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Frequency pulling effects in the quasi-two-dimensional ferromagnet
>Mn-Mn (COOCH,),-4H,0 studied by nuclear orientation techniques
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Continuous wave NMR thermally detected by nuclear orientation has been used to investigate the magnetic
properties and spin dynamics of the quasi-two-dimensional ferromayjiet-Mn(COOCH;),-4H,0. The
system exhibits a frequency pulling effect due to the indirect Suhl-Nakamura interaction between nuclear spins
and the electronic spin excitation spectrum is related to the coupling strength of the nuclear spins. The
temperature dependence of the frequency pulling effect was measured for the two crystalline sublattices Mn1
and Mn2 in low magnetic field. The spectra show a structure not predicted theoretically. The current theory is
valid only for I =1/2 with uniaxial crystalline anisotropy fields. The theory of frequency pulling has been
extended here to the caselet 1/2 and nonuniaxial crystalline anisotropy fields and the resonant frequencies
and linewidths have been calculated as a function of temperature. The new theory and data agree well in terms
of the magnitude and temperature dependence of the frequency pulling. Discrepancies are likely due to sim-
plifying assumptions when calculating the electronic magnon spectrum. Classical and quantum numerical
simulations confirm qualitatively the predictions of the model.
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. INTRODUCTION change constant e, =48 K° The superexchange be-
tween triplets in a layer is ferromagnetic and much weaker

There has been recent interest in the spin dynamics ahan the intra-triplet antiferromagnetic couplihigand the
two-dimensional spin systerhand the study of nuclear spin transition to the ordered state occursTat=3.19 K. The
interactions(“frequency pulling”).? In a magnetic system, interlayer coupling is very weak~1 mK) and antiferro-
there is a relatively strong coupling between nuclear spingnagnetic accounting for the high degree of two dimension-
due to the Suhl-Nakamura interaction that involves the vir-ality. The crystal structure and spin orientations of the Mn
tual emission and reabsorption of an electronic maghon. ions are shown in Fig. 1.
At low enough temperatures, the nuclear spins collectively
interact with the electron spins causing a shift in the NMR § §
frequency. Also there are excitations of the nuclear spin sys-
tem (nuclear magnonsWe have chosen to investigate these
effects in the quasi-two-dimensional ferromagnet manganese
acetate tetrahydrate Mn(COOGH-4H,0 (MnAc), which
exhibits relatively large frequency pulling, by studying the §1
abundant®Mn nuclear spinsl(=5/2) and very dilute®*Mn
radioactive spins I(=3) that were doped into the sample
during growth. This system has been studied previously by
the techniques of nuclear orientatidO), NMR of Oriented
Nuclei (NMRON), and NMR thermally detected by nuclear
orientation(NMR-TDNO)® and a preliminary measurement

of the frequency pulling showed a relatively large effect. ; S A
MnAc has a crystallographic layereda-p) plane ’ u§
structure’ The manganese ions in a given layer occupy two §

different sites(site 1 and site Pand are arranged in triplet §
groups consisting of one Mn1l ion and two Mn2 ions which

B
are internally coupled by 120° oxygen and acetate linkages. §
Each triplet is coupled to four other triplets within a layer by p §
&

acetate linkages and there are no strong bonds between lay-

ers. §
The magnetic properties of MnAc have been studied A

extensively "*3Each Mn" * ion hasS=5/2 andg=2.00131*

Magnetically, the oxygen linkages within a triplet provide a  FIG. 1. The MnAc crystal lattice and magnetization. The easy

strong superexchange that is antiferromagnetic with an exaxis of magnetization is the axis.
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The easy axis is tha axis, the second easy axis is ttte  Note that the second order effects lead to an unequal splitting
axis(perpendicular to tha-b plane and the hard directionis of the lowest energy substates. In zero applied field, the
the b axis. In order to force the magnetization along thie  “pseudoquadrupolar” terni is given by
axis (or b axis) it is necessary to apply a field} (or BR)

along thec* axis (or b axis). These fields are called the p— SA° 3)
anisotropy fields and in MnAc they a@5=0.135 T and gupBe+4D"

B%=0.86 T At very low temperatures, a fieldB,

=0.6 mT applied along the easy axis causes a transition B. The host >*Mn

from an antiferromagnetic ordering of the ferromagnetic lay-

5 e ; _
ers to a mixed phase consisting of domains of ferromagnetic Th_e abundant®Mn have a puclear&?ﬁlh— 5{2 and inter
and antiferromagnetic ordering of the planes, andBat act via the Suhl-Nakamura interactionthat involves the

—14 mT the planes are completely Orderedvirtual e_mission of an electronic magnon by one spin .and its
ferromagnetically. absorptlon py anpther. The SuhI-Nakamura interaction be-
The strong antiferromagnetic coupling between the spinéWeen spins and] separated by distanag; can be repre-
in a triplet allows us to treat the latter as an effective singlesented by
spin with S=5/2, ferromagnetically coupled to its neighbors 1
in theab plane. We also ignore the interlayer interaction and Hov=2= 2 Uj; |i+|j* (4)

treat the system as purely two dimensional. With these ap- 297
proximations all triplets are equivalent in terms of their mag- it
netic interactions.
A?S o explikr;)

A. The *Mn impurities Ui=- N Ek ()

wy
The >*Mn impurities have a nuclear spir=3, a nuclear
magnetic moment = 3.2819+0.0013«, and decay by elec-
tron capture with the subsequent emission of an 835 keV
ray® A simplified spin Hamiltonian for both th&*Mn1 and A2 a ‘o
%Mn2 ions in an applied field, is p{— b—”)
0

wherew, is the electronic magnon spectrum. In the case of a
simple cubic, three-dimensional lattice

Vi gupBE 1 & ©

Herea is the lattice spacing anby~ (gugBg/Eg)a where

Ey is the magnon energy gap. Typically the range of the

(1b) interaction isby~10a. Actually, the mechanism for the
pseudoquadrupolar interaction for the dilt¥n involves

. the virtual emission/absorption process by a single spin (

H,=Al-S. (1o  term.

