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In this paper, we present a comprehensive study of magnetic dynamics in the rare-earth orthoferrite YbFeO
at temperatures below and above the spin-reorientation (SR) tranEition 7.6 K, in magnetic belds applied
along thea, b, andc axes. Using single-crystal inelastic neutron scattering, we observed that the spectrum of
magnetic excitations consists of two collective modes well separated in energy: 3D gapped magnons with a
bandwidth of 60 meV, associated with the antiferromagnetically (AFM) ordered Fe subsystem, and quasi-1D
AFM Ructuations of 1 meV within the Yb subsystem, with no hybridization of those modes. The spin dynamics
of the Fe subsystem changes very little through the SR transition and could be well described in the frame of
semiclassical linear spin-wave theory. On the other hand, the rotation of the net moment of the Fe sub3ygtem at
drastically changes the excitation spectrum of the Yb subsystem, inducing the transition between two regimes
with magnon and spinonlike Buctuations. At < Tsg, the Yb spin chains have a well debned peld-induced
ferromagnetic (FM) ground state, and the spectrum consists of a sharp single-magnon mode, a two-magnon
bound state, and a two-magnon continuum, whereds at Tsg only a gapped broad spinonlike continuum
dominates the spectrum. In this work we show that a weak quasi-1D coupling within the Yb sub3ystem
mainly neglected in previous studies, creates unusual quantum spin dynamics on the low-energy scales. The results
of our work may stimulate further experimental search for similar compounds with several magnetic subsystems
and energy scales, where low-energy Ructuations and underlying physics could be OhiddenO by a dominating
interaction.

DOI: 10.1103/PhysRevB.98.064424

I. INTRODUCTION dynamics of YbFe@, which contains two magnetic sublattices
d observed an intriguing coexistence of the classical high-

. a
Quantum phase transitions have been a matter of Spec'gﬂergy spin waves and unconventional low-energy spin excita-

interest in condensed matter physics during the last decad |%ns, which spontaneously transform from classical magnon

LlEﬁ]]é:rr;;F ghrgita;%;ze Cdgiibcrﬁl %rlaaszet:;igiligonrslsaIrgdéjr(i:\?e r(]) guantum spinon quasiparticles with increasing temperature.
by uantum Buctuatior;sqand canpbe induced by an external YbFeG; belongs to the family of iron-based orthorhombic
ya y erovskitesRFeQ; (R is arare-earth element, Bi, or Y), which

telig'rEﬂf’;:grgnegiréH:Sner;?;g;&g?g:g“&sggﬁ% r:lr?))r(rlli\lgsr:reatli gttract considerable attention due to the high-temperature
(AFM) HeisenbergS= 1/2 chain is one of the simplest Mmultiferroic properties of BiFe@ [7,8], anisotropic mag-

. : netic entropy evolutiond], laser-pulse induced ultrafast spin-
examples: at zero Peld it has a tangled singlet ground state an orientatic?r?lOE)lZ] etg.] MagneFt)ic property investigationg of

fractionalized magnetic excitations, the so-called Ospinonst e rare-earth orthoferritd@FeQ; have shown that the Be
carrying spin 1/24,5], whereas in amagnetic beldltundergoesmomemssz 5/2) are ordered in a canted AFM structuré

a transition into the beld-polarized state, with a well debne%t high temperature with 600 K (details of the notations
classical FM ground state as= 1 magnon quasiparticles as are given in Ref. 3] an’gi the spin canting gives a weak net

elementary excitationg]. In this work, we studied the spin ferromagnetic moment along theaxis [Fig. 1(c) [13615].
Furthermore, symmetry analysis and careful neutron diffrac-
tion measurements have found a second OhiddenO canting along

*Corresponding author: podlesnyakaa@ornl.gov theb axis, which is symmetric relative to tlae plane and does

2469-9950/2018/98(6)/064424(13) 064424-1 ©2018 American Physical Society
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FIG. 1. [(a) and (b)] Magnon excitations in YbFg@long (103)-(303)-(301)-(321) directions of reciprocal space taken at temperatures
below (T = 2K, left) and aboveT = 15K, right) the SR transition (indices are given in reciprocal lattice units). Dotted lines represent results
of the linear spin-wave calculations. [(c) and (e)] Sketches of magnetic structures of YbEl® (c) and above (e) the SR transition. Blue
spheres show Fe ions, green ellipsoids represent anisotropic magnetic moments of Yb. In the magnet (@akelowTsg, Fe moments
align along thec axis, and spin canting results in a net moment alongathris. AboveTsg ( 4 phase), Fe moments rotate to thexis, and
spin canting gives a net moment along thaxis. (d) Temperature dependencies of the magnetization of YpFe@sured ai = 0.01 T
along thec (red) anda (blue) axes.

not create a net momerit§,17]. With decreasing temperature, modes, associated witk-Fe andR-R exchange interactions,
a spontaneous spin-reorientation (SR) transition fregnto the  were mainly unexplored.

2 magnetic conbguration occurs in many orthoferrites with  In this paper, we present the results of a detailed study of
magneticR ions [1314] in a wide temperature range from the spin dynamics in YbFe{Xthat covers the energy scales
Tsr 450 K for SmFe@down toTsg 7.6 K for YbFeG;, mentioned above. We observed the high-energy spin-wave
and the net magnetic moment rotates fromdhe thec axis  modes within the Fe-subsystem Bt 4D65 meV, which
[see Figsl1(c)PL(e). Most of previous work that was devoted are almost unaffected by the SR transition. Well below the
to the investigation of the SR transitionRFeG;, associated gap of the Fe excitations 4 meV, we observed a second
this phenomenon with the-Fe exchange interaction, because gapped excitation, with dispersion along thexis only, which
orthoferrites with nonmagnetR = La, Y, or Lu preserve the can be associated with the Buctuations of the Yb moments

4 magnetic structure down to the lowest temperatures. coupled in quasi-1D XXZ spin chains. The most remarkable

Taking into account three characteristic temperaturesoutcome of our work is an unusual low-dimensional spin
The 600 K,Tsg 10 K, andTy® 1 K (known for the  dynamics of the highly anisotropic Yb subsystem, which
isostructural YbAIQ [18]), one could expect a similar hier- signipcantly changes through the SR transition. Belgw,
archy of the exchange interactiodge.re  Jre-yb  Jvb-vb Yb moments are fully polarized by the effective Fe Pbeld,
and multiple magnetic modes, corresponding to each of thgiving rise to the conventional magnons accompanied by a
energy scales. From the experimental point of view, the bedtigher-energy 2-magnon bound state and a broad continuum.
experimental technique to study the details of the magnetic inOn the other hand, abovig, an effective peld is transverse
teractionis the inelastic neutron scattering. However, tothe be$d the easy axis, leading to the nonpolarized ground state
of our knowledge, investigations of the spin dynamics in theand to the rise of unconventional spinon excitations, which
orthoferrites were mainly focused on the Fe subsystem. Resultse clearly seen as a broad continuum above the single-
ofthe INS experiments have shown that the Fe spin Buctuationgarticle mode in the excitation spectrum. INS measurements
are dominated by the high-energy gapped magnons with aof low-energy spin dynamics under magnetic beld along
energy scale oE 60 meV and could be reasonably well different axes show that the external magnetic beld has a
described using a simple linear spin-wave theory (LSWT)similar effect as the effective internal beld, induced by the Fe
[19B22], while the details regarding the dispersion of magneticsubsystem.
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Il. EXPERIMENTAL DETAILS 0 1 2 3 4 5
T=2K HEEEERN | T=15K
INS experiments were carried out on two Ybke$ingle INS intensity (arb.:.)
crystals with the masses 0f3.8 g [used in time-of-Right (TOF) 5 -5
measurements on the SEQUOIA and CNCS instruments] and
1.2 g [for measurements on the triple-axis spectrometer5
(TAS) FLEXX]withamosaicity 1 .The crystalsweregrown —
by the RBoating-zone method and using the Buxed melt crystaE 0
lization (on seeds) technique, respectively (see R2&24] °
for details). Most of the INS measurements were performeé_g
using TOF spectrometers: Cold Neutron Chopper Spectrom="
eter (CNCS) 25,26] and SEQUOIA P7] at the Spallation
Neutron Source (SNS) at Oak Ridge National Laboratory. For
the high-energy measurements on the SEQUOIA instrument,
we bxed the incident neutron energ = 100 meV and —~
oriented the sample with the [010] direction vertically. Data =
were taken at temperatures aboVeq{ 15 K) and belowT = = 0
2 K) the SR transition. For the low-energy measurementsS
we used the CNCS instrument. The sample was measured @
two orientations, with either [100] or [010] directions pointed =
vertically, and the vertical magnetic Peld was applied along
thea andb axes, respectively. The measurements were carried
out using the rotating single crystal method at temperatures of
T = 2and 10 K. The data were collected using a bxed incident~
neutron energy oE; = 3.0 meV resulting in a full-width at =
half-maximum energy resolution of 0.07 meV at the elastic=
position. S
All time-of-Right data sets were combined to produce &
a four-dimensional scattering-intensity functidrfQ, v ), S
where Q is the momentum transfer antd ds the energy
transfer. For data reduction and analysis we usedvihre- -5
TID [28], HORACE [29], and spINw [3(] software packages. 5
For the crystal electric beld (CEF) calculations and numer-—
ical diagonalization of the 1D-XXZ Hamiltonian, we used =
MCPHASE[31] andALPS [32,33] software, respectively. =
Low-energy INS measurements with horizontal magnetica"O
Peld applied along the axis were performed using the <
cold-neutron triple-axis spectrometer FLEXX (V34| with T
the HM-1 magnet at the Helmholtz-Zentrum Berlin (HZB). ks
The sample was mounted and mechanically bxed in a special'5 5 : 0
aluminum container in order to avoid magnetic Peld-induced
torque due to a strong anisotropy of magnetization of YhfeO (00L), (rlu.) (00L), (rlu.)
at low temperatures. Measuréements were carried out with @ F|G. 2. Constant energy slices of the INS intensity within the
bxed bnal energyk(= 1.3 Al 1) at temperatures between (H OL) scattering plane taken at[(a), (c), (¢), and [@)}f 2 and [(b),
2 and 10 K and magnetic belds upHo= 4 T. (d), (f), and (h)] 15 K. The scattering intensities were integrated
Specipc-heat measurements were carried out using a Coer.thiﬂ the energy windows indicated between the corresponding
mercial PPMS-6000 from Quantum Design in magnetic beldanels. The intensities of (a) and (b) have been scalgd due to
upto 12 T applied along treeaxis. Magnetization curves were the proximity of the elastic line.
measured using a vibrating-sample magnetometer MPMS-3
with a magnetic beld up to 7 T applied along thandc axes.  start the discussion of our INS data with the report of the
high-energy spin dynamics. Figurdga) and 1(b) presents

