the principal

axes of the transferred hyperfine tensor, and as a result two-magnon direct

relaxation predominates.11'12 In fact, KjMnF, and KJliF, are the first

examples to date in which three-magnon relaxation could be observed and

satisfactorily explained without interference by two-magnon relaxation. The

latter can however be invoked by applying a transverse magnetic field,

destroying the symmetry that inhibits two-magnon direct relaxation. Upon

inserting the known parameters excellent agreement between theory and

experiments has been found up to the spin-wave energy gap.

For quantitative agreement to be achieved, it was imperative to remove

the more or less standard approximations adopted in treatments of nuclear-

2
relaxation by magnons. In particular, the k approximation is dropped in

the dispersion relation and the Bogoliubov coefficients u and v , the

latter are not equated, and integrations over the Brillouin zone are carried

out exactly. Umklapp, although contributing little as the k's involved are

near the zone-boundary, was allowed implicitely. It is worth noticing here

that by practical limitations such a rigorous treatment can only be carried

through for a 2D (or ID) system. In MnF2» exact integration over the zone

of the three-magnon exchange enhanced Tj including a non-trivial condition

to conserve energy would require as much as eight successive summations,

which is not practicable to do with reasonable accuracy. Approximate theories

have been successful in explaining the dependence on temperature below the

magnon energy gap, but necessitated the introduction of scaling factors, up

to say 4, to fit experiment. By the present work on 2D systems the
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conclusion seems warranted that this scaling is due to the approximations

made and that the theoretical approach is basically correct. Further, the

rigorous treatment allowed the temperature dependence of the exchange

enhancement to be studied. "This clearly shows the dominance of exchange

enhancement for temperatures above the magnon energy gap, where the relax-

ation in K MnF, is enhanced by * 8 and by 'v, 15 in K^NiF^.

APPENDIX A: COEFFICIENTS OF FOUR-MAGNON EXCHANGE HAMILTONIAN

The coefficients IJJ. appearing in the four-magnon part of the exchange

Hamiltonian read as follows:

•l = 2 ( Y 1 U 1 U 2 V 3 U 4 + Y2U1U2U3V4 + Y3UIV2V3V4 + V l U 2 v 3 v 4

Y,v,v2u3v4 + Y2v,v2v3u4 + Y3v1u2u3u4 + Y4u,v2u3u4

2Y3_1v,v2v3v4 + 2 Y 4 _ 2 U , U 2 U 3 U 4 + 2 T 4 _ , V 1 V 2 U 3 U 4

2 Y 3 - 2 U I U 2 V 3 V 4 > + ( 8 D / z J ) (UIV2U3V4 + V1U2V3U4)«

= 2 ( T , U I « 2 V 3 V 4 + Y2u,u2u3u4 + Y3u,v2v3u4 + Y ^ ^ j V ^

+ Y1V1V2U3U4 + Y2V1V2V3V4 + Y3VIU2U3V4 + Y4U]V2U3V4
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4*3-lvlv2v3u4 + 4Y4-2U1U2U3V4)

(8D/zJ) (u(v2u3v4 + VjU2v3v4),

Vlu2V3u4 + Vlu2u3u4 + Vlv2u3v4

(vlv2v3v4 + ulu2u3u4)l

2 Y 1 U I V 2 V 3 U 4 + Y3U1U2V3V4 + V 1 W 4

(8D/zJ) (Ulu2u3v4 + VjV2v3u4). (Al)

Here, the IJI. are reduced by applying Y + = Y .̂, i.e. use is made of the
k -k +

inversion symmetry of the quadratic layer structures. The k dependent

factors $>• are unique up to a permutation of the indices which leaves k

conservation invariant, with simultaneous permutation of the associated

four-magnon operators. Also, some permutations are allowed within the f.;

these allowed permutations are: none in i|i and î 2> (I ++ 2) and/or (3 ++ 4)

in iji3, and (1 -*-»- 2) in ifr̂. The ijî  and their products can be further reduced

for the quadratic layer structure, for which Z y = y £ y and
, P t+P % P P

APPENDIX B: COEFFICIENTS OF DIPOLAR RELAXATION BETWEEN LAYERS

The processes contributing to effective two-magnon relaxation through a

nuclear spin flip I are depicted in Fig.8. These processes involve magnons

a, 6 residing on the layer associated with the relaxing nucleus, and magnons
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Y, 5 on a second layer. The four processes of the first line of Fig.8,

t t t t f t
YIY2a3* Y1Y2B3' 5l62a3' a n d 5162B3' i-e*' effectively two magnons on thi

second layer, Y,yk a n d S]S2' c o m b^ n e t o t n e quantity Hj in Eq.(42); the

processes of the second and third lines in Fig.8, involving a magnon on the

layer of the nucleus and one on the second layer, produce H, and H,, re-

spectively; the processes of the fourth and fifth lines result in H, and

= , respectively, and exclusively contain magnons on the layer of the

nucleus. In deriving Eq.(42) one then finds

G*(-^1,z)+cc]}&(S,-^

(Bl)

with the combinations of Bogoliubov coefficients

m UIU2(U3+V3> " 2vIv2u3V3'

" vIV2(u3+V3> " 2ulu2u3v3'
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" l V " ^ ~ 2vIu2u3v3'

V1 U2 ( U3 + V3 ) ~ 2ulv2u3v3' (B2)

The asterix (*) denotes complex conjugation and the quantities G+(k,z),

Eq,(43), contain the geometry.
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CHAPTER III

FIELD DEPENDENCE OF THE IN-LAYER ''F NUCLEAR

SPIN-MAGNON RELAXATION IN THE TWO-DIMENSIONAL

ANTIFERROMAGNET K-MnF,

I
I
6

I'
I?

ABSTRACT

Ths nuclear spin-magnon relaxation time of the in-layer F nuclei of

the nearly ideal two-dimensional quadratic-layer (QL) ileisenberg antiferromagnet

K_MhF, has been studied at k.2 K as a function of field, applied at different

angles with respect to the tetragonal easy axis. In compliance with both

symmetry and energy conservation, nuclear relaxation involves at least three

magnons, when the magnetic field is parallel to this axis. Spin-wave expres-

sions for the field dependence of the three-magnon relaxation rate, with

inclusion of four-magnon exchange enhancement, have been derived for both the

19
out-of-layer and in-layer F nuclei in the QL structures, and evaluated by

rigorous summation over the Brillouin zone. Exchange enhancement turns out

to become increasingly important with field, causing the relaxation time to

sharply decrease when approaching the spin-flop field at 5h.5 kG. Breaking

up the various contributions to the three-magnon relaxation it appears that
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in fields above 30 kG the one exclusively involving lower-branch magnons

dominates by at least an order of magnitude. Further, interference of the

" - i n ' ' -. • '

hyperfine interactions of the in-layer F nucleus with its two mutually
nj, . " _-'..,. 1 _ _" _.

antiparallei Mh neighbors, was found to substantially reduce the

relaxation rates. With all parameters taken from other sources, the experi-

mental data generally parallel the calculated three-magnon relaxation. The

remaining discrepancy ty a factor of •»> 2 strongly suggests multiple-exchange

scattering to contribute appreciably. Breaking the symmetry by applying

a field at an angle to the tetragonal axis, induces two-magnon processes,

which dominate ty about an order of magnitude at 18 , and about two at 90 .

It was found that the direct two-magnon process is enhanced, up to a factor

of i> 5, fcy a second-order process originating from the three-magnon part of

the Zeeraan energy of the electronic spins and the one-magnon part of the

hyperfine interaction with a single virtual magnon as intermediary.