The Suhl-Nakamura interaction has a number of effects
for abundant nuclei. The coupling is usually relatively strong
causing fast spin-spin relaxation, i.e., shogt and this re-
sults in a significant homogeneous line broadening which is

H=H;+H,, (13

1
3

S

HereH, andH, represent the electronic and hyperfine inter-
actions, respectivelyBg represents the effective exchange
field on a given electronic spin, calculated from mean field
;[hero:y.tTgetD terr1m :ﬁpr?rsentsﬁtr;g crys_tal f|eéd |/nt§;act_|l9hn andusually Svgn=1 MHz and dominates other contributions.
s related to an anisotropy field U =gugBa/(2S). The Furthermore, at very low temperature$<€1 K), when

termAl - S represents the hyperfine interaction. Theand  there s a significant nuclear magnetizatidfy, the strong
— signs are taken for the Mn2 and Mn1 nuclear spins, regyh|-Nakamura coupling causes the NMR frequency to be
spectively. We have ignored the electric quadrupole interacpyjled down from the value,=ASh, to a valuevy—Av.

tion and dipole terms which are very smalhis Hamil-  This effect is called “frequency pulling.” Frequency pulling
tonian is clearly oversimplified because we have assumeflas peen discussed, e.g., in Refs. 5,16, and for the special
uniaxial anisotropy. . o _ casel =1/2 at very low temperatures

The H, term, representing the hyperfine interaction, can
be written asH,=Hy+H|r whereH .=AS1* and H|¢ Av A%
=A(S"I~+S717)/2. The effect ofH/,- can be treated with Vo E, @)

perturbation theory. _ _ o
The zeroth order states of the lowest energy multiplet ard here is a band of nuclear magnons, i.e., excitations of the
characterized by the statg&’= —5/2, I?=m). The first or- coupled abundant nuclear spins, the spectrum of which cov-
der correction to the eigenvectors gives a small admixture ogrs the range,,— A <v<w,. These have been indirectly ob-
the |S?=—3/2, 1?’=m—1) states in the lowest energy mul- served by their effect of enhancing the nuclear spin-lattice

tiplets. The energy difference between adjacemndm + 1 relaxation (NSLR) of the **Mn2 compared to®>*Mn1 be-

levels inB,=0, to second order if/ is cause the frequency of the former is closer to the nuclear
magnon band, and directly observed by NfIRalues of
AEq m+1=—SA+Pm. (2 (Avlvg) (Mn1)=0.05 and QAv/vg) (Mn2)=0.06 were ob-
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served aff~40 mK. The expected values of 0.09 and 0.10 5 4

for the Mn1 and Mn2 spins, respectively, calculated from Eq. W(0)= 3 (P2t p_2)+ 3 (Pt P-1)+Po, (8a)
(7), were significantly different from the measured values. It

was noted that these effects would be investigated further,

and this is the purpose of the present study. W(90)= 7 (Ps+p-3)+ 7 (p2+ p- 2)+ (P1tp- 1)+ 5 Po.

(8b)

C. The effect of the Suhl-Nakamura interaction wherem=1? and p,, are the level populations, given to a
via the Suhl-Nakamura interaction. The effect of this inter-

on the %Mn impurities good approximation by
Al
action on the energy levels of the lowest order multiplet can 9)
be calculated using nondegenerate perturbation theory be-
cause the’*Mn are sufficiently dilute that we can treat them ex% "”)
as a single impuritfat R=0) in a lattice of>*Mn spins.

The first order correction to the energy is simply another Having achieved a significantray anisotropy by cooling
way of calculating the pseudoquadrupolar interaction, andhe sample to a low temperature, NMR of Oriented Nuclei
gives the same result as E8). The second order corrections (NMRON) can be performed by applying a radiofrequency
can be shown to be negligible compared to the first ordefrf) field and sweeping the frequency. When the rf field is at
correction, therefore, the only significant effect of the Suhl-a resonance of thé*Mn spins the level populationg,, are
Nakamura interaction on the*Mn spins is the self- altered and there is a resulting changani0) andW(90).
interaction(or pseudoquadrupolar tejpas discussed in Sec. This allows a direct measurement of the hyperfine coupling
| A. constantA. For the dilute®*Mn spins, the resonant frequen-

CiesS v m+1=AEn m+1/h corresponding tan—m+1 tran-
sitions, can be selectively observed. TP#In spins were

The dilute >*Mn spins are also coupled to their neighbors p(s
ex

Il. EXPERIMENTAL PROCEDURE investigated by NMRON and, using Eq(2), gave
_ L (**AS),/h=437.0+0.2 MHz for the Mn1 site(>*'AS),/h
A Sample preparation and data acquisition =480.5-0.2 MHz for the Mn2 site, andP/h=1.2