(

IIl. ZERO-FIELD MEASUREMENTS: experimental INS spectra along all princig@b, Qk, and
EXPERIMENTAL RESULTS Q. directions, taken at temperaturés= 2 and 15 K, below

) and above the SR transition, respectively. Observed magnon

A. High-energy INS data branches stem from the magnetic Bragg peaks with an even

The spin dynamics of the Fe subsystem of rare-eartlsum ofH + K + L, and the maximum energy of spin-wave
orthoferrites with various rare-earth ionR € Lu, Y, Tm, branche€ax 65 meV is similar to that observed in other
Er) were a matter of comprehensive investigatiohgbp?2). orthoferrites and could be clearly associated with a collective
However, to the best of our knowledge, the details of spirexcitation of the F& magnetic moments. The horizontal
dynamics of YbFe@ have not been published yet and we dispersionless line & 20 meV was associated with the
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FIG. 3. Low-energy excitation spectra of YbFeé& (a)T = 2 (a) and (b) 0 K (b) taken at CNCS. Energy slices are taken along tthe (00
direction with (K 0) and { 00) integrated over the rang8 (.5, 0.5]. The intensity of the upper part of the panels has been scal@@ and
x 30 to make two-kink excitations visible. The shadow in the center is due to direct beam. (c) Energy cuts through the (001) direction taken
for the both temperatures. Solid lines show results of btting with one and two Gaussi@ns fBrand 10 K, respectively. The intensity of the
T = 10 K spectrum was scaled with a factor of 3. (Inset) Zoom of the energy cut at [1.2, 2.5] meV range, showing two-kink excitations at 2 K.
(d) Energy cuts a® = (101), taken af = 2 and 10 K to show the gap in the excitation spectrum &t Feagnons.

Yb® single-ion CEF transition from the ground state to thevalue, we took the inection points, as shown in Bigl), and
prst excited doublet (see the CEF calculations in Raf)[ found = 4.03(5) meV for 2 K and = 4.88(5) meV for

Figure2 shows constant-energy slices in théQL ) plane 15K
taken around energiés= 1, 20, 40, 60 meV afl = 2K (left)
andT = 15 K (right). Slices att = 40, 60 meV show the
clean spin-wave excitations caused by the Fe-Fe interaction
for both temperatures, and one can see the redistribution of the According to specibc-heat measurements published previ-
INS intensity, which is concentrated either along ther H ously [36], the Yb** ground-state doublet has a splitting of
direction, atT = 15 and 2 K, respectively, as expected from 1 meV, therefore, in order to investigate the spin dynamics
the known SR transition of the Fe moments. EoF 1 and  of the Yb subsystem, we performed measurements on the
20 meV, one can see additional intensity, which correspond€NCS instrument witl; = 3 meV inthe HOL ) and (KL )
to the ground state splitting and brst excited CEF doublescattering planes. The experimentally observed intensity maps,
of Y%, respectively. In contrast to the conventional CEFI (Q, E) along the (0Q) direction, are shown in Figs(a)
excitations without signibcar® dependence, here one can and3(b) for temperatures below and above the SR transition.
see that the INS intensity has an X shape (hourglass) for bothhe excitation spectrum dt = 2 K is dominated by a high-
temperatures, which does not change through the SR transitiantensity sharp mode, which disperses only along @he
for both excitations35]. direction. At the zone center, this mode peaksat 1 meV.

Due to the experimental resolution limitations E We also observe a weak dispersionless excitatioft at
3 meV for our setup), we were not able to precisely extractl.5 meV and a continuum centeredB® 1.8 meV with
the gap values from the SEQUOIA data sets and performedispersive boundaries and a bandwidth & 0.3 meV at
additional measurements with; = 12 meV on the CNCS the zone center. Abové&sg, a different spectrum emerges.
instrument. Figur&(d) shows the energy cuts taken along the A bow-tie-shaped continuum arisesi&t 0.6 meV with a
(101) direction al = 2 and 15 K. In order to extract the gap sharp mode observed at the lower boundary. The low-intensity

B. Low-energy INS data

064424-4
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1 2 3 4

excitationE, and the continuurizz, presental = 2K, totally i
disappear. Figur8(c) shows energy cuts taken@t= (001). (HOL)plane
Onecanseethatdl, E,, andE3; peaks, observedat= 2K, (a)
could be described with a single Gaussian function, whereas
a cut, taken through the center of the continuumTat =
10 K, consists of two peaks: a relatively narrow, intense peak:
centeredaE = 0.47 meV, and a second broad pealEat= =0
0.63 meV. All observed excitations have negligible dispersiorg
along other directions (see additional bgures in R2g])[ T
indicating that the Yb moments form weakly coupled spin
chains running along theaxis despite the three-dimensional
perovskite structure, in a similar fashion as it was proposed for
isostructural YbAIQ [189].

Moreover, in both spectra taken above and beley, we — —~ 1
observed a second Oshadow® madewith similar disper- 2
sion, but shifted periodicity. It has no intensity@kx = 0, <= 0
but becomes visible at high€ . We describe the spectrum S
taken at 2 K using a LSWT calculation and show that this mod
is associated with the buckling of the Yb chains alonglthe ~ -1
axis [38] (details are presented in ReRd).

INS intensity (arb.u.) (0KL) plane
2K| | (b) 2K

)

(0K O0), (rl.u.)

-1

(d) 10 K

(0K O0), (rl.u.)