I. INTRODUCTION

Since Morya,1 and independently Van Kranendonk and Bloom2 published their

theoretical papers on nuclear relaxation in antiferromagnetic insulators,

followed by a unifying study on the subject by Beeman and Pincus3 in 1968,

nuclear relaxation due to hyperfine interactions of the relaxing nuclei with

an ordered electronic spin system has been the subject of many investigations.

In particular three-magnon relaxation processes, the lowest-order processes

allowed in case of a diagonal transferred hyperfine interaction, have been

considered in detail from the theoretical point of view, with inclusion of

enhancement by indirect exchange processes. ** Experimentally, in the most

extensively studied antiferromagnet, MnF_, three-magnon processes are un-

fortunately masked completely by two-magnon Raman relaxation, which is faster

by some orders of magnitude,5 as follows from the detailed form of the

67

S
Si



transferred hyperfine tensor.6 The description of nuclear relaxation in

terms of spin waves, also presented a number of calculational difficulties,

related to the many summations over the Brillouin zone for three-magnon

processes in a three-dimensional (3D) system, which were an obstacle for

comparison with experiment. Quantitative agreement with experiment was not

found, and the calculated results even differ in the low-temperature

estimate of the exchange enhancement, because of the approximations made in

carrying out the Brillouin zone summations.

19 I

The relaxation of the out-of-layer F nuclei in the ordered quadratic-

layer Ueisenberg antiferromagnets K.MnF^ and l^NiF^ has recently been

investigated.7 It turned out that in these systems two-magnon processes do

not occur, at least not in zero field, because of the high symmetry around
19 I

the F nuclei and the symmetric relative registry of the successive anti-

ferromagnetically ordered layers. Therefore, K_MnF, constitutes an ideal

system to investigate three-magnon relaxation. A second advantage of these

systems, which has been exploited sucessfully, is that their lower dimension-

ality made it feasible to calculate the relaxation rate from the spin-wave

expression without approximations, even with including four-magnon exchange

scattering. Thus, it could be demonstrated that exchange enhancement sharply

increases with temperature, levelling off above a temperature corresponding

to twice the magnon energy gap.

19 II
In the present paper, we report on the relaxation of the in-layer F

nuclei in the 2D antiferromagnet KjMnF, (Fig.l) with T^ = 42.1 K. These

nuclei are situated within the antiferromagnetic ordered layers at symmetrical

2+
positions between up and down Mn -spins (S - 5/2). At finite fields, the

19 II
F nuclei experience a small hyperfine field, probing the net magnetization

of the antiferromagnet, i.e., the unbalance between the up and down sub-

19 1 19
lattices, in contrast to the F nuclei (out-of-layer F positions), which are
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Fig.1. Crystallographic unit cell of KJInF. , with the antiferromagnetic

ordering of the Ma magnetic moments along the tetragonal axis indicated.

The F nuclei probe the magnetizations of the two sublattices, whereas

the F̂  nuclei sense the net magnetization. Also inserted is the used

coordinate system, associated vith the magnetic unit cell.

2+
adjacent to an up or down Mn spin and thus monitor the magnetization of

19 1
the individual sublattices. Similarly to the case of F in zero field

19 IT
discussed in I, Raman two-magnon relaxation of the F nuclei cannot occur

by the local symmetry, if the external field H is aligned along the easy

I n TT

axis of the system. Therefore, the lowest-order process relaxing F that

conserves energy and complies with symmetry is the three-magnon one. The

theoretical formalism is basically identical to that for F , but obvious
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modifications related to the field dependence of occupation numbers and the

energy conservation conditions make the actual calculation of the relaxation

time T. considerably more laborious. Apart from these trivial changes, the

treatment of F differs, as compared to F , in that there is hyperfine

2+
interaction of equal magnitude with two oppositely aligned nearest Mn

neighbors. This leads to interference effects, which in the center part of

the Brillouin zone, which weighs more heavily than the zone boundary,

appear to be destructive. The calculations will show that interference slows

down relaxation by about an order of magnitude.

19 I
As in the F case, breaking the symmetry by a field transverse to the

c axis moves the nuclear quantization axis away from the easy axis, thus

invoking relaxation by more effective two-magnon processes. The situation

19 1
here differs from the F case in that, because of the smallness of the net

hyperfine field, the angle over which the nuclear axis is rotated is determined

by the direction rather than the magnitude of the applied field. Experiments

will show however, that the direct two-magnon process by itself cannot account

for the field dependence of the relaxation, thereby giving evidence for the

existence of a relaxation mechanism that comes in more strongly with field

and has not yet been treated up till now. The additional process considered

is an indirect one, combining in second order the one-raagnon part of the

hyperfine interaction and the three-magnon part of the Zeeman energy of the

electronic spin.

II. EXPERIMENTAL

19 II
The relaxation time measurements of the F nuclei were carried out

in essentially the same way as described in I, dealing with the temperature

19 I
dependence of the F relaxation. A pulsed NMR spectrometer operating in
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the range of 50-220 MHz was employed. Saturation of the NMR was achieved

by a comb of high power rf pulses; T. was subsequently measured by observing

the recovery of the free-induction decay following a single ir/2 pulse.

Further details as well as typical data regarding the magnetic purity of the

K_MnF, samples are given in I.

All measurements were done at 4.22 K by immersing the crystal in liquid

He. The magnetic field was supplied by a superconducting solenoid. Because

of the required long-term stability, it was used in the persistent mode. The

field homogenity was better than 1 in 10 over the sample. The magnetic field

was calibrated by aid of the NMR of the protons present in the varnish with

which the crystal was held in place.

The crystal could be accurately aligned in situ, by means of a manipulator

operated from outside the cryostat. The c axis of the sample was aligned

perpendicular to the magnetic field by observing coincidence of the two crossing

19 I . . . I
F branches, originating from F sites adjacent to up and down magnetic

19 TT
sites, respectively. To align the c axis along the field, the in-layer F

nuclei were employed. Since the frequency shift of these nuclei probes the

strongly anisotropic net magnetization of the crystal, it provides an excellent

tool to observe any residual misalignment, the better the closer the field

is to spin flop. The procedure has an accuracy limited to <\i 0.2° because of

broadening of the NMR line upon approaching spin flop, and the intrinsic

subgrain misorientation within the sample.

III. MAGNETIC FIELD ALONG C iiXIS

.--1In this section we will consider the relaxation rate T~ of the in-layer

19 II
F nuclei in the presence of a static magnetic field H along the easy

axis, below the field H g p at which spin flop occurs. We will however prepare
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19,,!
the discussion by first considering the_out^of-layer F nuclei, which

are less easily accessible to experiment, but are more simple to treat.

19 IIThe F case, then, can be regarded as a superposition, including

2+
interference, of relaxation by two Mn spins at different sites.

19
The local field symmetry of both nuclear F sites is the same as in

the zero-field case, by virtue of the fact that the quantization axes of

nuclear and electronic spins remain collinear, so that the hyperfine inter-

action does not couple I and I to S . The calculation is based on the

method employed in I, i.e., expanding the operator S in the hyperfine

interaction AI S in terms of Holstein-Frimakoff spin waves, including

additional exchange scattering, and inserting the result into the golden rule.

As in the zero-field case, by energy conservation and the local symmetry the

lowest-order process allowed involves three magnons.