Seed crystals of approximately 1 mm in length were=0.1 MHz®
grown from a saturated solution of MnAc by evaporation at If the hyperfine coupling constant is known, as it is from
room temperature. To prevent oxidation, a seed crystal wakhe NMRON measurements, then theray anisotropy al-
placed in a groove cut in a piece of teflon, approximately Sows the temperature of the crystal to be determined, i.e.,
mm in width, and oriented according to the goniometric dataW(6) is a thermometer. If NMR is performed on the stable,
of Groth!® The groove was covered with a microscope slideabundant®*Mn spins, the effect of the absorbed power is to
and sealed to the Teflon with vacuum grease. Saturateidcrease the temperature of the lattice via the spin-lattice
MnAc solution was prepared and doped with approximatelyrelaxation. The increased temperature affects the level popu-
100 uCi of ®Mn. Once the saturated solution surroundedlations of the *Mn and can be observed by a change in
the seed crystal, the temperature of the bath was lowered/(6). Thus, the nuclear orientation of tHéMn is the ther-
slowly over a period of 4 days from 30 to 23 °C. The final mometric probe which measures the increase in temperature
crystal had the orientation of the seed crystal, and an activitpf the sample due to the NMR resonance of the ho¥tin
of approximately 1 uCi. The orientation of the crystal was spins. This technique is called NMR thermally detected by
verified by x-ray diffraction. The crystal was attached to thenuclear orientatiofNMR-TDNO).*®
copper cold finger of a SHE dilution refrigerator with the  The beauty of combining NMRON and NMR-TDNO is
easy axis & axis) aligned vertically. Hydrated crystals dete- that the effects of the Suhl-Nakamura interaction can be ob-
riorate at reduced pressureTa:240 K so the samples were served directly by comparing the NMR signals of the abun-
precooled under an atmosphere of air. dant >*Mn spins, that feel the interaction, and tA#n that

In order to study the spin dynamics we employ two tech-do not. In a 1 cm crystal of >*Mn-MnCl,-4H,0 with
niques that combine nuclear orientati®O) with NMR. 5 uCi activity, the separation of th&¥Mn atoms is~ 1000
Nuclear spins can be oriented at sufficiently low temperawhich is much larger than the range of the interaction. The
tures when acted on by a magnetic field. In the case olinewidth is only ~35 kHz because there is no broadening
MnAc, the hyperfine interaction gives the largest contribu-from the Suhl-Nakamura interaction, whereas the linewidth
tion to the applied field, and significant orientation is of the >*Mn resonance is several MHz and there is frequency
achieved whed@ <A/Kg. pulling. The NMRON results or*Mn allows the hyperfine

The directional anisotropy of the 835 key/ray emitted field of ®*Mn to be determined so that the value of the un-
in the decay of the*Mn can be used to measure the degreepulled frequencyv, is known.
of orientation of the initial ensemble of nuclei. The angular In order for NMR-TDNO to work well, the spin-lattice
distribution of y rays at 0° and 90° to the easy axg0) relaxation timeT; should be short compared to the dwell
andW(90), can be expressed'as time of the rf frequency step and the time constant for the
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cooling of the sample to the cold finger. In zero field, the  1.00
spin lattice relaxation times are 10~ * s and they-ray

anisotropy of the®*Mn spins provides an accurate measure S ggop |
of the temperature of th€Mn spins. The isotropic warm =
counts necessary to normalize the counting rates were obe

; . : @ i ;
tained atT~1 K. The spectra were obtained with two Nal § 080 100
detectors at 0° and 90° to the easy axis. = {090

In the previous experimefitonly one measurement of the 3

. N 4
*Mn lines was made, and no structure was observed. Also= 7 080

no measurements were performed above 600 MHz. The rE 0.90
power was stabilized by monitoring the temperature of the2
cold finger, but this has two disadvantages: first, the time
constant of the feed-back loop was relatively long; secondly,
the cold finger must undergo some warming at resonance
but the feed-back loop works to negate the effect. This sta- 0.70
bilization procedure works well for NMRON of the dilute
radioactive nuclei because there is essentially no warming,
but is not well suited to the NMR-TDNO technique. FIG. 2. W(0) as a function of frequency for three spectra with
In the present experiment, the rf field was provided by athe best fit line. Although the temperature of the sample varies
main coil in series with a variable capacitor and in parallelthroughout the frequency sweé¢from about 30 mK to over 100
with a fixed capacitor. The circuit had a broad resonancéK), in generalT,>T,>T. and the frequency pulling can be
centered approximately at 530 MHz at 100 mK. The rf Clearly seen. The initial temperatures for each of the three sweeps is

power was monitored by a smaller pickup coil mounted be-Ta=41 MK, Ty=34 mK, andT,=32 mK. The frequency was

hind the main coil. This pickup coil had no resonances in thewept downwards, and the region of points where the temperature
frequency region of interest. The signal from the pickup coil'vas determined for each of the resonant lines is labeled with an
was amplified and converted to dc with a Pasternack 8000-50" -

detector connected to an HP voltmeter, read by a PC. The PC

0.70

0.80 [

525 550 575 600 625
Frequency (MHz)

continually adjusted the rf power to maintain a constant sig- dW(0) #o —(w+ ¢— w;)?

nal in the pickup coil. This feedback loop allowed the rf dt :21 A Jd) i D R dé
power to be stabilized over the entire range of the frequency ° :

sweeps £100 MHz). This arrangement eliminated the ef- W,(0)—W(0)

fects of frequency-dependent rf heating of the cold finger. L — (10

.
This improved detection method allowed the resolution of

the structure of the lines. Several spectra were obtained Cofghere the first term corresponds to the four NMR reso-
responding to differenf°Mn nuclear spin temperatures and pances, and the second term is the relaxation to the base
these showed four peaks rather than the expected two. anisotropyW,(0). ¢, is the modulation of the rf fields is

In the thermometric method of detecting the resonancespe relaxation time, and\ , ;, and; are the amplitudes,
sweeps upward and downward in frequency yield differeniyositions, and widths of the four resonances. The starting
line shapes due to the frequency pulling effect itself. Theapisotropy was taken to be the average of the first five data
resonance is detected by a warming of the crystal lattice bUgSoints. W(0) was then calculated by integrating EG.0)
this also leads to an upward shift the resonant frequencyyith respect td and ay? was calculated and minimized with
Thus downward frequency sweeps lead to a narrowing of thg,nyir. W,(0) was not necessarily equal to the starting an-
observed lines while upward sweeps lead to a broademng;]sotropy because turning on the rf power did affect the base

The most precise determir)ation of the resonant freq“e”deﬁ%mperature of the crystal through nonresonant warming of
can therefore be made with downward frequency sweepsnhe cold finger. An example of a fit can be seen in Fig. 2.