C. Effect of the polarization factor on the INS spectra

Before one can start a discussion or some quantitative> !
analysis of the spin dynamics in magnetic materials, it is veryg
important to establish the static magnetic structure, which, i<
the general case, could be obtained from neutron diffractio
measurements. The magnetic structure of the Fe subsystem
was determined and published for botd and 2 magnetic -1
conbgurations13,14,17,39]. To the best of our knowledge, ,
there is no magnetic ordering of the Yb sublattice down 2 0 2 2 0 2
toT 100 mK [0]. Therefore we can only discuss the (ooL),(rlu.) (ooL),(rlu.)
preferred orientation of Yb moments, which can be caused by
both Yb single-ion anisotropy due to the CERAJand Yb-Fe FIG. 4. Measured [(a)D(d)] and calculated [(e) and (f)] constant
interactions, including both dipole-dipole and exchange termsenergy plots in theH{ OL ) (left column) and (&L ) (right column)
Previous measurements of YbReQsing M&ssbauer spec- Scattering plane at [(@) and (bJ] = 2 and [(c) and (d)] 10 K.
troscopy 2], as well as theoretical work by Yamaguch], The scattering intensity was integrated YVIﬂ‘Eﬂ= [0.8,1.2] and
concluded that the Yb moments are strongly coupled to th&-4 0-8lmeVforT = 2and 10K, respectively.

Fe subsystem and therefore, Yb spins rotate fromathe c
axis atTsg. Our qualitative analysis of the polarization of INS

presented below disagrees with this conclusions. Ructuations of Yb moments, the low-energy INS should reRect
The polarization factor of neutron scattering affects the Pnajhe yavefunctions anisotropy of the Yb ground-state doublet.
scattering intensity, because only magnetic moment comporpe CEF s controlled by the near neighbor coordination,
nents perpendicular to the scattering vedcontribute 10 hich s ittle affected by isostructural substitution of rare-earth
the magnetic cross section. The longitudinal compoift g i the RFeQ; family. Therefore, in order to estimate
t_hat is mostly g:ontnbuted from the moments alpng ©e  an effect of crystal peld and the ground state wavefunctions
(i = H,K,L ) direction should follow the polarization factor: ¢ vp3* \we used CEE parameters determined for NaFeO

(0K 0), (rl.u.)

. (Q;)2 [44]. We found that the Yb moments have a strong Ising-like
pi=1S " Z5 ¢ (1) anisotropy and lie in thab plane forming an angle within =
@Qu)*+ Q)"+ (Qu) + 21 totheaaxis (See?345,46] for details). Figurel presents
Taking into account the form factor of the magnetic[bigQ)|, Q-dependencies of INS scattering taken withihQOL ) and
the integrated scattered intensity has@hdependence (OKL) planes for temperatures above and below the SR
transition @7]. At both temperatures] = 2 and 10 K, the
| (Q,E)dE | f (Q)?-pi. (2) INS intensity integrated over the range of Yb-spin excitations

has a strong anisotropy in thid OL ) plane, whereas the signal
Equation R) predicts a cone-shaped scattering, and then the (KL ) plane is almost isotropic. In order to describe
strongest intensity is record€dl Q. such scattering intensity, we calculat@dalependencies of the
The CEF lifts the degeneracy of thé # electronic con-  INS intensity in the bothH OL ) and (XL ) planes, assuming
pguration of YB* into four Kramers doublets. Since the spin that the Yb moments lie in tr@b plane with =+ 21 degree
dynamics at the energy scalelf 1 meV is associated with to thea axis. In this case, Eql) describing a polarization
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factor of the neutron scattering can be rewritten in a following  In contrast, for both temperatures, below and above the SR
forms: transition, in our experimental spectra, we were able to separate
two groups of collective excitations with rather different energy

scales: (i) quasi-1D mode, caused by Yb-Yb exchange along

_ (QL)?+ cog (Qu)?

PHoL) = (Qu)2+ (Q )2 ' 3) thecaxisatt 1 meV [see Figs3(a)and3(b)] and (ii) gapped
(QU)2+ si? (Qx )2 high-energy spin-waves modes [see Fig¢a) and 1(b)],

PoKL) = L 5 ; ) (4)  similar to other orthorhombic orthoferrites and associated
(Qk)*+ (Qu) with Fe-Fe exchange and Fe single-ion anisotrop$,20].

for (H OL) and (XL ) scattering planes, respectively. Because! herefore, in order to phenomenologically describe the main
we assumed, that the magnetic moments of the Yb lie close tgatures of the observed spin dynamics, we decouple the Yb
the [100] direction, INS intensity, calculated for tnd @)  @nd Fe subsystems and construct the effective Heisenberg-like
plane, has a strong anisotropy [Fi(e}]. On the other hand, SPin Hamiltonians for each of them separately.
the polarization factor of the INS scattering in the<(0) Previously it was shown that in trieFeQ, the inuence
plane has only a wea® dependence with maximums of the Of the Fe subsystem on ttit moment can be described in
intensity along the (00) direction as shown in Figd(f). ~ terms of an effective beldSgEbE], and here we followed
At both temperaturesT = 2 and 10 K, the INS intensity the approach of the OmodiPed mean-beld theory,O recently
integrated over the range of Yb spin excitations is qualitativelydeveloped forRFeG; [1557,58]. Bazaliy et al. analyzed a
consistent with the calculations, as one can see in Biggp €€ energy functional of ErFe57]. They assumed that the
4(f). Thus, at both temperatures below and above SR transitioPrdered Fe subsystem polarizes nearly paramagnetic, strongly
the Ructuations we observed are dominated by the longitudin@NiSotropic moments d?-ions by an internal molecular beld
componenB? along the easy axis of Yb magnetization. HFe. In this model, one can take into account the inBuence
Note that the INS intensity of the Prst CEF excitation Of ordered Fe moments on the Yb subsystem with a simple
[see Figs.2(c) and 2(d)], perpendicular to the low-energy the Ybmoments in aform:
E 1meV excitation. A strong similarity qf Yb_excitations at Hy, = Blnorln Jin +J Jin .Jij + HFe Jin, (6)
T = 2 and 10 K conbrms that the magnetic anisotropy and the
symmetry of wave functions of Y remains the same despite . , L
the SR transition, contrary to previous repoda 3. This fact where the brst term is an one-site CEF Hamiltonian in Stevens
is also in a good agreement with the magnetization data as wectations 9,60}, the second term is the Yb-Yb intersite
asthe results of the CEF calculations for YbRé2g], showing Hel_senberg exchange interaction, and the third term represe_nts
that the ground-state doublet of Yb has a strong Ising-like®n infuence of the Fe molecular beld on the Yb magnetic
anisotropy with easy-axis lying close to theaxis, whereas SubsSystem. _ o
the Prst excited doublet, which has a different symmetry, is NOW: letus focus on the choice of the model Hamiltonian for
located at the energy transfer 020 meV, and therefore, can description of the magnetic structure and spin dynamics of the

not inRuence the low-temperature magnetic properties. Fe subsystem. Without taking into account the Yb subsystem,
it could be written in the following form:

l,m,i i i

IV. ZERO-FIELD MEASUREMENTS: INTERPRETATION Hre = ¢35 -s°S §°Ki S (7)

A. Magnetic Hamiltonian of YbFeOs N '

Coming to the quantitative description of the experimen-V1er€ Ji IS @ 3x 3 matrix, containing both symmetric
9 q P P and Dzyaloshinskii-Moriya (DM) Fe-Fe intersite exchange

tal rgsult;, we want to point' out tha't in the general CaS8hteractions anK; is a diagonal 3% 3 matrix describing
Hamiltonian describing the spin dynamics of YbRdar both the effective single-ion anisotropy of the Fe moments. Due

rare-earth and Fe sublattices should take into account thretg the orthorhombic symmetry of the Fe environment, the

different terms: anisotropy matrixK; contains two nonequivalent constants
H = Hrore+ Hybyb + Hrevh, (5) Ka andKc. In this Hamiltonian, the Prst term dictates an
overall shape and maximum energy of the Fe excitations, the
where the brst two terms describe exchange interactioranisotropy determines a magnetic ground stéi¢dnd gives
and single-ion anisotropies within Fe and Yb subsystemsiise to the gap in the Fe magnon spectrutf][ In RFeG;
respectively. The third term is an effective interaction betweerwith nonmagnetidR-ions, a dominatind<, stabilizes the 4
the Fe and Yb subsystems, including both dipole-dipole anghhase, whereas in compounds with magn&icthe R-Fe
exchange terms. A few decades ago, Yamaguchi proposed aimderaction induces renormalization of the effective anisotropy
analyzed a model, which took into account all symmetric anctonstants. AtT  Tsg, K5 and K. become approximately
antisymmetric exchange interactions within the Fe sublatticequal, and the term (S?)* controls the rotation of the Fe
as well as interactions between Fe d&dublattices, whereas spins pl]. Below the SR transitiorK. > K , stabilizes the
the interactions and anisotropy within tResublattice were 2 phase. Having in mind that (i) the high-energy magnons
neglected 43). The excitation spectrum of this model consistsin YbFeQ; do not change through the SR transition and (ii)
of a number of entangled collective Respin-wave modes, there are no collective Fe-Yb modes, we describe the evolution
as was shown for many other compounds with magnetiof the magnetic ground state and high-energy spin dynamics
interaction between different sublattic&S{b3]. of the Fe subsystem, introducing a temperature dependency

064424-6



DECOUPLED SPIN DYNAMICS IN THE RARE-EARTH E PHYSICAL REVIEW B98, 064424 (2018)

TABLE I. Parameters of the magnetic Hamiltonia8) @erived
in this work. All values are given in meV.