The spin-wave description that we will employ is based on nearest-

neighbor Heisenberg exchange with a additional weak staggered field along

the c axis to include anisotropy. He will not repeat all the details of the

spin-wave analysis of a 2D antiferromagnet here, nor enlarge on the defini-

tions of spin-wave quantities and notations, but instead refer to I, with

the following extensions and modifications to include a parallel field. The

two-fold degeneracy of the magnon dispersion in zero field is lifted. The

energies of the two branches are given by

(1)

where e + is the Oguchi-renormalized zero-field magnon dispersion.8 The
k

quantity e H is the Oguchi renormalized field-dependent energy9
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B H o - 2z|j|S(l/2NoS) S (n® - n«). (2)

To facilitate future discussions, we will take the 8 mode to have the lower

energy, i.e., we adopt H Q > 0. By slightly heuristic arguments, the Bose

factors

(3)

are determined selfconsistently by substituting the renormalized energies

eo> . In e^, Oguchi renormalization up to 1/2S is conveniently implemented
It k
by employing the unrenormalized form for the energies,

k
(4)

where e_ = 2z|j |s, but with effective exchange J = J(l-R ) and anisotropy
hi s s o

parameter as = a/(l-Ro) inserted; K Q = -0.0316 expresses the renormalization

near zero temperature,10 y = cos(k a/2) cos(k a/2) is a summation of the

i£4 £ x y

phase factor e over the nearest neighbors. The coefficients u and v
k k

Eqs.(12) in I, are not affected by a parallel field, since the H -part of the

Hamiltonian is diagonal, and remains so under any Bogoliubov transformation.11

1
•S

19
A. Out-of-Iayer F Relaxation

19 I
The out-of-layer F nuclei can be divided into two classes, those

2+
adjacent to the up and those adjacent to the down Mn spins (Fig.l; Note

that the magnetic moments are down and up, respectively). Correspondingly,

19 1
there are two F NMR lines, the resonance frequencies of which are given by
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(5)

J-

At zero temperature < S * > = - < S ^ > = S-A Q, with hQ the zero-point spin

; 19 1
reduction. The two classes of F nuclei will have different relaxation

rates, because the lifting of the spin-wave degeneracy affects the energy

conservation and the Bose occupation numbers. We first consider Tj. The

relaxing part of the hyperfine interaction }A I S , Eq.(3) in I, with

A - A = A , reads after expanding S, in Holstein-Primakoff spin waves

up to three-magnon terms, Fourier transformation, and Bogoliubov transformation

O
W

it. >K^ tK«

(6)

The subscripts 1, 2, -3 stand for lc., £_, lL, while R is the location of the

magnetic site relative to the nucleus. By working out JA I S , it appears

19 I
that the direct three-magnon Hamiltonian for the F nuclei adjacent to a

2+
Mi down spin can be obtained by inter-changing u + and v + in Eq. (6).

& a k k

Observing that n + > n+, leading to predominance of the BiP2^3 process, and

noting that luj v> | v j Z , the rate I/TJ3' will be larger than 1/TJ3^. HOW-

ever, second-order processes, in particular four-magnon exchange scattering

combined with virtual one-magnon relaxation have to be included in the calcu-

lation. In fact, the latter processes depend on the inverse of the raagnon

energies. They therefore become increasingly important at high fields, when

the energy gap of the 8 magnons is reduced [Eq.(1)]. Again we should discrim-
19 I

inate between F adjacent to up and down sites (see Fig.l). Following I,
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Here, we have already ignored the nuclear spin"flip contribution to the

Zeeman energy £„ as we will do henceforth. Including the nuclear spin-flip
u

energy e , £„ would have to be replaced by £„ + £„ everywhere in Eq.(8), with

eK = A < S^ > + g.TPvH . The coefficients ifi. Co i|i., explicit forms of

which are given in I, are combinations of Bogoliubov coefficients u and v ,

and the Y +« The corresponding expression for Js is found from

3^ by expanding S+ rather then S+ in the hyperfine interaction. Working

through the derivation, this amounts to interchanging all u + and v + occurring

k k
explicitely in Eq.(8). Then, again with k, = $.+^_-S_,

f2BlB283

75

the effective three-magnon relaxing Hamiltonian including single four-

magnon exchange scattering at an up site may be written as

I l l 2S

,+ t. . ik.-R
f4aj82«3)e 4 ,

f t

in which fc* = kj+k_-lc,. Anticipating on SJ , we have

f T - V 1 V 2 V 3 "

t.t
2 3

•2-£2)

2 2.

(7)

f" =

f" = 2u,v2u3 - (8)

m
^»3hv^Tr^H--^'^i:?^;:>'^^-^^r'^'fr"7 *^?p~Hr*j-fTy"2}?r~^*£^:~^^



(9)

Inserting these into the golden rule, we arrive at the final results

I 2 V

+ If* ) 2

p(3) _ it (A
1 ) 2

(10)

f~|2 (11)

The expressions Eqs.(lO) and (II) have been evaluated for a number of

fields by numerical integration of the six successive k summations over the

square Brillouin zone with the energy conservation condition inserted.

Rigorous numerical evaluation would be too laborious to be feasible in 3D,

but in 2D it is possible to carry out the calculation with an accuracy of

better than 0.5%. Gauss-Legendre and Gauss-Chebychew quadratures were used

in the way discussed in I for the fieldless cas°, with 15 to 18 abscissae

points, depending on the magnitude of the magnetic field. The symmetry of

the integrand was exploited to reduce the number of function evaluations. In

Fig.2 the resulting theoretical T. at 4.2 K are drawn as a function of H Q for
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19 1
the two F sites. It should be emphasized that all parameters, both

hyperfine and spin-wave are taken from literature (see Table I in I), and

no parameters have been adjusted. To illustrate the overall agreement of

these predictions with experiment, we have measured a few data points at

4.2 K, which are also entered in Fig.2. Because of the frequency range of

the experimental set-up (the NMR frequency shifts by about 4 MHz per kG) the

10 20 30
MAGNETIC FIELD (kG)

Fig.2. The three-magnon nuclear relaxation time T, \ of ^F1 nuclei

vs. the magnetic field along the easy axis at U.2 K. The upper

and lover curves are the results of exact integration of the expressions

for T^3| and Tlj3|, Eqs. (10) and (11), respectively, with exchange enhancement

included.
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experiments were unfortunately limited to fields well below spin flop

where T. T has not yet dropped substantially. Also, we have not been able

to pick up the down branch above the field where its frequency has passed

through zero, probably because T« (̂  20 vis at low fields) has become smaller

and residual mosaic misorientation in the sample results in inhomogeneous

spread of the resonance. The relative accuracy of the data points at 20 kG

is better than the absolute accuracy given in Fig.2. Experiment therefore

confirms that T[3^ > Tp^.
19 1To conclude the treatment of the F nuclei, it is of interest to

trace the main sources of the field dependence. Noting that the fT (i = 1,...4)

[Eqs.(8)] do not vary much up to close to spin flop, where they diverge

because of the energy denominator in the exchange-enhancement part, we

observe from inspection of Eqs.(10) and (11) that the field dependence at

higher fields mainly stems from the Bose factors, resulting in a very

19 Isimilar field dependence for up and down F sites. The field dependence

~1 19 1

of T at low fields, however, is completely different for the two F

branches caused by the difference of the Bogoliubov coefficients. As Freyne12

already has shown, ln(T. ) increases linearly as a function of the applied

field H near H = 0 with a slope inversely proportional to the absolute

temperature T, for temperatures where k_T < e . The processes involving
6 *=0

three g magnons are dominant when, say, nf > n? > 3, which corresponds to

2gu_H > kT, or H > 15 kG at 4.2 K. Near H = 0, the 0,B OBI and a^ata.
BO O O I Z - j I Z J

processes are of about equal strength, and.stronger than the mixed-magnon

processes. At 4.2 K, the effect of field in going from H = 0 to

jHgF = 27.3 kG therefore is a drop of TJ ' by a factor of roughly

(%n^=0)
2/[uo(i^=0)