Figure 2 shows three spectra at different temperatures in zero gy experimental pointsV(0) were averaged immedi-
applied field for a downward frequency sweep and the fréye)y prior to each observed resonance and the temperature
quency pulling effect can be clearly observed. The samg o< then determined from E€Bb). The points at which the
spectra were observed in applied fields up to 110 mT alongsneratures were determined are labeled in Fig. 2 with ar-
the easy axis. rows. Although the relaxation processes and the power ab-
sorption are more complicated than the assumptions of the
model, the goal was to find the position of the NMR lines as
a function of temperature and this is clearly achieved. The
In order to estimate the line positions as a function ofwidth of the lines ¢;) are used as the error in line position.
temperature, the peaks were fitted by assuming a Gaussidine position of the lines as a function of temperature are
line shape and an exponential relaxation to the temperatungotted in Fig. 3. In order to fit the data exactly, a theoretical
of the dilution refrigerator. The change in anisotropy at fre-model of the entire power spectrum as a function of tempera-
guencyw is then given by ture would be necessary. However, the Gaussian fit gives a

B. Data analysis
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620 S=5/2 single spin, ferromagnetically coupled to its neigh-
” ' bors in thea-b plane. We can also ignore the magnetic in-

_ 600 Fe teractions between different layers and treat the system as a
% sgol  # t - - 2D ferromagnet. The direction is chosen along thee axis,
< . u and thex andy directions are chosen to be thendc* axes,
> 560 respectively.
5 The electronic magnon gap can be calculated from the
% 540 . { { electronic spin Hamiltonian
H
B b c

520 1 - BX BS

H=dr 2, S-S+ 2 gus| 55(SH*+ 55(S)"~ SBo .
40 50 60 70 80 90 (12

Temperature (mK) ) ) )
A standard Holstein-Primakoff transformation can be

FIG. 3. The positions of each of the four resonant lines at dif-ysed, in whichS?=S—a'a, S*=.2Sa and S =.2Sa'.

ferent temperatures. This transformation is expected to give good results because
very reasonable estimate, within the given error, of the posit€ SPin is large $=5/2) and the temperature is low com-
tion of the lines as a function of temperature. pared to the coupling between electronic sping (
<100 mK wherea3;~3 K). Itis then more convenient to
IIl. THE GENERAL SUHL-NAKAMURA INTERACTION: work in momentum space.
A BASIS OF SPINS,=1/2 The Hamiltonian is not diagonal because the anisotropy
AND NONUNIAXIAL ANISOTROPY fields in theb andc directions are different, and it is neces-

sary to perform a Bogliubov transformatiaif.or a complete
The simple model of the Suhl-Nakamura interaction fordiscussion of diagonalization of bosonic and fermionic anni-

the casd = 1/2 with uniaxial anisotropy and a single ion per hilation and creation operator Hamiltonians, see Ref) 20.
lattice site, as outlined in Sec. |, is clearly insufficient to New fields, «, and aik, can be introduced and are defined
explain the observed spectra. To the best knowledge of thgs
authors, the Suhl-Nakamura interaction with 1/2 has not

been previously considered. Wher 1/2 the self-interaction ag Ue  —o| [ a

term (U;;) cannot be neglected. Also, when there is non- LI R u at .| (12
uniaxial anisotropy, the electronic magnon gap which deter- K K K K

mines the overall amplitude of the frequency pulling needs tarhe Hamiltonian isH — Ey= Ekwkaﬂ:ak for a suitable choice
be calculated by a Bogliubov transformation. Finally, whenof u, andv,, whereE, is the ground state energy. It is
there is a triplet of ions at each lattice site, the interactiongmportant to note that, is significantly different from unity,
between the Mn1 and Mn2 spins cannot be ignored and wilandv, from zero, only neak=0. If the anisotropy fields are
modify the frequency pulling. We have developed a modebniaxial (B4=B2) then u=1 andv,=0. The electronic

which takes all of these important effects into account. magnon spectrum is given by
In the following section, the frequency pulling is calcu-
lated for a triplet of spins and compared to the experimental W= \/Qg(k)—(gMBB;)Z, (13

data. Furthermore, th€=0 spectrum of excitations calcu- B b e . _
lated by spin wave theory is discussed. The effects of th&hereB, =(Ba—B4)/2 and(;(k) is the electronic magnon
Mn1 spins on Mn2 spins and vice versa is found to be im-SPectrum calculated in the case of uniaxial anisotropy fields
portant. A number of mechanisms which could explain thewith B,=(Bi+BR)/2. The electronic magnon gap is
four observed lines are considered. wo/gug=0.35 T, forB2=0.14 T andB$=0.86 T For

The linewidth is calculated in the case of a single spin pethese values OBR and Bz, u,=1.105 andv,=—0.470
lattice site down toT=0 and compared to a high- whenk—D0.
temperature expansion previously calculated. The results
agree well at the temperatures where the high-temperature B, The Suhl-Nakamura interaction between nuclear spins
expansion is valid. However, our calculation also includes
the effects of the self-interaction on the linewidth, and is
valid asT—0.

The exact power spectrum involving 1 to 4 spins is cal
culated numerically at a variety of temperatures and classic
simulations are performed. The results qualitatively confirm
the predictions of our model.