Magnetic phase Jnn Jnnn D1 D, K, K.

2(T=2K) 4.675 0.158 0.086 0.027 0 0.023
4(T=15K) 4.675 0.158 0.086 0.027 0.033 0

001>™o10] 1110°™®001]

FIG. 5. Sketch of the Fe-Fe exchange pathsin[001] (a) and [110]

(b) planes. corresponding branches have a vanishingly small spectral

intensity, so we could not observe them in our INS data. On the
of the effective anisotropy constarks,(T) andK.(T) due  other hand, knowing the canting angles= 0.35 and =
to the Yb-Fe interaction. Note that ti&, dominates in 2, ~ 0.18 [63] from the room-temperature neutron diffraction
while K, dominates in the 4 phase §2]. In Ref. [23], we ~ measurementslf], we calculated bottD; and D, using
present a detailed analysis of the free energy functional oEd. (3,4) from 9.

YbFeQ; at temperatures closeTag and clarify, why theR-Fe We would like to note that the brst two symmetric Heisen-
exchange interaction leads to the SR transition and induce2erg exchange interactions debne the energy scale and overall
renormalization of the effective anisotropy constants. shape of the magnon branches. The dominating anisotropy

We should point out that this is an entirely phenomeno-constant determines the ground staté ¢r 2) and gives rise
logical approach, which, however, describes the details of thto the gap in the excitation spectrum. The presence of the DM
magnetic behavior of YbFegas well as most of the features €xchange leads to a spin canting of the Fe spislp]. The
of the observed spin dynamics. Construction of the microDM terms and the second anisotropy constant play a minor
scopically full magnetic Hamiltonian without decoupling of role in the spectrum and their spectroscopic determination
the Fe and Yb subsystems goes far beyond the scope of olgquires additional careful measuremer&§][ Therefore, to
work, but we hope that the results of our study will motivatereproduce the magnon excitations of the Fe subsystem, we
further theoretical work on the unconventional spin dynamicgised Hamiltoniang), with Jnn, Jnnn, K, (for T > Tsg), and
in YbFeQ; and explain the microscopic mechanismoffh€e K, (for T > Tsg) as free parameters, whereBs and D»
interaction in rare-earth orthoferrites. constants were calculated from the canting angles and bxed
for both temperatures. In order to derive parameters from
the experimental spectra, we bt the experimental data at 28
different points ofQ space along nonequivalent directions

As the brst step, we focus on high-energy spin dynamics cdnd extracted the energy and intensities of the magnon mode.
the Fe subsystem. Recently, a general Hamiltonian [B. ( Then, we btted these points to our model Hamiltonian using
describing the magnetic properties of the Fe subsystem, wasinw software B(Q]. The best sets of exchange parameters
written in a following form, in order to describe spin structure for both phases are shown in TableCalculated dispersion

B. Linear spin-wave model for the Fe magnons

and dynamic properties of the isostructural YR4@9]: curves, shown in Figd.(a)and1(b) as the white dashed lines,
. are in good agreement with experimental data.
Hre = Jmn SiSj"'\]nnn Sia SD; Siij
: N f—j{({f;,) C. Quantum quasi-1D excitations in the Yb subsystem
= X 2 & 7 2 Having described the high-energy magnetic excitations of
S D Sx S SK, S SKe i S the Fe sublattice, we now discuss the low-energy magnetic
St ' ' excitations of the Y& moments observed in YbFgOThe

CEF term in Hamiltonian &) gives a large splitting of the

® J3=72 multiplet of Yb*. The energy gap between the

round state and the prst excited doubletiss 20 meV [64].
f@erefore, for the description of the low-energy spin dynamics,
we can take into account the ground-state doublet alone and
use the pseudospBi= 1/ 2 approximation. As we mentioned
ove, nearest-neighbor Yb moments are coupled along the
is by an exchange interaction. In a simple approximation, the
inBuence of the Fe subsystem on the Yb ions could be taken
into account via the effective molecular beld, which is created
by the Fe sublattice as was discussed previously. We transform
6) into the one-dimensional XX& = 1/2 Hamiltonian:

It contains two isotropic exchange interactions betwee
nearest-neighbor and next-nearest-neighbor Fe ions (s
Fig.5), two DM exchange interactions within taé plane, and
two effective easy-axis anisotropy constafitsandK .. As we
discussed above, in order to take into account Yb-Fe exchanieb
interaction and stabilize the correct ground state, eitiieor X

2, we assume that the effectile, andK . are changing with
temperature. A large gap in the magnon spectra 4 meV
[see Fig.3(d)], observed at both temperaturs,> Tsg and
T < Tgg, indicates an easy-axis character of the dominatindzq'
anisotropy constant.

— ZQZ X QX Y QY
In rare-earth orthoferrites, DM exchange interactions give 1Yo = Jz _ St dy _ S8t 5S4
rise to the canted magnetic structure and an optical magnon : :
branch ate 65 meV [19]. However, the effective values + Hef - S, (9)

of the DM parameters are rather small and, therefore, the
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where the brst two terms correspond to the anisotropic exsf INS measurements with magnetic beld applied along all
change interaction between the nearest-neighbor Yb aonga, b, andc axes of the orthorhombic YbFg@nd show that
axis, and the last term is an effective Zeeman termNsum ofthe effect of the external magnetic Peld on the spin dynamics
the external beld and the molecular beld of the Fe subsystens similar to that of the internal Fe-induced Peld. The results
Attemperature3 < Tsg, the net moment of the Fe subsys- of the measurements for thd [100] andH [010] are
tem is directed along theeaxis, as shown in FidL(c), creating  summarized in Fig6 [73].
a longitudinal beld for YB* spins. In order to describe the First of all, let us consider the low-temperatutie € Tsg)
low-T spectrum, we performed calculations of the eigenstatespectra under the magnetic peld alongadhexis, Figs.6(a)p
of Eq. 9) using the zero temperature exact diagonalization o6(c). In this case, Yb spins are already polarized along the
a bnite chainl{ = 20) with ALPS software B2,33]. A cosine- easya axis even without an external magnetic Peld. The
shape dispersion of the lowest excitation with a maximumexternal peld leads to further Zeeman splitting of the ground
at the zone center suggests that the exchange interactiondtate, whereas the total INS intensity of the excitation is
antiferromagneticg3] and that the effective belds is large  decreasing.
in comparison td; andJyy. In this case, all spins are parallel, At T = 10 K, YbFeQ is in the 2 phase, and the net
S = S[6]. The excitation spectrum of such a fully polarized moment is directed along the axis. Application of the
state is similar to that of a FM chain and was discussed in detaihagnetic Peldd [100] at this temperature has a dual effect:
a few decades ag®$br(]. A single sharp mode with energy (i) it polarizes the Yb subsystem and (ii) induces a SR transition
E 1 meV occurs due to scattering by a single-Bip quasiparef Fe-moments 4 2. According to the specibc-heat
ticle. Besides, modes of an anisotropic FM or beld-polarizedneasurement2], at T = 10 K, such a SR transition takes
AFM chain contain a two-kink bound state and a continuumplace atH 4.3 T. In our INS data [see Fig6(d)B6(f)], we
consisting of pairs of independently propagating kinks. Weobserve Zeeman splitting, whereas the continuum, dominating
found the cross section of two-kink states to be about two orderat zero beld, is rapidly suppressed and becomes undetectable
of magnitude weaker than that for the single-Rip excitationalready aH = 3 T. AtH = 5T, above the beld-induced SR
in agreement with the theoretical predictiddb]. In case of transition, the magnetic phase? is stabilized. The spectra
bothJ, > 0 andJy,, > 0, the calculated two-magnon bound at both temperatures] = 2 and 10 K, become identical.
state mode lies above the continuum, which contradicts ouAssuming the linear dependence of the energy splitting within
experimental data [Fig3(a]. Our data would be reproduced the low-temperature 2 phase, we calculated an effectige
well for J, < 0 andJy,y > 0. However, the situation when a factorga2 = 4.135.
single exchange bond has both FM and AFM correlations In contrast to the relatively simple case ldf [100], a
between different spin components seems to be unrealisticnagnetic Peld applied along theaxis qualitatively changes
Furthermore, the magnetic ground state of the isostructurdhe excitation spectra. At temperatures belby [Figs. 6(g)
YbAIO3 was found to be AFM18]. This question requires a and 6(h)], the single-particle mode splits into two parallel
separate theoretical study. modes, whereas aboVer magnetic beld upto 2 T has a minor
At temperaturesT > Tsg, the Fe net moment reorients effect onthe spectra [see Figgi) and6(j)] [ 74]. According to
along thec axis, inducing atransversebeld for the Yb  the our model, belowsg the Yb moments have an Ising-like
spins [see Figl(e). However, atT = 10 K, the observed anisotropy, lie inth@bplane with + 21 tothea axis and
superposition of a bow-tie-shaped spinonlike continuum withare fully polarized by the molecular peld of the Fe subsystem.
a sharp excitation at the bottom [see F3¢b)], suggests that Schematically, molecular-Peld-induced magnetic structure of
the Yb sublattice is in a partially polarized state, as if athe Ybsubsystem beloris shown in Fig6(k). Application
weak longitudinal beld were still present. A weak coupling0f & magnetic Peld along the axis lifts the degeneracy
between the magnetic chains in thb plane, evident from between neighbor magnetic chains, increasing the energy of
and 6 in Ref. [23]), could be a possible explanation of the P axis, =+ 21, and decreasing the energy for the opposite
observed spectrum. Such coupling in a brst approximation ca@rection, =S 21 . Afurtherincrease in beld would suppress
be replaced by an effective longitudinal mean pélt,{2]. the energy ofthe lower mode down to zero with a simultaneous
The spin-excitation spectrum in a skew,( H,) Peld is polarization of Yb moments along theaxis. _ _
indeed characterized by a combination of a continuum due to " YbFeG;, Yb moments are coupled in chains running
scattering by pairs of kinks, which interpolate between region&/0ng thec axis, creating the dispersion along the Q0
with magnetization OupO and OdownO and a sharp mode credfig§tion. To apply a magnetic peld along theaxis, an
by single spin-Rip quasiparticles. The Pnite temperature mod&XPerimental arrangement witorizontal Peld is preferred,