2 + vo(nk=0)2]H =0 = 7<1' w h i c h is indeed C l o s e to the

° (?\ /OS

precise calculation, yielding 6.5 for T, ' and 8.3 for T, ,; at iHol, (not

shown in Fig.2) the rough estimate gives a drop by a factor 45, as compared
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I to 50 and 64 for T,. and T, ,, respectively, from the rigorous calculation.
1,+ 1,+

The closeness of the estimate is perhaps fortuitous, since it does not

contain the variation of the exchange enhancement with field, but anyway

confirms the importance of the Bose factors in the field dependence of
(3)

¥

f?

li-
fe

IF
f;

19
B. In-Layer F Relaxation

19 II
The F nuclei are located within the antiferromagnetically ordered

2+
layers symmetrically between Mn ions (Fig.l). When a magnetic field is

applied parallel to the c axis, two-magnon relaxation processes are symmetry

19 I
forbidden by essentially the same arguments as in the case of F . However,

the situation is slightly more complex, first because the transferred hyper-

fine tensor, although diagonal along the crystalline axes, is anisotropic in

19 II
the ordered layers, and secondly because the F nucleus has its primary

2+
hyperfine interaction with two, oppositely aligned, Mn nearest neighbors.

The anisotropy of the transferred hyperfine tensor gives rise to relaxation

terms of the type I S and I S in the relaxation Hamiltontan in addition

to I S and I S . It will appear that, ignoring the very small energy

associated with a nuclear spin flip, these extra terms can be accounted for

by the introduction of an effective transferred hyperfine interaction. The

second point has more interesting aspects. The relaxation Hamiltonian is the

sum of the oft-diagonal parts of the hyperfine interactions of the nucleus

2+
with the neighboring Mn spins. In the semiclassical picture, the motions

of these spins are strongly correlated by Heisenberg exchange. In a anti-

ferrcmagnet, this will lead to negative interference of the transverse

19 II
hyperfine fields acting on the F at least near the Brillouin zone center,

and thus to a relaxation rate to the magnon system that is substantially

19 I
smaller than the corresponding rate of the F nucleus.

The symmetrical location between i ts two antiparallel neighbors
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19 II
has the further consequence that the F nucleus experiences only a small

net static hyperfine field due to the small unbalance of the up and down

sublattices at finite fields. In fact the NMR frequency is given by

(12)

At 4.2 K, the net magnetization < S^ > + < S+ > is still so small, that

ĝ-li H is the major term. Therefore, the direction of the applied field

virtually defines the quantization axis or the nuclear spin. This has

important consequences, and we will return to this point later (see IV.A).

For the moment, however, we are concerned with the geometry H Q along the
I q i

c axis where, as in the F case, S , I and c are in parallel, the zero-
z z

field symmetry is conserved, and three-magnon processes determine the relax-

ation rate Tj .

After transformation to the magnetic axes (x, y, z) which are along

[110], [1,1,0], and [001] referred to the crystallographic unit cel l , the

complete transferred hyperfine Hamiltonian reads

d+sT + i~s+) + Ij . (i+st - i s~) (13)

Here, the coefficients are related to the isotropic and anisotropic parts

A and A , respectively of the Mn-F hyperfine tensor through A, = A + jA ,s a l s a

B = "2 Aa>
 and A2 = A s ~

 A
a-

 Tlle four te*ms in Eq.(13) inducing relaxation,

i.e., the terms of the form I S+, I~S+, I+S+, and I~S~, do not simultaneous-

ly have non-zero matrix elements between a particular initial and final

state. The terms I S and I S are a direct consequence of 'he in-layer

anisotropy of the F hyperfine interaction, and are not present in the

19 I
case of F . The corresponding four contributions to the relaxation rate
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S;

may therefore be evaluaced separately, and added to the final result. For

I = |, the terms I S and I S add to the same amount as their complex

conjugates, and may thus be taken into account by doubling the result of

I+S~ and I+S+. The latter two are related by taking the complex conjugates

of the spin-wave operators. Complex conjugates of odd-maghon terms cannot

possibly interfere in the golden rule, so that the contributions of I S and

I+S+ only differ, apart from the prefactor, in the sign of the nuclear

spin flip relative to the magnon energies in the energy-conserving S function.

It is important to realize that the same applies to the exchange-enhanced

part because of the angular momentum conserving nature of the exchange

Hamiltonian. Since for practical calculations the nuclear energy, Eq.(12),

can safely be ignored relative to the magnon dispersion, the effects of the

I S process can thus be accomodated13 in the I S proces by introducing an

II 2 2 4
effective hyperfine coupling A = (A. + B ) . Summarizing the above, the

procedure for calculating the total relaxation rate then is working out the

effects of

I'. (14)

I

it
ft

followed by doubling.

Proceeding in a way entirely analogous to the calculation of the

19 I
relaxation rate of the F nuclei, we also transform to Holstein-Primakoff

spin-deviation operators, introduce spin waves, and carry out Bogoliubov

diagonalization. The relaxation induced by first-order indirect exchange

scattering is included in the calculation. The resultant Hamiltonian

describing all three-magnon processes then reads

-
K. , K ^

ai



where

(15)

= f

g3 = f*

g4 = f* exp(ik4'R,) + £3 exp(i£4-R2), (16)

with S, = £.+£„-&.. R. and R_ are in-layer vectors pointing from a F

2+ ±
nucleus to the two adjacent Mn sites. The f. (i = i, ...4) are given in

19 II
Eq. (8) and apply also to the F case, apart from the trivial change in the

definition of the nuclear spin-flip energy £„ in e , which is given by Eq.(12)

as hv . It is worth noting that Eq.(I5) is a combination of the two

Hamiltonians Eqs.(7) and (9), except for a number of details, such as the

hyperfine constant. The nuclear spin-lattice relaxation time T is now

found from the golden rule,

1*2 3

[g4|

|g3|
2 n (17)

Nuclear relaxation is a local process due to the hyperfine contact
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between the nuclear spin and neighboring electronic spins. As expressed

by the phase factors exp(ilc-R), there is a dependence on the relative

positions of the electronic spins. With a single neighbor, as is the case

of F , the phase factor has of course disappeared in the final expression

for T, ' and T, ,. The most significant feature in the expression for
1 ,t l,+

I/T, ' is the occurrence of interference effects between the two inequivalent
1 ,ll

2+
Mn sites. Such interference is destructive for antiferromagnetically

ordered neighbors, whereas ferromagnetic alignment causes the interference

to be constructive. This indeed holds quite generally for magnon-induced

relaxation, but relies on the fact that through the Bose factors the zone

center contributes more heavily. As a case in point, consider the direct

processes a.a2a- and gjB-3, in Eq.(17). Their contribution to the relaxation

2 2 2 2 2 2 •*••£

rate is weighted by u.u u + VjV.v- + 2ujV u.v-u.v, cosk,-R ,, with

R „ = R - K- a nearest displacement between the up and down sublattices.