The Suhl-Nakamura interaction can be calculated for the

MnAc crystal, with the assumption that the electronic spins
I_in a triplet behave as a singlg=5/2 spin coupled to each of
a“]e three nuclear spins. If we introduce the operator

/KJ=A1I+]+A2(ra’J+er), (14)

whereA; andA, are the effective hyperfine coupling tensors
of the sites 1 and 2 and the indicagndb refer to the two

The strong coupling between the three electronic spingequivalent Mn2 sites, then the hyperfine Hamiltonian can be
forming a triplet allows us to treat the latter as an effectiveexpressed as

A. The electronic magnon spectrum
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- 1 A2
Hue= 2 Aj-S=2 AJ-ZSJ-Z+§(A;’SJ-_+AJ-_SJ-+) : H=AS|Z+7[|(|+1)—(|Z)2+|Z]u§‘ (19
] ]
(15 and the difference in energy between level@andm+1 is
where A7 =Af+iAY. given by
Working in momentum space and using the Holstein- S
Primakoff transformation, introduced above, the electronic hvmme1=AS—MAU; . (20

spins 9an be r.ewriFten in terms 91‘( an.d a*_k. Finally, the We can compare to values measured ¥In® where, in
hyperfine Hamiltonian can be written in terms of the opera-Bozo'z T. the value of—(Ag“)ZUﬁ*/h for the Mn2 site is

T . . . . .
tors e and ., defined in Eq.(12). The Hamiltonian is  tond to be 1.2 MHz. The mean field Curie temperature for a

H=Ho+H" where Heisenberg Hamiltonian is given By
_ z t 4
Ho—sg Af+ 2 o (16 keT0'=3S(S+1)J. (21)

andH’ is a function ofuy, vy, andey . If we consideH’ as oy magnetic system is a Hamiltonian with nearest neighbor
a perturbation oH,, we can calculate the correction to the coupling (equivalent to a square lattice model sinkis the
energy for a stat¢V)=|yop), where|yn . k) isthe  same for all 4 nearest neighbarsFrom the exact two-
electronic state witm magnons of wave vectde,, . . . k,, dimensional square lattice result for an Ising, nearest neigh-
and|¢) is an arbitrary nuclear state. There is no first orderbor model, we know thatT./T"'=0.56722 Since T,
correction to the energy and, to second order, only terms witk=3.19 K for MnAc, we can predict thal/kg=0.456 K.

one or two electronic magnons contribute. Using the fact thatsing B5=0.14 T, B2=0.86 T, Bo=0.2 T, and J/kg
o> AE,, the second order corrections to the energy can be-0.456 K, we find that— (Ag“)ZUiT—: 1.1 MHz, which
shown to be equivalent to the diagonal matrix elements of agompares very well with the experimental result of 1.2 MHz.
effective nuclear Hamiltonian

D. The interaction for the host spins

1 A=A + At toA AT
Herr=5 E (U5 (A A+ AFA)+U G ATA, In the case of the abundaftMn spins, the interaction
) between neighboring spins cannot be ignored. The six equa-
+Uj_jf’Aj‘Ajf+2Uij,AjZAjZ,] (17)  tions of motion forl} ;, wherea denotes the Mn1 or Mn2
, site (@=1,2), are given by
with
.. S > u ek ®i~R) %ﬂ[m;j]. (22)
U, = N < o , (183 t
5 k(R We can linearize these equations by repladipgwith its
_ S ¢ wEe TR hermod i @2). This approximation leaves an
Uir——>3 K ' (18b) thermodynamic averagg?, _ pp _
1l N % wy indeterminacy in the equations becay$g) is a c number
_ and the commutation relations witfy ; are lost. However, it
. S vie®RTRY can be shown that the terms due to the commutation relations
Ujjr == N Ek: T o (1809 either lead to a small renormalization of the unpulled fre-
quency or are small enough to be neglected. If we work in
] 1 (U vk, + Uip kl)ze—i(kl+ k2)(Rj—R;) momentum space, the Iinearized equations of motions can be
Uz, =—— _ written in the following form:
! N2 Kk, Wi, T oy,
(180) e I
ok lak
C. The pseudoquadrupolar interaction q ng ng
We consider first the pseudoquadrupolar interaction for —ia I_’ =G, (T) I“ , (23
5Mn. In this case, there is no coupling between nuclear —k —k
spins because they are so dilute. It is clear that~ - [
>U; ", Ul >U; " andU; ~>U? becauseai> v, except I I

for a small region neat=0. This conclusion is supported by
numerical results. Consequently, we shall ignore all termsvhere the indices andb refer to each of the two Mn2 sites,

except those involvindJ;; ~ . and the elements @,(T) depend on the hyperfine coupling
Usingl "1~ =1(1+1)—(1?)%+1%, and assuming an isotro- constants, the values ef, andvy and the thermodynamic

pic hyperfine interactio, the Hamiltonian for each spifl ~ averageg!7) and(l5).