of an XXZ chain is required to describe the details of theSiNCe only magnetic moment components perpendicular to the
experimental spectra in this case. scattering vecto® contribute to the magnetic cross section, as

we discussed in Seltl C. Therefore, for INS measurements in
this geometry, we oriented the sample in thO( ) scattering
V. MAGNETIC FIELD EFFECT ON THE plane and used the triple-axis FLEXX instrument with the
LOW-ENERGY SPIN DYNAMICS horizontal cryomagnet HM-1. However, due to the instrument

In previous sections, we assumed that the inRuence of tHgStrictions (dark angles of the magnet) we wereélilmited with
ordered Fe subsystem on the Yb subsystem can be taken irifoe Q range from (00 0.5)to (00 1.1) fég = 1.3AN .
account via the effective molecular beld, which rotates from The magnetic-pPeldbtemperature phase diagram of YpFeO

the ¢ to a-axis atTsr. In this section, we present the results reconstructed from the magnetic measurements is shown in
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FIG. 6. Effect of magnetic beld on the low-energy spin dynamics of YaFE&perimental spectrum along the {OQdirection, measured
at magnetic Pelds along the [(a)P@@nd [(9)P(j)Ib axes, at temperatures [(a)D(c),(g), and (h)] 2 and [(d)D(f),(i),and (j)] 10 K. A visible linear
diagonal line on the spectra is due to an instrumental effect. (k) Sketch of the peld-induced magnetic structure of Yb momérgs below

Fig. 7(a) One can see that the low-phase 2, where the VI. DISCUSSION AND CONCLUSIONS
weak net moment of the Fe subsystem is aligned along the
axis, could be suppressed by the magnetic beld along the
axis. The critical beldH2 “ gradually increases with the
temperature decreasing.

Inelastic spectra taken g = (001) andH = 4 T are de-

A large number of independent parameters of the full mi-
croscopic spin Hamiltonian of YbFe@43] makes the analysis
ambiguous and complicated. However, quantitatively, one can
consider three energy scals-re  Jre-vb > J yb-vb. Strong

scribed by the combination of two modes, a resolution-limiteo‘]':_e":eimer"’mtion induces_ an AFM order_ing inthe Fe subsystem
intense peak (Omain® mode) and an additional broad peakd{? Tn 600 K and its manifestations are clearly seen
higher energy, see Fig(b). We use two Gaussian functions 'N high-temperature magnetic susceptibility or specibc-heat
for btting the spectral line-shape. The low-temperature scarf§éasurements, magnetic neutron diffraction and INS spectra.
(T = 2and 3K) in the 2 phase show the largest contribution The intermediate §t'rength Yb-Fe mteractpn induces a spon-
of the ®mainO mode. The center of the second peak is locat@§€ous SR transition4 2 at decreasing temperature,
very close to the brst one. At = 4 K, a beld-induced SR @nd can be extracted from the low-temperature magnetization
transition occurs. The second peak shifts to higher energies arld SpeciPc-heat measurements, but the presende,et
its intensity grows, whereas further increase in temperature h&&change does not introduce new collective Yb-Fe modes
no major effect on the spectra. or hybridization. Finally, the weakest 1D Yb-Yb correlations
Figure7(c)shows magnetic Peld dependence of the Omair¢ébeate unusual low-energy excitation spectra, which include a
mode taken at different temperatures. The spectratakerat tWo magnon bound state, OshadowO mode, a spinon continuum,
2 and 4 K show that the excitation energy is always growinggtc. Note thaton one hand, details of the Yb-Yb correlations are
up in the 2 phase. However, we found different behavior of hidden for the most of the experimental macroscopic probes by
the OmainO magnetic peakiat 6, 8, and 10 K. First, the dominatingJre.reandJre.vy interactions. On the other hand,
excitation energy goes down until the critical Peld>  “[see  anabinitio DFT calculation, which can be used to identify the
Fig. 7(a)], and it starts growing at higher Pelds. Thus, in thelD character of Yb correlations does also fail to capture weak
2 phase, increasing beld reduces the energy of the excitatiodp-Yb correlations, due to the low one-site symmetry of both
whereas in the 4 phase excitation energy rises with the beld.magnetic ions and presence of a second magnetic subsystem
We also calculated the effectivg factor for the 4 phase, with much larger exchange energy. Therefore high-resolution
which was found to bg,* = 1.09, almost four times smaller cold-neutron spectroscopy is a unique probe, which can ex-
compared to @, = 4.135. plore details of the spin dynamics in the Yb subsystem and it is
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Peld of the Fe subsystem is longitudinal to the easy axis of the

and transverse to the easy axis of Yb moments, which lies
T=6K in theab plane, with = 21 to thea axis [23]. We found
2000 that the single particle mode is shifted down in energy and
T=5K accompanied by a broad spinon continuum, as it was reported
for many othelS = 1/2 1D magnets§,6,75,76].

H I E)%Z]%“on : (b) T=8K Yb moments (al' < Tsg). The observed spectrum consists of
— - the _shgrp intense .single_—magnon mode and two multi-magnon
1 excitations: the dispersionless two-magnon bound state and
% T=7K the two-magnon continuum. At > Tsrin the 4 phase, the
T 2500 molecular beld of the Fe subsystem is aligned along tiv@s
[o2]
@©
=

Intensity (arb.u.)