Noting that u^ > 0 and "v̂  < 0, we see that in the zone center, more precisely
!->• -*• ? 2 2 2 2 2

|k,-R. ~ I < TT/2, this contribution is much smaller than u u,u. + v v_v , i.e.,

the result without interference. To crudely estimate the effects of

interference, the Brillouin zone summation will be smaller by a factor of

0- Since the transferred

hyperfine constants are approximately the same, one thus expects T to
i, ii

be larger than T. . or T. by an order of magnitude.
J , T 1 , +

Eq.(17) for T has been evaluated by carrying out the summations with
l, ii

kj, k2 and k- running over the complete Brillouin zone rigorously. The method

employed was n-point Gaussian quadrature; for numerical results stable within

a few percent n = 15 was needed for one-dimensional integration over the

positive or negative half of the zone. The calculations presented some

convergency difficulties close to H g F = 54.5 ± 0.5 kG,
llt when the majority

of the k values in the Brillouin zone contribute to relaxation, necessitating

A fi "X "X *?
approximately (u._0 +

 vv=n)/(
ui_n + vt-n^
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Fig.3- The three-magnon nuclear relaxation time T, ' of ^f11 nuclei

in KgMnF^ as a function of the magnetic field along the easy axis at U.2 K.

The circles are the measured relaxation times. The solid curve represents

an exact calculation of T^ ^ with inclusion of interference effects and

single four-magnon exchange enhancement, Eq.(17). The arrows indicate the

estimated effect of multiple exchange scattering. For comparison, the direct

three-magnon relaxation time T*3'd) is plotted as the dashed curve. The
(3) l»i"L

dotted curve is T* n , but with the correlation between the two neighboring

Ifa spins ignored, i.e., dropping the terms with cos(Jv.?12) in Eq-(IT).
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even higher-order quadratures. The results at 4.2 K are presented in Fig.3

(solid curve) as a function of the magnetic field parallel to the c axis,

together with the experimental data. The effective hyperfine constant A used

[see Eq.(l4)] was derived from the quantities Ag and Aa> in turn determined from

the NMR line shift in the paramagnetic regime with the result As=(17.5 ± 0.3) *

10~4 cm"' and A = (0.2 ± 0.2) x l(f4 cm"1.15 To A has to be added the

dipolar interaction which we limit to the dominant contribution arising from

the nearest neighbor, calculated to be L = 2.77 » 10 cm . Summarizing,

A = 19.0 x 1O~4 cm"1, B = 4.5 x i(f4 cm"1, and A2 = 14.5 x 1O~
4 cm"'. The

19 I
spin-wave parameters were identical to those used for the F calculation

(Sec.Ill and I).

Returning to the effects of interference between the two Mn neighbors

in order to refine the earlier estimate, we have further plotted as the

dotted line in Fig.3 the result of a rigorous calculation ignoring all
n , *y ^ ry

correlation between the neighbors, i.e., |g _j = |fj| + |f_| , etc. It

is observed that, at 4.2 K, the effect of interference is a factor of 13 at

zero field, increasing to T. 60 at 40 kG.

In Fig.4, we investigate the individual contributions of the four different

three-magnon processes adding to the total three-magnon relaxation rate
(3)

l/T, ' . It is seen, that the importance of each process varies with the
l, J.J.

magnetic field. The intramode relaxation process involving three 8 magnons

predominates the other mechanisms by an order of magnitude above >v 30 kG.

At higher fields the next important process is the intermode process a.S-c,;

the other intramode relaxation process a.alct,, for F relaxation of equal

19 1
F

importance as BjB2Bg at H Q = 0, then is completely obscured. Similar

19 1
characteristics have already been discussed for the up(+) and down(+) F

sites, and are caused by the dominant role played by the occupation numbers

governing the relaxation rate. At higher fields the relaxation rate is
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20 40

MAGNETIC FIELD (kG)
HSF

Fig.It. The four contributions to 1 /T\~'i.Tof the various three-magnon
1 , 1 1

processes as a function of the external magnetic field at U.2 K. Above,

say 20 kG, the relaxation rate is primarily determined by the $ ̂ 2^3

process.

further enhanced by the energy denominators in Eqs.(8), diverging in

approaching spin flop. To separate these effects from the Bose factors,

which govern simultaneously the direct and exchange-enhanced processes, we

also evaluated, again by rigorous summation,the relaxation rate rendered by

the direct processes only (dashed line in Fig.3). The exchange-enhancement
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factor, i.e., the ratio of the rate 1/T, ^T Eq. (17), over the direct three-

magnon rate l/T, ' , Eq.(17) but with the g. (i = 1, ...4) composed of the

first terms in the f^ (i = 1.....4) only, is subsequently displayed as a

function of field in Fig.5. At 4.2 K exchange enhancement is 3.4 at zero

19 1
field, very similar to the F case but slightly smaller, and doubles in

going to 40 kG. We further see that the calculated result indeed diverges

when approaching spin flop due to the first-order singularity in the

p

exchange enhancement in addition to the divergence caused by n^. In fact
k

the calculations indicate that above 0.9 H__ exchange scattering enhances
or

the rate by at least a factor of 20.

In comparing theoretical results with experiment we first note that all

parameters were taken from other sources, so that no adjustments could be

made in order to make a best fit. The functional dependence on field seems

to be adequately described by Eq.(17), but there remains a factor of about

2 to be explained in the absolute magnitude. There are a number of sources

that possibly can account for this factor, and we will go over them in some

detail, to find that some of them can be dismissed, but the remaining ones,

when taken together, could account for the discrepancy.

First, one can consider a rather trivial source, the heating of the

sample by the rf power applied to saturate the NMR. It has been established

19 I (3)

in I that the F nuclear relaxation time T, is quite sensitive to

temperature, varying by as much as a factor of 2 for a change in temperature

by 0.7 K around 4.2 K, and the same order of sensitivity is observed for the
19 II
F NMR. Of course, the NMR frequency itself is also temperature dependent

shifting by ̂  25 kHz/K at 20 kG. However, on the time scale of T (tens of

seconds at H * 0) any heating of the sample due to the saturating pulses

would have showed up on the carbon-resistor thermometer used, which remained

stable within a few hundreds of a Kelvin. Secondly, one may consider
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Fig.5. Field dependence of the exchange enhancement factor

i)/Ti3n a t U'2 K f o r K2MnFiv-

uncertainties in the parameters involved. Those regarding the spin-wave

description, J and a, are certainly too small to substantially influence the

relaxation time. There further are uncertainties in the hyperfine parameters

A , A and A ^ which by themselves are only a few percent. However, the A's

are determined in the paramagnetic regime, but here used at 4.2 K. The

effect of lowering the temperature may very well augment the A's by some ten

percent, which would lower the calculated T. by "^ 20 percent, giving a

-W

1
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correction in the right direction.

Thirdly, there are a number of residual mechanisms, which might contribute

to the relaxation rate. One such mechanism is the dipolar contribution to A«

of neighboring.layers, but estimated to be less than 0.1%. Further, impurities

affect the rate at low fields, where T. is of the order of ten seconds.

Especially, magnon states below the k=0 energy gap, as introduced by e.g.

Zn magnetic vacancies in K-MnF,, will enhance relaxation. In comparing

19 1

with the results of F (See I) and account for interference we estimate the

effects less than 10%. Yet another mechanism, two-magnon relaxation induced

by a transverse field, could be operative by residual misalignment of the

sample over 8 from the c axis. Scaling with sin 6, at 9 = 18° two-magnon

relaxation is faster by an order of magnitude. Estimating the misalignment

1° or less, two-magnon relaxation therefore would affect T, | T by at most

3% downwards.