or 2) reduces to Finally, the power spectrum can be calculated from
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. B . . B BecauseAS>Z,;U;; we can, to an excellent approxima-
P(a%k):J' dte “'[{Y, (DY, (0) +(Y (DY (0))], tion, calculate the thermodynamic averages wiith-H,.
(24) Following Van Vleck’s method of momenté we can calcu-
late the first and second moments of the power spectrum and
whereY =1, (t) + 15 (t) + 15 (t). The resonant lines in the the width of the resonance\@)®=(w? —(w)? can then be
NMR power spectrum will correspond to the eigenvalues ofcalculated.
the matrixG,_o(T). There are three excitation modes. The Since we are interested in the uniform mo#e=(©), only
first corresponds to an optical mode where the two Mn2 sitethat case will be considered. When calculating the thermo-
precess in opposition of phase and there is no precession dfnamic averages, we have usét=H, and therefore
the Mn1 spins. This optical mode has no frequency pulling{1;" 171, )=(1;"1;)(I7) &; wheni#m. Of course, wheri
and is at the unpulled frequency of the Mn2 spins. From Eq=m we can, to a good approximation at low temperatures,
(24) it is clear that this mode should not be absorbed. Indeedise (17171 7)=(1;"1; )(15—1)5; . With these approxima-
there is no net precession of the magnetization and this modgons, the first moment gives the same result as(#y.
should not couple to the precessing magnetic figldhe The second moment has been calculated using an expan-
other two modes involve precession of all three spins, but thejon in 17T by Pincus®® and the linewidth is found to be
Mn2 precess exactly in phase. Also, the higher frequency
mode corresponds almost entirely to precession of the Mn2 3|Sw|
spins, while the lower frequency mode corresponds mostly to (Aw)= (A“’w)( 1- 8(w) ) '
motion of the Mn1 spin. This admixture between Mnl and
Mn2 spins decreases with increasing separation of the urwhere QAw..) is the high-temperature linewidth andw
pulled frequencies. Both of these modes are frequency ZUim(l1?) is the frequency pulling. However, this result
pulled, and the resonant frequencies decrease with decredas two problems for our application. First, it is only valid
ing temperature. when AS<kgT which is certainly not the case at the tem-
peratures obtained in our experiments. Secondly, it is calcu-
lated assuming that there is no self interaction tetdy (
=0).
The second moment can be calculated, in the general
The Iow-temperature limit of the theory can be Ca'CUlatedcase’ by using-| = H0 to evaluate thermodynamic averages
using spin wave theory. The details are similar to the calcuand by assuming that
lation of the electronic magnon spectrum in spin wave

(27)

E. The frequency pulling at T=0 calculated
with spin wave theory

theory. The nuclear Hamiltonian can be expressed as annihi- AT~ 1E=1), (289
lation and creation operators of nuclear magnons by a
Holstein-Primakoff transformation. The Hamiltonian can <|i+|i2|iz|i*>~<|i+|i*><(|iz_1)2>, (28b)

then be diagonalized by performing a Boguliubov transfor- ] ) .
mation of six fields. This can be solved as a simple eigenThe final result for the linewidth is
value problem by diagonalizing in the correct met(gee

Ref. 20. Practically, the eigenvalue and ei i (M3 KA 10+1)
. 20. y, the eigenvalue and eigenvectors mvolvemw)zzu_(z U--) I _ — (172
diagonalizing a matrix which is equal @ (T=0). Thus the g 2 2 2
spectrum calculated by spin wave theory gives precisely the 2 141 17?2
T=0 result calculated previously. S Ui21_|:<|z>2_ (19| L ) (%) >}
i 2 2 2
F. Linewidth _Uﬁ<|z>2_ (29)

The calculation of the second moment is quite compli-
cated because three spins are involved. Therefore, the case ofNote that, at high temperaturél?)=0 and ((1%)?)
a single spin with uniaxial anisotropy, but arbitrdrywill be =1(1+1)/3. Therefore Aw.)’= %Eiuizjl(l +1). This is
considered in order to understand the behavior of the lineprecisely the result of Van Vleék calculated at the high-
width as a function of temperature. To the best knowledge ofemperature limit and is also the high-temperature limit used
the authors, the linewidth has not been previously calculatetly Pincus®® Since the result of Pincus is only valid fak;
with 1>1/2 or asT—0. =0, we can compare the two predictions in this césee
The Suhl-Nakamura Hamiltonian in this case is Fig. 4). The results agree well whégT>ASwhen the high
temperature expansion is valid, but they deviate markedly at

, 1 . low temperatures when our approximation should be valid.
H=Ho+H;=AS> 17+ > > Ul (25 It is also useful to consider the case where only the self-
' . interaction term is present. In this case
The power spectrum is given b
power sp Jven oy (Aw)2=UZ[((19%)~(1%2]. (30
B oy — . This is exactly the result expected for a pseudoquadrupolar
Pk(“’)_J dt(ly (D)1, (0))expliwt). (26 splitting. At T=0 only the lowest energy level is occupied
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FIG. 4. The mean square width folJ;=0, Z;U;/h
=14.1 MHz, and=;U/h?=6.3 MHZ. The dashed line is the
prediction of Pincus. s ‘
480 490 500 510 490 500 510 520
Frequency (MHz) Frequency (MHz)

and the line is infinitely narrow. AT =, the resonance is
made up of six individual transitions of equal amplitude, FIG. 6. The exact power spectrum for one to four spins at
with a spacingU;; between each. The linewidth for such a kyT/h=500 MHz orT=24 mK, including pseudoquadrupolar in-
resonance is clearly on the orderdf;!. teractions of 2 MHz and nearest neighbor interactions of 1 MHz
The result wherlJ;; is not zero is shown in Fig. 5. The

temperature dependence of the linewidth is very surprising

and the sharp minimum falls in the range of temperatures H=2
used in our experiments. Some of the unusual temperature !
dependence of the linewidths in the experimental data may . ,
indicate that these effects are present. Unfortunately, the sefnere (ij) denotes a sum over nearest neighbors. In the

ond moment has not been calculated in the case of the tripl§imulations, a’h=500 MHz, b/h=2 MHz, and c/h
nuclear spins because it is difficult to find which terms con-=1 MHz. The power spectrum is calculated by diagonaliz-

tribute to which of the four lines. In order for a second mo-iNd the Hamiltonian and using E¢6). The results for one

ment calculation to be meaningful only terms contributing tot© four spins akgT/h=500 MHz can be seen in Fig. 6, and
a single resonant line should be included. for four spins at different temperatures in Fig. 7. These nu-

merical results indicate that the pseudoquadrupolar structure
_ _ _ is smoothed out as the number of interacting spins increases,
G. Numerical simulations and is likely not responsible for the observed structure. The

b c
LT+ = h
ali+ 51 +2<i2j> A (31)