Temperature (K)

1500

We performed calculations of the eigenstate spectrum for
(©) - T=4K the 1D XXZ model including the transverse bel@) put
%O_B?:: :::8‘:‘6\@,”;;”/ | 1000 could not bPnd any set of parameters, which satisfactorily
3 o--g” describes the experimentally observed excitati®28}. [The
g o T=3K apparent reason for such disagreement is that the model
Gosr e o Tlak T 00 Hamiltonian ) is oversimplibed and not sufbcient to describe
- o Toak T=2K the details of the low-energy spin dynamics in YbRef
04 . . ° T=§K Pnite temperatures. We assume three main approximations:

Magnetic field (T) %04 06 08 10 12 (i) we took i_nto account the Yb-Yb e>_<change interaction
Energy (meV) along thec axis only; (i) theJ = 7/ 2 multiplet of YB** was
FIG. 7. Effectofmagnetic beld along thexis onthe lowenergy Substituted by the two-level pseudo= 1/ 2 system; (iii) we
spin dynamics of YbFe (a) Magnetic-PeldDtemperature phaseConsidered Yb-Fe exchange interaction as an effective internal
diagram of YbFe@taken atH applied along the axis. Color-plot ~ Peld, following Refs.15,57,58]. The two brst approximations
shows magnetization data. (b) Energy scans, measured on the FLEXX€ based on a number of experimental facts: 1D dispersion of
instrumentaH = 4 T andQ = (001) at various temperatures. Solid Yb excitations; broad maximum on the temperature dependent
line is an overall bt of the magnetic signal. Dotted lines represent twdnagnetic susceptibility of the YbAlassociated with the 1D
Gaussian functions, used for the btting. (c) Magnetic beld dependen@pin correlations I8]; spinonlike excitations abovésg; the
of the Omain modeO peak as a function of magnetic beld. Dotted linkwrge CEF gap in the INS spectrum= 20 meV. The third
are drawn to guide the eyes. approximation is a common simplibcation, used for systems
with several magnetic sublattices, where one energy scale
not surprising, that despite more than 60 years of investigationsignibcantly exceed otherg{br9).
of rare-earth orthoferrited ], quasi-one-dimensional Yb-Yb Besides, instead of the temperature dependent dynamical
correlations have never been observed. spin susceptibility (Q, ) measured atthe INS experiment,
The main aim of this work is to present an experimentalwe calculated the zero-temperature eigenstates of the spin
observation of the decoupled spin dynamics of the Fe and Yblamiltonian. In the low-temperature cafe< Tsg, we have
subsystems, coexisting on different energy scales and to givan energy hierarchy¢i™  JY>Y® T andthe calculated
a phenomenological description of the observed spectra. Wapectrum is split into the series of well debne modes as clearly
constructed spin Hamiltonians for each magnetic subsysterseen in Fig. 7 in Ref.J3]. Above theTsg, H™ T >J,and
separately. The key simplibcation was to treat Yb-Fe interzeroT calculations become inapplicable. Finite temperature
action in terms of an effective Omean-beldO approximatioeffects should be taken into account in order to describe the
instead of constructing a combined microscopic Hamiltoniandynamical spin susceptibility.
which should include both magnetic subsystems, and, there- In summary, we present a comprehensive INS study
fore, terms SFe. SYP, of the spin dynamics in YbFeQat temperatures close
We show that the magnetic structure and spin dynamics afo the SR transition and in magnetic belds applied
the Fe subsystem can be well described using the semiclassiadbng three crystallographic directions. We constructed an
LSWT. This model takes into account the nearest neighboeffective model describing spin dynamics and static magnetic
exchange interaction and assumes the dominating effectiv&ructure of Fe moments for both temperatures above and below
easy-axis anisotropy constarits, or K, for the 4 or 2  Tsr assuming the temperature dependence of the effective
phases, respectively. single-ion anisotropy constarks, andK . In the low-energy
Because the low-energy excitations were found to havenagnetic spectra we observed an unusual transition between
a dispersion along the axis only, we concluded that the two regimes of the quasi-1D Yb Ructuations, induced by the
Yb nearest-neighbor AFM exchange interaction alongahe rotation of the Fe molecular beld, which serves as an intrinsic
axis dominates the exchange interactions withinsth@lane, ~ Otuning parameter.O0 Our model Hamiltonian describes the
despite the 3D crystal structure of YbFg®or the description  main features of the low-temperature spectrum, whereas for
of the Yb dynamics, we propose a 1D-X>&= 1/ 2 [Eq. Q)] the correct description of the spectrumTat> Tsr further
Hamiltonian with the additional Zeeman term describing thetheoretical work will have to be done. We leave several open
effective interaction with the Fe subsystem. The calculatedjuestions here: (1) what is the origin of the quasi-1D behavior
excitation spectrum is in a reasonable agreement with thwithin the Yb subsystem? (2) How to describe the unusual
low-temperature experimental spectrum, when the molecularb excitation spectrum al > Tsg with coexisting spinon
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of the mean-beld approximation? We hope that the presentddiboratory. Part of this work was supported by the US De-
INS data and intriguing underlying physical phenomenapartment of Energy, Ofce of Science, Basic Energy Sciences,
would motivate further theoretical studies on Ybke@nd  Materials Sciences and Engineering Division. D.S.l. acknowl-
renew the interest to the rich physics of rare-earth orthoferriteedges funding by the German Research Foundation (DFG)
in general, along with other materials with a coexistence othrough the Collaborative Research Center SFB 1143 at the
several magnetic subsystems on different energy scales.  TU Dresden (project C03). S.E.N. acknowledges support from
the International Max Planck Research School for Chemistry
and Physics of Quantum Materials (IMPRS-CPQM). L.S.W.
was supported by the Laboratory Directed Research and
ACKNOWLEDGMENTS Development Program of Oak Ridge National Laboratory,
We would like to thank A. Sukhanov, O. Stockert, and managed by UT-Battelle, LLC, for the US DOE. S.B. and
P. Thalmeier for useful discussions. This research use8.A.G. are supported by BFFR, Grant No. F18KI-022

[1] S. SachdevQuantum Phase Transitiofi€ambridge University  [16] V. P. Plakhtij, Yu. P. Chernenkov, M. N. Bedrizova, and Zh.

Press, New York, 2011). Shvejtser, Experimental proof of the existence of a weak anti-
[2] O. Stockert and F. Steglich, Unconventional quantum criticality ferromagnetic component in yttrium orthoferrite, J. Exp. Theor.

in heavy-fermion compoundsAnnu. Rev. Condens. Matter Phys.80, 2465 (1981).

Phys.2, 79(2011). [17] V. P. Plakhty, Yu. P. Chernenkov, and M. N. Bedrizova, Neu-
[3] Q. Si and F. Steglich, Heavy fermions and quantum phase tron diffraction study of weak antiferromagnetism in ytterbium

transitions,Science329, 1161(2010. orthoferrite,Solid State Commuri7, 309(1983.

[4] F. D. M. Haldane, OSpinon GasO Description ofSthe% [18] P. Radhakrishna, J. Hammann, M. Ocio, P. Pari, and Y.
Heisenberg Chain with Inverse-Square Exchange: Exact Spec-  Allain, Antiferromagnetic ordering in the ytterbium aluminum

trum and ThermodynamicBhys. Rev. Lett66, 1529(1997). perovskite YbAIQ, Solid State Commur87, 813(1981).

[5] D. A. Tennant, T. G. Perring, R. A. Cowley, and S. E. Nagler, [19] S. E. Hahn, A. A. Podlesnyak, G. Ehlers, G. E. Granroth, R. S.
Unbound Spinons in theS = % Antiferromagnetic Chain Fishman, A. I. Kolesnikov, E. Pomjakushina, and K. Conder,
KCuF;, Phys. Rev. Lett70, 4003(1993. Inelastic neutron scattering studies of YRe®hys. Rev. B39,

[6] M. Mourigal, M. Enderle, A. KlSpperpieper, J.-S. Caux, A. 014420(2014.

Stunault, and H. M. R¢,nnow, Fractional spinon excitations in[20] K. Park, H. Sim, J. C. Leiner, Y. Yoshida, J. Jeong, S.-i Yano, J.
the guantum Heisenberg antiferromagnetic chidit, Phys9, Gardner, P. Bourges, M. Klicpera, V. Sechovsk , M. Boehm, and
435(2013. J.-G. Park, Low-energy spin dynamics of orthoferriéedSeO;

[7] S-W. Cheong and M. Mostovoi, Multiferroics: a magnetic twist (A =Y, La, Bi), J. Phys.: Condens. Matt&0, 235802(2018.
for ferroelectricity,Nat. Mater.6, 13 (2007). [21] S. M. Shapiro, J. D. Axe, and J. P. Remeika, Neutron-scattering

[8] D. Khomskii, Classifying multiferroics: Mechanisms and ef- studies of spin waves in rare-earth orthoferritelys. Rev. B
fects,Physics2, 20 (2009. 10, 2014(19749.