Finally, we consider the effects of multiple exchange scattering. These

processes originate from the four-magnon terms in the exchange interaction,

repeatedly coupled via virtual two-magnon intermediate states and relaxing

a nuclear spin via another virtual magnon. As has been discussed in I, the

effective matrix elements can in principle be formulated as a perturbation

series in 1/2S. However, in the present case of an antiferromagnet, an exact

computation is not well feasible, and we restrict ourselves to a crude estimate
(3)

following I. The estimated effect on T, ' of multiple exchange scattering
i ,IJ.

over the single-exchange enhancement then amounts to *> 50% for K_MnF.,

indicated by arrows in Fig.3. Summarizing, multiple exchange scattering in

combination with the other residual errors and uncertainties may yield close

••if
•7?

f
4

agreement with the experimental T(3)
1,11"
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IV. RELAXATION OF IN-LAYER IN A FIELD OFF THE C AXIS

In this section we will consider the effects of adding a component to

the magnetic field perpendicular to the c axis, H = H sin9. We have seen

that in the absence of such a component spin-magnon relaxation can only take

place by three-magnon (and higher-order odd magnon) scattering. One-magnon

processes were forbidden by energy mismatch; two-magnon ones by the

19 II
tetragonal symmetry of the system. Two-raagnon Raman-type relaxation of F

nuclei, i.e., one-magnon-in one-magnon-out combined with a nuclear spin flip,

will however be allowed, when the symmetry is broken by a transverse field.

As we will see, they in fact readily dominate the three-magnon processes.

The situation will appear to be quite analogous to field-induced Raman

19 I
relaxation of the out-cf-layer F , already treated in I, but with interference.

Again, there are contributions from a direct process by I Sz hyperfine coupling

and a field-induced indirect process. As to the dispersion relation, the

field H affects the magnon energies and the thermodynamic properties of

antiferromagnets to st least second order in gu..Hx/2z|j|s. When ignoring the

three and four-magnon parts of the Hamiltonian, moving the static field H ,

away from the c axis does not modify the energies of the a and B branches,

apart from the trivial taking of the projection H = H cos8. Including the
z o

said part, we have after translating the k=0 magnons in order to remove the

linear terms, collecting the quadratic terms, Bogoliubov transformation, and

Oguchi renormalization (partly implemented by J and o )
s s

(18)

in which
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I) ,

(19)

k k

as = a s [ l (20)

e^ = gUBHz[l - 2z|j|S(l/2N S) 2 (21)

with

(22)

Eq.(18) has the form of Eqs.(l) and (4), but with corrected parameters. The

Bogoliubov coefficients, not explicitely given here [see Eq.(12) in I] are

also modified by H , replacing y and a with Eqs.(19) and (20). Note that
x £ s

2
the parallel field energy is of order 1/2S, as compared to (1/2S) for the

renormalizing correction of the perpendicular field. We further note

that H causes the k=0 energy gap to increase, and consequently shifts spin

flop to higher parallel fields. Effects of canting of the electron spins

by the transverse field are neglected in the present treatment, apart from

a small correction (1.8%) to the component H of the applied field H ,

H = H
x x,aP

 + 2 Hhf s i n*
(23)

where the canting angle § of the electronic spins with respect to the easy

axis is given by ij> — |h
x,ap

•t •

•a

1

A. Direct Raman Relaxation

The calculation of the nuclear spin-magnon relaxation rate 1/T.'
i, ii
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19 Iclosely follows the lines of the F case. Hence we res t r ic t ourselves

to emphasizing the differences between the two. The most striking difference
19 II

is the virtual absence of a net hyperfine field at the F site. There-

in •£

fore, in contrast to F , the direction rather than the strength of the

external field determines the angle 6 between the nuclear and electronic

quantization axes, apart from the small correction due to the canting of the

electronic spins over an angle <j>. The transferred hyperfine interaction is

then found by rotating the nuclear quantization axis over 8 away from the c

axis, yielding for the part containing I

2 - (i[A (cosB+1) + iB(cos9-l)]I*sT + i[A.(cos9-I)

iB(cos9+l)]I+st - (24)

The coordinates (x,y,z) still refer to the magnetic unit cell (Fig.l). As

before, three-magaon relaxation can be described with an effective interaction

of the form iAI1:i+S~, but with A given by (A 1 1) 2 = £(A2+B2)(l+cos29). In

a perpendicular field (9 = n/2) the three-magnon nuclear relaxation rate is

therefore reduced by a factor of 2 as compared to 9 = 0, and will not be

considered further in this context. The part of the Hamiltonian relaxing a

nuclear spin, Eq.(24), by direct tuo-magnon processes is given by

-~iA2sin9 I (S^ + S^). (25)

By use of previous results and definitions, this straightforward leads to

2> d ) = iAl1 I+sin9 ±-
o

.«_ 1U2
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* (v,v2 - u,u2
(26)

Inserting this into the golden rule, neglecting the nuclear spin-flip

energies and with K = k. - k2, finally yields

\ YK2

. (27)

Again, there is an elongation of the relaxation time due to interference of

the two neighboring spins. Anticipating on the inclusion of an field-

induced indirect proces (Sec.IV.B), we have exactly integrated Eq. (27) to

find the dashed line in Fig.7. Notice that a transverse field is not

restricted to values below spin flop. Further discussion is deferred to

Sees.IV.C and 0.

B. Field-Induced Indirect Two-Magnon Relaxation

The electronic exchange Hamiltonian Eq.(5) in I does not contain

three-magnon terms, nor does the Zeeman energy in a field parallel to the

c axis. In a field H transverse to the c axis, however, such terms will

arise from

? S1 + 2
1 in

(28)

Below, we will consider the enhancement of the two-magnon direct relaxation,

Eq. (27), by combining the three-magnon terms in Eq. (28) with the one-magnon

part of the transverse hyperfine interaction and summing out the virtual
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intermediate magnon states. The calculational procedure is similar to

earlier treatments in I of dipolar-induced effective two-magnon relaxation,

except that the effects are more sizable because external fields may-exceed

the dipolar ones, and to the treatment of exchange-enhanced three-magnon

relaxation.

After going over to the Holstein-Primakoff formalism and carrying out

spatial Fourier transformation to spin waves, we have for the three-operator

part

1 9 J
(29)

Expressing K^ in terms of normal modes and omitting terms that after
z

combining with the one-magnon part of the hyperfine interaction cannot comply

with energy conservation, we arrive at

A.a?a,B?

A2PlB2a3
(30)

in which

h

Al = UIU2U3 + V1 V2 V3'

A2 = U1U2V3 + VI V2 U3'

A3 = VIU2V3 + U1 V2 U3'

94

(31)



The one-magnon terms of the transferred hyperfine interaction relaxing

19 II .-.•.••-"-'

the F nucleus by the absorption or emission of one magnon read

(fcos6+l) + Bi(cos8-l)ll+ 2 [ ( u ^ + vJJ^)
k k k k k

k k
i[A,(cos8-l) - Bi(cosB+l)]

k k k k k k k k
. (32)

In this case, since we are dealing with an euerc-magnon relaxation process,

we cannot use an effective hyperfine interaction to include I S into

I S (Sec.III.B), so that we need to treat the I S terms in the hyperfine

Hamiltonian explicitely. We now construct the effective two-magnon relax-

ation Hamiltonian by setting k in Eq.(32) equal to the k,*s in Eq.(3O), and

integrating over the Brillouin zone. Next, we add the direct Hamiltonian

Eq.(26) to the indirect one to obtain the total effective

k,,k
p4 ai B2 > > ( 3 3 )

where

P, =2
k3 2A2

2v,v2u3v3)e
ik3'RI I

and
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+ V )

(-v,u2 (34)

The coefficient p« is identical to p. except for interchanging u. and v.

everywhere; p, can be obtained from p 3 by taking the complex conjugate and

interchanging (cos8+l) and (cos6-l); Rj = -R2- We have, as before,

neglected the nuclear spin-£lip energy. As one observes from Eq.(33) the

field-induced indirect relaxation involving I is brought about by four

distinct effective two-magr.on processes, derived from the eight three-magnon

terms in Eq.(30) that contribute to relaxation (Fig.6). A point of note is

t t ;

that the two intermode processes, a.B, and a.B2> have no counterpart in the

direct process. The corresponding two-magnon relaxation rate finally is

1/T(2) IIN2 . 2.sin 8
No kl'k2

|p2|
2 nf

(35)

It is seen from the p.. (i = 1,2 4) that the terms arising from the direct

process carry opposite signs so that for low K = k. - k_ they wiil interfere

destructively, as was the case for small k magnons in the three-magnon

relaxation rate (Section III.B). Terms contributing to the indirect process

may interfere destructively or constructively. Terms in p_ and p, proporticn-
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Fig.6. The eight different three-magnon scattering diagrams involving
I , induced by a transverse f ie ld . These processes result into four
different indirect two-magnon relaxation processes adding to the two direct
two-magnon relaxation processes.

al to e' interfere destructively for | K « R 1 2 | < ir/2; the terms proportional

to e , , however, give r i se to constructive interference.