In order to explore the possibility that the splitting of the

pulled Mn2 line could be lost in the linearization procedure ' '
or is due to an enhanced pseudoquadrupolar splitting, we | T=100MHz T=500MHz
have calculated numerically the exact power spectrum for up
to four spins withl =5/2, including nearest neighbor interac-
tions. The simplified Hamiltonian used, for a single spin has
the form
4.5 : : : ‘ :
3 T=1000MHz T=1500MHz
g 4.25
&
2 4
d
3.75
3.5
3 o5 s S ‘ ‘ :
480 490 500 510 490 500 510 520
3 Frequency (MHz) Frequency (MHz)
0 50 100 150 200 ) )
Temperature (MHz) FIG. 7. The exact power spectrum for four spins at different

temperatures, including pseudoquadrupolar interactions of 2 MHz
FIG. 5. The mean square width folJ;;/h=1.9 MHz, and nearest neighbor interactions of 1 MHz. The temperatures (
3;U;j/h=14.1 MHz, ands;U7/h?=6.3 MHZ. =hwlk,) are 4.8, 24, 48, and 72 mK.

064403-8



FREQUENCY PULLING EFFECTS IN THE QUASI-TWQ. . . PHYSICAL REVIEW B 64 064403

620 two lines, and it is unclear which should be used in the
PR L fitting. A careful consideration of? shows that only the
- 600 F smaller of the two anisotropy fields can be determined from
£ 580 ¥ 1 this fit. This is essentially because the errors on the low
~ frequency line are relatively large. The slope of the line is
§ 560 / therefore difficult to extract from the data. What can be de-
o termined is the overall magnitude of the frequency pulling
T 540 effect which depends principally on the smallest of the two
4 anisotropy fields. It is impossible to determine from this
520 t model whether the smallest field corresponds tolthe the
c directions. However, we know from the results of Cowen
20 40 60 80 100 et al! that BY is the smaller anisotropy field. Our fit then
Temperature (mK) yields B%=0.27+0.03 T.

. 2 .
FIG. 8. The theoretical frequencies of the nuclear spin excita- [N Order to determine the value & a x* fit was at-

tions as a function of temperature and the experimental data. Th&mpted to both of the frequency pulled lines that could cor-
best fit values ar@5=0.27+0.03 T andB$=0.81-0.05 T. respond to the precession of the Mn2 spins. The free param-

eter wasBS$ while BS was fixed at 0.27 T. The lower

numerical results also indicate that the lack of line structurdrequency Mn2 line gives an excellent fit withz=0.81
in the model is not due to the linearization of the equations=0.05 T, while the higher frequency Mn2 line could not be
of motion. fitted to any reasonable value gf. The optical mode is not
In order to perform numerical simulations involving more frequency pulled and does not have any dependence on the
spins, it is simpler to work in a classical system. The classianisotropy fields.
cal equations of motion for a Suhl-Nakamura Hamiltonian ~The conclusion is that the Mn1 resonance, and the lower
can be linearized by replacing with its thermodynamic of the frequency pulled Mn2 resonances are described well
. . . . : b_ c_
average(l?), in all quadratic terms and frequency pulling is by our model, with B,=0.27+0.03 T and B,=0.81
predicted. In order to justify this linearization procedure, =0.05 T. The higher of the frequency pulled Mn2 lines is
classical simulations were performed with an array of 15 byan excitation not described by our model. The relatively
15 nuclear spins with up to third nearest neighbor interacsmall errors are an indication of the sensitivity of the fre-
tions at a variety of different temperatures. The resultgjuency pulling to the anisotropy fields. It is not possible to
agreed well with the classical prediction. obtain a reasonable fit of both the Mn1 and Mn2 frequency
A simulation involving an array of 12 by 12 triplets of pulled lines with a model involving only uniaxial anisotropy.
spins was also performed. Only interactions within a triplet  The values of the anisotropy fields previously measured at
of spins were included in the calculation. The results quali-1.2 K areB2=0.14 T andB5=0.86 T While our results
tatively confirm the quantum mechanical picture as discussefbr B are entirely consistent with this resuB? is signifi-
in Sec. Il D, and do not show any structure in the resonantantly different. One explanation for this discrepancy is that
lines. Unfortunately, due to numerical limitations, it was notthe anisotropy fields depend on temperature, and were only
possible to include sufficiently long range interactions topreviously measured at 1.2 K. Our fits provide a value of the
compare the simulations to experimental data. The numericainisotropy fields at the zero temperature limit because they
simulations indicate that the observed line structure cannaire measured at<100 mK while T;~3 K. Cowenet al.
be explained as an enhanced pseudoquadrupolar splitting 8howed a trend foB to increase with decreasing tempera-
as a result of the nonlinearity of the equations of motion. tyre, in agreement with our result, but did not report the
behavior ofBy . Another explanation is that only quadratic

IV. COMPARING THE THEORETICAL MODEL terms inSIb and S’ were included in the original electronic
TO THE EXPERIMENTAL RESULTS spin Hamiltonian[Eq. (11)]. In our model it is justified to
o ignore higher order terms becaus)=S, but Cowenet al.

The data and models are plotted together in Fig. 8. Theneasured the anisotropy fields by finding the applied mag-
data were obtained from spectra such as that shown in Fig. Zetic field necessary to force the magnetization intdxtaed
as explained in Sec. Il B. The theoretical lines correspond t@ girections. In that case, it is not justified to ignore higher
the excitation modes described in Sec. Il D. The best fityger terms, the presence of which could lead to the discrep-
lines are, therefore, the eigenvalues of the maBijx o(T) ancy between the two measurements.
that are functions only of the hyperfine coupling constants, Although the resonant lines measured experimentally are
the anisotropy fields and the thermodynamic averdggs  shifted downwards in frequency as a function of temperature,
and(13). They are fitted to the experimental data using theand the magnitude of the overall shifts agree well with the
anisotropy fieldsti andBj as free parameters. theory, there are several places where the model fails. The