[9] Y.-J. Ke, X.-Q. Zhang, Y. Ma, and Z.-H. Cheng, Anisotropic [22] A. Gukasov, U. Steigenberger, S. N. Barilo, and S. A. Guretskii,
magnetic entropy changeRFeG; single crystalsR = Th, Tm, Neutron scattering study of spin waves in TbkRePhysica B
orY), Sci. Rep6, 19775(2016. 234-236760(1997.

[10] A. V. Kimel, A. Kirilyuk, P. A. Usachev, R. V. Pisarev, A. M. [23] See Supplemental Material lattp://link.aps.org/supplemental/
Balbashov, and Th. Rasing, Ultrafast non-thermal control of 10.1103/PhysRevB.98.064483r details of calculations, mag-

magnetization by instantaneous photomagnetic pulagjre netization and specibc heat measurements.

(London)435 655(2005. [24] L. N. Bezmaternykh, V. G. Mashchenko, N. A. Sokolova, and V.
[11] J. A. de Jong, A. V. Kimel, R. V. Pisarev, A. Kirilyuk, and Th. L. Temerov, Growth of iron garnet single crystals on a rotating

Rasing, Laser-induced ultrafast spin dynamics in Ef;&Qys. carrier from BaOBO; Buxes,J. Cryst. Growtt69, 407 (1984).

Rev. B84, 104421(2011). [25] G. Ehlers, A. Podlesnyak, J. L. Niedziela, E. B. Iverson, and
[12] J. Jiang, Z. Jin, G. Song, X. Lin, G. Ma, and S. Cao, Dynamical P. E. Sokol, The new cold neutron chopper spectrometer at the
spin reorientation transition in NdFg@ingle crystal observed spallation neutron source: design and performaf;. Sci.

with polarized terahertz time domain spectroscafypl. Phys. Instrum.82, 085108(2011).

Lett. 103 062403(2013. [26] G.Ehlers, A. Podlesnyak, and A. I. Kolesnikov, The cold neutron
[13] R. L. White, Work on the magnetic and spectroscopic properties  chopper spectrometer at the Spallation Neutron Source - A

of the rare-earth orthoferrited, Appl. Phys40, 1061(1969. review of the prst 8 years of operatidRev. Sci. Instrum87,

[14] R. M. Bozorth, V. Kramer, and J. P. Remeika, Magnetization 093902(2016.
in Single Crystals of Some Rare-Earth Orthoferritéisys. Rev.  [27] G. E. Granroth, A. I. Kolesnikov, T. E. Sherline, J. P. Clancy, K.
Lett. 1, 3 (1958. A.Ross, J. P. C. Ruff, B. D. Gaulin, and S. E. Nagler, SEQUOIA:
[15] Ya. B. Bazaliy, L. T. Tsymbal, G. N. Kakazei, V. I. Kamenev, A newly operating chopper spectrometer at the SN hys.:
and P. E. Wigen, Measurements of spin reorientation in YaFeO Conf. Ser251, 012058(2010).
and comparison with modibped mean-beld theBiys. Rev. B [28] O. Arnold, J. C. Bilheux, J. M. Borreguero, A. Buts, S. I.
72,174403(2005. Campbell, L. Chapon, M. Doucet, N. Draper, R. Ferraz Leal,

064424-11



S. E. NIKITIN et al. PHYSICAL REVIEW B 98, 064424 (2018)

M. A. Gigg, V. E. Lynch, A. Markvardsen, D. J. Mikkelson, R. [40] We carried out neutron diffraction measurements and found
L. Mikkelson, R. Miller, K. Palmen, P. Parker, G. Passos, T. G. no extra magnetic peaks or intensity changing dowfT to
Perring, P. F. Peterson, S. Ren, M. A. Reuter, A. T. Savici, J. W. 100 mK.

Taylor, R. J. Taylor, R. Tolchenov, W. Zhou, and J. Zikovsky, [41] L. S. Wu, S. E. Nikitin, M. Frontzek, A. I. Kolesnikov, G. Ehlers,
Mantid B Data analysis and visualization package for neutron M. D. Lumsden, K. A. Shaykhutdinov, E-J. Guo, A. T. Savici,

scattering angh SR experimentd\ucl. Instrum. Methods Phys. Z.Gai, A. S. Sefat, and A. Podlesnyak, Magnetic ground state of
Res. Sect. 764, 156(2014. the Ising-like antiferromagnet DySg(Phys. Rev. B6, 144407
[29] R. A. Ewings, A. Buts, M. D. Le, J. van Duijn, I. Bustinduy, (2017%).

and T. G. Perring, HORACE: Software for the analysis of data[42] G. R. Davidson, B. D. Dunlap, M. EibschYtz, and L. G. van
from single crystal spectroscopy experiments at time-of-Right Uitert, MSssbauer study of Yb spin reorientation and low-

neutron instrument$Jucl. Instrum. Methods Phys. Res. Sect. A temperature magnetic conbguration in YbgePhys. Rev. B
834,132(2016. 12,1681(1979.

[30] S. Toth and B. Lake, Linear spin wave theory for single-Q [43] T. Yamaguchi, Theory of spin reorientation in rare-earth or-
incommensurate magnetic structurg&shys.: Condens. Matter thochromites and orthoferriteg, Phys. Chem. Solid35, 479
27,166002(2015. (19749.

[31] http://www.mcphase.déM. Rotter, Using McPhase to calculate [44] R. Przenioslo, I. Sosnowska, M. Loewenhaupt, and A. Taylor,
magnetic phase diagrams of rare earth compouhdb)agn. Crystal beld excitations of NdFeQJ. Mag. Mag. Materl40—
Magn. Mater272-276 E481(2004). 144, 2151(1995.

[32] B.Bauer, L.D. Carr, H. G. Evertz, A. Feiguin, J. Freire, S. Fuchs,[45] K. N. R. Taylor and M. |. DarbyPhysics of Rare Earth Solids
L. Gamper, J. Gukelberger, E. Gull, S. Guertler, A. Hehn, R. (Chapman and Hall, London, 1972).
Igarashi, S. V. Isakov, D Koop, P. N. Ma, P. Mates, H. Matsuo, [46] E. Bauer and M. Rotter, Magnetism of complex metallic alloys:
O. Parcollet, G Paw-owski, J. D. Picon, L. Pollet, E. Santos, crystalline electric beld effects, Properties And Applications
V. W. Scarola, U. Schollwsck, C. Silva, B. Surer, S. Todo, S Of Complex Intermetallicé/Norld Scientibc, Singapore, 2010),
Trebst, M. Troyer, M. L. Wall, P. Werner, and S. Wessel, The pp. 183D248.
ALPS project release 2.0: Open source software for stronglyf47] These results are similar to those taken on SEQUOIA, R2i(@3.

correlated systems, Stat. Mech. Theory Exf2011) P05001 and (b), but with a much better resolution.

[33] A. F. Albuquerque, F. Alet, P. Corboz, P. Dayal, A. Feiguin, S.[48] T. Nakajima, A. Suno, S. Mitsuda, N. Terada, S. Kimura,
Fuchs, L. Gamper, E. Gull, S. GVYrtler, A. Honecker, R. Igarashi, K. Kaneko, and H. Yamauchi, Magnons and electromagnons
M. K&rner, A. Kozhevnikov, A. LSuchli, S. R. Manmana, in a spin-lattice-coupled frustrated magnet CukFed3 seen
M. Matsumoto, |. P. McCulloch, F. Michel, R. M. Noack, G via inelastic neutron scatterind?hys. Rev. B84, 184401

Paw-owski, L. Pollet, T. Pruschke, U. Schollwsck, S. Todo, (2011).
S. Trebst, M. Troyer, P. Werner, and S. Wessel, Boes [49] S. Hayashida, M. Soda, S. Itoh, T. Yokoo, K. Ohgushi, D.
projectrelease 1.3: Open-source software for strongly correlated  Kawana, H. M. R¢nnow, and T. Masuda, Magnetic model

systems,). Magn. Magn. Mate10, 1187(2007). in multiferroic NdFg(BOs), investigated by inelastic neutron
[34] M. D. Le, D. L. Quintero-Castro, R. Toft-Petersen, F. Groitl, M. scatteringPhys. Rev. B92, 054402(2015.