A remark should be made about the effect of H S -induced indirect
x

in T fn i\

two-magnon processes on the F direct relaxation time T, ' , calculated
19 1

in I. This process is of course also operative in the F case, but

manifests itself differently because, in contrast to the F case, the

angle 9 between nuclear quantization axis and c axis depends on field by

virtue of H ^ > H z . In fact , tan9 = \ * rather than nuclear

quantization along Ho irrespective of i t s magnitude. Experimentally, in

19 I Icase of F with H = 0 , the f ie ld dependence of 9 tends to obscure the
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rather subtle effects of the enhancement by H S • In I, where we were

(2) (2) 2
interested in the initial slope T: = T| s*-n s> measurements have been

restricted to fields below 30 kG, in which region the effects are well

within the experimental accuracy.

19C. Relaxation of In-Layer F Nuclei in a Perpendicular Field

Me first consider the case that the applied field is perpendicular to

the easy axis, i.e., 8 = it/2. The relaxation will be dominated by two-magnon

+ Z
processes. For 8 = TT/2, the direct I S process, Eq. (27) will be independent

2
of field except for the minor correction, of order h , of the spin-wave

dispersion and the corresponding variation in the Bogoliubov coefficients

u^ and v_̂  and the occupation numbers n^. More precisely, while the magnon
It k k
branches e remain degenerate, they increase only slightly with H in the

£ X

center of the zone, resulting in a correspondingly subtle increase of the

(21 19 I
relaxation time T, . This has also been observed for F in I, where the

(*} HI
direct two-magnon relaxation time T, ' increases with field slightly more

2
strongly than according to the prefactor sin 9.

The indiveat two-magnon enhancement of the rate on the other hand, which

is generated from combining H Sx and i Sx continues to increase according

2
to H , irrespective of the variation of the dispersion. If 8 = TF/2, E' dropsX H

out of the p^'s, Eqs.(34), so that the direct process will only be enhanced

by the terms in Eqs. (34) proportional to e,. These terms interfere in a

constructive way for small k, so that it is expected that at least part of

the field dependence of T | ' due to transverse field renormalization of

the spin waves is compensated.

The experimental results of the perpendicular field case are given in

Fig.7 as the open squares. The full curve represents the results of

exact integration of the total two-magnon process, i.e., including the indirect
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(2)Fig.7- The twG-magnon nuclear relaxation time 1. ' of KgMnF. at U.2 K
V8. the external magnetic field applied at 6 = 18° and 90° with respect to
the c axis. The solid curves represent the exact evaluation of the Brillouin
zone summations of Eq.(35). Also inserted, as the dashed curves, are the

contributions of direct relaxation T only, Eq.(27). In the case
o6 = 18 the transverse field yields a stronger decrease with f ie ld through

the processes of Fig.6.

relaxation induced by the transverse field. It indeed appears that
1,11

i s not very strongly dependent on the applied perpendicular f i e ld H ; in
(2)

fact , Tj JJ increases s l ight ly . For comparison, we have also inserted in

Fig.7, as the dashed curve, the result of the relaxation time T^ 2 'd ' ,

arising from intramode a ( o 2 and gjg' direct two-magnon scattering only.
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With reference to T, ' , the partial compensation of the variation with

the spin-wave dispersion is now eliminated, resulting in a slightly stronger

dependence on field. In comparing with experiment, the overall agreement

between the calculated curves and the data points is quite satisfactory,

except at fields above i* 40 kG. In particular, it is observed that the

(2)
calculated results agree excellently with the experimental T ' extrapolated

to zero field. As to the high field region it should be noticed that the

2
expansion parameter h in the spin-wave description, Eqs.(18-22), has become

of the order of 2a, i.e., with H = 0 the gap e,_n * (2a+Jh V has already

increased by i* 30% relative to the zero-field value. At this point, it is

clear that the spin-wave description used starts to break down and that

another spin-wave formalism, better adapted to the perpendicular field

situation should be used. Anyway, inclusion of yet another relaxation

mechanism would not improve upon matters above 40 kG, since it would lower

the calculated x\2\'s.

D. Relaxation of F Nuclei in a Field at 8 = 13°

Upon applying a parallel magnetic field in addition to the perpendicular

component, two-magnon relaxation will still be dominant, but we expect a

stronger enhancement of the relaxation rate. Essentially the same arguments

apply that we used to explain the predominance of the exchange-enhanced four-

magnon relaxation at high fields in calculating the three-magnon relaxation

(3) 2 2—1
rate I/T* ' in Section III.3. In particular the factors (e,-s?IT) , occurring

in Eqs.(34), diverge for the 6 magnon modes, when the parallel field

component H Q C O S 6 approaches spin flop.

In Fig.7 we have plotted, as open circles, the experimental T, '

versus the external magnetic field H applied under an angle 9 = 18° with

the c axis. A drop by about a factor of 40 is observed when increasing the
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field to 50 kG, i.e., H = 48 kG and H = 17 kG, as compared to a spin-flop
Z X

field of "u 50 kG in this situation. Again, the results of an exact

evaluation of Eq.(35) are inserted as the full curve, and those of the direct

Raman process only, as the dashed one. The latter corresponds to setting
n n

the indirect part of the p.'s in Eqs.(34) to zero, so that |p(| = |p2| and

I Po = 0. In comparing the two theoretical curves with the

(2\
measured T, ' , it turns out that, contrarily to the perpendicular field

1,11

case, inclusion of indirect relaxation results in an improvement over the

direct Raman process, especially at higher fields. The stronger dependence

on field of the indirect relaxation finds its origin in the occurrence of

H in the energy conserving 6 function of the mixed mode processes a 8~ and

. The latter are absent in the direct relaxation Hamiltonian JP ' ,

Eq.(26), but contribute more strongly the higher the field. Moreover, most

of the terms in the prefactors of these intermode processes, p., and p.,

interfere constructively for small k. At the low field side of Fig.7, the

extrapolated T, ' at H = 0 is in excellent accord with the theoretical
i, il o

prediction, as in the case 9 = ir/2, being longer by a factor sin 18 = 10.5.

The functional dependence of the experiment as compared to the calculation,

however, suggests that another field-induced relaxation process is operative.

Considering the magnitude of the deviation above 20 kG, it seems unlikely that

it can be fully accounted for by the deficiencies of the spin-wave description

at higher transverse fields, already commented upon.