A 2 fit was first performed only on the lowest frequency existence of four observed lines rather than two, the mecha-
line (corresponding essentially to the precession of the Mnhism of absorption above 600 MHz, near the unpulled fre-
sping. This is the obvious choice because the resonance coquency, and the small temperature dependence of the un-
responding to the Mn2 spins precessing in phase is split intpulled frequency is not explained by our model.
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The linearization procedure consisting of replaciify small, we expect this to lead to small corrections. Demagne-
with its thermodynamic averadgé®), in the equations of mo- tizing effects can also yieldiﬁlj+ andl;l; terms, but the
tion and the artificial equivalence of the two Mn2 sites demagnetizing factor for the thin, planar shape is small and,
makes it impossible for the optical mode to absorb powein zero magnetic field, the antiferromagnetic coupling be-
from the rf field. In other words, the model introduces tootween different layersin the a-b plane ensures that no de-
much artificial symmetry into the system and the mechanisnmagnetizing fields are present. Further, we observe no
of absorption of the unpulled optical mode is lost. change in structure on applying a sufficiently large magnetic
If we do not treat each triplet of electronic spins as afield to make the sample fully magnetic.
single, S=5/2 spin, then we must include 6 atoms per unit The nuclear spin in MnAc is largd € 5/2), and it seems
cell. Furthermore, there is the possibility of different anisot-reasonable to expect that spin wave calculations using the
ropy fields for each of the 6 ions. Crystal symmetries preventolstein-Primakof transformation (I1/expansion should
different anisotropy fields for the two triplets in each unityield good results at low temperatures. Spin wave theory
cell, but it is likely that the anisotropy fields for the Mnl does indeed agree with our prediction at low temperatures.
sites and the Mn2 sites are different. These details that werndowever, to treat the effect of higher temperatures using spin
neglected in the model will clearly break down many of thewave theory, it would be necessary to introduce coupling
symmetries that prevent absorption of optical Mn2 excitatiorbetween the bosons, making the calculation quite difficult.
in which, presumably, there will be some admixture of theSince theT=0 results agree with our predictions, however,
Mn1 nuclear spin. There could also be a small temperatureve have some confidence that our model is accurate.
dependence of this optical line. A full calculation might also
predict another excitation mode not presently seen in our V. CONCLUSION
model corresponding to the unexplained resonance.

The possibility that some of the observed structure is du We have measured the frequency pulling effect in MnAc.

to domains was also considered. The magnetic behavior o he temperature dependence of the frequency pulling could

MnAc at low temperatures has been studied by SQUIIIPOt be e>_(plained by a simple model assuming uniaxial an-
magnetometr§.At very low fields B<14 mT), there exist isotropy fields and no coupling between Mn1 and Mn2 spins.

mixed phases of ferromagnetic and antiferromagnetic a"gnl_:urthermore, the experl_mental data shows a spectrum in-
ment of thea-b planes, but no domain structure was ob- volving four resonance lines, rather than the expected two.
served at higher applied fields. In our experiment, we mea- A model including coupling between all the nuclear spins

sured the same line structure at applied fields up to 110 m'ﬁmd nonun|a>§|al anisotropy  was developed. This model
(Higher fields were not possible due to the increase,in It agrees well with the magnitude and temperature dependence

is therefore concluded that domains do not account for th f the frequency pulling and shows that it is highly sensitive
observed structure o the strength of the anisotropy fields. Classical and quan-

In an effort to explain the fourth resonant line without tum simulations support qualitatively the results of the cal-

calculating the electronic spectrum including all six ions perCUI"’Itlons and a spin wave calculation, accurateTat0,

: : . : agrees exactly with this model at zero temperature.
unit cell, we have applied the perturbation technique of Kubo The absorption of the unpulled optical mode, and the ex-

and Tomite?® where we regard a single ion Hamiltonian as. i B h o bl v i
unperturbed. In this approximation, it is necessary to identiﬁ)S ence of another resonance mdgeesumably mainly in-

the observed lines in the unperturbed Hamiltonian and thé’OIV'ng. precession of the_ Mn2 spinss I|k_er l.OSt in the
corrections to the positions of the lines can then be calcy@PProximation tha_t each triplet of electronic spins behaves as
lated. However, we are unable to account for the observeft single,S=5/2 spin. Although ther(_e are too many gn_known
spectra by including the pseudoquadrupolar lines in the unParameters to make a full calculation worthwhile, it is clear

perturbed Hamiltonian. There is no energy scale of the ordetlhat including the full electronic magnon spectrum will break

of 10 MHz in the basic Hamiltonian except the symmetrymany of the artiﬂcial §ymmetries that. prevent absorption of
breaking effect between Mn1 and Mn2. It is difficult, there- the unpulled optical line, and the existence of another fre-
fore, to account for four lines, separated by more than puency pulled Mn2 resonance.

MHz using this perturbative approach. This conclusion is We believe, hOW(_anr, that the essential physics of the
nuclear magnon excitations has been captured by the model.

supported by the quantum and classical numerical simul ; ) e .
P y g aThe model is also of interest in itself because it extends the

tions. ; ;
The MnAc crystal has low symmetry so that the hyperfinetheory of frequency pulling to cases with=1/2 where the

coupling constant might have some anisotropy which is als&e'f"”“?fac“o.” term s important and. to cases where the
indicated by the relatively strong anisotropy fields. However,CryStaIIIne anisotropy fields are not uniaxial.

we expect the anisotropy to be small since the magnetic mo-
ment of Mn" " is spin only. The effect of hyperfine anisot-
ropy is that terms inl"I” and | 1; appear in the effective  This research was supported by the National Science and
Hamiltonian. In other words it has the same effect as thé&ngineering Research Council of Canada. We would like to
anisotropy fields. Since the hyperfine anisotropy should bé¢hank lan Affleck and Girgl Eska for helpful suggestions.
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