Skoulatos, K.C. Rule, and K. Habicht, Gains from the upgrade of50] I. V. Golosovsky, A. K. Ovsyanikov, D. N. Aristov, P. G.

the cold neutron triple-axis spectrometer FLEXX at the BER-II Matveeva, A. A. Mukhin, M. Boehm, L. P. Regnault, and L. N.

reactor,Nucl. Instrum. Methods Phys. Res. Sect.729 220 Bezmaternykh, Spin-wave dynamics and exchange interactions

(2013. in multiferroic NdFg(BOs), explored by inelastic neutron
[35] The INS intensities, integrated in the energy rarnge= scattering,J. Magn. Magn. Mated51, 443(2017).

[0.5, 1.5]meV, are rather noisy due to the proximity of the [51] Y. V. Tymoshenko, Y. A. Onykiienko, T. MYller, R. Thomale,

elasticline, and the details of tRedistribution of the low-energy S. Rachel, A. S. Cameron, P. Y. Portnichenko, D. V. Efremoy,

magnetic signal could be extracted from the CNCS data much V. Tsurkan, D. L. Abernathy, J. Ollivier, A. Schneidewind, A.

more clear, as shown in Fig. Piovano, V. Felea, A. Loidl, and D. S. Inosov, Pseudo-Goldstone

[36] M. R. Moldover, G. Sjolander, and W. Weyhmann, Second-Order Magnons in the Frustrate8 = 3/2 Heisenberg Helimagnet
Nature of the Spin-Reorientation Phase Transitions in YiFeO ZnCr,Se, with a Pyrochlore Magnetic sublatticBhys. Rev. X
Phys. Rev. Lett26, 1257(1971). 7, 041049(2017).

[37] I. Cabrera, J. D. Thompson, R. Coldea, D. Prabhakaran, R[52] T. Pyttlik and K. W. Becker, Explanation of the Cu spin-wave
I. Bewley, T. Guidi, J. A. Rodriguez-Rivera, and C. Stock, excitation gap in NgCuQy, Eur. Phys. J. B, 333(1998.
Excitations in the quantum paramagnetic phase of the quasib3] A. J. Princep, R. A. Ewings, S. Ward, S. T—th, C. Dubs, D.

one-dimensional Ising magnet Cop@y in a transverse pbeld: Prabhakaran, and A. T. Boothroyd, The full magnon spectrum

Geometric frustration and quantum renormalization effects, of yttrium iron garnetnpj Quant. Mater2, 63 (2017).

Phys. Rev. B0, 014418(2014. [54] K. P.Belov, A. K. Zvezdin, A. M. Kadomtzeva, and P. Z. Levitin,
[38] M. Marezio, J. P. Remeika, and P. D. Dernier, The crystal Orientational Transitions in the Rare-Earth Magnédtdauka,

chemistry of the rare earth orthoferrités;ta Crystallogr. B26, Moscow, 1979), in Russian.

2008(1970. [55] K. P. Belov, A. K. Zvezdin, A. M. Kadomtseva, and I. B.
[39] W. C. Koehler, E. O. Wollan, and M. K. Wilkinson, Neutron Krynetski®, Zh. Eksp. Teor. F&7, 1974 (1974) [New orien-

diffraction study of the magnetic properties of rare-earth-iron tational transitions induced in orthoferrites by an external beld,

perovskitesPhys. Rev118 58 (1960). Sov. Phys.-JETRO, 980 (1975).

064424-12



DECOUPLED SPIN DYNAMICS IN THE RARE-EARTH E PHYSICAL REVIEW B98, 064424 (2018)

[56] K. P. Belov, A. K. Zvezdin, and A. A. Mukhin, Zh. Eksp. Teor. [69] R. Orbach, Linear antiferromagnetic chain with anisotropic
Fiz. 76, 1100 (1979) [Magnetic phase transitions in terbium coupling,Phys. Rev112 309(1958.

orthoferrite,Sov. Phys. JETR9, 557 (1979). [70] T. Schneider and E. Stoll, Excitation spectrum of the ferromag-
[57] Ya. B. Bazaliy, L. T. Tsymbal, G. N. Kakazei, A. I. 1zotov, and netic Ising-Heisenberg chain at zero b&ltys. Rev. B5,4721

P. E. Wigen, Spin-reorientation in ErFgQ@ero-beld transitions, (1982.

three-dimensional phase diagram, and anisotropy of erbiunf7l] Sam T. Carr and Alexei M. Tsvelik, Spectrum and Correlation

magnetismPhys. Rev. B59, 104429(2004). Functions of a Quasi-One-Dimensional Quantum Ising Model,
[58] L. T. Tsymbal, Ya. B. Bazaliy, V. N. Derkachenko, V. I. Phys. Rev. Lett90, 177206(2003.

Kameneyv, G. N. Kakazei, F. J. Palomares, and P. E. Wigen, Magi72] R. Coldea, D. A. Tennant, E. M. Wheeler, E. Wawrzynska, D.

netic and structural properties of spin-reorientation transitions in Prabhakaran, M. Telling, K. Habicht, and K. Kiefer P. Smeibidl,

orthoferritesJ. Appl. Phys101, 123919(2007%). Quantum criticality in an ising chain: Experimental evidence for
[59] K. W. H. Stevens, Matrix elements and operator equivalents emergent E8 symmetr§cience327, 177(2010.

connected with the magnetic properties of rare earth iBres. [73] Due to much higher background of the CNCS setup with a

Phys. Soc. /65, 209(1952. cryomagnet we were not able to observe both, two-magnon
[60] M. T. Hutchings, Point-charge calculations of energy levels of bound state, and two-magnon continuum, in the Towpectra.

magnetic ions in crystalline electric bel@glid State Physl6, [74] Due to a strong anisotropy of magnetic properties of YbfeO

227(1964. we were not able to perform INS measurements$for [010] in

[61] K. P.Belov, A. K. Zvezdin, A. M. Kadomtseva, and R. Z. Levitin, beldH > 2T, because of the strong torque effect. Later, a special
Spin-reorientation transitions in rare-earth magngts;. Phys. sample holder was constructed and used for the experiments with
Usp.19,574(1976. H [001].

[62] We would like to emphasize that the real anisotropy constant$75] I. A. Zaliznyak, H. Woo, T. G. Perring, C. L. Broholm, C.
K4 andK . have no signibcarit-dependencies in the considered D. Frost, and H. Takagi, Spinons in the Strongly Correlated
temperature rangé  Tsg, whereas only our new effective, Copper Oxide Chains in SrCyQPhys. Rev. Lett93, 087202
andK ., which take into account Fe-Yb interactions, are changing (2009.
with temperature. [76] L. S. Wu, W. J. Gannon, I. A. Zaliznyak, A. M. Tsvelik, M.

[63] Angles and are debned with respect to theandb axes, Brockmann, J.-S. Caux, M. S. Kim, Y. Qiu, J. R. D. Copley, G.
respectively. See Refl§] for details of the notations. Ehlers, A. Podlesnyak, and M. C. Aronson, Orbital-exchange

[64] Details ofthe inBuence ofthe CEF termondhe 7/ 2 multiplet and fractional quantum number excitations in farelectron
of Yb®* are discussed in Ref28]. metal, YlPt,Pb,Science352, 1206(2016.

[65] J. B. Torrance and M. Tinkham, Excitation of multiple-magnon [77] P Thalmeier, Low-energy Nd spin waves in noncollinear
bound states in Cogl 2H,0, Phys. Rev187, 595(1969. Nd,CuQy, Physica C: Supercon@66, 89 (1996.

[66] J. B. Torrance and M. Tinkham, Magnon bound states in[78] W. Henggeler, T. Chattopadhyay, P. Thalmeier, P. Vorderwisch,
anisotropic linear chain®hys. Rev187, 587(1969. and A. Furrer, Spin wave excitations of Nd in pELO,,

[67] Hans C. Fogedby, Magnetic excitation spectrum of GoCl Europhys. Lett34, 537(1996.
2H,0, Phys. Rev. BLO, 4000(1974). [79] X. Fabreges, |. Mirebeau, P. Bonville, S. Petit, G. Lebras-Jasmin,

[68] T. Schneider and E. Stoll, Magnetic beld effects in the spin A. Forget, G. AndrZ, and S. Pailhes, Magnetic order in YoMnO
dynamics of ferro- and antiferromagnetic Ising-type chains with studied by neutron diffraction and MSssbauer spectroscopy,
S= 1/2,Phys. Rev. B6, 3846(1982. Phys. Rev. B/'8, 214422(2008.

064424-13