To conclude this section, it has been shown that two-tnagnon processes

become operative if the tetragonal symmetry of the system is broken, and

that the quantitative spin-wave explanation can to a great extent be given

in terms of direct Raman intramode-type relaxation, enhanced by indirect

intra- and intermode processes.
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V. CONCLUSIONS

The field dependence of the nuclear spin-lattice relaxation time T.

of the in-layer F nuclei has been investigated in the quadratic-layer

Heisenberg antiferromagnet K^MnF, at 4.2 K, up to fields of about 60 kG at

various orientations to the c axis. The measured relaxation was analyzed

in terras of two- and three-magnon processes, with the summations over the

Brillouin zone carried out rigorously. In summary, the analysis is in

general accord with the experimental findings provided indirect processes

9+
and interference between neighboring Mn~ are included.

19 I
The field dependence of the F nuclei, not involving interference,

1g ii
was studied first, as preparation of the treatment of F . By applying

fields perpendicular and parallel to the easy axis, it was possible to

independently consider two- and three-magnon relaxation at the F site,

respectively. It then appeared that three-magnon relaxation is governed

by second-order four-magnon exchange scattering off the nucleus. The

enhancement factor increases strongly with H . This conclusion is in

contrast to the conjecture of Paquette et aZ.16 in case of Mn nuclear

relaxation in MnF2 that the exchange enhancement of the three-magnon rate

does not strongly depend on the magnetic field. Rather, their data are

consistent with the idea that exchange enhancement for up- and downgoing

NMR branches is about the same. We should note, however, that it is

difficult to say anything precise on the sharp increase of the rate near

spin flop, because of the failure of the standard spin-wave description at

this point.

] 9 II
The F nuclei present a unique case by their location exactly between

2+
two antiparallel Mn spins. Among other things this leads to interference

effects, reducing the relaxation rate by a factor of about 10. Further,
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19 II
contrary to the case of F , the nuclear quantization axis points along

the external field, also when at an angle with the c axis. This allowed

us to unambiguously establish that the direct two-magnon process alone

falls short in accounting for the dependence on field when a transverse

component is present. It was found that the direct two-magnon rate is

enhanced by an effective two-magnon process, induced by a field component

perpendicular to the quantization axis of the electron spins.
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SAMENVATTING

In dit proefschrift wordt een onderzoek beschreven naar de soorten

processen via welke een kernspin in een antiferromagnetisch geordende

isolator kan relaxeren door energie af te staan aan het geordende elektro-

19
nenspinsysteem. Hiertoe is de kernspin-roosterrelaxatietijd T. van F

kernen gemeten als funktie van de Cemperatuur en het uitwendig magneetveld

in eenkristallen van de antiferromagnetische lagenstukturen K^MnF, en K^NiF.

19
met behulp van een gepulste NMR (kernspinresonantie) techniek. De F

kernen bevinden zich in deze isomorfe strukturen op twee niet-equivalente

posities, namelijk kernen buiten de antiferromagnetisch geordende lagen

19 I 2 + 2 +
( F ), die resoneren in het hyperfijn veld van een naburige Mn of Ni

19 II
elektronspin, en kernen gelegen in deze lagen ( F ); deze kernen hebben

twee antiparallelle elektronspins als naasce buren en ondervinden daarom

geen netto hyperfijn veld zonder uitwendig magneetveld. De magnetische ther-

modynamische eigenschappen van deze antiferromagneten worden uitstekend be-

schreven met een spingolfformalisme gebaseerd op Heisenberg exchange in ter-

men van elementaire excitaties, magnonen. Relaxatie van energie van de

kernspins naar het elektronenspinsysteem kan worden beschreven als verstrooiing

van magnonen aan de relaxerende kernspin. Experimenteel wordt de relaxatie-

tijd bepaald door, na de resonantie te hebben verzadigd met een aantal NMR

pulsen, het herstel van het oorspronkelijke populatieverschil tussen de twee

19
F kernniveaus (I = J) te meten door middel van een ir/2-puls als funktie

van de wachttijd tussen de verzadigingspulsen en de ir/2-puls.

19 I
In hoofdstuk II is de spin-tnagnon relaxatietijd T. van F kernen

bestude°rd als funktie van de temperatuur in antiferromagnetisch K-MnF, en

K,,NiF̂ . Een variatie van T. over ruim 3 dekaden is waargenomen bij een

variatie in temperatuur over 12 K en 50 K voor respektievelijk K-MnF, en
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K2NiF,. Bij de interpretatie in termen van magnonverstrooiingsprocessen

blijkt dat direkte relaxatie van ee.n kernspin onder emissie of absorptie

van een magnoti niet mogelijk is in een antiferromagneet, omdat de kernspin-

flipenergie (">< 1 mK) nooifc door een magnon kan worden opgenomen of afgestaan

vanwege de aanwezigheid van een energiegap van enkele Kelvin in het magnon-

spektrum. Evenmin zijn twee-magnon-relaxatieprocessen toegestaan in de

19 I
tweedimensionale antiferromagneten vanwege de lokale symmetrie van de F

19
kernen, dit in tegenstelling tot bijvoorbeeld de F relaxatie in de drie-

dimensionale antiferromagneet MnF,,. fa kernspin-magnon-relaxatietijd Tj van

19 IF kernen zal daarom bepaald worden door drie-magnon-processen. Vanwege

het laagdimensionale karakter van K-MnFi e n isomorfen is het mogelijk de

bijdrage van drie-magnon-processetk aan Tt exakt te berekenen door munerieke

integratie over alle magnontoestanden die voldoen aan energiebehoud zonder

extra benaderingen in te voeren. Alle benodigde interaktie- en spingolf-

grootheden zijn bekend uit andere metingen, zodat er geen aan te passen

parameters zijn. Voor een goede overeenkomst tussen theorie en experiment

is het nodig ittdirekte drie-magnon processen, afkomstig uit de vier-magnon-

termen van de exchange Hamiltoniaan mee te nemen in de berekening van de

relaxatietijd; ze blijken sterk in betekenis toe te nemen bij verhoging van de

temperatuur en uiteindelijk T. geheel te bepalen. Twee-inagnon-processen

kunnen worden geinduceerd door een veld loodrecht op de tetragonale as aan

te leggen, waardoor de lokale symmetrie gebroken wordt. De temperatuur-

afhankelijkheid van deze processen blijkt in uitstekende overeenstemming te

zijn met de berekende twee-magnon T.. Indirekte twee-magnon-relaxatie-

processen, afkonstig van de dipolaire interaktie tussen elektronenspins,

blijken pas bij zeer lage temperaturen van invloed te zijn.

In hoofdstuk III wordt de relaxatie van F1 kernen in K.MnF, bij 4.2

als funktie van het aangelegde veld bestudeerd. Zolang het veld evenwijdig
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19 II
is aan de tetragonale as, gelden voor F dezelfde symmetrie-argumenten

19 I
als in het veldloze geval voor F , zodat ook in dit geval drie-magnon

processen verantwoordelijk zijn voor de relaxatie. Indirekte exchange

processen blijken weer de belangrijksCe bijdrage tot de relaxatietijd te

geven en het veldafhankelijke gedrag in de buurt van het spinflopveld bij

2+
54.5 kG te bepalen. Interference tussen de twee antiparallelle Mn spins

verlengt T. drastisch. Hoewel de berekende veldafhankelijkheid £oed over-

eenkomt met de experimentele, suggereert de faktor 2 tussen de absolute

waarden dat herhaalde exchange verstrooiing nog een aanzienlijke bijdrage

19 II
tot de drie-magnon relaxatie kan geven. Tenslotte kunnen ook bij de F

kernen twee-magnon-relaxatieprocessen worden ce'induceerd door het veld onder

een willekeurige hoek met de tetragonale as te zetten. Indirekte twee-magnon-

processen doen de relaxatietijd sterk afnemen bij toenemend veld.
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